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Abstract

Commercial fisheries expiting the fishing grounds of the Northe@entral Adriatic Sea (Italian
side) are faced with many sustainabilityuiss, such as stocks overfishing and high discard rates
produced.The demersal resources of the area are manrpjoited by bottom trawls,hydraulic
dredgesand passiveset nets Thesefisheries arghe subject of studgf the present thesis, which
identifies challengeand irvestigates the potential of specifechnical solutionso promotemore
sustainable exploitation. THive research papers presented here can contribute to the mitigation of

fishery-specific issues.

Papes I, I1, Ill focused onthe bottom trawl fishery, which is the main fishing sectbthe areajn

terms of tonnagd?apen compared the catch performance and selectivity of the two codends allowed

in this fishery, made of 40 mm square meshes and 50 mm diamond meshes, respectively. A new
analysis which accounts for the entire species community in trawl catches, was apRasdts

showed that 50 and 80% of the catch in weight and count numbers, respectively, consisted of species
without commercial valuehighlighting the severe impact of this fishing activity on the benthic
community Further, the 40 mm square mesh codend Wamd to beless suitable for the
sustainability of many commercial species than the 50 mm diamond mesh deajead estimated

the selectivity of arxperimental codend made meshegurned by 90° (T90andcomparedt to a
traditional diamond mesh codend with the same meshTRieeresults demonstratéhat this simple
modificationcan effectively improve theodend size selection for all theintargetspeciesand thus

reduce discard$Given the promising results @mbed with thispractical and inexpensive solution

Paper Il investigatedhe use of T90 meshes in the extension piece in front of the codend, together
with areduction inthenumber of meshes #ie extension circumferencehe results obtained for the

main target species revealed thaththese design changedid not improvethe size selectivityf
European haké@Merluccius merlucciusand monkfish(Lophiusspp.), while forred mullet Mullus
barbatug the outcomesvere even opposite to expedisincethe reducedhumber of meshes in the
circumference of the extension piece jeopardized the size selection obtained in the trawl with a
standard extension piecks aresult,the extension piegeontrary to the coehnd,seemedhot to be

the main part of thaawl where fishwere attemptingto escapeand the technical measatéat are

usuallysuccessful when applied at the codend levehdidvork forthe extension piece

Paper IVis related tothe hydraulic dredge fishery targetinte striped venus clamChamelea
gallina), an important fishing sector of the areagnms of income and landingsr whichtherewas
noinformation on thegearselectivityunder commercial condition¥he studyaimedto fill this gap

by assessing the | a sive delectioprocess carried out ligedredgeat different haul durationsA
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clogging phenomenowas observed in the gesince 25% othe clams caughdid not comento
contact with the metal bars of the cage, thoisbeing size selecte@iheresultingaverageslamlength
with a 50% retentioprobabilitywas18.9 mm which didnot significantly changen differenttow
durations(3, 6, 9 minutes) Thereforeto land only the legal sizes of clar@22 mmin length) the
additional size selection process carried outoard the fishing vessels by the sorting sieves is

necessary.

Finally, Paper focusedon the smalkcale fisherypy comparinghe catch performance of innovative
fish pots with that oftrammel netraditionally usedin the Italian Adriatic Sea The data analysis
revealeda similar catclefficiency between the two gears concerning the commercial portion, while
the trammel neproducedsignificantly morediscards, both in terms of species numberaaht

The innovative pots coulidhereforeprovide avaluableand more sustainab#dternative to théocal
trammel netssince they do not markedly change the fishing operations andcéimeachieve the

objectives ofeducing discards and bycatefithout penalizing theevenues

Paperl is publishedn PLoSOne Paper I in Mediterranean Marine SciencPaper Il in Frontiers

of Marine SciencePaper IVin Fisheries ResearclPaper V inPeerd

Thereview workconducted to examine the current status of the selected fisladioased to publish
three review papers addressing sietectivity and impact ahe following fishing gears the whole

Mediterranean region: bottom trawl (Reviéwpassive nets (Review IlI) and pots (Review llI).

Review | is published iMediterraneanMarine ScienceReview Il inFisheries ResearghReview

lll in Reviews in Fish Biology and Fisherjd¢key are all listed in a specific Annex.
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1 Introduction

The fishing activitiean the Mediterranearegion are thousands of years old. During thenfRao
Empire, the &eutic resources were already exploithdougha wide variety offishing gearge.g.
beach seines, pots, harpoons, himes; Osio, 2012)Given the key role of fishing ithe society of
Mediterranean populations throughduistory, fishershave progressively developed their skills to
catch fish, crustaceans, moltssand other maraorganisms in any environmeidong the water
column, on the bottomor even by burrowingo the bottom However, the highest degree of
innovation in fisheries has been reached in the last hundred years, espexially/orld War I
onwards, whethe fishing sector madgant leaps in the use of technolg@raham, 2006; Ferretti,
2011) Together with an iprovedunderstanding of the habits abdhavious of the target species
fishing technologyhasallowed he developnent ofmore sophisticatefishing systemsapable of
exploiting further grounds (e.g. deeper areas)aatching the most desirable species. Technological
innovationis still in progess althoughwith temporal differences ithe evolution of fishing effort in
differentMediterraneammreag Osio, 2012)

The technial advances in fishing gears have generally led to more economically efficient fishing
operatons andmproved access to resourcBy. contrastthey have led to increased éxipation of

living marine esourcesas well as impacts on the marine environiaen vulnerable species.

According to the latest informatioFAO, 2022)around 74200 fishing vessels operate in the
Mediterranean Seaf which 82% are sma#icale vesss| 8% are bottom trawlers and 5% are purse
seiners and pelagic trawlerBhe totalproduction fo the Mediterranean Sea in 202@s 743100
tonneswith a revenue o)SD 2.7 billionand arestimated half a million jobs along the value chain
The three most important commercial spedieserms of value, in the Mediterraneare European
anchovy Engraulis encrasicolus sardine $ardina pilcharduys and European hak@Merluccius
merlucciug (FAO, 2022)

Today, nore than 90% of the stocks assessdtie Mediterranean S€@olloca et al., 2017; GFCM,
2018)ar e s ubj ect eaexploibatioh(Coobaeet al., 2@18High rates of discards, i.e.

fish and other benthic organisms that are not retainea Yariety of reasoristoo small, damaged,
inedible, of little or no commercial value, under the legal size or exceeding the allowediqax&as
reported throughout the bas(iisagarakis et al., 2014The catch ofunwantedspecies, called
dycatchg also poses a significant threat, especially to large marine vertebrates such as sea turtles
(Casale, 2011; Lucchetti et al., 2017b, 2018bprks(Ferretti et al., 2008; Bradai et al., 20E8)d
mammals(Bearzi, 2002; Notarbartolo di Sciara, 201@&)dditional impacts involvea physical
alteration of the seabdtucchetti and Sala, 2012; Palanques et al., 2014; Lucchetti et al., 2817a)
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disturbance bbenthic habitats and communiti@3e Juan et al., 2007; Farriols et al., 20&Ad

greenhouse gas emissiqi@uijarro et al., 2017)

Discarding isconsideredh major issue for fisheries managem@rsagarakis et al., 2014)he main
problem is that most ahe discards might not survive because they are damaged in the capture
process, sometiméguledup fromthe bottontoo quickly,or thrown back too lat&incethese fish,
crustaceas, shellfish etc. are part odn ecosystefmtheir removal affects the food chdiimnes and
Pascoe, 2010)n addition these rejecting praces of dead or dying organisms determine that fishing
mortality doe not result in anyeconomic advantage, as catches cannotsdid for human
consumption anavill not benefitfishing activitiesin future yeargBellido et al., 2011)For this
reasonthe latest European Regulations aonreduce all the impacts of fisheries with priority given

to discard reductionn the Mediterranean, the Common Fisheries Pdhtypduced in 2013,the
Landing Obligation (LQ al s o c al |)efdal thedatches afrspecids aubjéctex the
minimum conservation reference siddCRS; EU Regulation, 1380/2013)n this way, he LO
emphasizethe need toeduce discards IBncouraging fishers to avosdeas or seasons characterized

by largeamounts of undersizatiiwanted fish and to employ more selective dBamalas, 2015)

At presentthediscard bans a matter of concern amomgpforcement authorities due to the almost
impossible task ofletecting if these tas are respectgddamalas et al., 201&nd amondishers,

which are facing difficulties related to storing and bringing to land the former discard, due to limited

hold spaceincreasedorting time or personnéMaynou et al., 2018)

The research stigs conducted in this thesis fall within the general effort of the scientific community
of finding solutions to reduce ttdéscards producelaly professional fishing gearand thus the impact
onmarineresourcesThe biggest challenge tis identify one tehnicalmeasuréhat, in afishing gear,
allows toavoid theunintended catch whilgimultaneously ensing that the retained catch is enough
for the economic viability of the fishery. The twapproaches herevestigated are: ithe
modifications tatraditional fishing gearto improve the size and species selectivity; fhe tests of

potential alternative and more sustle fishing gears

For this thesis, only the professionahing activities exploitingorganisms living in close contact
with the sea bottom (i.e. demersal resourdem)e been taken into account. Bottom otter trawl,
hydraulic dredge and set net fisheries are the most widespread gears taegyatingal stockis the
western Adriatic Sea (i.e. the study area, desciib&thapter2), thus beinghe focus of the divities

carried out within théhesis.



2 Study area

The study area of the present thesis istesternrFAO-GFCM geographical suaarea (GSA171.e.

the Northern-Central Adriatic Sealtalian Side, whichincludesthe coastal regions of Friuli Venezia

Giulia, Veneto, Emilia Romagna, Marche, Abruzzo and MoliBeis basin is alarge shallow
continental shelf aremostly characterized by sandyud bottomsof sedimentary originwith the

depth gradually increasing fronorth to south, but genally not exceeding 100 meters

The oceanographic and biological characteristics osthey arearelargely determinedby strong
river runoff, especially the Po rivéMarini et al.,
contribute to thestrong therma(5-28°C) and salinity(30.0-38.5a ) gradientsthroughout the year
(Russo et al., 2012)and theconsiderable inflow of nutrients related to rivers makesbasin
eutrophic, in contrast to the general conditions ajadiophy that characterize tiMediterranean
(Fortibuoni, 2010) The consequenthigh primary and secondary productiare refécted in
remarkabldishery production

A wide variety of fishing activities and gears operaie¢hesegroundswhich can bedivided intoan
inshore area, included within the 3 nautical mdéghe Italian coastlineandan offshore area, from

3 nautical miles offshor@~igurel).

2008)The shallow depthsand i ver s 6
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The inshore area (or coastal aream&nly exploited by smaikcale fisheriesSFs hereafter), which
are defined afishing activitiescarried out by fishingessels of an ovelidength of less than 12 m
and not using towed geéGrati et al., 2018)These small boats usually exploit areas taat be
reached in a few houfsom the home harbdiBastardie et al., 2017)Also, the hydraut dredges
operate in this areat depths between 2 and 12 to harvest the striped venus clg@hamelea
gallina; Morello et al., 2006)

The offshore areas intensively exploited by bottortrawlers (Colloca et al., 2017)The most
common fishing grounds range from 20 to 70 meters dakwe, the hydraulic dredge fishery
targeting the smooth venus cla@aflista chiong operats in this areaqMalvarosa and Cozzolino,
2016) as well asSSFs especiallythrough the use dilinets (Virgili et al., 2018) The fishing gears
and fisheries above mentioned are describé&hapter3.



3 Selected fisheries and related chiznges

3.1 Bottom otter trawl fishery

In general, tawl netsaredefined as active gesisincethey are pulledoy the vessahrough the sea

to catch marie organismsA bottom otter trawl is a coneshaped net towed on the seabed and
designed to harvest marine resources in the proximity of the s@digedter boardsassist in keeping

the netin contact with the seabed and guarantee the horizontal net opening. The opposite buoyancy
of the headropérigged with floats)and the groundrope(rigged withleadg maintain the vertical
opening of the trawl nefThe main components of an otter trawe aepresented iRigure2. In the
Mediterraneanbottom trawling is capable of operating over many types of seabed and at depths
ranging from 10 to 80fh. Fishers have always found ingenious ways to adapt their trawls to the local
fishing conditions so that in each area and country there are several different net designs and

characteristics.

trawler

otter board
headrope and floats

codend

R
~ ViV

upper bridle

\ sweep lower bridle groundgear (footrope)

Figure 2. Drawing of the mairomponentsf a single boat ottetrawl!. Adapted fronHe et al. (2021)

In the ItalianGSA 17 the bottomtraw! fleet represents the main fishing sector in terms of tonnage;
the number of bottom trawlers decreased from around 700 in(RHsini and Sabatella, 201&)

625, according tthe latest report®NISEA, 2020) These vessels are located in the different regions
as follows: 16 (Fuli Venezia Giulia), 132 (Veneto), 127 (Emilia Romagna), 216 (Marche), 99
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(Abruzzo), 35 (Molise).The most important fishing harbors are Chioggia, Rimini, Ancona,
Civitanova Marche, San Benedetto del Tronto and Pesaeanearvessebross tonnage 42 tons,

the main engine power is 208 kW and the avemgeall lengthis around 17 metef(®RIZEFISH,
2019)

Nowadays, the majority of bottom trawlers in the area use four faces trawls (alsdizatédwig),
which in the last years have gradually replaced the more traditiwodhcedrawls @lso calledflat
trawlsd Lucchetti and Sala, 2012)

The traditionaltwo facestrawl (calledd/olantina) in Italian) is commonly entirelymade up of
knotlesspolyamide(PA) netting. Thistrawl! net is a typical asymmetrievo-facesnet (Figure 3 A)
becausehte upper panel is shorter than the lower pasiwingthe towing to bemainly exercised

on the headropehus maintaining the net opendtihas a vertical opening @bout 1.5m, long
sweeps (10200 m) and bridles (330 m)and ahorizontal openingf about 1625 m.

The four faces trawl (calle@Americand in Italian) is marufactured with both knotlesBA and
knottedpolyethylene PE) netting (Figure 3 B), andit is usually characterized by having two very
short bridles (1015 m) directly connected to the ottewards, while the sweeps aretmused. The
attack angles of the otteoards (4845°) are higher compared to thoselod Volantina (120°) to
increase the vertical opening, which can be around 2 m. Moreover, for the same vessel size, the
horizontal net opening of the Americana trarghging from 15 to 22 m, is generally higher thiae
typical of other Volantina trawld_ucchetti and Sala, 2012)

The Americana net can be towed as a singlg(Rigiure4 A) or as two nets simultanesly (namely
twin trawls Figure4 B). The twin trawl technique is possible thankoit® central clump used to
maintain the horizontal opening the two nets; this technique is employed in certain periods and
fishing groundswithin the aregLucchetti et al., 2012)
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Figure 3. Schematic of themost used bottortter trawl nets in the Italian GSA 17. Ahe traditional flat trawlcalled
dvolantinad B: the box trawkalled ®merican& Source: MyGears, finaleport(Sala,2013)

A T g

Figure 4. A: Drawing of a singleboat bottom otter trawl riggingThe trawl is towed behind one boat and is spread
horizontally by a pair of otter board®: Drawing of atwin trawl rigging. Besides the pair of otter boards, there is an
additional central clump used to maintain the horizontal opening of the two nets simultaneously towed. Source: Seafish
(www.seafish.org)

The Western Adriaticbottom trawl fisheryis multi-species The European hakeMerluccius
merlucciug and the red mulletMullus barbatu¥ represent the most landed demersal species in
Italian GSA 17 (GFCM, 2021) Other commercially important species are mantis shriagui(la
mantig, Norway lobster Nlephrops norvegic)is monkfish (Lophius spp.), commonsole Solea
soleg, cuttlefish Sepia officinali}, deepwaterroseshrimp Parapenaeus longirostriscaramote
prawn Paeneus kerathurlisbroadtail shortfin squidlllex coindeti), musky octopugEledonespp)

and tub gurnardGhelidonychthys lucerngLucchetti, 2008; Sala et al., 2008)

Currenty, the intense trawl fishing effoim this areehasled to a generalverexploitationstatus for
most of thedemersal commerciatocks(Collocaet al., 2017)
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3.1.1Basic principles of trawl selectivity

A basic definition of selectivity is the ability of a fishing practice to target and capture organisms of

a certain size and species, allowing {targets to be released unharn{Pdpe, 975) Notably, all

fishing gears are able to catch only a certain portion of the total fish community. A range of species
and sizes normally exist together in a fishing area and are captured by a fishing gear at different rates
depending onseveral factors related to thegear design and mode of operation, fish body
characteristics andehaviour(Garcia, 201Q)but also tahe environmental variable@rooks et al.,

2022) Therefore, no gear is 100% selective for any given species or size range.

In bottom trawlsa fish contacting the gear can avoid getting caught before entering the trawl mouth,
or, once inside the net, can escape through the meshes of different trawl sections. Ttrerefae
severatechnicaparameteraffecting selectivityTheoverall trawl net configuration (e.tyvo or four
facestrawl), sizeand rigging (e.gangle of attacks of sweepsgnoundrope modifications a k € o] | u
et al., 2022gare knavn to influence thérawl catch patternsSelection processes can occur throughout

the trawl body(Dremiére et al., 19993hus modifications at this level could affect selectiyeyg.
modifications in the trawl extension pie@gnanomi et al., 2020However most organismattempt

to escape through the codend meglBeverton, 1963; Clark, 1963)hecodend is the rearmost part

of the trawl nethaving either a cylindrical shape or a tapered shapere the catch accumulates.

For this reasorthe majority of selectivity studies carried out on bottorwisdhave focused on the

codend.
Themost importantodendechnicalparameters are the following:

i) Codend mesh openin@\ll other net parameters being equal, a larger mesh clearly
improves size selectivitye(g.Sala and Lucchetti, 2011; Dereli and Aydin, 2016)

i) Codend mesh configuratiorDiamond andquaremeshes are the most commonly used in
Mediterranean fisherie€urrently, the codend allowed for tB#J countries operating in
theMediterranean has to be cangtted with 40 mm square meslt{g&8140, hereafter)or
with 50 mm diamond mesgls (DM50, hereafterpnly with a duly justified request from
the shipowner(EU Regulation,12412019) Alternative mesh configurations, such as
hexagonabr T90 mesheswhich is the traditional dimond mesh turned by 90 degs
(described belowhave only been used experimental level (e d.osunoj |l u et a
Tokag et al., 2014)

iii) Codenadnetting propertiedDifferences inwine thicknessstiffness elasticity, colour and
breakingforce could determine a different selectivity. For instancejnerease inwine

diametemsuallydecreasgselectivity(e.g.Sala et al., 2007)
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iv) Codend circundrence. WQually, increasinghe codend circumference relative the
circumference of thextension piecéi.e. the rearmost part of the tralwbdy beforethe
codend decreases selectivitfe.g. Sala and Lucchetti, 2011)n this regard,the EU
Council Regulation19672006 establishes that, iNediterranean trawlequipped with
SM40 codends, theircumferenceof the posterior end of the extensipiecemust be
betweertwo andfour times the circumference of the anterior part of the codend.

V) Additional devices likea strengthening bag arabottomside chafer can maske codend
meshes, change the water flow, mpa the nebehaviourand thus reduce the escape

possibilitiesfrom the codende.g.Aydin et al., 2014)

Besides the technical parametensimportant role is played byarameterselated to the fishThese
include i) fish sizeji) fish shapeand presence of appendicepifies, teettetc); iii) fish abundance;

iv) fish availability to the net. The lattpoint is mainly related to fishehaviour In fact,some fish
can avoidhe catch becausethey swim far from the bottom so that they can avoid the trawl mouth
i) they are able to swim out of the trawl mouth; iii) they are abkst@ape under thgroundope iv)
theyare willingto pass through the meshes of the trawl badiyheyare willing topass through the
meshes of the coderf@/inger et al., 2010)

Further, the trawl selectivity is influenced by&onmental parametersuch as:

i) Water emperatureA higher temperature is likely to enhartbe fishswimming speed
henceits escapgerformancs (e.g.Ozbilgin et al., 2005)

i) Sea condibns. A sea statmnduced pulsing movement of the codend at the end qf tow
when the net is hauledthas been shown to affect fish escapement ahead of the catch
( O\eill et al., 2003)

iii) Bottom typeand depthlt can affect botlthe gear performance aride visual stimuli of a
fish (e.g. due taurbidity or low light), consequently affeictg its reaction toward thigawl
(Winger et al., 2010)

Finally, the folowing haul variabledave to be addressed:

) Catch size. An increased catch size usually reduces seledliwvéyto progressive mesh
masking and closing under the weight of the cé¢ch.Br | i | et al ., 2018
i) Tow duration Although aprogressivaencrease othe catch inside the codensllikely to
mask the codend meshes and theduce selectivityno clear trends arebservedin
studiesassessing the effect of tow durati@odg et al., 1990; Sala, 2018)
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iii) Towing speed An increase irthe towingspeedcan reduce selectivity by stretchitige

codend meshesalthough no clear trends are observed in the literéDalem et al., 2002)

3.1.2 Estimating trawl selectivity

In trawl selectivity studieghe comparison of théengthfrequency distribution of thendividualsof

a certain speciesaught in the codend and of those living in the area being investigated allows
estimating selectivity curvedhese absolute sizelection data are usually collected through the
coveredcodend techniqueyhich includes placing a mesh cover otteg codendtbe cover can be

also applied tany other selective geauch as grisl mesh pang] etc.) The small meshes of the
cover allowcollectingall the fish escapinffom the codendneshesStewart andRobertson(1985)
recommended thahé coveris 1.5 times larger and longer than the codand it issupported by

circular hoops, tdkeep it clear dfthe codend and minimizbe masking effectswhich hinderfish

from escapingFigure5). Covers can also Hespt operover the codend by meanskites.

Figure 5. Mesh cover employed in tleveredcodend samplingechnique On theleft, the circular hoops used to keep
the cover off the codend, which is visible on the right

The simplest mathematical model thah be applied to estimate ggecimensaught by the ndt.e.

those found inhe codenylout of the dtal specimens living in the area (i.e. those found in the codend
14



plusthe escapees foundintbever)i s t he 01| (Pape, $975)This icanormeadasing-
shaped curvasymptoticaly restricted to values between 0 anthth example is given iRigure 6).
The codend retention probabilityl) for a specimerof a given length ighus modded by the

following Logit function(Wileman et al., 1996)

Qw i) a Ou T
i dbu Y'Y

p8t 'Q(bho% a Oum

where he 50% retention lengtih.$0) representshe fish length at which 50% of the fish are likely to
be retained in the codend, wheré2% andL75 are the lengths at which respectively 25% and 75%
of the fish are likely to be retained. The length range betW28andL75is the selection rang&R),
which is symmetrical arounds0 and determines the slope and shape of the ¢kigere 6). TheSR
expresses the efficiency of selectitme smaller th&Rthe more efficient the selection process, since

tapppaches the Oknife edge processéo6
1_

SR = L.75-1.25
=8.0 cm

08 (—X—)
L75=27.4cm

0,7

0,9 4

0,6

05 L50=23.4 cm

L25=19.4 cm

Retention probability r(l)

0,1

T T T T T T 1
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Figure 6. Example of a logistic curvéescribingthe codend retention probability(l), with the associated parameters
L25, 150, L75and SR.
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Besides théogit curve, other simpl&-shaped sizselection models are also us€ddbit, Gompetz,
Richardd andDLogit curvey; the functional forms foeach of these parametric models are specified
through equationdescribed in the selectivity manual\Wileman et al. (19963and listedn Paper

The parameters of each modet estimated using a maximum likelihood estimation (MLE) approach
to the data. Usually, thesemation of the size selectiam averageaver hauldy pooling data from

the different haulgHerrmann et al., 2012By including a vector consisting of the pameters of

the model, where the simplest case is Ov Y'Y, the following MLE approach is used

B B — a8 oh — a#pst | oh (1)

The outer summation is ovear hauls conducted and the inner summation is over length classes
Parametersicy andncg are respectivelyhe number of fish in length clagsmeasured in the hayl

for the codend and covegg andqcg are the related subsampling factaree MLE approach aim

to estimate the values of the parametiitat make the experimental data (averaged over hauls) most
likely to be observed. By simply adding a minus sign in front of the equation, the maximization

problem becomes a minimization problem.

