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Executive Summary

Prawntrawlingisamong the world's least selective fishing methaahsl there has beea
great deal of work done over the past few decades to develop modifications that reduce
unwanted bycatches. Much of this work has focussed on modificatiqms aear, the
codend(at the aft sectior) of trawls, but more recent efforts have examined wasstop

fish entering the trawl! at ail via modifications to the anterior componentgor forward
section)

New South Wales (NSW) Department of Primary Industiéy FisherieConservation
Technology Uni(FCTUhasled such workwith prawn trawlsin Australia. Aother group
based in Denmark (the Danish Technical University's team shiist; DTU Aquahas
grown to be among th&uropeaneaderswith similar work directed aNephropsand fish
trawls andis a major centre for work being done to underphe European Yahdings
obligationoften termed theWigcardban. The currentproject took advantage of aavel
grant for aPhD student at DTlIqua to: (iestablish a linland exchange of idedstween
the Australian and the Danish teasywhilst (ii) exploring ways ofefining anteriortrawl
modifications toreduce bycatch in ouprawnfisheries.

The researclnvolvedtwo experiments in Lake Wooloweydpart of the Clarence River
prawntrawl fishery) The firstexperimentexamined how a modificationbased orthe

theory behind the FLEXSELEECT dasiglvingcounter herdingdeveloped by the DTU
Aqua groupperformed in combination with the SAFE modification developgdhe NSW
DPI FCTduring the FRDC proje2011/010dReducing the evironmental impacts and
improving the profitability of prawn trawling through a structured framework of anterior
gear modifications. The FLEXSELECT concept uses adafditess extending fronthe otter
boardsto the trawl in a cross configuratioto herd fishoutwards instead ofinwardsas
occurswith conventional sweeps in fighawlst ST FSOUA @St & YI{Ay3a (GKSas
& ¢ S Siniaelaeond experiment, & examined the utility of simplpweringheadline
height at the otter boardsvhich, ifit reduces bycatch as hypothesised in the earlier FRDC
project, could provide an adaptive and rapid tool for fishers toinsgtu

The results confirmed the ity of the SAFE desigsdeveloped previouslybut its
combination with the FLEXSELECT concept did not perform any better in reducing
bycatches. However, the lowering of headline heighthe second experiment dramatically
reduced thebycatches of small fish without any effects on prawn catchiésresult
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showed thata very simple modification coulek used by fisher® adapt their practicest
keylocations and times of large fish abundanceshich may beauseful, for examplen
avoiding thetriggeringof bycatch caps that lead to fishing closuresome ofb { 2 Qa
estuarineand oceanic prawrrawl fisheries.

The collaboration with DTU Aqua was a significant success in establishing a relationship with

one of the most importanteartechnology groups in the wortdat a time when dza (G NI f A | Q&
jurisdictions are (unfortunately) reducingrioritiesin this area This places Australia in a

goodposition to learn ofiny new European efforts in bycatch reduction asith@f I y RA y 3

2 0t A Jdinplethsn@d

Theprojectled toavery useful cros$ertilisation of gearconceptsand analytical treatments
while allowing us to continue tdest anterior modificationgo prawn trawls. Weherefore
recommend ongoing communications with DTU Agizathe PI1 on this project (IC
Independent Consulting) and/or other gearcteologists in Australia (including Smart
Fishing Consultingd developcollaborativeopportunities Notwithstanding the success of
this collaboration, we also concluded tHate previous work done with BREsyterior trawl
modifications shoulddeallybe developed on a fishetlyy-fishery basis. For this reason, it is
important that Australia maintains its local expertise to develop bycatch reduction
technologies.

Keywords

Bycatch Reduction, Prawn Trawl, Anterior trawl modifications



Introduction

Prawntrawling isamongthe world's least selective fishing methods, catchamgl discarding
large quantities otinwantednon-targeted finfish and other organisngsollectivelycalled