Whenapplyingthesemodels to describe size selectivity dakere is the need to inspect their ability

to describe the experimental data sufficiently w&his ability can be evaluated by calculating the
corresponding-value, which expresses the likelihooflobtaining at least as large a discrepancy
between the fitted model and the experimental data by coincidence. The lower limit for the selection
model for an adequate description of the experimental data isi.8.05% probability that the
observed dewation between experimental data and fitted model is a coinciq&viteman et al.,

1996) If the fit statistics ar@-value < 0.05further inspection of the residuals is needed to determine
whether itis due to structural problems when modelling the experimental data or to overdispersion
in the datgWileman et al., 1996)inally, among the models considexeith acceptable fit statistics,

the model with the lowest Akaike informati@riterion(AIC; Akaike, 1974 )valueis selected

The five simpleselectionmodelslisted abovedo not alwaysdescribethe size selectivitydata
sufficiently wel, especially in particulazases (e.gvhere only a fraction of the fish contact the device
to be size selectedeePaper V). Thus,more complex modelsften based on theogit mode| have
beenrecentlydevelopedLomeli, 2019; Santos, 20214ll the sizeselectiormodelsemployedn the

presenthesisaredescribed andiscussed ifPapersiland V.

The covereecodendmethodallows, for each haul, tdirectly estimate thabsoluteselectivity ofa

test gearlts main strengths are the precision of the resulting estinzetgsthe low amount of
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data/hauls requireHerrmann et al., 2016)However, applying this method complicates fishing

operations and can alter the spetiebaviouinside the geaiThis methods employed inPaper I.

There are other methodscalledé p aigre ad m,eusetito essniate the trawdelectivity by
comparing théength-dependentatches betweemo compartmentsyhich can be two trawls or two
codends within a trawlyith onecompartmenserving aghe testand the othecompartmenas the
control To estimate the absolute selectivitye tontrolcompartmenhas to bewonselective having

a codend with very small mesh#sat retainall fish enteringit, while thefish entering theést
compartmentnay or may not be retained depending on the retention probability of that dedgnd
Lomeli, 2019)

The paireegear methds include(Wileman et al., 1996; Millar and Fryer, 1999; Holst and Reuvill,
2009)

i) Twin trawl method. The same vessel simultaneously tows two identical trawls, with one
serving as the test trawl and the other as the control trawl. This misteotbloyed in
Paper Il.

i) Trouser trawl method. Aingle trawlis modified sahatit has two cdends: one serves as
the test trawl and the other as the control trawl. This mathemployed inPaper I\

iii) Parallelhaul method. Tvo vesselsare employed in parallel: one tows tiesttrawl and
the other tows theontrol trawl.

iv) Alternate haul method.A single vessel separately tows tesind control

trawlgcompartmenti an alternatédaul order. This methodis employed inPaperl.

Contrary to the coved-codend method, in the paired gear methibese is an extra parameter to
consider, i.e. the probability for an individual to enter either theotesbntrol compartment his is

calledthe Gsplit paramet&¥(SP): in a situation of twadentical compartments, it is ideally 0.5.

The main advantageof the paired gear methods are that they are suitable for commercial fishing
conditions and they do not affect the spebtielsaviour However, there is an additional uncertainty

deriving from theSPand unaccounted differences between the demsmann et al., 2016)

The methods9)j ii), iii) always generatgaireddataj i.e.they providefor eachhaul,both information
onfish retained byhetest and on th#tal population encountered (through the control). By contrast,
method iy doesnot always generajgaireddata For instancewhenthe alternation between the test
and controlcompartmentgould not be performedafter each haule(g.due totime constrainfsand

not in theexactsame fishing aredhe datehave to be treated asnpairea In this case, thdata from

one group of hauls (test) and another group of hauls (coatedndomly picled
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The paired gear methotlsted above can be alspplied especially under commercial conditions,

to answer andter type of research questidis therea signifcant difference in selectivitpetween

two geardoragi ven s peci e sThisdchnigue ,galladmtoh campariedii®aimed to

directly compare the length distribution of catches between two different fishing gears, with one
serving as the control gear (e.g. a commercial unmodified trawl) and the other serving as the test gear
(e.g.a modified trawl).The data obtained in this way all@stimatingonly the relative selectivity of

the fishing gear testedince the control trawl employed is already selective and thus the size structure
of all the population fished is noteasuredThecatch comparisonan be appliedot onlyto bottom

trawls Papers, 111) butto anytype offishing gear Thismethods descibed more irdepth inSection

3.3.3

3.1.3Improving trawl selectivity througtechnicalmodifications

Bottom trawl fisheries worldwide areainly managed througblosed areas and seasons, limitations
of the fishing effort and technicegstrictions. Technological modifications to conventional trawl nets
are seen as one of the best solutions to improve selettivity. Several measurbave beenested

at differentzonesof a trawl net toseek forsuccessful results reducingdiscards(Kennelly and
Broadhurst, 2021)The catch of unwanted sizes and specasbeavoided or limited throughimple
modificationssuch as larger diamorghaped meshes in the codend or in strategic windows in the
posterior trawl, otturning meshes 45(SM) or 9C° (T90; described in Section 3.1.4)he use of
shortened lastridge ropes selectiorgrids ha improved size ospecies dectionin somefisheries
while fewer attempts have been madentodify the anterior trawl e.g. byarying sweep/bridle
lengthsor by usinghorizontal sepatar panelsLED lights, longer headropeshe benefitof these
technical modifications deperh speciesspecific behavioural responsg&ennelly and Broadhurst,
2021)

In themulti-species bottom trawl fisheries of theediterranean, technical restrictions concsesh
geometry and sizat the codend leveClearly, it is difficult to define aninimum mestsize (MMS)

in the codendbecause a size that is appropriate for one species will be unsuitable for several others
(Stewart, 2001)Also, snce in most othe Mediterranearctountries small and undersized specimens

are in strong demand@n increase in codend mesh st@n severely affect fishery profitability
(Kelleher, 2005) The objective for such fisheries is thereforefitml a MMS that minimizeshe

retention of undersized fish and does sighificantlypenalize revenues.

Thetwo currentlegalcodendsdopted in the Mediterranean, i.e. /40 and the alternative DM50
are unable to avoid the catchwifdersized and immature individuals of several spédigmsgarakis
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et al., 2017)Therefore, they contribute fwodudng high discard rates, approximately-88% of the

total trawl catch, according ftsagarakis et al. (2014) comparison betweethe selectivity anthe

catch performance &M40 and DM50 has been carried out in severakaW®astern Mediterranean
(Salaetal.,205; Gor el | i et al ;Easteh Mddiferran&iydin dt al,@@1l;a | . ,
Der el i and Aydin, 2016; Derel:@ et al ., 2016;
al., 2018, 2021a, 2021Black SegCeylan and Sahin, 2019pverall, the results provided indicate

that thesizeselectivity between the two codends is similar, with differeffoesdlocally for some
specieswhich are usually related to the morphology.In fact, the species with a round cross
sectional body shape (e.g. red mullet) fit bettethe squareshaped meshes than to tiamond

shaped meshgeand the contrary occurs for flatfish species.

In the ItalianAdriatic Sea(GSA 17), a direct comparisohetween the two current legal codends, in
terms of both size selectivity and discard reduction, has not been carried out prior to the present thesis.
In this area, rast selectivity studies have investigatedhnical measureat the coderd level to
enhanceselectivity.Such modifications involvethe size, configuration, number and twine thickness

of the codend meshé¢Sala et al., 2006, 20070@8, 2015, 2016; Lucchetti, 2008; Sala and Lucchetti,
2010, 2011)An increasdn mesh sizamproved size selectivitySala and Lucchetti, 2011yhile,

within the sara mesh size, a SM codend reduttexicatch of juveniles if compared with a DM codend
(Lucchetti, 2008; Sala et al., 2008) reduction inthe twine thicknesgSala etal., 2007)or in the

number ofmeshes at codend circumferer{@ala and Lucchetti, 2010; Sala et al., 204/6ye also

found to beable to reduce discards.

Fewer scientific workshave addressedn this areathe effectof technical modificationsat the
extension piecen trawl catch patternStudies carried out at tHesvel mostly concerdthe tess of
sorting grids in particularo t ur t | e evee®dTEDsY which were found to be effective at
reducing the bgatch of loggerhead sea turtlgaretta carettq without significantly peni&ing the
commercial catcl(Sala et al., 2011; Lucchetti et al., 2016b, 2019; Vasapollo et al.,.Z204)one
recent study investigated, at the extengite level, the potential ¢dteralsquaremesh panelto
reduce the capte of juveniles of red mullebut datais too limited to draw conclusiondBonanomi
et al., 2020)

Although some promising results have been obtaatbdth codend and extension piece leviisre
is still an urgent neefr further investigationsn technical measures that are dblensure greater

size and species selectiand thus reduce thestiards produced by trawls
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3.1.4The potential of T90 mesh configuration

0r900is the name given ta typical diamondnesh that has been turnegl90 degreegFigure?7 B).

As a resultjits meshes do not close as tightly undee weight of the catchenabling smaller
specimens to escafadsen et al., 2012\ codendmade of T90 meshes alsoeasier to mount on

a net than &M codend Figure7 C), and there is no loss of net in the construction of T90 panels
whereas SM panels inva\cutting the corners of a standard pgdleES, 2009b, 2010, 2011)

The T90mesh configuration has been mainly tested at the codend level and compared to conventional
DM codendsEigure7 A). It has beembservedhat the size selectigrropertiesof a T90 codendre
between those of @M codend and @M codendWithin a given mesh sizeh¢ T90 codend, like the

SM codend, generally provides improved sizselectivitycompared with th®M codend(Tokag

et al., 2014; Deval et al., 201éyen though its size selection properties vary according to the cross

sectional morphology of target specfelerrmann et al., 2013; Tokag et al., 2014; Bayse et al., 2016)
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Figure7. Different codend mesh configurations. A: Diamond mesh codend. B: T90 mesh codnair€ mesh codend.
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Fewerstudies havaddressed the effect of T@@ttingat the extension piece ley#&opp et al., 2018;
Sola and Maynou, 2018; Maynou et al., 202&xh promising resultgeven if not conclusivein

terms of juveni ltawdticrexcl usi on from the

The T90 configuration ithereforeconsideredby the scientific communitya realistic and effective
solutionfor reducing discards in the Mediterranean bottom trawl fisheries, as it isoaagylement
and not expensive. An investigation of the viability of this technical measure in the Italian Adriatic

Sea has not been cadieut prior to the present thesis.
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3.2Hydraulic dredge fishery

Dredge fisheries are widebljistributed throughouthe Mediterranean Sea to harvest commercially
important burrowing bivalve shellfish, which represent an important seafood product henabslke
region(FAO, 2018) In Italy, the striped venus claf@hamelea gallinais themost importanbivalve
specieexploited by dredgers, withpreatsocioeconomic importancespecially in théNorthernand
Central Adriatic SedScarcella and Cabanelas, 2Q16)this area, mainly iisoft bottomsat depths

of 2-12 meters,he design of the dredge employed to hargsgallina has evolved over the past
decaas (Froglia, 1989)from rakes operated by hands until the advent of the modern hydraulic
dredges, which enabled the development of a very profifabiery for a large number of vessels
(over 700 in Adriatic, DGPEMAC, 2019They haveaverage LOAof 15.5 m tonnageof 9.98 GT
andengine powenf 150 WV, and thefleet shows a general evenn@sderms of technology and
dimensionsAlso, the crew per vessel is usually composed of two fiMiRAAF, 2019) Although

this sector accounts for less than 6% of the Italian {isebhumber of vesselsjhe quatities yearly
landed (around 200a0ns) reach 15% of all fisheries productetmational levelmakingC. gallina

the second most landed speadterthe anchovy(Engraulis encrasicolygMiPAAF, 2020)

The typical hydraulic dredge consists of a sort of parallelepspege metal cagetowed by means

of vessel propellemwhosefunctioning elies on pressiged water jetghatremove the target species

from the sediment anallow their capturgFigure8). The cages commonly made of mdthars in

its lower, upper and rear partmdrests on two skigledge runners that facilitate the sliding roaoti

on the seabed during towingigure9 A; Lucchetti and Sala, 2012)he adjectivéhydraulidderives

from the pressurized waterathis injected from a centrifugal water punmpo different types of

nozzles mounted on the dredge. These nozzles are arranged in parallel rows and placed both at the
dredge mouth and inside the dred@ala et al., 2017)The former spray pressued water
downwards to penetrate the sea bottom and suspend the sediment, to make the bivalves emerge ant
at the same time to assitbie movement of the dredge in the substrate. The latter are positioned

backwards to help clearing the cage from materials such as sand, mud and debris that often clog it.

Once the suitable fishing grounds are reached, the vessel saleageedge from & bow and letit
sink to the bottom. Then, the vessel starts moving in reverse at low speed (aroundtdwimagfXhe
dredge through the wafpr a variable distancg-igure8). At the end othetow, the cage is hauled
and its contents atgpedinto a collecting boxLucchetti and Sala, 2012 he catch ithenconveyed
to avibrating sieveplaced onboard armbmposed of multiple gridgvhich allow tomechanicallysort
the clamsnto differentsize classe@~igure9 B). Theunwantedrganismsand undersized clanase

directly thrown backnto thesea.
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Figure 9. Photograph=f the hydraulic dredge used to harvest the striped venus élathe metal cage made of metal
bars and the two lateradkid-sledge runnersB: the vibrating sievenboard the vessel

Major challengegelated to this fishery concern thegh discard rates produced and the associated
impact on the benthic community

The proportion of discardsroduced byhis fishery is estimatetb reachalmost 5655% of thetotal
catch 30-40% of which is composed ohdersizedndividuals ofC. gallina(Morello et al., 2005a;
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Bargione et al., 2023Yhe remaining 1220% of the discarded portioncludebenthicinvertebrates
typical of the shallow waters of the areaich as gastropods (eldassariusspp.), other bivalve
species (e.gDonax semistatus Polititapes aureus crustaceans (e.dpiogenes pugilatgr and
echinoderms (e.gAstropecterspp.)(Morello et al., 2005a)Some furthebycaught species haa
commercial valugsuch axcommon sole $olea solep cuttlefish Sepia officinaliy and caramote
prawn Penaeus kerathurjishowever, they are generally landed for home consumption, since their
abundance in the catch is too low for the sale.

The impact on the benthic communigywell discerniblgVasapollo et al., 202@|though the species
belonging to these soft bottoms are already naturally adapted to constant eamarstress and
exceptional phenomena (in particular, significant ve&vamovementsand strong currents).
Nevertheless, both clams and other benthic organisms can be injured at different diggmgebe
towing of the dredge on the seabaslspecimens hdigainst the bars of the gear or because of abrasion
inside the dredge, or during the sieving and discardioggssegVeale et al., 2001)The damage
and injuriesinducedby fishing operationsnay cause, in addition to direct fishing mortality, also
indirect fishing mortalityfor instancedue to higher predatiamsk. Bargone et al.(2023)estimated
that dredgingharvesting + sorting processéssa physical impact of. gallina sincemore than
19% of the clams caughtan suffer different types of shell damaddowever, the authors
demonstratetheir high survival probability(>90% independently of the damage tymhenreleased

at sea

3.2.1Hydraulic dredge selectivity
Two consecutive. gallinasizeselection processescur: the first at the seabed by the dredge itself

and the second onboard by theratingsieve.

The sizeselectivity of the dredgander fishings primarily dependent on the spacing of metal bars
that compose the cage, which can be compared to the codend mesh size oh araattoet(Sala

et al., 2017)and therefore follownost ofthe principles of otter trawl selectivity (already described

in Sections3.1.1 and 3.1.2)Accordingly, the selectivity studies on hydraulic dredges can be carried

outwith the same sampling techoigs employed for bottomnawls. The main differences are:

i) Both the metal bars of the caged the shell of clams are not deformable, contratiygdo
codend mesh sizesd the fish body, respectively
i) The stripedvenus clamd$ave limited mality and arenot able topromptly reactto the

gear approaching
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iii) The escapement of a clam through the metal barc@rgletelypassive procesand
strongly depends on the probability thatdth contacts the bar spaciagd is well

oriented for a size selection process to occur
Besides the bar spacing, there are other factors affebsige selectivityunder fishing such as:

i) Tow duration.As suggested b¢Zarlucci et al.(2015) the selectivity of the hydraulic
dredgemay decrease with the increasing of tow duration, as clams larger than the bar
spacing accumulate in the bottom of the cage and block the escapement of smaller clams.

i) Type of séiment. It may influence the dredgedaefficiency by affecting thability of
thecageto penetrat¢he sehedandof the pressurized watér dissolve the sediment.

iii) Presene of other organisms at the bed caught by the dredge (i.e. other invertebrates)
Theymayreduce the contact probability between the clams and the bars.

iv) Other technical properties of the dredge. plade length and angle, dredge weight, water
pressurdevel on the nozzlespperational factorse(g.towing speedandenvironmental

conditions(e.g.sea state)

TheC. gallinasize selection process carried bytthe dredgeat the seldedis practically unknown

in the Adriatic fishery contrary to the second size selection process occurring onboard through the
vibratingsieve(Sala et al., 2017Althoughit has been demonstrated thia adjustnent ofthe hole
diameter of the sieve all@wobtaininga satisfactory selection ability anekainingonly commercial

sized clamgSala et al., 2017a better understanding of the impact exertethisygeaon the target

species is needed.
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3.3Small-scalefishery
The SSFs playa major socioeconomic role in the Mediterranean fishing sector, accounting for 84%
of thetotal fishing fleet (around 7000 vesselsFAO, 2018 2022 andproviding a large fraction of

landings and neenuegLucchetti et al., 2014)

The Adriatic SS-s are activdull- or parttime throughout the yeaind use a wide range of fishing
strategies that can be deberl in terms of target specidshing gear, fishing grounds, and métiers
(Grati ¢ al., 2018)

3.3.1Passive set nets

The mssivebottomsetnetsare the most important gear usedAidriatic SSFs(Grati et al., 2018,
2022) Theyare fixed nets i.e. walls of netting that &edd open vertically in the wateolumnby a
headrope, usually with floatand bya footrope weighted with sinkers; thdunction is to intercept
fish, crustaceans and cephalopods as they $kignire10; Hameed and Boopendranath, 2000)e
netsare usually deployed ithe aftermon, remaining o fishing groundor a few hours or more
(usually 12 hours at nighbefore being hauleoh the morning The preycanbe caughtin several

ways

i) Gilling. A fish is caught by the mesh surrounding the body behindgaeculum.

ii) Enmeshing. A fish is caught by the mesh surrounthedargest part of the body as far as
the dorsal fin.

iii) Snagging. A fish igaught through the mouth, teethaxillaries or other parts of the head
region, without necessarily penetrating the mesh.

iv) Entanglng. A fish is caught through the spines, fins or other parts of the body, without
necessarily penetrating the mesh.

V) EntrappingA fish is entrapped in bags or pockets of netting.
There are two main types of passisetnets gillnets and trammel nets

The gillnet consists of a single netting wall generally made of mfilament or multifilament

twisted nylon twinéFigurel1A). It cachesiththroughgilling, enmeshing, snagging and entangling

The trammel neis made of three panels of nets with the inner panel being made either of twisted or
monaofilament nylonwith small mesheswhile the outer panels have a larger mesh size and are
generally madef twisted nylon filamen{Figure11B). Thethree panels allow catching fish not only

through gilling, enmeshing, snagging or entangling, but also through entrapping. This capture process
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implies that a fish, in attempting to pass through the larger mesh, estitgsrjfen a pocket of small

meshwebbing between the twauter panels

buoy and highflyer
headrope float hanging twine

YRR XA

netting
(PA or PE)

' - . anchor

footrope Sinker (or weight)

Figure 10. Drawing of a bottom set net and its main compon&uarce:He et al. (2021)

Figure 11. Schematic of passiveset net. A: Gillnet. B: Trammel net. Sourceafssh (www.seafish.org).
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A third type ofset netsometimes employed in the dyuarea, is the combined net gillieammel
netwhichis usuallycomposed of two parts; a trammel net in the lower partagilthet in the upper
part (Figure 12). This type of netombines the catching methodsadframmel net with those o

gilinet.
- X X * y3 ™ y o
p— N Y Y Y Ne Y

Figure 12. Schematic ad combined gillnetrammel net. Adapted fro®eafish (www.seafish.org)

The lengthof the passive set nets commercially emplogaahmonly ranges from Q00 to 6000 m

(Lucchetti et al.,, 2015and mainly depends on vessel size and manpawaitability for gear

cleaning.In the Italian GSA 17gilinets and trammel netreusedon a seasonal basis to target
rangeof demersatpecieqGrati et al., 2018)

Gillnetsareusedin coastal waterBom April to January to targéhecommon soléSolea solepand
from July to Decembeto targetthe mantis shrimgSquilla mantisGrati et al., 2018)Othergillnets
are deployed in offshore waters {40 m of depth) to mainly target rayRaja clavataand Raja
asteras) and turbotgScophthalmus maximad Scophthalmus rhombugucchetti et al., 2017c;
Virgili et al., 2018) The smootkhound &ark, Mustelussp., is targetethy specific gillnetsin the
north Adriatic Sea duringpring(Costantini et al., 2000)

Trammel netstarget a wider range of speciethan gillnets which includes cuttlefish Sepia
officinalis), variousfish species (e.gSolea solea.ithognathus mormyry®iplodusspp.,S. aurata
Sciaena umbraUmbrina cirrhosa Dicentrarchus labrax and crustaceansS( mantis Paeneus
kerathurug (Fabi and Grati, 2005)
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Combined nets are mainly used to catch cuttlefish, common shoidgd vulgarig, tub gurnard
(Chelidonichthys lucem, common soland striped sea brea(Lithognathus mormyrygs(Lucchetti,
2012)

3.3.2Factors affecting assivenets selectivitand efforts to improve it
The selectivity of passive netstrongly depends oseveralgear propertiesThe most important
technical parameters to be addresseHolst et al., 1998)

) Mesh size. It ishe most studietechnichparameterThemodallengthsof the fish caught
alwaysincrease with aincrease ithemesh sizaised.Therefore, a specific mesh size is
adaptedo atarget specieand size.

i) Nettingtwine. A different twine determines a differesglectivity based on its thickness,
material (PA, PE, polypropyleng, yarn type (monofilament, multifilament, monro
multifilament)and colar (transparent, greeetc.)

iii) Horizontal langing ratio It is a ratio betweethe length of the rope on which a net panel
is mountedi.e. hanging twinefigurel10), andthelength ofthestretched netting hung on
the rope Changing thiparametewill affect how much the net is stretched in the water
and thereforés catching modalitief_ucchetti etal., 2016a)

iv) Vertical slacknesdn gillnets, it is defined ashe ratio between the reaét height during
fishing and the stretched net height. Theore slackness, the more frequent the
entanglement capture methakhis slackness can be modifieddifferent ways,such as
by reducing the floatability of the heagbe (e.g.reducing the number of floats) by
reducing the hanging ratia.€. reducing thehorizontal tension on the netn trammel
nets, the vertical slack is the rabetween théeightof theinternal panelnd that of the
externalpanes. This slack usually above lallows the inner paneio form pocketghat

entrap fish

Additional operationalfactors can affecthe passive net selectivity, such @m number of panels
constituting the gear hence the ovenadit dimensions the saking time andthe net handling
techniquesAlso, the catch efficiency is dependent on fisbrphological andehavioual patterns

andenvironmental parameteirs. turbidity, sa state, seabed type and ddptbist et al., 1998)

Although passive nets are considered as more selective geatsott@m trawl, they nonetheless

produce in thestudyarea,a large amount of discar@s.g. 2030%in biomasf S. soleacaught by
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gilinets, is below the MCRSof 20 cm set for this specieGrati et al., 2002)Moreover,they are
responsible for the bycatch of protected species suChasetta(Lucchetti et al., 2017c, 2017b)

Somestudies have evaluated the effect of different mesh @tzds et al., 2002; Fabi and Grati, 2008)
andnetting twineqGrati et al., 2015)It has been demonstrated that, especiallgilinets a given
mesh size catches a specific size of the targeted species; therefore, an increase in alksiesize
to protect juvenileqFabi et al., 2002; Fabi and Grati, 2008)n the contrary,rmincreased twine
thickness was faud to reduce the catch efficien¢@rati et al., 2015)To mitigate the sea turtle
interactions with passive netgirgili et al. (2018)and Lucchetti et al(2019) mountedultraviolet
LED lampsto thegillnets these devicesliminated the sea tuetlbycatch without affecting theatch
efficiencyfor the commercial portion.

No other studies have been carried out, in the studytar@aprove the passive net selectivity through
technicaimodifications also because there are few technical solutions that can help tiegliapact

of these gears on theenthic community while maintaining the catch efficiency for the commercial
species. Concerningammelnets, one technical solution could be thg u a r d i.enagstrima t 6
monofilamentet with largemeshes placed in the lower paftthe net, justlaove thefootrope The
guarding nethelps the species living close to the bottom, mostly composed etammercial
benthic invertebrates, to avoid being caught; the use of this modification skomedpotential at
reducing discards in other Mediterranean ar@dartinezBafios and Maynou, 2018; Sartor et al.,
2018)

3.33 Pots as alternative and more sustainable gears

Besides applying technical modifications on passive nets to minimize discards and bycatch, one
appealing soliion resides in the shift towards more sustainable fishing gears, such as pots
(AmenguaiRamis et al., 2016)

Pots are pasge geas consistingf small enclosures with one or more entraribasallow easyentry
but make exit difficultPol et al., 2010)They attract and retaiiish, crustaceans anaholluscs with
bait or simply act aa shelter or a hollow spaae which to layeggs(e.g. for cephalopod$§obrino
et al., 2011) Potscome in several different shapes and commanlysist of a rigid osemtrigid
frame in natural oertificial materials. The entrance(s) may have funnel(s), usually avigrger
external opening thatllows access to one or more inner chambers ararawer internabpening
preventing escape. Patsy be set on the bottom or allowed to float, accortbrihe species being

targeted, and may be singlestringed along branch lines that connect to a maiflamgline system
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Figurel3). Theyare movable gears that afteraxiable soak time (hours to days) are hauled on deck,

by hand or by mechared haulers, and emptied.

Figure 13. Drawing of pots set ia longline systermAdapted fronSeafish (www.seafish.org).

As in passive nets, there are several factors affecting the catch efficiency and selectivity of a pot. The

most important technicglarametersre:

i) Pot structureA pot maydiffer from anothein shape, color, frame materia(e.g.reeds,
metal plastic)anddimensions

i) Netting. The netting covering a pfivhen presentinaybe of different materials, and the
meslesmayhave a different shape (e.g. diamond, square) and size.

iii) Entrance(s)A pot mayhave one or more entrancedyichmay havedifferent shapand
dimension andmaybe placed in different positior{e.g. on the short, long or upper side
of the pot)

iv) Bait. Different types of baitnaybeused, such a$sh, molluscs or mixed. Also, bainay

be fresh, frozen or fermented. Some pots do not require bait (e.g. for cephalopods).

Besides pot technical parametdts operational (e.g. number of pots used, distance between pots,

soaking time) andnvironmentafactors (e.g. fishing ground, seasatyalhave to be addressadhen
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evaluating the efficiency of a pot. Also, the parameters related to thHeetstviouy such ahiunger
ability to detect the baigbility to enter and escape from a petc. playa keyrole in the capture
procesgThomsen et al., 2010; Winger et al., 2Q16)

The current interest in pof,CES, 2007, 2008, 2009a; Pol et al., 20B0)nderpinned by their high
potential to reduce the habitat impacts, fuel consumption, gear costs, discards and bycatch associatec
with passive nets and bottom trawdsdw Impact and Fuel Efficiedt LIFE; Suuronen et al. 2012)
Moreover, any discards removed from pots on board have considerable survival probability if they
are not too stressed by facs such as barotrauma, air exposure and thermal $8adkonen et al.,

2012) Notably, pots also provide greater catch qual®sen, 2014)and are less subject to
depredation (e.g. fromsealsand dolphins; Kénigson 2011; Pusch 2011han passive nets. The
researchworksconducted in the Mediterraame to test experimental pots haielded good results in
terms of catch efficiency, although furthedfort isneeded to improve the@conomic viability Addis

et al, 1998; Colloca, 2002; Sartor et al., 2006; Sbrana et al., 2008; Morello et al., 2009; Amengual
Ramis et al., 2016)Currently, the weight and value of landings generated by Mediterranean pot
fisheries accourfbr a small fraction of the fishing sect@pproximately 300 tonnes and EUR 25.5
million), representing respectively 0.8% of fisheries landings and 1.5% of their re(&TEsSF,

2020)

In the ltalian GSA 17, traditional pot fisheries targetingaobeable nass&l@ssarius mutabilisare

by far the most important smadtale fishing activity, in terms of both fishing effort and landings
each year(Grati et al., 2010)On the contrary, pots targeting cuttlefishepia officinaliy are
intensively used in the Sprirsummer periodFabi et al., 2001; Melli et al., 2014Yloreover, the
pots targeting mantis shrimdquilla mantiyand gobies (mainl§obius nigey are being increasingly
used instead of the traditional gilln@&on et al., 2006)

In this area,funding hasrecently been providedhrough research projects (e.@artalife
LIFE12NAT/IT/000937 Life Delfi, LIFE18 NAT/IT/000943, to investigate and promataovative
pots as potential alternatigears A wider use of this lowmpact geais thereforeencouragetyy the
scientific communityto stimulate fishing fleet conversion and increasimgly t r act f i sher s

3.34 Comparing the catch efficiency between pots and set nets
The pots can be considered valid alternatives to the set nets onlyyifdltegood results in terms of

catch efficiencyfo sustain theconomicviability of the fishery. Onetatistical approacto directly

32



compare the catch efficiengtween these twvgeardor thetargetspecies is the catch companso

already introduced i®ection 3.1.2

This method can provide a lengtiependent catch comparison and catch ratio betiweedifferent
fishing gearscan quanty the magnitude of differencand can b easily applied under commercial
fishing conditionsMoreover the catch comparison method can be applied to p@ieeth each haul
the two gears are simultaneously deployad)l unpaired (the two gears are sohultaneously
deployed data setsHowever, this method cannot estimate a ssmdection curveas the size

selectivity of the gear tested can only be measured relative tonfearedyear(Lomeli, 2019)

Fora givenspecies included in a study, the following equatissesssthe reladive lengthdependent

catch comparison rat€Cl) of changing from ongear to another

€0

B -r— <

0
00 A £0
B - B <
n w no

wherenb; andnt; are the number of fish of lengttof a given speciesetained byone geaxcalled
daseling b) in hauli andby the other geafcalleddesfj t) in haulj, respectively. Parametersgb
andqt are the subsampling ratids,case only a subsample of all individuals caught by the baseline
or the test gears is measu(ed. theratio of the measured to the total numbBarameterbb andht
represent the total number of hauls conducted with baseline argpeéegespectivelylf the hauls

are pairedthere will be only oné andh parametes.

CC(l,v) quantifies the probability that a fish of lendtis retained by th&est gearprovided that it is
retained in one of the twgearscomparedFor instance, £C(l) of 0.5 indicates that a fish of length
| has the same probability of being retained biegitgear. ThereforeZC(l,v) cannot be used to
provide a direct relative value of the catch efficiency between the test and the bgsatmé&he

following catch ratiadCR(l,v)equationis thenusuallyapplied

In this caseCR(l,v)= 1.0 means that the catch efficiency of bg¢larss equal, whileCR(l,v)= 0.25
indicates that the tegkaris catching only 25% of the fish of lendtbompared to the baseligear
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4 Objective of the thesis
Based on the cume challenges addressed for the selected fisheries MdfibernCentralAdriatic

Sea(Italian side) the objectivs of this thesisare multiple:

i) to improve the knowledgendhe size and species selectivity of the two legal codends (40
mm square mesénd50 mm diamond mesh codends) employed in the bottom otter trawl
fishery.

i) to increasethe size and species selectivity of thettom otter trawl fisherypy testing
technical modifications that have the potential to reduce discards and bycatch.

iii) to improvethe knowledge o the size selectivity of thénydraulic dredgdargetingC.
gallina.

iv) to investigatehe potential of pots adternative and more sustainable fishing géatke
traditionalpassivesetnets,both in terms of catch efficiency and of discaathd bycatch

reduction.

The experimentalwork carried out within the thesigltimately aims at reducing the amount of
discards generated by the selected fisheries by testing the efficacy of more selective fishing
gears/practicedf a solution is proven tde successful at reducing unwanted catches widte
significantly penalizingcommercial catches, @an be adopted in the regulationaasanagement

measureo help fa@the landing obligation (LO).

Paperl evaluates and compares the catch performantteedfvo legal codendSM40 and DM5)

by accountingthrough a holistic approach, for the full species community in the catches. In
particular, it takes into account all the animals being caught intentionally or unintentionally and being
both landed oridcardedanddeterminesf there are changes in the catch profiles, in terms of species

composition and dominance, when shifting from one codend to another.

Paper 1 estimates the selectivity of an experimental codend made of T90 meshes compared to a
tradtional diamond mesh codend with the same mesh sizesitheselectivity of both codends is
provided for seven commercially important species of the Adriatic bottom trawl fidhergpean

hake, red mulletmantis shrimp, whiting Nlerlangius merlangys common squid, mackerel

(Scomber scombriyysMediterranean horse mackerétgchurus mediterranelis

Paper Il describes the effecit the extension piece levef,two technical modifications (T90 meshes
and reduction irthe number of meshes at circumfece), on the trawl catch patterns for three
commercially important species of the Adriatic bottom trawl! fishery (European hake, red mullet,

monkfish).
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Paper Y assesses the size selectivity of the hydraulic dredge targeting the venus clam in the Italian

Adriatic Sea, under commercial conditions and at different haul durations.

PaperV compares theatchperformanceof innovativefish potswith that ofthe localtraditional
trammel net used in Adriatic SSHsy analysing differences in terms afatch composition and by
assessing the potffectiveness in terms of their use and handling, discard and bycatch reduction.

Moreover, the information collected on teelected fisheries to gain an overview of their current
status, in terms of impact and selectivity at Mediterranean level, has significantly contributed to

publishing three review papers, which, for completeness, are listed in Annex .

Review | and ligive an overview on the selectivitgspectivelyf bottom trawls angassivesetnets
currently in usén the Mediterranean Sgavaluatingheir sustainability within the current regulatory

framework.

Review Il gives an overviewf the main pot designs,dh spatial distribution and their main tatge
species in the Mediterranean apdaluats the main technical parametegdfecting the catch

efficiency ofpots targetinglifferenttarget species.

12°0" 13°0" 14°0" 15°0 16°0

Figure 14. Spatial distribution ofhe sea trials related to the research of this thesis.
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Abstract

Bottom trawl fisheries often catch several species simultaneously. However, most studies addressing
the catch performance and selectivity of a specific trawl focus on a few commercially important or
most vulnerable species requiring management measuresnBgst, the present study considers the
multispecies nature of Mediterranean bottom trawl fisheries through a holistic approach that accounts
for the full species community in the catches. Specifically, we evaluated and compared the catch
performance ofhe two codends allowed for this fishery, made of 40 mm square (SM40) and 50 mm
diamond (DM50) meshes. Results showed that 50 and 80% of the catch in weight and count numbers,
respectively, consisted of species without commercial value, demonstratitaydlegbroportions of

the catch are not considered when using the existing approach to evaluate the ecological impact of
the fishing activity. Significant differences in catch profiles between the two codends were observed,
especially for two commercialdtfish speciesArnoglossus laternand Citharus linguatula with

larger contributions in the SM40. Further, the SM40 codend had a significantly higher retention,
compared to DM50 codend, for specific sizedvarluccius merlucciugnd Mullus barbatusThe

outcomes of the study can be useful for the Mediterranean bottom trawl fisheries management.

Keywords

Bottom trawling, species and size selectivity, Mediterranean demersal fisheries, discards, catch

comparison, fishing performance
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Introduction

Most of the demersal trawl fisheries operating in the Mediterranean Sea simultaneously target
different species sharing the same grounds at the sam¢lLuilmehetti et al., 2021)Besides them,

there are several other species caught more or less frequdmtly can both provide additional

income to fishers, or be discarded because of little or no commercial value.

The catch of unwanted species is one of the m;
it contributes, together with the catchurfdersized or damaged specimens of commercial species, to

the high discard rates reported throughout the basir6%20 of the total catch, according to
Tsagarakis et al. (2014)Most of the discards might not survive because they are damaged in the
captue process, sometimes hauled up from the fishing depth too quickly, or thrown back too late.
Since these fish, crustaceans, shellfish etc. are part of an ecosystem, their removal affects the entire
food chain(Innes and Pascoe, 2010).addition, the rejding practises of dead or dying organisms

does not result in any economic advantage, as catches cannot be sold for human consumption and

will not benefit fishing activities in future yeafBellido et al., 2011).

The minimization of this wasteful practioédiscarding$ one of the pillars of the Conon Fisheries

Policy (CFP), which, in the Mediterranean basin, enforced several specific frameworks of fisheries
managementEU Regulation 1241, 2019; EU Regulation 1380, 20&3$t, the CFP established the
landing obligation (LO) of all the catches of species subjected to the minimum conservation reference
size (MCRS EU Regulation 1380, 2013). Other measures concern the establishment of fisheries
restricted areas (FAO, 2020), initiatives to facilitate cdriiyoauthorities and to provide incentives

to fishers to improve compliance (EC, 2021), and the enforcement of technical limitations on fishing
gears. In bottom trawl fisheries, these limitations concern the mesh size and geometry at the trawl
codend levelin fact, the codend is considered to be the main part of the net where the fish escapement
process takes place (Beverton, 1963; Clark, 19&3)rently, the codend allowed for the
Mediterranean has to be constructed with 40 mm (full mesh) square m8dh&3, hereafter); an
alternative legal codend, only with a duly justified request from the shipowner, is the 50 mm (full
mesh) diamond mesh (DM50, hereafter) cod@fid Regulation 1241, 2019%owever, both these
codends are unable to avoid a consideredyeure of unwanted species and immature and undersized
fish, thus being inefficient at ensuring a sustainable harvest for the majority of the fish stocks
(Lucchetti et al., 2021).

Most of the scientific studies investigating the catch patterns, sizepaos selectivity of trawls
usually focus on a few species. These are often the most economically important(&stetés et

al., 2022)or most vulnerable species requiring urgent management me@sbkrask €é oj | u et a
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On the contrary, the mulpgcies nature of Mediterranean bottom trawl fisheries is rarely addressed,
despite the growing need for ecosysteased fishery management for conserving biodiversity
(Mytilineou et al, 2022) However, the overall ecological impact of using a speg#@r o technical
modification cannobe determined if significantly important fractions of ttegch are neglected,

which maycause an underestimation of the unaccounted fishing mort@itjman et al., 2013).
Accordingly, there is a need for a more B approach that considers the whole species community

in the bottom trawl catches. The present study, therefore, aims at using a methodology that takes into
account all the animals being caught intentionally or unintentionally and being both landed or
discarded. This methodology was applied to sea trials carried out in theWwastlrn Adriatic Sea

(FAO Geographical Sub Area 17). The objective was to assess the selectivity of the two codends
(SM40 and DM50) from a species community perspective, andateaf there were changes in the
catch profiles, in terms of species composition and dominance, when shifting from one codend to
another. Moreover, a comparison of the catch efficiency at size between SM40 and DM50 was

performed on the most abundant comerad species.
Materials and Methods

Sea trials and data collection

The sea trials were conducted 1@ nautical miles off the coast of Senigallia (central Italy; Figure 1)
from 16th to 25th February 2022 on board R/ Dallaport®(810 kW at 1650 rpm, éngth Over
All 35.30 m, Gross Tonnage 285 GT).
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Figure 1: Map of the hauls carried out during the sea trials, distinguished by codend type (SM40: 40 mm square mesh
codend; DM50: 50 mm diamond mesh codend). The light blue line represents the 12 ndesdabm Italian coastline,
which divides the national from the international waters. The arrows indicate the towing direction.

The gear used in the experiments wa¥ @antinadnet often employed by commercial trawlers of

the area. It is an asymmetBepanelsnet (with the upper panel shorter than the lower panel) entirely
made of knotless polyamide (PA) netting (see Sala and Lucchetti (2011) for trawl design). The length
from the wing tips to the codend was approximately 60 m, with 600 meshes in the toptpheel
footrope level. The sweeps and bridles were 80 and 50 meters long, respectively. A single pair of

otter boards (163x100 cm, 270 kg each) was used to maintain the horizontal net opening.

Both codends tested (SM40 and DM50) were made of the sanmgyrtatine and twine thickness
(knotless PA, 3880 RTEX). Their mean measured mesh size, obtained with an OMEGA gauge
(Fonteyne et al., 2007) at 50 N while the netting was wet, was 38.1 mm for SM40 and 50.3 mm for
DM50. The number of meshes at codend ciramarice was 140 for SM40 and 220 for DM50 (Table

1), to obtain a similar circumference between codends during fishing, thus avoiding different effects
on selectivity. In fact, following the considerations and calculations made by Sala et al. (2015) on the
expected mesh openness during fishing in square and diamond configurations, respectively, the

expected circumference of both codends were around 2.7 meters.
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Table 1: Technical features of the two codends tested. SM40: 40 mm square mesh codend; DM5laBndrmesh
codend.

SM40 DM50
Codend length (m) 4.8 4.8
Nr. Meshes in codend circumference 140 220
Mesh configuration Square Diamond
Nominal mesh size (mm) 40 50
Measured mesh size (mm BB 38.11+ 094 5026+ 0381
Netting twine PA (Knotless) PA (Knotless)
Twine thickness (RTEX) 3880 3880

Each of the two codends was mounted on the same trawl. 19 valid hauls were performed: the first 9
hauls with SM40 and the last 10 with DM50. All hauls were carried out in daylight at a mean depth
(SD) of 55.5meters (1.2), with a standardized towing duration of around 60 minutes (59.2 = 1.9).
The average towing speed was 3.0 knots (rang&.2.8nots). The horizontal net opening (19.5 +

0.2 meters) was monitored using astc sensors (SIMRAD, Norway).

After each haul, the catch was sorted following the commercial procedures. The fishers on deck
divided the total catch into a discarded and a landed fraction. Then the researchers on board divided
the catch of each fraction by species, by identifying all taxthgédowest possible level. For each
species within each fraction, the total weight was recorded and the individuals were counted. The
counts were performed without ssampling except for the large catches of swimming crab
(Liocarcinus depuratgrobtainedin each haul, for which the count was conducted on a randomly
selected subsample, and the subsample coefficient was determined. Furthermore, individual length
measurements (total length for fish and mantle length for cephalopods) were taken to the.f®owest

cm for the most abundant commercial species caught in the seaTties® wereEuropean hake
(Merluccius merluccius red mullet Mullus barbatu$, Atlantic mackerel $comber scombrys
Mediterranean scaldfishA(noglossus laterna spotted flounde(Citharus linguatuld, broadtail

shortfin squid l{lex coindeti) and tub gurnardGhelidonichthys luce). The measurements were
recorded without subampling except for a large catch obtainedAofaternain one haul, where

measurements were conduwtten a randomly selected subsample.
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Data analysis

The statistical software SELNET (Herrmann et al., 2012) was used tcsatladycatch data. Data
weretreated as unpaired (Herrmann et al., 2017) since the shift from one codend to another was not
done after each haul and therefore we could not treat them as paired hauls.

Catch dominance analysis

Catch dominance curves are often used to quantify infasmabout the relative species abundances

for a given sample. The catch dominance analysis was here performed to evaluate, for each species,
its relative abundance in both the total catch, the discarded catch and the landed catch. The aim was
to assess ite proportion of each species in each fraction was significantly different between the two

codends tested.

Usually, the dominance curves are basethemanking of species in a sample in decreasing order of

their abundance (Clarke, 1990). In the presaudy, a fixed rank was assigned to each single species
caught in the sea trials, by including i1t int
the main commercial species targeted by the Italian Adriatic bottom trawl fisherylidO2@eters

of depth (Lucchetti, 2008) ; 2) OBycatch speci
commer ci al val ue, t hat are | anded; 3) O6Speci e
di scarded by the f i silkedahos spede} included io E redulations ang e ¢ i
International lists (e.g. EU Habitat directive, IUCN red list).

Since our intent was to estimate, on average, the performance of the two codends in the fishery, the
catch dominance curves were averaged tneils. They were then estimated, in both number of
individuals ¢@n) and weight ¢w), for each codend and each fraction of the catch (total, discarded,

landed) by using the following equations (Warwick et al., 2008; Petetta et al., 2022):

1)

Q0 B _ 2
B _
whergj represents the haul and the species rank previously defd.nj is the number of individuals
of the speciesbeing counted in the subsample in hag]; represents the subsampling ratio, i.e. the
counted subsample of speciaes haulj. Parametey is the average weight of specida haulj in a
given fraction of the catch, and it is obtained from the to&bht and number of individualS.is
the total number of species considered, wheteasthe total number of hauls conducted with the

specific codend.
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The cumulative dominance curves were then estimatedoth number of individualdDf) and

weight Ow), to better represent species dominance patterns, as follows

B —
withli O | O S@

006 B ——— witht O | O@Up
B J—

wherel is the sgcies rank summadp in the nominator.

The Efron percentile 95% confidence intervasls( Efron, 1982) were used to provide the
uncertainty of the values of dominance patterns obtained following the procedure described in
Herrmann et al. (2022). This procedure enables estimation of the uncertainty around the dominance
values at species levielduced by the limited sample sizesaatingle haul without having to make

any prior assumptions regarding the distributions irmtds (Herrmann et al., 2022).

Furthermore, the differenaal in species dominanakin the SM40 X) and DM50 ) codends \as

estimated by:
YO Q O (5)

By applying the technique described in Herrmann et al. (2€22C|s for Equation 5 were obtained
based on separate bootstrap populationdfanddy. The significance was detected by inspecting if
the Cls containedthe value 0.0. If the 0.0 value was within {@&s, no significant difference was
detected.

Catch comparison and catch ratio analysis

The lengthfrequency distributions, obtained from the most abundant commercial species mentioned
above, were used ferform a catch comparison and catch ratio analysis. The aim was to investigate

the sizedependent effect on the catch efficiency of each species by changing the codend.

For each species independently, we assessed the relativedepgtident catch comjson rate

(CQ) of shifting from one codend to another, by using Equation 6 (Herrmann et al., 2017):

00 (6)

wherenb; andnt; are the number of fish of lengtbf a given species retained in hahy the baseline
codend p,i.e. SM40 codend) and test codetid.¢. DM50 codend), respectively. Parametggsand

gt are the subsampling ratios, i.e. the mtibthe measured to the total numbémdividuals etained
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by the baseline and the test codend, respectively. Paramietandht represent the total number of

hauls conducted with baseline and test codend, respectively.

We estimated the catch comparison r&€(l,v) experimentally expressed by Equation &/

minimizing the Expression 7 (maximum likelihood estimation):
BB — a®odéde B — apd 6 odo (7)
where the outer summation is over the length cldsaed the inner summation is over the hanils

andhbin the experimental dataset. Thparameter describes the catch comparison curve defined by
CC(l,v). The experimentalC was modelled by the functiad@dC(l,v).

v oo h Bh
6 6o = (8)

wheref is a polynomial of ordek with coefficientsv to v, such that = (vo, &), f was considered

up to an order of 4. Leaving out one or more of the parametens yielded 31 additional candidate
models for the catch comparison functiée(l,v). We estimated the catatomparison rate, among
thesemodels, by using the multhodel inference to obtain a combined model (Burnham and
Anderson, 2002; Herrmann et al., 2017). We based the ability of the combined model to describe the
experimental data on thevalue, calculated based on the ratio between the model deviance and the
degrees of freedom (DOF; Wileman et al., 1996; Herrmann et al., 20pAyalue > 0.05 indicates
suitable fit statistics for the combined model to describe the experimental detesily well. With

poor fit statistics§-value < 0.05 and deviance/DOF >> 1), the residuals were inspected to determine
whether the resultaere due to structural problems when modelling the experimental data, or to

overdispersion in the dafs/ilemanet al., 199%.

CC(l,v)quantifies the probability that a fish of lengjk retained by the DM50 codend, provided that

it is retained in one of the two codends (DM50 or SM40). Since the number of valid hauls conducted
with the two codends was differen(bhauls with DM50, 9 hauls with SM40), the same probability,

for a fish with a given length of being retained by either gear will beGLE(l) = 0.526 (i.e. the ratio

10 to 19).

The results oCC(l,v) do not provide a direct relative value of the catffitiency between the test
and the baselineodends. Therefore, we used the catch @Rgl,v) since it provides suchdirect

comparison and can be easily derived fio@Xl,v) following the equation:

6 Yo ——"— ©)
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In this caseCR(l,v) = 1.0meanghat the catch efficiency of both codends is equal, WDiRél,v) =
0.25indicates that the test net is catching only 25% of the fish of |érggimpared to the baseline
net.

We then estimated the 95C%sfor both the catch comparison and catch ratio curves by using a double
bootstrapping method with 1000 bootstrap repetitiddg. using this approach, following the
description giveoy Lomeli (2019), both within and between haul vadas were taken intaccount.

Exploitation pattern indicator analysis

We applied the exploitation pattern indicators for catch comparison to summarize the relative
performance of the two codends tested. The indicators were adopted from Bonanomi et al. (2020) and
VeigaMalta etal. (2019) on the seven species previously selected for the catch comparison and catch
ratio analysisAmong them, onlyM. merluccius M. barbatusand S. scombrusre subjected to a
minimum conservation reference size (MCRS of 20, 11 and 15 cm, respedfivancil Regulation

1967, 2006)thereforejndividuals below this size were considered as discards. Reg#xdauigrna

the 12 cm length class was considered as a reference size between the individuals didcaoted (

and landed@.2 cm),accordingtocommn f i sher s 6 mividualdofCsliagaatulghl |t t

coindetiiandC. lucernacaught were landed, thus no reference sizes were available for pleogss

For the species with a reference size, the average percentage olialditielow and above this size
retained by the test codend (DM50) compared to the baseline codend (SM40), in terms of number of

individuals qP-, nP+) were estimated as follows:

_ B B —

¢ 0 (10)
B B —
_ B B —

g 0 (11)
B B —

wherenT; andqT, represent the estimation made for the test codendyBnandgB; the estimation

made for the baseline codend. The summatiosanéll in (10) and (11) are over the hahisand

hb, and length classésrespectively. An indicator value of 100% means that the test codend caught
an equal number of individuals belon®) and abover(P+) the MCRS, respectivelgompared to

the basehe codend. Indicator values of 50% and 150% mean that the test codend caught 50% less

and 50% more individuals (below or above MCRS) than the baseline codend, respectively.
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For those species not subjecta®dCRS or without a reference size, the mean peage of all
individuals retained by the test codend compared to the baseline codend was estimated, in number of
individuals @P), as follows:

B B —
E —mM 12

B B —
A value of 100% means that thestcodend catches the same total numin&) ©f the species

analysed as the standard codend.

Discard ratios were then estimated €ach gear in terms of number both the testnDRatiol) and

baselingnDRatid) codends, as follows:

B B —_
£ 0Y GO QR (13)

B B —_
£ OYHO QT (14)

A discard ratio of 0% would imply that no discard was produced. Aglag 95%Cls for each

indicator wee estimated using the double bootstrap method described above.
Results

Catch dominance analysis

A total of 68 species belonging to 9 higher taxa (Osteichthyes and Condrichthyetac€au
Decapoda; Mollusca Ceplopoda, Bivalvia and Gastropoda; Echinodatay Polychaeta;
Ascidiacea) were caught during the sea trials (T2pl®nly 4 fish species were included the
6Target speciesd category: European hake, rec
classified as &éByc avtaclhu esdp e ctiheesy oifn cd cundneedr cli6a | f
and 3 elasmobranches), 7 cephalopod species and 4 crustacean species. 37 species were classified
6Species of no commerci al val ueod. Most of the
spedes), echinoderms (5 species), molluscs (3 species), polychaetes (1 species) and ascidian (1
species)Only 1 protected species (the twait shAthsa fallax,listed in Annexes Il and V of the
Habitats Directive as requiring close protecti@ouncil Diretgive 92, 1992) was caught during the
cruse.Thi s classification was specifically relat

context. Therefore, it does not fully represent neither all the Mediterranean bottom trawl fisheries,
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where somespecies, here classified as commercial, could be always discarded elsewhere and vice

versa

due

to | ocal

market value only in a specific season.

consume

rsé preferences,

Table2: Assigned ranking (S) dfie animal species, divided by category, caught during the sea trials.

Target species

Bycatch species of commercial valu

Species of no commercial valug

Protected specieg

S1

S2
S3
S4

Merluccius merluccius
Mullus barbatus
Lophiusspp

Chelidonichthys lucerna

S5 Trisopterus minutus capelanug

S6 Scomber scombrus

S7  Trachurus mediterraneus

S8 Alloteuthis media

S9 Loligo vulgaris

S10 Sepia officinalis

S11 Eledonespp.
S12 lllex coindetii
S13 Octopus vulgaris
S14 Sepia elegans
S15 Raja asterias
S16 Raja clavata
S17 Squalus acanthias
S18 Citharus linguatula
S19 Arnoglossus laterna

S20 Solea solea

S21 Scophthalmus rhombus

S22 Nephrops norvegicus
S23 Melicertus kerathurus
S24  Squilla mantis
S25 Parapenaeus longirostris
S26 Sparus aurata
S27 Uranoscopus scaber
S28 Trachinus draco
S29 Merlangius merlangus
S30 Pomatomus saltator

S31 Zeus faber

S32

S33
s34
S35
S36
S37
S38
S39
S40
sa1
S42
s43
S44
S45
S46
s47
S48
S49
S50
S51
S52
S53
S54
S55
S56
S57
S58
S59
S60
S61
S62
S63
S64
S65
S66
S67

Liocarcinusdepurator

Medorippe lanata
Goneplax rhomboides
Dardanus arrosor
Maja squinado
Solenocera membranace
Sardina pilchardus
Engraulis encrasicolus
Sardinella aurita
Spicara maena

Boops boops

Blennius ocellaris
Conger conger
Eutrigla gurnardus
Gobius niger
Lepidotrigla cavillone
Lesuerigobius friesii
Microchirus variegatus
Pagellus acarne
Pagellus bogaraveo
Pagellus erythrinus
Pagrus pagrus
Callionymusspp.
Cepola macrophthalma
Scorpaena notata
Serranus hepatus
Sphyraena sphyraena
Phallusia mamillata
Ocnus planci
Marthasterias glacialis
Astropecten irregularis
Aphrodite aculeata
Armina tigrina
Ostreaedulis

Mytilus galloprovincialis

Stichopus regalis
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TableS1shows the catch dominance percentages, in both number of individuals and weight, of each
species in each codend tested (SM40 and DM50). The first 31 species often had both a landed and a
discarded fraction, since some animals were rejected because theyowefew or too small,
damaged, with little commercial value in that specific area and season or below the MCRS. The latter

37 species were always discarded.

Figure 2 represents, for each codend, the cumulative species dominance (in percentages), in both
number of individuals and weight, of the three catch fractions: total catchraksl catch and landed
catch.The cumulative curve of the total catch shows that, in the DM50 codend, the targeted species
(S1-S4) and the species with a commercial value$385) cwer, on average, less than 15% in number

of individuals and less than 50% in weigiftall the species caught. This means that the species with

no commercial value represent the largest proportion of the total catch. The results are slightly
different for the SM40, where the proportions of the first 31 species reach, on average, the 20% (in
number of individuals) and the 50% (in weight) of all the catdndsoth codends, thereasiramatic

curve increase at species 32, corresponding to the swgnonab Liocarcinus depuratgr which

brings the curve up to almost 90% considering both individuals and wEighte 2; see also Table

S1for the proportion of each species in the catch).

Regarding the discarded fraction of the catch, the proportitimedirst 17 species (8317) is low

in both codends, but there is a clear increase in S18 anft&1t8sponding to two flatfish species,

C. linguatulaandA. laterng. This increase is more marked in SM40 than in DM50, in both number

of individuals andveight. Again, in both codends depuratormakes the curve rise from less than

10% to almost 90%vhen considering individuals and to around 8@%hen considering weight
(Figure 2, Tables1). Regarding the landed fraction of the catch, the cumulative ceaghes 100%

within the first 31 species. A significant curve increase is observed, in SM40 (number of individuals),
for S18 and S19 (i.e. the flatfish species above mentioned). This increase is not discernible in the
corresponding curve of DM50 (Figure 2).
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Individuals

(%)
(%)

minance

DM50
minance

Cumulative do
Cumulative do

5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65

Species Rank Species Rank

SM40
Cumulative dominance (%)
Cumulative dominance (%)

5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65

Species Rank Species Rank

Figure 2: Cumulative species dominance in the catch of the 50 mm diamond mesh codendafi@vi®0and 40 mm

square mesh codend (SM40, below). The curves (solid lines) with 95% Cls (dotted lines) represent the cumulative species
dominance for the catches in both number of individuals (left) and weight (right). The green, yellow, orange and red
areas represent the target species, the bycatch species of commercial value, the species of no commercial value and the
protected species, respectively.
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Figure 3 shows the delta plots resulting from the comparisons between the cumulative dominance

curves okained with the two codends for both the total, discarded and landed fractions of the catch.

The left column takes into account the number of individuals. The delta plot reveals a significant
difference, in the total catch, from speciest& 531 i.e. alllte species afommercial interest, since

both the upper and loweZls are always below the 0.0 linghich expresses an equal proportion
between SM40 and DM50. A larger proportion, for these species, was in fact captured by the SM40.
The same trend is obsed in the discarded catch, meaning that SM40 also produced a larger
proportion of discards for these species than the DM50, especially for the two flatfish species (S18,
S19). Regarding the landed fraction of the catch, the Ddid@ucedh significantly &rger proportion

of the species from S10 to S17, which include commercial cephalopods and elasmobranches. No

significant differences are observed in the proportion of the other species.

The right column takes into account the weightthe totalcatch asignificant differencéetween

the two codendss observedor the species SM. barbatu3, wherethe uppelCl is belowthe 0.0

line, highlighting a lower proportion of this species in DM50 compared to SMtthesThe same

trend is observed, in the daded catch, for species S1 to S31 i.e. all the species of a commercial
value, especially from S18 to S31. Other barely significant differences (the Qpgalkenost reaches

the 0.0 line) are observed in the left end of the curves of both total and diké@cteons from
species S45 to S58 i.e. O0Species of no commer
slightly less than in the SM40 codend. Concerning the landed catch, the only significant difference

concerns S2, whose proportion in DM50ign#icantly less than in the SM40 (Fig. 3, bottom left).
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Individuals Weight

TOTAL
) Difference (%)
< N L - - - I
Difference (%)

5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65

Species Rank Species Rank

5 10 15 20 25 30 35 40 45 50 55 60 65 510 15 20 25 30 35 40 45 50 55 60 65
Species Rank Species Rank

Difference (%)

DISCARDED
Difference (%)

Difference (%)

LANDED

Difference (%)

5 10 15 20 25 30 35 40 45 S50 55 60 65 S 10 15 20 25 30 35 40 45 S0 S5 60 65
Species Rank Species Rank

Figure 3: Delta plots resulting from the comparison of the cumulative dominance curves between the two codends tested
(DM50, SM40) in both number of individuals (left column) and weight (righine). The curves (solid lines) with 95%

Cls (dotted lines) are relative to the Total (top), discarded (middle) and landed (bottom) fractions. The 0 grey horizontal
line represents an equal proportion between the two codends. The green, yellow, orangd arehs represent the

target species, the bycatch species of commercial value, the species of no commercial value and the protected species,
respectively.
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Figure 4 shows the delta plots resulting from the comparison of the catch dominance curves, for the
total, discarded and landed fractions of the catch. This figure provides a detailed insight at each single

species level.

The gots of total and discarded fractiosisow, in particular, a significantfterence between codends
for the European hake (Sahd thetwo flatfish species (S18, S19), indicatingpegerproportion of
their dominance in the SM40 catches than in the DM50 catohesth number of individuals (Fig.

4, left column) and weight (Fig. 4, right column). The delta plot of the total eschshows a
significantly larger proportioof red mullet (S2) in SM40 than in DM50 catches, only in weight; on
the contrary, a significantly larger proportion of monkfish (S3) is present in DM50 catches, in both
number of individuals and weightlso, L. depurator(S32) had a significantly larger proportion in
the total catch of DM50 compared to SM&@ly in number of individuals. Other differences detected
at species level for these two fractions are barely signifiddset delta plot ofthelandedfraction,in

both number of individuals and weiglshowsin particularthat a larger proportion of the target
speciesM. merlucciugS1),Lophiusspp. (S3), the cephalopo8s officinalis(S10) ancEledonespp.
(S11), is present in the DM50 catches tham@3$M40 catches. On the contrary, a larger proportion
of M. barbatus(S2), T. minutus capelanu$5) andC. linguatula(S18) is present in SM40 catches
than in DM50 catches.
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Individuals Weight
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Difference (%)

Difference (%)
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1S
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Species Rank Species Rank
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Difference (%)

Difference (%)
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Species Rank Species Rank

Figure 4: Delta plots resulting from the comparison of the species catch dasmibatween the DM50 and the SM40, in

both number of individuals (left column) and weight (right column). The curves (solid lines) with 95% Cls (dotted lines)
are relative to the Total (top), discarded (middle) and landed (bottom) fractions. The 0 gynitalriine represents an

equal proportion between the two codends. The green, yellow, orange and red areas represent the target species, the
bycatch species of commercial value, the species of no commercial value and the protected species, respectively.
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Catch comparison analysis

Table 3 reportsthe number of individuals measured in each Hauthe 7 species selected for the
catch comparison analysis( merluccius, M. barbatus, S. scombrus, A. laterna, C. &inga, |.
coindetii, C. lucerng

Table 4 reports the fit statistics of the combined model. Phelue were’ 0.05 for A. laterna
(p=0.0071),l. coindetii(p=0.0179) andC. lucerna(p=0.026). These loy-values were assumed to
be due to overdispersion in the experimental rates rather than d fackince the visual inspection
of the modelled catch comparison curves against the experimental rates for thesse difemot

indicate any lengtldependent patterns in the deviations (see Figurés
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Table3. Number ofndividuals of the most abundant commercial species measured in each haul, selected for the catch comparison analysasapingsilvere performed
except in one case, where the value of the subsampling coefficient is in brackets. SM40: 40 mm dycadenttDM50: 50 mm diamond mesh codend.

Haul  Merluccius merluccius  Mullus barbatus  Scomber scombrus Arnoglossus laterna  Citharus linguatula  lllex coindetii Chelidonichthys lucerna
1 97 60 4 133 49 28 22
2 90 29 9 122 60 38 18
3 95 40 15 143 61 33 19
4 53 37 23 133 37 14 14
SM40 5 55 31 10 79 37 6 8
6 65 20 2 72 (0.43) 68 28 12
7 85 27 1 107 52 23 15
8 50 47 44 108 28 34 11
9 93 40 14 86 62 34 17
10 41 6 19 44 10 15 12
11 57 13 6 35 22 10 14
12 47 18 21 51 14 25 8
13 67 23 6 43 23 31 12
14 75 22 13 41 13 22 19
DM50
15 55 9 0 22 11 8 19
16 61 18 18 42 9 32 26
17 48 10 1 28 8 23 13
18 43 11 5 31 12 11 9
19 48 17 5 45 6 21 6

Table4. Fit statistics of the combined model used in the catch comparison between thesgOaremmesh codend and 50 mm diamond mesh codend. DOF: degrees of freedom.

Merluccius merluccius Mullus barbatus Scomber scombru: Arnoglossus laterng Citharus linguatula lllex coindetii Chelidonichthys lucerna
p-value 0.1408 0.0846 0.0739 0.0071 0.1741 0.0179 0.026
Deviance 59.7 22.98 17.02 34.54 21.12 40.72 36.62
DOF 49 15 10 17 16 24 22
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Figuress-7 show the catch comparison and catch ratio results obtained by comparing the two codends
(DM50 VS 3M40) for the species selectdriegarding the European hake (Figbréop) a difference

is observed from the 12 cm to the 26.5 cm length class, for which both the catch comparison and
catch ratio curves display a significantly lower catch efficiency of the DM5Mcocempared to the

SM40 codendA significantly lower retention of DM50 compared to SM40 is also observed for red
mullet (Figure5, middle) from 11 to 14.5 cm. This difference is well discernible not only from the
catch comparison and catch ratio curves, but also from thehl&eguency distributions obtained.

No individuals below 11 cm, which represents the MCRS of the species, wereioahglgea trials.
Regarding the Atlantic mackerel (Figusgbottom), there are no significant differences between the
catch efficiency of the two codends, since@ig of both the catch ratio and catch comparison curves
overlapped, for the full length range measured, the horizontal 0.526 line representingaécjual
rates. The low number of individuals caught during the sea trials are reflected in thelsvafehe

curves. Also, very few individuals below 15 cm (i.e. the MCRS of the species) were iceilnghtea

trials.
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Figure 5: Results of the catdomparison analyses obtained for Merluccius merluccius (top), Mullus barbatus (middle)
and Scomber scombrus (bottom). The graphs on the left show the modelled catch comparison rate (black line) with 95%
ClI (black stippled curves); the black circles repmasthe experimental rate; the grey horizontal line at 0.526 represents

the point at which both configuratistnave equal catch rates; the grey vertical lines represent the MCRS of the species.
The graphs on the right show the catch ratio (black line) @8#6 CI (black stippled curves); the blue lines represent

the length frequency distributions obtained with the two codends tested (DM50 and SM40); the grey horizontal line at
1.0 represents the point at which both configurations have equal catch ratggetheertical line represents the MCRS

of the species.
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Figure6 shows the catch comparison results for the two flatfish species. The curves obtaiked for
laterna clearly indicate a significantly lower catch efficiency of DM50, compared to SM40, in the
6.5 to 13.5 cm length range. In fact, the length frequency distributions show a clear decrease, in
DM50, of the catch of individuals within this letgtange, when compared to SM4be same trend

is observed fo€. linguatulg for which the DM50 codendsplay a significantly lower retention than

the SM40 codend in the-26 cm length range. Again, the difference between the catches of the two
codends is evident not only from the catch comparison and catch ratio curves, but also from the length

frequencydistributions.
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Catch ratio

Catch comparison rate

Catch comparison rate

e © o © © 8 o

E 8§ & &8 8 8§ 8
Catch ratio
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10 12 12 16 18 20 10 12 14 16 18 20

Length (cm) Length (cm)

Figure 6: Results of the catch comparison analyses obtained for Arnoglossus laterna (top) and Citharus linguatula
(bottom). The graphs on the left show the modelled catch comparison rate (black line) with 95% CI (black stippled
curves); tte black circles represent the experimental rate; the grey horizontal line at 0.526 represents the point at which
both configuratios have equal catch rates. The graphs on the right show the catch ratio (black line) with 95% CI (black
stippled curves); thblue lines represent the length frequency distributions obtained with the two codends tested (DM50
and SM40); the grey horizontal line at 1.0 represents the point at which both configurations have equal catch rates.
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Figure7 shows the results obtainear ftwo important commercial species, the squitbindetiiand

the fishC. lucerna In both cases, no significant differences in the catch efficiency of the two codends
were detected. The wid&ls of both catch comparison and catch ratio curves artdghelispersion

in the experimental rates are probably due to a relatively low number of individuals caught during the

sea trials.
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Figure 7. Results of the catch comparison analyses obtained for lllex coindeliighd Chelidonichthys lucerna
(bottom). The graphs on the left show the modelled catch comparison rate (black line) with 95% CI (black stippled
curves); the black circles represent the experimental rate; the grey horizontal line at 0.526 represents the point at which
both configuratios have egal catch rates. The graphs on the right show the catch ratio (black line) with 95% CI (black
stippled curves); the blue lines represent the length frequency distributions obtained with the two codends tested (DM50
and SM40); the grey horizontal line aDlrepresents the point at which both configurations have equal catch rates.

Exploitation pattern indicator analysis

Table 5 showsthe results obtained from the exploitation pattern indicator analysis. Regarding the
European hake, the test codend (DM5@)gtd on average, in number of individuals, 50%-( Cls
32.473.0%) less undersized individuals (< 20 cm) than the baseline codend (SM40). A slight but
significant difference was found also for the individuals above the 20 cm MGRE §ince the
averagepercentage retained by DM50 was 7628s( 60.097.9%) compared to SM40. The mean

discard ratio, in number of individuals, obtained with DM50 (13.1%) was less than the mean discard
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ratio obtained with SM40 (18.6%), although the difference was not stdtissgmificant (theCls

of the two values overlapped; Talale

ThenP+ estimated for red mullet revealed that DM50 caught, on average, 44.4% of individuals above
the 11 cm MCRS compared with SM40. However,@heof this indicator contained 10C(s: 7.8
118.3%), reflecting a lack of significant differences between the two codends. No individuals below
the MCRS of the species were caught by the two codends, therefore neithiér tioe the discard

ratios were estimated (Tal#¢. Regarding the Atlaiic mackerel, no significant differences between
codends were found concerning the number of individuals above the 15 cm MCRS retBified (
Cls: 22.8152.2%).The few number of individuals below the MCRS caught by both codends did not
allow to estimate kth thenP- and the discard ratio indicators (Tab)e

A significant difference was found, for the Mediterranean scaldfish, concerning the number of
individuals below the 12 cm reference sin€-{, of which DM50 retained, on average, 33.7C4s(
8.1-94.0% compared to SM40. On the contrary, we did not observe any significant difference,
between codends, in both thE+ indicator (theCls contained 100) and the discard ratios @Eteof

the two values overlapped; TalB#@. Concerning the three species witih a reference size, the
percentages of all the individuals retained by DM50 compared to SM40 revealed a significant
difference only for the spotted flounder. In fact, the average percentage caught by DM50 was around
26% (Cls: 18.7-35.2%) compared to SM48oth the tub gurnard and the broadtail shortfin squid did

not reveal any statistically significant difference in their catches between codends, si@is the

contained 100% indicating an equal number of individuals caught (Bable

Table5: Values of tk exploitation pattern indicators (in average percentages with 95% confidence intervals) for the
species selected for the catch comparison analysis. They represent the number of individuals i.e. nP {tgtalpwnP

the reference size), nP+ (above théerence size) retained by the test codend (DM50) compared to the baseline codend
(SM40), and the resulting discard ratios estimated for both the test (nDRatioT) and baseline (hDRatioB) codends.

Species Indicator Mean % (95% ClI)
Merluccius merluccius nP- 50.3 (32.473.0)
MCRS=20 cm nP+ 76.2 (60.097.9)
nDRatioT 13.1(8.917.9)
nDRatioB 18.6 (14.723.0)
Mullus barbatus nP- *
MCRS=11 cm nP+ 44.4 (7.8118.3)
Scomber scombrus nP- *
MCRS=15 cm nP+ 69.0 (22.8152.2)
Arnoglossus laterna nP- 33.7(8.1-94.0)
Reference &#ze=12 cm nP+ 79.1 (10.9236.4)
nDRatioT 91.1 (86.794.5)
nDRatioB 96.0 (94.297.5)
Citharus linguatula nP 25.8 (18.735.2)
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Chelidonichthys lucera nP 92.0 (66.2124.6)
lllex coindetii nP 83.2 (17.4235.3)
*Very few or nandividuals below the MCRS were caught, thusw®s not estimated

Discussion

Mediterranean bottom trawl fisheries exert multiple impacts on the marine environment and
ecosystem. Besides the physical alteration of the seabed (Lucchetti et al., 2@theitiand Sala,

2012; Palanques et al., 2014) and the greenhouse gas emissions (Guijarro et al., 2017), these towec
gears are welknown to cause a significant disturbance on the benthic habitats and communities (De
Juan et al., 2007; Farriols et al.,17). The present study is focused on evaluating the impact of a
bottom trawl fishery from a species community perspective. To this aim, we performed a catch
dominance analysis, to provide information on the species composition dynamics when applying
different technical modifications. This holistic approach, here investigated in the trawl selectivity
field, allows to better understand and evaluate the impact of a fishery by including, in the analysis,
not only those species having a commercial interestquimeg close protection or management
measures, but all the species caught by the specific gear. In particular, we here compared the catches
of the codenslestablished for the Mediterranean, the SM40 codend, with those of the only alternative
codend allowed after justified request, the DM50 codend (EU Regulation 1241, 2019).

The large number of species present in the catches of the two codends, which are usually not
accountedor in traditional selectivity studies, demonstrate the relevance of this méilggdost

of these species contribute to the discarded fraction of the catch, which accounts for 50% (in weight)
of all the catches obtained with both codends. This percentage falls within the rar@fqR0
reported by Tsagarakis et al. (2014) and g&eclear insighinto the high impact exerted by this
fishing gear on the benthand benthopelagicommunity.The fate of the species entering the trawl
codend is also quantified in the recent work of Mytilineou g2822) who estimated that less than

30% of the species caught were selected to be markédsed.in the present stugdthere were more
species entirely discarded (37) than the ones possibly landed ({@l3wimming cralh.. depurator

which was by far the dominant animal species in theheatin both numbers and weight, is also a
sign of the intense fishing effort carried out by trawlers in the Adriatic Sea, one of the most
overexploited areas of Mediterranean (Colloca et al., 2017; Eigaard et al., 2017). In fact, the intense
discarding pretices carried out by fishers in this area let the benthic opportunistic scavengers (i.e.
some fish species, craésL. depurator echinoderms and molluscs) consume these dead animals and
thus thrive (Demestre et al., 2000; Ramsay et al., 1998; Sancile22604). Some of these species,

which can have a massive presence in bottom trawl catches, are starting to be marketed by some
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vesselsin the study area (e.g. the largest individuals Lof depurator Lucchetti, personal
communication). This is clear ielence of the fishing down the marine food webs (Pauly et al., 1998)
as demonstrated by stock assessments in the Mediterranean, which highlight a situation of

overexploitation for around 75% of the assessed commercial species (FAO, 2020).

The twaite shadA. fallax was the only protected species caught during the sea trials. In the Adriatic
Sea, this species is commonly-tgught and discarded not only in demersal trawl fisheries (Sanchez

et al., 2007) but also in pelagic trawl (La Mesa et al., 2015)etntesfisheries (Petetta et al., 2020b).
Another protected species, commonly subject to incidental captures from the same fishing gears, is
the loggerhead sea turtl€aretta caretta(listed in Annex IV of the Habitat Directive; Council
Directive 92, 1992 Although no individuals were caught in the present study, bottom trawlers are
responsible, in the CentrBlorthern Adriaticfor frequent bycatch events (around 8600 individuals

per year; Lucchetti et al., 2017b).

Both the legal codends currently in usethe Mediterranean (SM40 and DM50) are known to be
insufficiently size selective for many commercial species targeted by bottom trawl fisheries since
individuals below the MCRS and/or the length of first maturity are often retained in the catches
(Lucchetti et al., 2021). Regarding the European hake, one of the most landed and overexploited
demersal species in the whole region (GFCM, 2021), the two codends were unable to avoid the catch
of individuals either below the length of first maturity (more ti3@ncm; Candelma et al., 2021;
Carbonara et al., 2019) or below the MCRS of 20 Ehis is in line with several selectivity studies
conducted on SM40 and DM50, where the predicted 50% retention length (L50) was always lower
than 20 cm in different aregédriatic Sea (Lucchetti, 2008; Sala et al., 2008; Sala and Lucchetti,
2010); Aegean Sea (Petrakis and Stergiou, 199
Dereli and Aydin, 2016); Alboran Sea (Baro and Mufioz de los Rejes, 2007); Baleandslsl
(Guijarro and Massuti, 2006; Ordines etal., 2006y r r heni an Se a .Ac®rdihgly] et
in the present study discard ratio of 23% of the total catch in number lbhkeswas estimated.
Interestingly, from the catch comparison resulie observed that SM40 caught significantly more
undersized European hakes than DM50, contrary to what is usually expected (i.e. a similar size
selectivity of the two codends for this species; see the review of Lucchetti et al. (2021)). The
exploitation @ttern indicators confirm these results, stating that the DM50 was able to exclude from
the catchon averagdjalf of the undersized hakes observed in the SM40 catches. These findings are
probably due to the slightly different mesh size (38.1 mm on ageodghe SM40 codend compared

with the Regulation requirements.
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The same hypothesis could be done for the red mullet, another key target species in several
Mediterranean fisheries, since the catch efficiency for the smaller length clasdes5Xin) was
significantly lower in the DM50 than in the SM40. The difference in the measured mesh size (around
12 mm) between DM50 and SM40 could have exerted, in the present study, a bigger effect on
selectivity than the difference in the mesh configuration andéshnopenness (Tokag et al., 2016).
Neverthelessthe number of commercial individuals caught by the two codends was not significantly
different based on the exploitation pattern indicators analysis. Howevet|slier nP+ were really

wide (7.8118.3%) reducing the power of these resuli® red mullets below the 11 cm MCRS were
caught in the sea trials. Although we cannot rule out that both codends avoided the catch of undersized
individuals, since the experiment lacked the presence of a caderdtostudy the entire population
entering the trawl net, Sala et al. (2015) already demonstrated that the current legal codends provide
a predicted_50 higher than the MCRS of the species. Accordingly, very few specimens of Atlantic
mackerel under the 15 cm NRS were caught by the two codends. Although there is no information

on the size selectivity of SM40 and DM50 for this commercial species, Petetta et al. (2020a) estimated
an L50 of more than 21 cm by using a 55 mm diamond mesh codend.

The significantly lover catch efficiency of DM50 compared to SM40, observed in both the catch
comparisons and the exploitation pattern indicators, for the two flatfish species (Mediterranean
scaldfish and spotted flounder) is in accordant what found in the literature (Darci and

Akyurt, 2017; Mytilineou et al., 2021; Sala et al., 2008). In fact, the flat morphology of these species
fits better to the diamonshaped meshes than to the sgtsdr@ped meshes (Tokac et al., 2014). That

is the reason why, in trawl fisheriesegjfically targeting flatfish, such as tld@apiddtrawls in the
Adriatic Sea (Pranovi et al., 2000), the advice is to only mount diamond mesh codends to increase
the size selectivity (Lucchetti et al., 202The shift from one codend to another seemetlta
influence the catch performance for tub gurnard and broadtail shortfin squid, but the wide Cls
observed in both the catch comparison and exploitation pattern indicator analyses reflect a low
number of individuals caught and do not allow to draw d#fenconclusions.

The experimental design applied for the data collection iprisenstudy was unpairedavith a first

group of hauls carried out with one codend design and afterwards with the other design. Therefore,
we cannot be 100% certain that #neerage populations entering ttveo codends were identical.
However, since the hauls werarried out on the same cruis@athin a relatively small geographical

area and also within a limited time span, we assume that there only would be minor dgfierémee
population size structures and species composition betwebkautseconductedith SM40 and those

with DM50. Therefore, we assume that the collected data can be used for a comparison between the

performance of the two codends.
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The avoidance of wmanted catches through improved selectivity is one of the primary goals for the
implementation of the CFP in Mediterranean bottom trawl fisheries. In the last decades, several
European projects (e.g. DISCATCH, DiscardLess, MINOUW, GALION, IMPLEMED) hamesied

on identifying measures, including technical ones related to fishing gear characteristics, to reduce
di scards and increase the fishersd awareness
of the scientific community towards the-ealled LIFE (Low Impact and Fuel Efficient) fishing gears
(Suuronen et al., 2012), which are more sustainable and could be employed as alternative gears. The
methodology here described allows to evaluate medepth the overall impact of a fishing gear and

to compare the catches obtained with two or more different gears from a species community
perspective. Thus, it can definitely contribute to evaluate the economic and environmental viability
of a specific fishing activity.
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S1 TableDominance percentages of each species caught with the 50 mm diamond mesh codend (DM50) and the 40 mm square megldydddrati{®Mmber of individuals
and weight, for each fraction (total, discardadd landed). The green, yellow, orange and red areas represent the target species, the bycatch species of commehgal value, t
species of no commercial value and the protected species, respectively.

DM50 SM40

Species
Rank Individuals Weight Individuals Weight

Total Discarded Landed Total Discarded Landed Total Discarded Landed Total Discarded Landed
s1 2.6 (2.1-3.2) 0.4 (0.2- 0.6) 23.1 (20.8 25.5) | 16.3 (14.0-18.9) 1.0 (0.6- 1.5) 35.1 (30.7-39.5) | 3.6 (3.0-4.2) 0.8 (0.6- 1.0) 19.7 (17.4 21.9) | 21.3 (17.5 24.8) 2.0 (15- 2.5) 43.0 (36.7-48.4)
S2 0.7 (0.50.9) 0.0 (0.0- 0.0) 7.2 (5.6-9.0) 1.4 (1.0-1.9) 0.0 (0.0-0.0) 3.1(2.2-4.2) 1.7 (1.3-2.1) 0.0 (0.0- 0.0) 11.7 (9.5 14.0) | 2.9(2.3-3.6) 0.0 (0.0-0.0) 6.2 (5.1- 7.5)
S3 0.22 (0.1-0.3) 0.0 (0.0-0.0) 24 (15-3.3) 7.5(4.5-10.7) 0.0 (0.0-0.0) 16.6 (10.523.2) | 0.1 (0.0-0.2) 0.0 (0.0-0.0) 0.6(0.3-1.1) 2.6 (0.9-4.8) 0.0 (0.0- 0.0) 5.6 (2.0-10.2)
S4 0.7 (0.5-0.9) 0.0 (0.0-0.0) 6.8 (5.0- 8.6) 3.9 (2.9-5.1) 0.0 (0.0- 0.0) 8.6 (6.6-10.8) | 0.7 (0.6-0.9) 0.0(0.0-0.0) 4.8 (4.0-5.7) 4.2 (3.3-5.1) 0.0 (0.0- 0.0) 8.9 (7.2- 10.6)
S5 0.7 (0.5-1.0) 0.0 (0.0-0.0) 7.4 (5.8-9.3) 1.1 (0.8-1.5) 0.0 (0.0- 0.0) 2.6 (1.9-34) 1.7 (1.4-22) 0.0 (0.0-0.0) 11.8 (10.1- 13.9) | 2.6 (2.0- 3.1) 0.0 (0.0- 0.0) 5.4 (4.5-6.3)
S6 0.5 (0.2-0.8) 0.0 (0.0-0.0) 45(2.3-7.1) 2.2(0.9-3.8) 0.0 (0.0-0.1) 4.9 (2.1-8.0) 0.6 (0.3-1.1) 0.0 (0.0-0.0) 4.3(1.8-7.7) 2.9 (1.3-5.2) 0.0 (0.0- 0.0) 6.1 (2.7-10.8)
S7 0.1 (0.0-0.1) 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.1 (0.0-0.3) 0.3 (0.0- 0.6) 0.0 (0.0- 0.0) 0.2 (0.1-0.3) 0.2 (0.1-0.4) 0.0 (0.0-0.0) 0.2 (0.1-0.3) 0.4 (0.2-0.7) 0.0 0.0-0.0)
S8 1.2 (0.7-1.9) 0.0 (0.0-0.0) 12.7 (9.2-17.3) | 0.6 (0.3-0.8) 0.0 (0.0- 0.0) 1.3(0.8-1.8) 2.0 (1.3-2.9) 0.0 (0.0-0.0) 13.5(9.7-18.8) | 0.9 (0.6-1.2) 0.0(0.0-0.0) 1.8 (1.3-2.5)
S9 0.3 (0.1-0.4) 0.0 (0.0-0.0) 2.7 (1.5-41) 1.5(0.8-2.2) 0.0 (0.0- 0.0) 3.2(1.8-5.0) 0.2 (0.1-0.4) 0.0 (0.0-0.0) 1.7 (0.9- 2.6) 1.3(0.8-1.8) 0.0 (0.0- 0.0) 2.7 (1.6-4.0)
S10 0.8 (0.5-1.2) 0.0 (0.0-0.0) 8.6 (4.7-13.9) |[3.7(1.8-5.8) 0.0 (0.0- 0.0) 8.1(3.9-13.0) |0.3(0.2-0.4) 0.0 (0.0-0.0) 2.0 (1.1-3.0) 1.6 (0.9-2.4) 0.0 (0.0- 0.0) 3.4 (1.9-5.1)
S11 0.1 (0.0-0.1) 0.0 (0.0-0.0) 0.8 (0.3-1.5) 1.8 (0.6- 3.3) 0.0 (0.0- 0.0) 3.9(1.3-7.5) 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.1 (0.0-0.3) 0.3 (0.0-0.9) 0.0 (0.0- 0.0) 0.7 (0.0-1.9)
S12 0.9 (0.6-1.4) 0.0 (0.0-0.0) 9.7(7.2-12.2) |1.1(0.8-1.6) 0.0 (0.0- 0.0) 25(1.753.4) |1.2(0.9-1.6) 0.0 (0.0-0.0) 8.4 (6.7-10.3) |[1.4(1.0-1.7) 0.0 (0.0- 0.0) 2.9 (2.2-3.6)
S13 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.2) 0.1 (0.0-0.7) 0.0(0.0-0.0) 0.3 (0.0-1.5)
S14 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.1) 0.0 (0.0-0.0) 0.2 (0.0-0.6) 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.1 (0.0-0.4)
S15 0.1 (0.0-0.2) 0.0 (0.0-0.0) 0.8 (0.3-1.5) 2.2 (0.8-4.0) 0.0 (0.0- 0.0) 4.9 (1.7-8.5) 0.1 (0.1-0.2) 0.0 (0.0-0.0) 0.7 (0.31.1) 2.4 (1.2-3.9) 0.0 (0.0-0.1) 5.2 (2.5-8.2)
S16 0.0 (0.0-0.1) 0.0 (0.0-0.1) 0.0 (0.0- 0.0) 0.1 (0.0-0.3) 0.2 (0.0-0.5) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.0)
S17 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.1) 0.0 (0.0-0.2) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0(0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.0)
S18 0.6 (0.4-0.8) 0.0 (0.0-0.0) 6.3 (4.6-8.2) 0.6 (0.5-0.8) 0.0 (0.0- 0.0) 1.4 (1.0-1.8) 2.4(1.9-2.9) 0.0 (0.0-0.0) 16.1 (13.2219.1)| 1.9 (1.5-2.2) 0.0 (0.0- 0.0) 4.0 (3.2-4.8)
S19 1.8 (1.3-2.5) 1.8 (1.3-2.6) 1.7 (0.9- 2.5) 0.6 (0.4-0.8) 0.8 (0.6-1.1) 0.3(0.2-0.5) 5.6 (5.0-6.4) 6.3 (5.6-7.3) 1.3(0.8-1.9) 16 (1.4-1.9) 28 (2.4-3.2) 0.4 (0.2-0.5)
S20 0.0 (0.0-0.1) 0.0 (0.0- 0.0) 0.2 (0.0- 0.6) 0.1 (0.0-0.3) 0.0 (0.0- 0.0) 0.3 (0.0-0.7) 0.0 (0.0-0.1) 0.0 (0.0-0.0) 0.3 (0.1-0.6) 0.3 (0.0- 0.6) 0.0 (0.0- 0.0) 0.5 (0.1-1.2)
S21 0.0 (0.0- 0.0) 0.0 (0.0- 0.0) 0.0 (0.0-0.2) 0.3 (0.0-1.3) 0.0 (0.0- 0.0) 0.6 (0.1-2.7) 0.0 (0.0- 0.0) 0.0 (0.0-0.0) 0.1 (0.0-0.2) 0.2 (0.0- 0.6) 0.0 (0.0- 0.0) 0.4 (0.0-1.2)
S22 0.0 (0.0-0.1) 0.0 (0.0- 0.0) 0.1 (0.0-0.5) 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.2 (0.0-0.5) 0.0 (0.6 0.1) 0.0 (0.0-0.0) 0.1 (0.0-0.4) 0.2 (0.0- 0.6) 0.0 (0.0- 0.0) 0.4 (0.0-1.2)
S23 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.7(0.1-1.6) 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.3 (0.1-0.5) 0.1(0.60.1) 0.0 (0.0-0.0) 0.4 (0.1-0.7) 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.2 (0.0-0.4)
S24 0.4 (0.2-0.6) 0.0 (0.0-0.1) 3.7 (1.8-6.1) 0.7 (0.4-1.1) 0.0 (0.0-0.1) 15(0.8-2.4) 0.2 (0.1-0.3) 0.0 (0.0-0.0) 1.3(0.7-2.3) 0.4 (0.2-0.6) 0.0 (0.0- 0.0) 0.8(0.4-1.4)
S25 0.1 (0.0-0.2) 0.1 (0.0-0.3) 0.0 (0.0- 0.0) 0.0 (0.0-0.1) 0.1 (0.0-0.2) 0.0 (0.0- 0.0) 0.3 (0.1-0.4) 0.3 (0.1-0.5) 0.0 (0.0-0.0) 0.1 (0.0-0.1) 0.1 (0.1-0.2) 0.0 (0.0-0.0)
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S26 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-0.0) |00(0.0-01) 0.0(0.0-01) 00(0.0-00) |0.0(0.0-00) 0.0(0.0-00) 0.0(0.0-00) |0.0(0.0-0.0) 0.0(0.0-0.0) 0.0 (0.0-0.0)
S27 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.1(0.0-03) |01(0.0-03) 0.0(0.0-00) 02(0.0-07) |00(0.0-01) 00(0.0-00) 02(0.0-04) |02(0.0-04)  00(0.0-0.1)  0.3(0.0-0.9)
S28 | 0.0(0.0-0.1) 0.0(0.0-0.0) 02(0.0-05) |01(0.0-03) 0.0(0.0-00) 02(0.0-06) |01(0.0-01) 00(0.0-00) 04(0.1-08) |02(0.1-05)  0.0(0.0-0.1) 0.5 (0.1-1.0)
S29 | 0.0 (0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-02) |00(0.0-01) 0.0(0.0-01) 0.1(0.0-03) |00(0.0-01) 00(0.0-00) 02(0.0-04) |01(0.0-02) 00(0.0-00) 0.2 (0.0-0.5)
S30 | 0.0 (0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-02) |00(0.0-02) 0.0(0.0-0.0) 0.1(0.0-05) |0.0(0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-0.0) |0.0(0.0-0.0) 0.0(0.0-0.0) 0.0 (0.0-0.0)
S31 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-0.0) |0.0(0.0-00) 0.0(0.0-0.0) 0.0(0.0-00) |0.0(0.0-00) 0.0(0.0-00) 0.0(0.0-02) |0.0(0.0-02)  0.0(0.0-0.0)  0.1(0.0-0.4)
S32 [80.1(75.7-83.5) 88.7(85.1-91.4) 0.0 (0.0-0.0) |42.7(38.347.0) 77.7 (73.7-81.9) 0.0 (0.0-0.0) | 73.8(70.976.5) 86.5(84.1-88.6) 0.0 (0.0-0.0) |42.9(38.1-47.6) 81.2 (74.9-85.8) 0.0 (0.0- 0.0)
S33 |0.5(0.30.7) 05(0.3-0.7)  0.0(0.0-00) |04(0.3-06) 08(0512)  00(0.0-00) |03(0.205  03(0.2-05  00(0.0-00) |02(0.2-04) 05(0.3-0.7)  0.0(0.0-0.0)
S34 |0.1(0.0-0.2) 0.1(0.0-0.2)  0.0(0.0-0.0) |00(0.0-01) 0.0(0.0-01) 00(0.0-00) |01(0.0-02) 01(0.0-02) 0.0(0.0-00) |00(0.0-01) 0.1(0.0-02)  0.0(0.0-0.0)
S35 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-00) |00(0.0-00) 0.0(0.0-0.0) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 0.0(0.0-00) |00(0.0-01) 0.0(0.0-01) 0.0 (0.0-0.0)
S36 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-00) |01(0.0-04) 02(0.0-0.7)  0.0(0.0-00) |00(0.0-00) 0.0(0.0-0.0) 0.0(0.0-00) |0.0(0.0-00) 0.0(0.0-0.0) 0.0 (0.0-0.0)
S37 | 0.0(0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-0.0) |00(0.0-00) 0.0(0.0-0.0) 00(0.0-00) |00(0.0-00) 0.0(0.0-0.0) 0.0(0.0-0.0) |0.0(0.0-00) 0.0(0.0-0.0) 0.0 (0.0-0.0)
S38 |27(1.7-3.7) 3.0(1.9-41)  00(0.0-00) |1.8(1.12.4) 33(21-44) 00(0.0-00) |1.3(06-21) 15(0.7-25)  0.0(0.0-00) |09(0.4-15)  1.7(0.8-3.0)  0.0(0.0-0.0)
S39 |1.3(0.1-3.0) 15(0.1-34)  0.0(0.0-0.0) |05(0.1-1.0) 09(0.1-1.9)  0.0(0.0-0.0) |0.8(0.31.6) 1.0(0.3-1.9)  0.0(0.0-0.0) |03(0.1-06) 0.6(0.1-1.1) 0.0 (0.0-0.0)
S40 | 0.0 (0.0-0.1) 0.0(0.0-0.1)  0.0(0.0-0.0) |00(0.0-01)  0.1(0.60.2) 0.0(0.0-0.0) |0.0(0.0-00) 00(0.0-00) 0.0(0.0-00) |0.0(0.0-01)  0.0(0.0-0.1) 0.0 (0.0-0.0)
S41 | 0.0 (0.0-0.0) 0.0(0.0-0.1)  0.0(0.0-00) |00(0.0-00) 0.0(0.0-01)  00(0.0-00) |00(0.0-01) 0.0(0.0-01) 00(0.0-00) |00(0.0-01) 01(0.0-01) 0.0 (0.0-0.0)
S42 | 0.0 (0.0-0.0) 0.0(0.0-0.1)  0.0(0.0-00) |00(0.0-01) 0.0(0.0-01) 00(0.0-00) |00(0.0-01) 00(0.0-01)  0.0(0.0-00) |0.1(0.60.2) 0.1(0.0-0.3) 0.0 (0.0-0.0)
S43 | 0.1(0.0-0.2) 0.1(0.0-02)  00(0.0-00) |02(0.1-04) 04(0.1-0.7)  0.0(0.0-00) |02(0.1-0.3) 02(0.1-0.3) 0.0(0.0-00) |03(0.1-05)  06(0.3-0.9) 0.0 (0.0-0.0)
S44 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-00) [01(0.0-02) 01(0.0-04) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |0.7(0.63.5) 1.4 (0.0-65) 0.0 (0.0-0.0)
S45 |046(0.307) 05(0.3-08)  00(0.0-00) |06(0.308)  1.0(06-15  00(0.0-00) |03(0.204) 03(0.2-05)  0.0(0.0-00) |04(0.2-05)  0.7(0.4-09) 0.0 (0.0-0.0)
S46 | 0.0 (0.0-0.1) 0.0(0.0-0.1)  0.0(0.0-00) |00(0.0-01) 01(0.0-02) 00(0.0-00) [01(0.0-02) 01(0.1-0.2) 0.0(0.0-00) |01(0.1-0.2) 02(0.1-0.4) 0.0 (0.0-0.0)
S47 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-0.0) |00(0.0-00) 0.0(0.0-0.0) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 0.0(0.0-00) |00(0.0-00) 0.0(0.0-00) 0.0 (0.0-0.0)
S48 | 0.0(0.0-0.1) 0.0(0.0-0.1)  0.0(0.0-00) |00(0.0-00) 0.0(0.0-0.0) 00(0.0-00) |[00(0.0-01) 00(0.0-01) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 0.0 (0.0-0.0)
S49 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-0.0) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |[00(0.0-01) 00(0.0-01) 00(0.0-00) |00(0.0-00) 00(0.0-01) 0.0 (0.0-0.0)
S50 | 0.0 (0.0-0.1) 0.1(0.0-02)  00(0.0-00) |01(0.0-02) 01(0.0-05)  00(0.0-00) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |00(0.0-00) 0.0(0.0-00)  0.0(0.0-0.0)
S51 | 0.0(0.0-0.1) 0.0(0.0-0.1)  0.0(0.0-00) |00(0.0-02) 01(0.0-03) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 0.0 (0.0-0.0)
S52 | 0.1(0.0-0.3) 0.1(0.0-04)  00(0.0-00) |02(0.0-07)  04(0.0-1.4)  00(0.0-00) |0.0(0.60.1) 0.1(0.0-01)  0.0(0.0-00) |00(0.0-01)  01(0.0-02)  0.0(0.0-0.0)
S53 | 0.0(0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-00) |00(0.0-01)  0.0(0.0-01)  00(0.0-00) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |00(0.0-00) 0.0(0.0-00)  0.0(0.0-0.0)
S54 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-00) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 00(0.0-00) |00(0.0-00) 0.0(0.0-00) 0.0 (0.0-0.0)
S55 | 0.1(0.1-0.3) 0.1(0.1-0.3)  00(0.0-00) |01(0.0-02) 02(0.1-03) 00(0.0-00) |00(0.0-01) 01(0.0-02) 00(0.0-00) |01(0.0-01) 01(0.0-02)  0.0(0.0-0.0)
S56 | 0.0(0.0-0.1) 0.0(0.0-0.1)  00(0.0-00) |01(0.0-01) 01(0.0-03) 00(0.0-00) |03(0.0-06) 03(0.0-0.7)  0.0(0.0-00) |0.4(0.60.9) 0.8(0.1-1.9) 0.0 (0.0-0.0)
S57 |0.1(0.1-0.3) 0.2(0.1-0.3)  0.0(0.0-00) |01(0.1-02) 02(0.1-03) 00(0.0-00) |05(0.307)  06(0.4-08  00(0.0-00) |04(0.2-05  07(04-11)  0.0(0.0-0.0)
S58 | 0.0 (0.0-0.0) 0.0(0.0-0.0)  0.0(0.0-00) |00(0.0-01) 00(0.0-02) 00(0.0-00) |00(0.0-00) 00(0.0-00) 00(0.0-00) |00(0.0-01) 00(0.0-02)  0.0(0.0-0.0)
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S59 | 0.4(0.2-0.6) 0.4(0.2-0.7)  00(0.0-00) |[15(0.7-2.3) 27(13-41) 00(0.0-0.0) |01(0.1-02) 0.1(0.1-0.2) 0.0(0.0-0.0) |04(0.2-06) 0.7(0.3-1.2) 0.0 (0.0-0.0)
S60 |[1.2(0.7-1.8) 1.3(0.7-1.9)  0.0(0.0-0.0) |1.7(0.9-25)  3.0(1.6-45)  0.0(0.0-00) |02(0.1-04) 03(0.1-04) 0.0(0.0-0.0) [03(0.1-05  05(0.2-1.0) 0.0 (0.0-0.0)
S61 |0.3(0.2-0.4) 0.3(0.2-04)  00(0.0-00) |[24(1.334) 43(2561) 00(0.0-00) |01(0.1-02) 01(0.1-02) 0.0(0.0-00) |[1.1(0518  21(1.0-34) 0.0 (0.0-0.0)
S62 | 0.0(0.0-0.0) 0.0(0.0-0.0) 00(0.0-00) [0.1(0.0-0.3) 0.1(0.0-06) 00(0.0-0.0) |0.0(0.0-0.0) 00(0.0-0.0) 0.0(0.0-0.0) [0.0(0.0-0.0) 0.0(0.0-0.0) 0.0 (0.0-0.0)
S63 |0.2(0.1-0.3) 0.2(0.1-0.3) 0.0(0.0-00) |04(0.2-08)  08(0.3-14) 00(0.0-0.0) |01(0.0-0.1) 0.1(0.0-0.2) 0.0(0.0-00) [02(0.1-04) 0.4(0.1-0.8) 0.0 (0.0-0.0)
S64 | 0.0(0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-00) [0.0(0.0-0.0) 0.0(0.0-00) 00(0.0-0.0) |0.0(0.0-0.0) 00(0.0-0.0) 0.0(0.0-0.0) [0.0(0.0-0.0) 0.0(0.0-00)  0.0(0.0-0.0)
S65 | 0.0(0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-00) [0.0(0.0-0.0) 0.0(0.0-00) 00(0.0-0.0) |0.0¢0.0-0.1) 00(0.0-0.1) 0.0(0.0-00) [02(0.0-0.6) 04(0.0-12) 0.0 (0.0-0.0)
S66 | 0.0 (0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-0.0) [0.0(0.0-0.0) 0.0(0.0-00) 00(0.0-0.0) |0.3(0.0-09) 03(0.0-1.1) 0.0(0.0-00) [05(0.0-1.7)  1.0(0.0-32) 0.0 (0.0-0.0)
S67 |0.0(0.0-0.1) 0.0(0.0-0.1) 00(0.0-00) [05(0.1-1.0) 09(0.1-1.8)  00(0.0-0.0) |0.0(0.0-0.0) 00(0.0-0.1)  0.0(0.0-0.0) [02(0.0-05  0.3(0.0-1.0) 0.0 (0.0-0.0)
!!!!oom@om 0.0(0.0-00) 00(0.0-00) |[0.0(0.0-0.1) 00(0.0-02) 00(0.0-0.0) |00(0.0-0.1) 00(0.0-0.1) 0.0(0.0-00) [0.2(0.0-0.6) 04(0.0-1.2) 0.0 (0.0-0.0)

Supporting

Information File.

Data collected through the sea trials used for thalysas. The file is

in &sho format,

https://doi.org/10.1371/journal.pone.0283362.s0D3Ata is divided into: haul data; catch data; frequency distribution data.
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Abstract

This paper evaluates the effect of changing from a diamond mesh codend (TO) to a 90° turned mesh
codend(T90) on the size selectivity of seven commercially important species in the Mediterranean
bottom trawl fishery. In sea trials conducted in the naréistern Adriatic, two experimental codends

made of 54 mm nominal mesh size netting and differing onlyashnconfiguration were alternately
mounted on the same trawl. Overall, the T90 mesh significantly improved codend size selection for
all the species analysed. The difference in the predicted average L50 values between the T90 and TO
codend was particularlyjwarked in European hakMérluccius merluccius21.26 vs 11.26 cm total
length), common squid_6ligo vulgaris 12.06 vs 7.88 cm mantle length) and mantis shridoui{la

mantis 20.78 vs 13.35 mm carapace length). Both codends showed an excessiviesizgyse

which involves a commercial loss, especially for red muNgilius barbatuy, Mediterranean horse
mackerel Trachurus mediterranelisand whiting Merlangius merlangys These findings
demonstrate the efficiency of the T90 configuration in edidlg undersized specimens, especially of

hake, whose average L50 was above the minimum conservation reference size of 20 cm. The adoption
of this practical and inexpensive solution can contribute to improve the management of the demersal

resources targetday the Mediterranean bottom trawl fishery.

Keywords
Selectivity; bottom trawling; mesh configuration; T90 turned mesh; experimental codends;

Mediterranean demersal fishery.
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Introduction

Bottom trawling in the Mediterranean Sea is conducted by numerdusgfigessels (FAO, 2018),

which target a wide range of commercially important species (Lucchetti, 2008). However, this fishery
involves high discard rates (B%% of the total catch, according to Tsagarakis et al. (2014)) of
organisms with low or no comnmal value (benthic invertebrates) but also of individuals of
commercial species under the minimum conservation reference size (MCRS; Tsagarakis et al., 2017).
The bycatch of undersized specimens induces significant effects on the population dynaneics of th
main demersal species and contributes to the unsustainable exploitation of more than 80% of the

demersal stocks assessed in the region (GFCM, 2018).

In the past few decades, the scientific community has been working to reduce bycatch and juvenile
mortality by increasing trawl net selectivity. Most of the selectivity experiments have focused on
changing the mesh size and configuration in the codend (STECF, 2015), rarely in the extension piece
(Sola & Maynou, 2018; Bonanomi et al., 2020). All other netipatars being equal, a larger mesh
clearly improves size selectivity (Ragonese et al., 2001; Sala & Lucchetti, 2011; Dereli & Aydin,
2016). With regard to mesh configuration, it has conclusively been demonstrated that compared with
a diamond mesh (DM) coddna square mesh (SM) codend reduces the catch of juveniles, hence
discards (Ozbilgin et al., 200Bahamon et al., 2006; Guijarro & Massuti, 2006; Ordines et al., 2006;
Sarda et al., 2006; Lucchetti, 2008; Sala et al., 2008; Deval et al., 2009; Salal&ttii010)The

legal codend mesh size of Mediterranean bottom trawls is currently 40 mm (SM), or 50 mm (DM) at
the duly justified request from the shipowner (EU, 2019). In contrast, relatively little research has
been conducted to assess the selegtfitthe T90 turned mesh codend in the Mediterranean Sea.
This configuration is obtained by turning a typical diamond netting by 90°; as a result, its meshes
remain more open under the weight of the catch, enabling smaller specimens to escape (Madsen et
al., 2012). Most of the work on the T90 mesh has been conducted by comparing it to a standard DM
codend in Turkish waters (Tokag et al., 2014; Dereli & Aydin, 20E8gli et al., 2016; Deval et al.,

2016; llkyaz et al., 201Geng et al., 2018; Kaykac et,@2018).

The T90 codend, like the SM codend, generally provides greater selectivity than the DM codend
(Tokac et al., 2014; Deval et al., 2016) even though its size selection properties vary according to the
crosssectional morphology of target specie€(tinann et al., 2013; Tokag et al., 2014; Bayse et al.,
2016). In recent years, other practical advantages of this configuration have attracted the attention of
the scientific community, particularly the fact that no netting is lost when constructingah@®p
whereas SM panels involve cutting the corners of a standard panel (Herrmann, 2009, 2010, 2011).

The T90 codend is mentioned in no regulation regarding Mediterranean fisheries, whereas it is
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included in Regulation EC 2187/2005 (EU, 2005) for thei@&ka codGadus morhuptrawl fishery
as an alternative to the BACOMA codend (Wienbeck et al., 2011).

Given these premises, a study was devised to investigate the selectivity of a T90 codend towards
some commercially important species targeted by thatbtegnean bottom trawl fishery. We tested

two experimental codends obtained from the same netting panel: a DM (T0) and a T90 codend. Since
the selectivity data of legal codends were inadequate for European hake (STECF, 2015; Mytilineou
et al., 2020), whie is the main target species for this métier in the Mediterranean Sea (Angelini et
al., 2016; Sion et al., 2019), we tested a slightly larger mesh size. A nominal 54 mm mesh size was

selected to avoid an excessive divergence from commercial trawlingioosdit

Materials and Methods

Sea trials and data collection

The study was carried out in FAO Geographical-8uba 17 (Northwestern Adriatic Sea). This

area, which is characterized by a wide and shallow continental shelf mainly consisting ef sandy
muddy sediments, is intensively exploited by bottom trawlers (Calét al., 2017; Bargione et al.,
2019). The trials were conductedl@ nm off the coast of Senigallia (central Italiigure 1) at a

depth of about 30 m in the course of-ddy survey that was conducted froni"28ctober to ¥
November 2019 on board RiW G . Dall aportado (810 kW3m3ml650
Gross Tonnage 285 GT).

The gear used in the expaents was a typical commerctehwl employed in the area. It was entirely
madeof knotless polyamide (PA) netting (see Sala g8l08)andSala & Lucchetti (2011) for trawl
design).The lengthfrom the wing tips to the codend was approxehab0m, with 600 meshes in
the bp panel at the footrope levdlhe TO and T90 codends were made of the same netartgyial
(knotless R, nominal meslsize 54 mm) antlad the same dimensions (i.e. length and circumference,
Table 1). The codenhesh size was measured with@QMEGA gauge (Fonteyne et al., 2007) at 50
N while thenetting was wet (Table 1). The two codends were alternatetynted on the sae trawl
(alternate paired hadlesign).
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Figure 1. Map of the area where the sea trials were conducted in the Adriatic Sea in October and November 2019. All
18 hauls are represented (orange arrows, TO codend; purple arrows, T90 codend).

Table 1. Maincharacteristics of the two codends and the cover used in the sea trials. (s.e. = standard error).

TO Codend T90 Codend Cover
Nominal mesh opening [mm] 54 54 20
Mean mesh opening (ICES gauge) [mm] 55.2+0.2 55.3+0.2 -
Netting material PA PA PA
Circumference mesh number 222 222 1050
Stretched length [m] 5 5 10

All hauls were performed in daylight with a standard towing duration of 1 hour at an average towing
speed of 3.7 knots (range 33 knots). Gear performance (horizontal and vertical net opening) was
monitored using acoustic sensors (SIMRAD, Norway). Aecw cover, made from the same PA
netting but having a 20 mm nominal mesh opening, was used to collect the fish escaping from the
codend (covered codend technique) (Wileman et al., 1996). The cover was supported by circular
hoops, to keep it clear of theaend and minimize masking effects, and was about 1.5 times larger

and longer than the codend, as recommended by Stewart & Robertson (1985). The catches of the
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codend and the cover of each haul were kept separate. All taxa were identified to the losildst pos
level and the respective weight was recorded. For the most abundant species found in the catch,
reflecting the main target species in the area, total length (TL, cm) for fish, mantle length (ML, cm)
for cephalopods and carapace length (CL, mm) fastaceans were measured, to obtain data for the
size selectivity analysis. In case of large catches (mostly of horse maleatalirus mediterraneuys

which often exceeded 15@00 individuals per haul), measurements were conducted on a randomly

selectedsubsample.

Data analysis

Catch data

The gear performance (horizontal and vertical opening) and the difference in the total catch of each
codend were analysed by the KruskWéa | | i s 2HThe eash per(usit effort (CPUEwas
computed for the mosdbundant species and standardized as mean weight per hour of tow. The
number of specimens of each 0.5 cm length class (fish and cephalopods) and of each 0.5 mm length
class (crustaceans) found in the cover and the codend in each haul and their subsatioglingre

obtained for the species of which at least 200 individuals had been measured for length.

Size selectivity
The catch data, i.ené number of individuals in treddend and the cover for each length class caught
in eachhaul and the relevant Bsampling ratios, were used fére size selectivity analysis, which

was implemented ithe software tooBELNET (Herrmann et al., 2012).

The experimental design (covered codemthmeque)enabled analysing the catch data as binominal
data: thaendividualsretained either by the cover or by the codemde used to estimate the length
dependent retentioprobability in the codend, i.e. its size selection properfibg. probability of

finding an individual of lengthin a codend in haylwas expressed byedtunctionrj(l). The values

of this function for all relevant sizes were estimated separately for each species as described below.

Within the same codend (TO or T90), the value;@f was expected to vary (Fryer, 1991) between
hauls. In this study, weetermined the lengtiependent values ofl) averaged over hauls, assuming
that the information provided would describe the average consequences for the size selection process

when applying the two different codend configurations in a commercial fighidigr, 1993).

Estimation of the avege size selection over hails & involved pooling data from the different
hauls (Herrmann et al., 2012). Since different parametric models far were tested, we wrote
i o thatincluded the vectarconsisting of the parameters of the model. The aim of the analysis

was to estimate the values of the parametaat made the experimental data (averaged over hauls)
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most likely to be observed, assuming that the model was @blestribe the data sufficiently well.
Therefore, the average size selectivity of the codend was estimated by minimizing the following

expression with respect to parameters
B B — a8 dh — a&st i doh (1)

The outer summation is overhauls conducted and the inner summation is over length clasgyls
andnEjl are respectively the lengttependent numbers of length measured specimens retained in the
codend and escaping to the cogjandgEj are the sampling factors for the fraction of the specimen
length measured in the codend and the cover, respectively. Minimizing expression (1) is equivalent

to maximizing the likelihood for the observed data in the formRjf versusnEgjl.

We consideredive models to describe for each codend and spetiegit, Probit, Gompertz
RichardsandPoly4. The first three models are fully described by the two selection parameters L50
(length of an individual that has a 50% probability of being retained) andli§&dnce in length
between individuals that have 75% and 25% probability of being retained, respectively). The Richards
model requires an additional parameter (1/ 0)
for the first four classic seleoh models are reported below (2), according to Wilegtaal. (1996).

We also considered a group of flexible models (Poly4) to model the codend size selection:
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As regards the Poly4 model, leaving out one or more of paranve¢ers in equation (2) provided

31 additional models that were also considered as potential models to diesctiive.

The ability of the size selection models to desdtigeexperimerat data was evaluated by calculating

thecorresponding-value,which expresses the likelihoad obtaining at least as large a discrepancy
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between thditted model and the gerimental data by coincidencEhe lower limit for the selection
model for aradequatelescription of the expeamental data is 0.05 (Wilemanadt, 1996). In case of
poorfit statistics p-value < 0.05)the residuals were insped to determine whether it wdsie to
structural problems when modelling the experimedé#th or to oerdispersion in the data (Wileman
et al., 1996). The best of the five models considered inwW@3 selected based on the Akaike
information criterion(AIC; Akaike, 1974) by hoosing the one with the loweAtC value.

Once a size selection model was ideediffor a particulaspecies and codend, a double bootstrap
methodwas used to estimate tleenfidence limits for the sizeelection curve and the associated
parameters. This bootstrappigproach is idntical to the one described jillar (1993) and
acounts for both withirhaul and betweehaul variation. Théauls of each codend were uged
define a group of hauls. An outer bootstrap resamyile replacement from the group of hauls was
includedin the procedure, to acaot for betweerhaul variation.Within each resampled haul, an
inner bootstrap was usexh data for each lengthads, to account for withihaul variation. The
dataset obtained from each bootstrap repetivas then anabed using the identified selection
model, resulting in an &vag selection curve. For easpecies analysed, 1000 bootstrap repetitions
were performedo estimate th&fron percentile 95% confidenaatervals Cls; Efron, 1982) for the

selection curve antthe selection parameters.

Finally, a method basleon bootstrafiles separatelpbtained (described by Larsen et al. (2018)) was
used toexamine the lengtdependent differences between gwlection curves of the two codends

(T90 and TO), whichwvere quantified as differences (delta) in retention probability.

Results
Catch data

A total number of 18 valid hauls (9 with each codend) were carried out (Table 2). No significant
differences were found between the horizontal (H = 1.193; p = 0.273) and vertical (H = 1.648; p =
0.193) opening of the net tested with the two calde

Table 2. Hauls performed during the cruise. (HNO = Horizontal Net Opening; VNO = Vertical Net Opening; s.e. =
standard error).

Mean Mean Mean Mean Codend Cover
ID Codend ) )
Latitude Longitude depth HNO  VNO speed catch catch
haul  type
(m] (m] (m] [knots] [ka] [ka]
Start End Start End
273+ 1727+ 184+
1 T90  43°47.19' 43°49.30' 13°25.02" 13°21.11 3.52+0.04 16.10 54.80
0.1 0.29 0.03
315+
2 T90  43°49.66' 43°47.35' 13°22.51' 13°26.29' 04 3.59+0.04 13.94 46.14
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294 +
3 T90  43°47.30' 43°49.50' 13°25.58' 13°21.95' 0.3 3.57+£0.02 13.50 42.14
372+ 1615+ 212+
4 T90  43°47.69' 43°50.55' 13°26.80" 13°23.59' 3.63+0.02 22.62 21.68
3.2 0.18 0.03
39.7 +
5 T90  43°51.16' 43°53.32" 13°22.88' 13°19.01' 05 3.79+£0.05 43.08 93.10
36.6 £
6 T90  43°52.66' 43°50.13' 13°19.16' 13°23.49' 0.4 3.92+0.02 28.00 44.58
328+
7 T90  43°49.52" 43°46.72' 13°23.91' 13°27.07' 33 3.64+0.10 21.90 80.12
287+ 1725+ 128+
8 T90  43°46.47' 43°48.97' 13°26.50' 13°22.42' 3.77£0.02 20.72 28.54
0.5 0.20 0.03
309+
9 T90  43°49.77' 43°47.30' 13°21.96' 13°25.97 0.4 3.70£0.04 16.78 28.99
351+ 1633+ 178+
10 TO 43°47.02' 43°49.85' 13°27.17" 13°23.95' 3.70£0.02 24.32 29.90
3.3 0.21 0.04
38.2+
11 TO 43°50.49" 43°52.92' 13°23.25" 13°19.26' 02 3.72+£0.05 30.12 12.10
273+ 1667+ 186+
12 TO 43°46.13" 43°48.53' 13°26.43"' 13°22.44' 3.76 £0.03 39.52 54.90
0.4 0.38 0.06
358+
13 TO 43°50.73" 43°53.02" 13°22.03' 13°18.20' 04 3.70£0.03 22.50 17.00
339+
14 TO 43°52.36" 43°49.89' 13°18.66" 13°22.74' 01 3.76 £ 0.03 25.08 18.26
30.2 %
15 TO 43°52.04' 43°49.59' 13°17.79" 13°21.87' o1 3.74+£0.02 21.02 14.30
252+
16 TO 43°48.86" 43°46.48' 13°20.89' 13°24.79' 0.4 3.72+0.05 14.42 11.96
245+
17 TO 43°46.02' 43°48.41' 13°25.15' 13°21.22' 05 3.78+0.03 8.66 49.48
328+
18 TO 43°50.46" 43°48.03' 13°21.42"' 13°25.42' 0.3 3.83+£0.02 19.54 25.96

The total catch retained in the codend was comparable for both gears (H = 0.32%66)= The

mean weight (CPURB of the catch of the most abundant species is reported in Table 3. With both
codend configurations, Atlantic macker8kcomber scombrysgrey mullet Mugil cephalug, mantis

shrimp Squilla manti$, European hakeMerluccius merlucciuy tub gurnard Chelidonichthys
lucerng and common squid_fligo vulgarig accounted for the largest catches found in the codend

(> 500 g/h of tow). The most abundant species caught in the cover (> 1000 g/h of tow) were European
anchovy Engraulis encrasicoluy European pilchardSardina pilchardus Mediterranean horse

mackerel T. mediterraneus red mullet Mullus barbatuy and Atlantic mackerelS. scombrus
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Table 3. Mean catch weight (grams) + standard error per towing hour of theatstlant species caught in the T90
and TO codends and covers during the cruise. The species in bold are the ones chosen for the selectivity analysis.

TO Codend TO Cover T90 Codend T90 Cover
Alloteuthis media 266.9 £ 23.8 933.7+89.1 180.3+£32.7 785.0+ 116.6
Arnoglossus laterna 96.5+214 87.3+20.6 110.9+43.1 79.9+15.2
Boops boops 496 +11.0 867.0 + 398.3 32.0+8.0 838.9+116.6
Chelidonichthys lucerna 708.9 + 130.3 0.0 976.9 + 149.2 143.0+ 0.0
Citharus linguatula 37.5+10.3 354.7 + 86.0 100.9+34.2 222.7 +88.7
Eledonespp. 460.0 £ 0.0 0.0 162.7 £ 0.0 0.0
Engraulis encrasicolus 160 £45.6  9059.7 +4190.0 585.2+238.5 25554.8 +7126.0
Gobius niger 74.1+15.8 293.6+£41.9 64.5+ 445 469.6 + 130.0
lllex coindetii 135+49.2 116.3£57.1 248+7.3 76.1+135
Loligo vulgaris 726.7+£252.0 327.1+142.0 639.4 + 121.6 825.0+291.5
Melicertus kerathurus 285.9+64.3 48.3 + 20.0 311.8 £105.2 74.3 +28.7

Merlangius merlangus 402.2+88.7 567.3+101.6 404.4 +126.1 1022.6 + 264.3
Merluccius merluccius  1191.1 £352.7 258.0 +79.6 569.9 + 107.6 220.4 +62.3

Mugil cephalus 1080.0 £ 0.0 0.0 3000.0 + 1500.0 0.0
Mullus barbatus 795.6 +94.8 3581.3+435.3 452.0+106.0 3042.9 + 348.9
Octopus vulgaris 1060.0 £ 0.0 0.0 426.0+£ 0.0 0.0
Pagellus erythrinus 148.9+48.4 4615+ 126.6 180.8 £ 65.2 692.0+193.1
Sardina pilchardus 151.2+479 3278.7+1023.0 408.1+191.8 3188.2 + 899.1
Scomber japonicus 0.0 0.0 200.0+ 0.0 139.8£44.2
Scomber scombrus 2828.9 £ 560.5 2383.9 + 1403.7 2623.3+1170.9 1034.0+278.2
Sepia officinalis 409.1+116.4 29.3+5.2 492.8 + 120.7 31.1+8.2
Solea solea 130.0 + 30.0 0.0 246.8 +50.0 0.0
Sparus aurata 120.0£ 0.0 0.0 303.3 £ 183.7 0.0
Spicara flexuosa 16.3+2.3 131.8 +28.3 62.5+17.5 86.4 £24.8
Squilla mantis 1908.0 + 2445 528+ 11.7 729.5 + 166.6 98.2 £ 20.8

Trachurus mediterraneus 300.0 £ 80.1 2979.8+532.0 763.6+176.3 10035.9 +2068.3

Size selectivity

The data thus collected allowed analysing the size selection propertiedwb tbedends for seven

target species for this fishery: Atlantic mackef®l gcombruys European hake. merlucciu}, red

mullet (M. barbatu3, Mediterranean horse mackerél (nediterraneys mantis shrimp$. mantiy,

common squidl(. vulgarig and whiing (Merlangius merlangys The summary of the individuals of

each species measured in the codend and the cover in each haul is reported in Table 4 together with

the subsampling ratios of the total catch.
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Table 4. Number of individuals from the codend and cover of the species chosen for the selectivity analysis, meashiteaiioMahces in parentheses represent the subsampling

coefficients.
Haul Codend S. scombrus M. merluccius M. barbatus T. mediterraneus S. mantis L. vulgaris M. merlangus
Codend Cover Codend Cover Codend Cover Codend Cover Codend Cover Codend Cover Codend Cover
1 T90 9(1) 16 (1) 1(1) 1(1) 22 (1) 170(1) 7(1) 190(0.3) 10(1) 9(1) 6 (1) 17 (1)
2 T90 5(@) 1(1) 3(1) 2(0.4) 5(1) 150 (1) 14 (1) 269 (0.4) 10(1) 85(1) 6(1) 5(0.4)
3 T90 30 (1) 11 (1) 2(1) 4 (1) 15(1) 221(1) 24 (1) 165 (0.3) 20(1) 34 4 (1) 17 (1)
4 T90 32 (1) 5(1) 4 (1) 5(@) 8 (1) 43 (1) 18 (1) 178(0.6) - - 10 (1) 7@1) 3(1) 14 (1)
5 T90 32(0.3) 44(1) 16 (1) 17 (1) - - 3(1) 98 (0.2) 53(1) 10(1) 9(1) 5(1) 17 (1) 52(1)
6 T90 14 (1) 18 (1) 7@1) 4 (1) 50 (1) 278 (1) 0(1) 150(0.3) 33(1) 6(@Q) 6 (1) 3(1) 3(1) 10 (1)
7 T90 10 (1) 7@1) 2(1) 4 (1) 22 (1) 139(1) 7(1) 115(0.2) 15(1) 2(1) 25(1) 35(Q) 2(1) 12 (1)
8 T90 14 (1) 9 (1) 0(1) 1(1) 9(1) 260(1) 5() 200 (1) 17(1) 3(1) 16 (1) 12(1) 3(1) 8 (1)
9 T90 11 (1) 6 (1) 2(1) 3(1) 1(1) 221(1) 5() 155 (1) 29(1) 5@ 1(1) 14 (1) 2(1) 12 (1)
10 TO 58 (1) 148 (0.6) 8 (1) 0(1) 24 (1) 243 (1) 4 (1) 98 (1) 110(1) 0() 11(1) 2(1) 51) 2(0.6)
11 TO 9(1) 0(1) 46 (1) 17 (1) 17 (1) 151 (1) 3(1) 115 (1) 64(1) 2(@) 19 (1) 7(@1) 6 (1) 10 ()
12 TO 47 (1) 13 (1) 7@1) 1(1) 21 (1) 304 (1) 8 (1) 203 (1) 37.(1) 3() 50(1) 11(0) 2(1) 10 (1)
13 TO 45 (1) 11 (1) 11 (1) 7 (@) 22 (1) 139(1) 5() 138 (1) 57(1) 2(@) 5(@) 1(1) 11 (1) 16(1)
14 TO 39 (1) 5() 23 (1) 5(@) 29 (1) 193(1) 5(@) 188 (1) 48(1) 51 1(1) 0(1) 11 (1) 19(1)
15 TO 22 (1) 5() 8 (1) 2 (1) 22 (1) 205(1) 3(1) 271 (1) 501 2(@) 4 (1) 0(1) 2(1) 8 (1)
16 TO 14 (1) 5() 1(1) 1(1) 13(1) 123(1) 7@Q) 160 (1) 52(1) 4(Q@) 17(1) 9(1) 4 (1) 1(1)
17 TO 10 (1) 43 (1) 5() 3(1) 6(1) 140(1) 12 (1) 483 (1) 28(1) 2(1) 20(1) 29(1) 2(1) 10 (1)
18 TO 24 (1) 24 (1) 18 (1) 13 (1) 22 (1) 213(1) 23 (1) 356 (0.6) 25(1) 1(0.6) 3(1) 2 (1) 7(1) 19 (1)
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The AIC values obtained from the five models considered (2) for each species and codend are
compared in Table 5. Model selection was based on the lowest AIC valuBscltaedsmodel was
the one selected most commonly (5 cases), followed biyribtat (3 cases) and tHeéompertzLogit

andPoly4models (2 cases).

Table 5. Summary of the AIC values (Akaike, 1974) derived from the selectivity models. The values in bold represent the
lowest values for each species, indicating the model subsequentlydébedtes analyses.

Logit Probit Gompertz Richards Poly4

T0 57233 57556 59323 57002 56517
S. scombrus T90 304.16 30272 30590  306.12 -
| T0 186.27 18561 186.97  185.35 i
M. merluccius 9332 9343 9507  91.72 -
T0 892.60 898.13 908.76  891.14 i
M. barbatus T90 874.57 87449 87451  876.50 -
| T0 534.83 537.03 539.39  535.48 i

T. mediterraneus g, 678.87 701.00 717.74 67148  638.83
_ T0 142.05 14076 14322  142.07 i
S. mantis T90 107.95 10859 106.68  108.82 -
| T0 23157 231.27 23246  231.31 i
L. vulgaris T90 378.26 378.30 380.67  374.95 i
T0 186.99 187.12 187.64  187.21 i
M. merlangus 1, 200.84 20155 20298  200.48 i

The size selection parameters and fit statistics were calculated using the model selected for each
species andodend type (Table 6).

Table 6. Selectivity parameters and fit statistics for the seven species, sampled in the TO and T90 codends, analysed based
on the selected model. SR: selection range; DOF: degrees of freedom. Values in parentheses are the Efron 95%

confidence intervals.

L50 SR p-value Deviance DOF
TO 21.37 (18.3% 22.67) 3.57 (0.01- 5.76) 0.0167 47.46 29
S. scombrus
T90 22.08 (21.4% 23.23) 2.72 (1.73 3.71) 0.9380 15.14 25
) TO 11.26 (1.3 14.82) 21.33 (13.72 44.36) 0.7802 28.33 35
M. merluccius
T90 21.26 (19.67 25.11) 7.02 (3.91- 10.61) 0.2768 29.78 26
M. barbatus TO 16.70 (16.3% 17.31) 2.78 (2.27-4.77) 0.8287 16.59 23
’ T90 23.10 (18.74 31.80) 11.48 (7.63 19.03) 0.4937 24.45 25
. TO 24.99 (22.72 28.25) 8.03 (5.76- 10.55) 0.0513 48.47 34
T. mediterraneus
T90 22.32 (21.65 23.07) 1.66 (1.14 2.93) 0.0715 49.10 36
S. mantis TO 13.35(7.53 17.62) 8.86 (5.40- 13.28) 0.9162 32.59 45
' T90 20.78 (18.79 22.27) 4.36 (2.38 7.42) 0.9447 21.96 34
L vulgaris TO 7.88(0.33- 10.00) 5.67 (2.41- 14.77) 0.5600 15.49 17
-vuig T90 12.06 (10.05 13.36) 4,94 (3.08 7.82) 0.6288 16.42 19
TO 23.02 (20.29 59.07) 12.86 (6.16- 100.00) 0.1704 27.01 21
M. merlangus
T90 22.88 (22.18 24.83) 3.92 (2.45 7.55) 0.2799 22.09 19
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The resulting selectivity curves and th€iis are represented in Figures 2 and 3. Inspection of-the p
values revealed that the experimental data were adequately described by the selected models with the
only exception o5. scombrus TO configuration (pvalue = 0.02); nevertheless, the inspection of the
modelled curve against the experimental rates did not indicate any-teghdent pattern in the
deviation observedgure2A). Therefore, the lowpalue was assumed to be due to overdispersion

in theexperimental rates than to a poor ability to model the size selection.

The change from the TO to the T90 codend resulted in an increase in the predicted average L50 value
for most of the species analys&l §combrudV. merlucciusS. mantisL. vulgarig and in a general
reduction in the average SR (Table 6), which reflected a higher slope of the selection curves (Figure
2 A-B, D-E; Figure 3 AB, D-E). With the change from the TO to the T90 mekBhmnediterraneus

andM. merlangiugdisplayed a slight redtion in the average L50 value but a marked reduction in

the average SR (Table Bigure2 L-M; Figure3 G-H). In contrastM. barbatusexhibited increased
average L50 as well as SR values (TablEigyure2 G-H).

The delta plotsKigures 2 and 3, right@umn) show the difference in lengtlependent retention
probability of the two codends. In all the species analyse lor the curve in the delta plot did
not contain 0.0 for some length classes, thus demonstrating a significant difference bedveen t
selectivity curves. In most cases t8és were < 0.0, meaning that the T90 codend had a lower

retention rate, hence better size selection properties, than the TO codend.

ForS. scombrughe length range where tl#swere < 0.0. was 1620 cm andncluded the MCRS
of 18 cm Figure2C). As regard$/1. merlucciusthe T90 mesh was significantly more selective for
a wider size range (023 cm), which included the MCRS of 20 cFidure2F). The results were
different forM. barbatus since the lower tention probability of the T90 codend was significantly
above 16 cm, while the MCRS of the species is 11FKigu(e2l).

T. mediterraneuslisplayed an unusual trend: the T90 codend was significantly more selective than
the TO configuration from 13 to 20 cofi length, which includes the MCRS (15 cm), whereas it was
significantly less selective above 23 dangure2N). The latter result may be explained by the absence

of measured individuals of lengths > 23 cm in the TO codend, which may have preventtattive ef
model prediction of the selection curve for that size range. With regard to the other three species,
which do not have an MCR&ifure3), the T90 codend exhibited a significantly greater selectivity

for some length classeS.(mantis0 - 26 mm, Figure 3C; L. vulgaris 9 - 13 cm,Figure 3F; M.
merlangius 0- 21 cm,Figure3l).
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Delta Selectivity
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Figure 2: Selectivity diagrams fd8comber scombry#, B, C),Merluccius merlucciugD, E, F),Mullus barbatugG, H,

I) and Trachurus mediterraneu@., M, N). The firstwo columns show the size selectivity curves (full lines) with the
confidence interval@ashed lines) together with the experimental retention data (black dots) obtained with the TO (A, D,
G, L) and the T90 (B, E, HM) codends. The right column showe ttelta selectivity curve (full line) with confidence
intervals (dashed lines), representing the differences between the curves of the two codends for each species.
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Figure 3: Selectivity diagrams foBquilla mantigA, B, C),Loligo vulgaris(D, E, F) andMerlangius merlangu$§G, H,

). The first two columns show the size selectivity curves (full lines) with confidence intervals (dashed lines) and the
experimental retention data (black dots) obtained with the TO (A, D, G,) and the T90 (B;delerdds. The right column

shows the delta selectivity curve (full line) with confidence intervals (dashed lines) representing the differences between
the curves of the two codends for each species.

Discussion

The T90 mesh configuration has attracted the interest of researchers who, after the introduction of the
Landing Obligation (EU, 2013), are working to identify technical solutions to reduce discards. In fact,
the T90 mesh provides selectivity advantagesdaia be obtained in a simple way (Herrmann, 2009).

Its improved size selection compared with the DM, documented in northern European fisheries

(Wienbeck et al., 2011), and its ease of application and repair compared with the SM (Moderhak,
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1995) have thegiential to help its diffusion in the Mediterranean fishing industry. Its larger-cross
section and more limited flow and turbulence may also reduce the risk of damaging the more delicate
fish species (e.g. haddock), thus improving their quality (Hans@®4; Zhigre et al., 2010). This is

the first study comparing the selectivity of an experimental 54 mm DM codend (TO) and a 54 mm
90° turned mesh codend (T90) for seven commercially important species in the Adriatic bottom trawl

fishery.

There are no size sdltivity studies for Atlantic mackerel in the Mediterranean bottom trawl fishery.

We found predicted L50 values above the MCRS (18 cm) (EU, 2006) with both configurations. The
significantly better selection properties of the T90 codend, at least for sogté klasses, may be
explained by the round body shape of Atlantic mackerel, which is more likely to go through the T90
than the DM (Tokac¢ et al., 2014). Selectivity data for European hake are important for stock
management. For the first time, we reortaverage L50 value above the MCRS of 20 cm (STECF,
2015), obtained with the T90 configuration, whereas the higher values reported in the literature have
been obtained with a 60 mm DM (19.50 cm, Aldebert & Carries, 1991; g¢tmpH8oldo, 2004; 18.10

cm, Belcari et al., 2007)The size selection properties of the T90 mesh described herein are much
greater than those found by Genc et al. (2018), who tested a 40 mm and 44 mm mesh (average L50
values, 12 13 cm). To our knowledge, no other published datderselectivity of the T90 mesé
available for this species. We found that the selectivity for European hake strongly depended on mesh
configuration. The poor size selectivity of the TO mesh, found in this study, contrasts with the data
reported by Sala &ucchetti (2011) with a 56 mm DM. The authors found that reducing the number

of meshes in the codend circumference from 280 to 240 involved an increase in L50 from 11.99 *
1.50 to 16.25 £ 0.63 cm. In theory, the even lower number of meshes (222) used thamdend

should have involved a higher L50 for European hake (Sala & Lucchetti, 2011). The most likely
explanation is that, at the high catch rates encountdredlosing of the mesh holes occurred; as a
result, our SR was much wider than those fooyp&ala & Lucchetti (2011) thus clearly indicating a
nonselective net. In contrast, the T90 meshes may have closed less tightly under the weight of the

catch, resulting in an average L50 greater than 20 cm, thus efficiently excluding hake juveniles.

The 5 mm nominal mesh size was excessively selective for red mullet and Mediterranean horse
mackerel regardless of the mesh configuration, being inefficient at retaining specimens of commercial
size. In fact, the size selection process with both codendsadtemred at lengths greater than the
MCRS of the two species. These data agree with those reported for red mullet by Sala et al. (2015),
who found that even the current legal codend mesh sizes (40 mm SM and 50 mm DM) led to a
predicted L50 value that wagher than the MCRS (11 cm). The same is true of Mediterranean horse

105



Paper Il

mackerel, where an average L50 of 15.60 cm (MCRS, 15 cm) and an SR of 5.50 cm have been
described by TosunoYlu et al. (2008) a 50 mm
that LS increased from a 50 mm DM (12.9 cm Mr barbatus 14.2 cm forT. trachurug to a 40

mm T90 mesh (13.6 cm faM. barbatus 17.1 cm forT. trachurug, demonstrating how a 40 mm

turned mesh already avoids catching undersized individuals. Mantis shrimmorosquid and

whiting are major species targeted by the Adriatic bottom trawl fishery and have no MCRS (EU,
2006). Mantis shrimp is especially abundant in the rarthtern Adriatic (Sanchez et al., 2007). In

our study the T90 codend proved to be mordeefive than the TO codend in avoiding smaller
specimens (< 26 mm CL), which are usually discarded due to their scarce commercial value (Scarcella
et al., 2007). This is in line with the findings of a Mediterranean study (Deval et al., 2016), where the
comparison of a TO and a T90 codend demonstrated a higher percentage of juvenile escapees of four
crustacean species from the T90 gear. With regard to common squid, previous studies have shown
how selectivity increased from a DM to a SM codend, since its blodye can be approximated to
that of a round fish (Ordines et al ., 2006; T
squid was significantly higher in the T90 codend. Moreover, the average L50 value reported herein
for the T90 codend is gater than the length at first maturity (LFM) of males (11 cm), but still well
below the LFM of females (18.5 cm) according to Roper et al. (1984). However, since common squid
caught with the current legal codend mesh size, though being mostly immataret T@ Y| u et
2009), are of high commercial value, the greater size selection provided by our T90 codend would
result in significant economic losses. Commercially valuable whiting were also lost with both
codends, since their average L50 values predicteéde present study are more than double those
reported by Sala, et al. (2007) with a 44 mm DM codend.

In conclusion, the T90 codend provided significantly greater size selection for all the species
analysed, at least for some length classes, compatiedheitraditional DM codend. Most of these
species have a rounded body crssstion, for which the T90 codend consistently showed greater
selection improvements, as reported in other studies (Wienbeck et al., 2011; Herrmann et al., 2013;
Tokac et al., 204; Bayse et al., 2016; Kaykac et al., 2018). In contrast, the 54 mm nominal mesh size
used in our study was too large for red mullet, Mediterranean horse mackerel, common squid and
whiting, which are key species targeted by the Adriatic bottom trawlrfisiiée latter finding is
unlikely to encourage the adoption of the codends tested, at least in the short term. Further work is
needed to investigate the selection properties of the T90 mesh for flat fish such as com®olegole
soleg a major target spees in the area. Notably, the present study did not test changing the number
of meshes in the codend circumference. Although fewer meshes provide greater selectivity (Sala &

Lucchetti, 2011), the combined effect of the T90 mesh and a reduced mesh nanther i
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circumference, as assessed in the Baltic cod fishery (Herrmann et al., 2007; Wienbeck et al., 2011),
is well worth exploring. Finally, factors such as the codend twine material, twine thickness (Madsen
et al., 2012) and catch size also have the piaten affect the selectivity of the T90 mesh.
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Abstract

The catch composition of bottotmawls is commonly refineé&nd improved through changes in
codend designMeasures like reducing number of meshes in codend circumference or turning
diamond netting by 90 degrees are walbwn to improve the size selectivity of fish species with
rounded crossectional shape. Based on this we speculated whether the samesg)ebapplied in

other parts of a bottom trawl, would provide similar benefits as in the codend. Therefore, experiments
were carried out by deploying these changes to the trawl extension piece in a Mediterranean bottom
trawl fishery. Howeverfor Europearhake and monkfistresults showed no indication of improved
selectivty or catch pattern comparéalthe standard extension pieicethe trawl Contrary, for red

mullet, one of the most important species in this fishery, reducing number of meshes in the
circumference of the extension piece jeopardized the size selection obtained in the trawl with a

standard extension piece. The lesson learnt from this study was that the design changes that work for
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the codend do not necessamwork for other parts of therawl, in fact they can even have negative

effect.

Keywords

size selectivity, bottom trawling, T90 turned meshes, trawl extension piece, Mediterdenaznsal

fisheries

Introduction

The Mediterranean bottom trawl fisheries are rgpiecies. The variality in factors such as loy
size, morphology, behaviour, and minimum conservatidareace size (MCRS) between the
different species makes it challenging to identify one technical soldiotihe trawl net, that avoids
the retention of juveniles and sitaneously ensures that tietained catch is enough for thability

of the fishery. In recent decades, most of the scierdtifidies in the Mediterraneaggarding trawl
selectivity focused on experiments in the codesae (review by Lucchetti et a021). The current
regulatory framework requires 40 mm squareshes or, alternatively, 50 nuramond meshes for
the codend of trawl nets (EU, 2019). Hoxeg these codends still retaimdersized and immature
individuals of several species (Lucchettaét 2021) and contribute producing high discard rates,
approximately 209465% of the totatatch, according to Tsagarakisal. (2014)Besides increasing
the mesh sizeéhe codend size selectivity che improved by applying design changes that irsea
the mestopenness. This is well established for diamond mesh codeedsnann et al., 2009) and
also confirmed for square mesbdends (Sala et al., 2016). For example, a reduction in the number
of meshes in circumference increases the mesh openrmsh diamond (Sala and Lucchetti, 2010;
Toka et al., 2016) and squaneesh codergl(Sala et al., 2016). Another option resides irctirenge
to a different mesh configuration, such as rotatingrtish orientation by 90° in reian to the towing
direction, socalled T90 (Wienbeck et al., 2011). The rotation of the traditidiaahond mesh netting
by 90° allows meshes to remain more opeder the drag forces actidoe to the catch accumulation,
enabling smaller specimens to escape (Herrmann et al,,[d@dgen et al., 2012; Cheng et 2022).

A T90 codend, like thequare mesh codend, generally pded a significantly higher sizelectivity
than the diamond mesh codend, especially for tepseies with a rounded cressdion morphology
(Toka etal.,2014; Deval et al., 2016; Petetta ef 2020). The combined effeof both a reduction
in the number of meshes in circumference arshiét to the T90 mesh configuration gave better
selection resultthan those determined wigethe two factors werappliedseparately (Herrmann et
al., 2007; Wienbeck et al., 2011).
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Given the benefits obtained in trawl selectivity by reducowgend number of meshes in
circumference and turning meshbg 90 degrees, we specidd that we might improve trawl
selectivity by making similar dsign changes in other partstioé trawl, for example, in the extension
piece in front of theeodend. The extension piece is the rearmost part of the iyl (tapered or
untapered section) before the codend, maamefor more pane of the same netting characteristics
(mesh sizemesh configuration, twie diameter and material). InMediterranean bottom trawl, its
length ranges from 3 to lmneters (Sala, 2013). The selectivity processes occurring itrabwe
extension pieces habea less investigated than in tbedend. Further, it is unknown to what extent

design changes itme extension piece might affect the codend selectivity.

Based on the above msiderations, the present studyestigated the effect of reducing the number
of meshes irircumference and turning meshmBs90 degrees in the extensjoece of bottom trawls
applied in the Mediterranean fishery. Timain target species were the European hilezl(iccius
merlucciu3 and the red mullet Mullus barbatuy, which are among the mosanded and
overexploited demersal species in the Mediterrai$ss) and require urgent management measures
(GFCM, 2021). Themonkfish (ophiusspp.) is anothecommercially important specidga this
fishery (Lucchetti, 2008). Sifically, this study aimed tanswer to the following research questions:

i) In what way doesaducing the number of meshe<ircumference in the extension piece affect the
catch patternm the trawl and the catch efficiency at sizécafopean hakena red mullet compared

to the standard extension pieces?

i) In what way does turninthe meshes by 90 degrees inéhéension piece affect the catch patterns
in the trawl and theatch efficiency at sizef European hake and red mulbeimpared to the ahdard

extension pieces?

iii) Is there a change in the species composition and spmeimance when applying these technical

modifications?
Materials and Methods

Sea trials and dataddlection

Fishing trials were performed in February 2021 in the NorsieueAdriatic Sea (FAO Geographical
SubArea 17) with acommercial bottom trawler (W 6 Br avehear t 82,2 mpgrossr al |
tonnage: 64 GT)The experiments were carriedt with twin trawls, i.e., the&rawler simultaneously

towed two identical tnals side by side.
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The gears used were the typical commercial bottom trawlenetp | oyed i n the are
trawls). Each trawl was aasymmetrical 4ace net with anwerall length of 41.6 m, a 3318 long
headrope (@ 16 mm, polyethylene materatd a 40 mlong footrope (@ 34 mm, polyamide
polyethylene combinethaterial). A single pair oftter boards (186x114 cm, 390 kgch) and one

central clump (190 kg) were used to maintainttbezontal opening of the two nets. The otter boards

and theclump were attached to the trsawith double 20 m long sweepsd 6 m long bridles. The
traditional extension piece (Standandreafter) was cylindrical, with a total length of 9.5 m, a 44 mm

nominal diamond mesh size and 240 meshes in circumference.

Two experimental extension pies were designed: one having @ (nominal) diamond meshes
and a reduced (170) numberméshes in circumference (Reduchkdreatfter); the second haviag

mm (nominal) T90 meshes and 170 meshes in circumfe(@®€e hereafter). fie three extension
pieces were constructém the same netting paneaidiidentical 40 mm legal squareesh codends

(4 m long) were attached to each of them. fifesh openings of both extension pieces and codends
weremeasured in wet cortihns with the IEGA mesh gaugé~onteyne et al., 2007). The resulting

three trawl configurationare schematized in Figure 1, and their specifications are irsfeable 1.
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Figure 1: Scheme of the trawl net used in the survey, with details of the extension piesmphds of the three net

Reduced, T90).

configurations tested in the survey (Standard,

The experiment consisted in testing two of the timeteonfigurations at a time. Eighteen valid hauls

were performed: sikauls T90 vs. Standard; six haileduced vsStandard; six haulReduced vs.

T90. Therefore, we ohined a total of 36 samples (¥2mples for each net configuration). An

overview of the hauls igresented in Figure 2 and Table 2.
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Figure 2: Map of the area where the hauls were carried out.

Tablel: Technical features of the extension piece plus codend of the three net configurations (Standard, Reduced, T90)
tested in the survey.

Standard  Reduced T90 Codend
Length (m) 9.5 9.5 9.5 4
Nominal mesh size (mm) 44 44 44 40
Extension piece Measured mesh size (mm) 43.9 43.9 43.8 40.4
Mesh configuration Diamond Diamond T90 Square
No. mestesin circumference 240 170 170 170

During the towing operationtje two nets were equipped wahoustic sensors (SIMRAD, Norway)
to monitor theigeometry, i.e the net vertical opening drthe wing horizontal openingEhe average
duration of eachdul was 60 minutes (range 50740 minutes) and the towing sgEwas maintained

at 3.5 to 3.6knots, as in commercial fishing atditions. The catchesfdhe two nets were kept
separate. In each haul, the total weight and nurabéne most abundant species were recorded.
Regarding the twdarget species (European hakel aed mullet) and the monkfighophiusspp.),

the individual lenths were measurea tthe lowest0.5 cm without susampling. An exception
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concerned the redhullet, where in case ofafge catches, measurements weoseducted on a

randomly selected subsample.

Data analysis

The KruskalWa | | i s ?Hwvadfistsaapplied te seek differencdmtween the wing horizontal
openings and vertical net apags of the three configurations tested. The check of the net geometry
was preparatory to further analyses, to be sure to have the same fishing effort between the trawls

simultaneously towed.

Catch comparison and catch ratreabysis

The catch data were analgseith the statistical softwa®ELNET (Herrmann et al., 2012). Although
the experimentatlesign was based on six paireduls for each combination (T9&. Standard,
Reduced vs. Standard, Reduced vs. T90), eaatonéguration was tested two timeby comparing
it to the othettwo configurations. Therefore, data were treated as unp@ietmann et al., 2017),

to be able to include in the comparisomaly®s all 12 hauls obtained from each net configuration.

The length measurements the red mullet, the Europehake, and the monkfish obtained with the
Standard, Reduced ai®0 extension pieces in thewhwere used to perform a catcbmparison
and cath ratio analysis. The analysis investigatied size dependent effect on the catch efficiency
by changing thextension piece configuration iwvas carried out independenttyr each species

following the description below.

To assess the relative lengtipendent catch comparison rg€C) of changing from one trawl net

configuration to anothewe used Equation 1 (Herrmann et al., 2017):

00 (1)

wherenb; andnt; are the number of fish of lengthof a given species retained by the codend of the
baseline If) and testt) net, respectively. Parameteyls andqt are the subsampling ratios, i.e. the
ratio of the measured to the total number individuals retainethdybaseline and the test net,
respectively. Parametend andht represent the total number of hauls conducted with baseline and
test extension piece, respectively. The catch comparisolC&(ev), experimentally expressed by
Equation 1, was estimateding the maximum likelihood estimation by minimizing the Expression
2:

B B — a&ode B — apst 6 6dv (2)
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where the outer summation is over the length cladsaed the inner summation is over the hanils
andhbin the experimental dataset. Thparameter describes the catch comparison curve defined by
CC(l,v). The experimentalCl was modelled by the functid@dC(l,v):

~ h Bh

0 odpr — 3)

wheref is a polynomial of ordek with coefficientsvo to v, such thav = (vo, &), We considered

f of up to an order of 4. Leaving out one or more of the parameiers: yielded 31 additional
candidate models for the catch comparison funct@yl,v). Among these models, the catch
comparison rate was estimated using the rmdidel inference to obtain a combined model
(Burnham and Anderson, 2002; Herrmann et al., 2017). The ability of the combined model to describe
the experimental data was based onphlue, which is calculated based on the model deviance
versus the degrees of freedom (DOF; Wileman et al., 1996; Herrmann et al., 2017). Thus, suitable fit
statistics for the combined model to describe the experimental data sufficiently well should anclud
p-value > 0.05. In case of poor fit statistigsvalue < 0.05 and deviance/DOF >> 1), the residuals
were inspected to determine whether the result was due to structural problems when modelling the

experimental data, or to overdispersion in the datidefan et al., 1996).

CC(l,v) quantifies the probability that a fish of lendtls retained by the codend of the test net,
provided that it is retained in one of the two nets comparedC#) of 0.5 indicates that a fish of
lengthl has the same probaibyi of being retained by either gear. Therefd@€(l,v) cannot be used
to provide a direct relative value of the catch efficiency between the test and the bastslifide
following catch ratiacCR(l,v)equation was then used:

—% @

In this case &€R(l,v)of 1.0 indicates that the catch efficiency of both nets is equal, wiik(lav)=
0.25indicates that the test net is catching only 25% of the fish of lérggimpared to the baseline

6 "Yoho

net.

The 95% confidence interval€ls) for the catch comparison and catch ratio curves were estimated
using a double bootstrapping method with 1000 bootstrap repetitions, following the desamiption
Lomeli (2019).

Discard ratio analysis

For the species analysed wahMCRS we estimated the discaatio, i.e., the ratio between the
individuals below MCRS to thtotal individuals retmed in the codends of each meinfiguration

(Sala et al., 2015). The indicators provided bel@present a summary of the relative batc
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performance of theechnical modificationsgplied. The discard ratios weestimated (in percentage)

directly from the experimental catdata by using the following equation:

B B —
6OY®Ho T T (5)
B B —

The oute summations include the length classes that were below the MCRS (in the nominator) and
overall length classes (in the denominator). The above indicators are based on number of individuals,
but since the value of catch is more related to weight, we @stimanilar indicators based on weight
(WDRatig where the weighti, for individual belonging to length clagshave been estimated by:

®w w 0 (6)

The lengthweight relationships of the species analysed were derived from thea$tBdlognni et

al. (2013) carried out ithe same area.

We estimated the uniainties (in 95%Cls) for both NDRatioand WDRatioby using the double
bootstrappingnethod described in Lomeli (2019).

Catch dominance analysis

Catch dominance curves areeasftused to quantify informaticabout the pattern of relative species
abundances for a givesample. In the present study, tbbjective was to assess if tlipecies
abundances significantly changed among the tledigurations tested. Generally, dominan
curves are basenh ranking of species in a sal@pn decreasing order of theaibundance (Clarke,
1990). Here we assigned a fixed rank tortiast abundant species caught in the sea trials following
thesecriteria (in order of impdance): i) the aburahce in thecommercial catch, ii) the imp@nce

in the fishery, iii) theabundance in the discadleatch, iv) the belonging tovailnerable catgory.

We then estimated the catdominance curve for each genfiguration using the following equation
(Warwick et al.,2008):

Q @ — )
B -

wherej represents the haul amds the species index (speciesk) that was predefined; is the
number ofindividuals of thespecies being counted in the subsample in hawy; is the weight of

the counted subsample of specigshaulj, whereadhjj is the total weight caught of specias haul

J. Qis thetotal number of species considered.

To better represent species domingoatterns, we also estimated the cumulative dominance curves

as follows:
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B N
0O ———withl O I O (®
B N

wherel is the speciesxdexsummed up to in the nominator.
The 95%Cls for the dominance patterns were estimated by using (7) and (8) inside each of the
bootstrap iterations applied to estimate the uncertainties for the catch comparison and catch ratio

curves.

Results

Gear performance and catch data
The Kruskail Wallis H test( % reveal@ no significant differences ithe net openings (m) between
the nets towedsf = 4.46, df = 2p = 0.1075 for wing horizontalpening;é® = 4.13, df = 2p=0.1266

for vertical net opening; see Table 2 for detalils).
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Table 2. Hauls performed during the cruise.

D Hagl Mean depth Mean wing horizontal opening [m] Mean vertical net opening [m] Total catch [kg]

Haul pate Nets Tested dlfrﬁtr:?n [m] Standard Reduced T90 Standard ~ Reduced T90 Standard  Reduced ~ T90
1 22/02/2021  Standard VS T90 64 76.6 17.0+£0.8 17713 1.2+0.1 1.1+0.1 534 52.5
2 22/02/2021  Standard VS T90 60 74.4 159+0.5 154+1.0 1.4+0.2 1.2+0.3 66.7 51.3
3 22/02/2021 Standard VS T90 65 74.7 15.4+0.6 17.1+0.7 15+0.1 1.6+0.1 103.1 119.2
4 22/02/2021 Standard VS T90 70 710 16.1+0.8 186+1.2 1.8+0.2 09+0.2 143.4 136.3
5 22/02/2021  Standard VS T90 55 75.1 17.1+£0.6 16.6 £ 0.5 1.8+0.1 1.0+£0.0 49.7 40.8
6 22/02/2021  Standard VS T90 50 74.9 17.1+£0.8 16.3+£1.5 16+0.1 1.0x£0.2 27.8 20.2
7 23/02/2021 Standard VS Reduce 60 76.2 149+1.2 176+1.2 1.6+0.2 1.1+0.2 331 20.5
8 23/02/2021 Standard VS Reduce 57 75.2 16.1£0.8 157+1.3 1.4+0.0 1403 91.8 106.9
9  23/02/2021 Standard VS Reduce 58 75.2 165+1.4 158+0.4 1.3+0.2 1.1+0.0 90.3 71.8
10 23/02/2021 Standard VS Reduce 63 73.3 16.1+0.4 16.4+£0.8 15+0.1 15+0.1 92.4 95.8
11 23/02/2021 Standard VS Reduce 60 74.3 15.0+0.6 17.0+£0.9 1.1+0.1 16+0.1 69.1 62.2
12 23/02/2021 Standard VS Reduce 65 81.2 17.1+£0.9 16.3+0.6 1.1+0.2 15+04 67.7 52.2
13 25/02/2021 Reduced VS T90 68 76.6 16.2 £0.7 17.2+£0.7 13+0.1 1.2+£0.2 61.2 71.4
14  25/02/2021 Reduced VS T90 68 78.5 175+0.9 16.2+£1.3 1.4+0.0 1.2+0.1 711 145.7
15 25/02/2021 Reduced VS T90 68 74.7 16.6 £ 0.9 16.0+£1.0 1.3+£0.3 1.2+£0.2 92.0 65.4
16 25/02/2021 Reduced VS T90 62 74.1 178+0.4 18.5+£0.9 0704 0.9x0.2 92.6 76.1
17  25/02/2021 Reduced VS T90 64 78.2 169+04 16.4+0.8 0.8+0.2 1.6+0.3 116.9 1324
18 25/02/2021 Reduced VS T90 69 810 17.8+0.8 180+1.4 14+04 1.7+£0.3 59.7 58.0
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The red mullet represéed the largest portion of ttemmercial catch (up to 24 kg per haul and net;
avg. 9.1 £ 5.(kg), while the European hakatch showed a maximum of 10 agr haul and net (avg.
6.2 + 2.2 kg). The average catchmnbnkfish in each haul and net was 4.4 + 2.0 kg. Additional 21
species (fish, cephalopodsidacrustaceans) caught in largmounts in rast of the hauls, were

counted and weighted gach haul and net.

Catch comparison analysis

For the three species includedthre catch comparison analystee summary of the individuals
measured in each haul from tieee net configurations is reportedTable 3. The fit statistiosf the
combined model are given in Table 4. Regardingmatlet and monkfish, thp-values were always
O 0 .Hewever, the visualnispection of the modelled cata@fomparison curves against the
experimental rates for thespecies did not indicate angrigth dependent patterns in teviations
(Figures 4, 5). Therefore, we assumed that the pevalueswere due to overdispgon in the
experimental ratesather than a lack of fit.
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Table 3. Number of indigiuals of the three species (European hake, red mullet, monkfish) measured in each haul from each net configurationpafaelodeses are the
subsampling factors.

Haul European hake Red mullet Monkfish

Standard Reduced T90 Standard Reduced T90 Standard Reduced T90
1 22 (1) - 36 (1) 92 (1) - 76 (1) 26 (1) - 25 (1)
2 41 (1) - 43 (1) 128 (0.43) - 179 (1) 17 (1) - 11 (1)
3 57 (1) - 52 (1) 139 (0.26) - 109 (0.27) 15 (1) - 10 (2)
4 83 (1) - 70 (1) 137 (0.21) - 117 (0.37) 22 (1) - 17 (1)
5 66 (1) - 55 (1) 95 (0.35) - 80 (0.49) 18 (1) - 15 (1)
6 29 (1) - 23 (1) 88 (0.7) - 26 (1) 17 (1) - 15 (1)
7 46 (1) 33 (1) - 121 (1) 96 (1) - 13 (1) 14 (1)
8 102 (1) 76 (1) - 96 (0.20) 98 (0.65) - 28 (1) 23 (1)
9 81 (1) 44 (1) - 109 (0.31) 95 (0.64) - 15(1) 22 (1)
10 93 (1) 66 (1) - 106 (0.30) 131 (0.28) - 13 (1) 18 (1)
11 64 (1) 45 (1) - 103 (0.31) 119 (0.27) - 18 (1) 13 (1)
12 44 (1) 43 (1) - 116 (0.25) 114 (0.37) - 19 (1) 20 (1) -
13 39 (1) 42 (1) - 116 (0.19) 126 (0.27) - 17 (1) 23 (1)
14 62 (1) 76 (1) - 145 (0.32) 109 (0.50) - 11 (1) 19 (1)
15 75 (1) 51 (1) - 146 (0.13) 114 (0.67) - 14 (1) 28 (1)
16 42 (1) 30 (1) - 143 (0.17) 87 (0.66) - 9(1) 17 (1)
17 62 (1) 51 (1) - 156 (0.20) 112 (0.25) - 9(1) 21 (1)
18 30 (1) 34 (1) - 107 (0.39) 95 (0.70) - 12 (1) 19 (1)
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Table 4. Fit statistics of the combined model used in the three catch comparisons (T90 VS Standard, Reduced VS Standard,
Reduced VS T90).

T90 VS Standard Reduced VSStandard Reduced VS T90

p-value 0.384 0.3691 0.386
European hake Deviance 50.26 5583 54.32

DOF 48 53 52

p-value 0.0289 0.0002 0.001
Red mullet Deviance 37.49 54.99 46.7

DOF 23 23 21

p-value 0.0018 0.0006 0.0454
Monkfish Deviance 100.81 105.45 85.38

DOF 63 63 66

Figures 35 showthe catch comparison and catatio results of T90 vs. Standard, Reduced vs.

StandardReduced vs. T90 fdeuropean hake, red mullet, amnkfish, respectively.

The use of the two modéd net configurations (Reduceél®0) did not affect the catch efficiency of
European hake, sindbe Clis of both the catch te and catch comparison curveserlapped the
horizontal line representing equal catch rdtesveen the two configuratiomempared, for the full

lengthrange observed (Figure 3).
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Figure 3. Upper graph: Length frequency distribution of European hakes caught by the configurations tested (Standard,
Reduced and T90). Middle graph represents the modelled catch comparisomda@yar graph the catch ratio (black

line). Black circles represent the experimental rate, and the black stippled curves represent 95% Cls. The grey horizontal
line at 0.5 and 1.0 represents the point at which both configurations have equal catch ha&tegey vertical line
represents the MCRS for hake.

Regarding red mullet, a significant differencasafound inall three comparisons (Figure 4). The
length frequencylistribution obtained in th&90 was different from that d&dtandard, especially in
the 13 to 16 cm length range. This waslected in both catch cgearison and catch ratio curves,

which displayed a significantllower catch efficiency of T96ompared to Standard for those length
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