Wo & Ol The@krRality ofbycatch is considered wasteful and attracts significant attention
and/or controversy from a host of stakeholders includatger commercial and recreational
fishers, environmental groups, eelabelling organisations and the general public. Despite
decadeslevelopingvariousbycatch reduction technologies (involvitrgwl modifications
such assariousgrids,square mesipanels, etc.) significant bycatches still occumigny
fisheries, indicating thathere remains some watp go indevelopingbetter bycatch
reduction technologies and practicaad/or getting those that are available implemented
as mainstream fishing gears

b { 2 SFishe@&onservation Technology URCTUhas been among the leaders in
Australiain developing technologie®r reducing bycatch and/or its mortaligmongprawn-
trawl fisheries But another group based in Denmark (the Danish Technical University's team
in Hirtshalsg¢ DTU Agquahas grown to be among tHeuropearieadersin developing

solutions for other types of trawl fisheries (e.g. Nephropsd is a major centre for work
being done to underpin Europe's implementation of&hdingsobligationCYoften termed

the Wigcardban(. Thidatter group has significant infetructure and personnel working in
bycatch reduction anéspeciallyin developing modifications anterior to the moudt
Nephrops trawls related in concept toesearch that was the focus ofrecentfour-year
FRDC project (2011/02Reducing the environnmal impacts and improving the
profitability of prawn trawling through a structured framework of anterior gear
modificationg in Australia A PhD student at DTU received funding to travel to Australia to
establish a linland exchange of idedsetweenthe Australian andthe Danish tears, whilst
exploring ways offefining anteriortrawl modifications toreduae bycatch in ouprawn
fisheries.

Objectives
1. 9adGlrofAakK | O2tfFo2Nr A2y gA0K GKS ¢SOKYA
technology centre via ahared piece of research done in an Australian fishery
2. Conducttwo experiments to develop novel modifications anterior to the trawl
mouth that will reduce the bycatch of unwanted finfish
3. Disseminate the results to the prawrawl fisheries of Australiand produce
appropriate scientific papers and the final report

Methods
General

This project involve two experiments focusd on refiningmodifications anterioto the
trawl mouth thatwould reduce the bycatch and subsequent disaagbf fish from prawn
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trawls. The workwasdone in Lake Wooloweydlpart of the Clarence River pravrawl
fishery)t which has proven itself as an ideal testing ground for such modificatiaesg
two chartered localcommercial trawles.

The projectook advantage of the hosting dfe PhD student fronDTU AqugMs Valentina

Melli) at Southern Cross Universityand 2 5 SLJI NI YSy i 2B ttl)NMWEYI NBE Ly
FIOATAGASEA O /2FTWasall2 WH2NBR ad ad&NR MSGa SRS
the Technical University of Denmark. Her thés@dudesexamining modifications to sweeps

that involve the FLEXSELECT ddeigdephropstrawlist a series of lines extending from

the boards to the net in a cross configuratidrhistakes advantage of the fisherding

effect of such lines to scare fish away fra@minstead of attracting them into the path of the

net as occurs with conventional sweeps in fish trawl gesffectively making thesaew

lines¥everse sweegD

In additin to testing a variation of the FLEXSELECT design involving chains on the seabed
anterior to Clarence Rivdrawls, we applied asimilarconceptto the existingsimple

anterior fish excluder§AFE The SAFE wase of the more promising modifications
developed duringhe former FRDC proje¢2011-010- Reducing the environmental impacts
and improving the profitability of prawn trawling through a structured framework of

anterior gear modifications and various recommendations were made for its ongoing
refinement, including thosencapsulatedn the subsequent FLEXSELECT design tested in
Europe We also examinedhe utility of simply varyingeadline heighat the otterboards

which was alseecommended for testingn the earlierFRDC project

This projectbeganwith inception meetingamong all scientists involved, including Ms

Mef t AQa t K5 adzZLJSNIBBA&A2NI FyR £ Sl RSNJthasE (GKS 51 y)
meetings, we finalisel the proposedmodifications to beanitially tested and the

experimental designs for the field work.

Details of thetwo experimentsand their resultsare provided irthe two draft manuscripts
that arose from the projecivhich are appended to this report as Applices 1 and 2A
summary of the experiments provided below(details regarding the references cited can
be found in the appended papers)

Gear and experimental designs

We usedtwo double-rigged trawles (10 m and 89 kw{one for each experimenf)shing

across sandy and muddy substratarii.ake Woolooweyah 2 m of water. Each trawl
comprised nominal 4mm mesh (stretched mesh openingSMOs) throughout, 1IN3B body
tapers, rolledrope ground gear with lead weights, an extension section (100 T x 30 N of 40
mm mesh; with 28nm bar spaced Nordmg+grids installed) and codend (120 x 75 B; made
from 27-mm mesh hung on the bar). During fishing, Notus monitoring sensors were
attached at @ch wing end to measure the spread (providing 20 replicates per haul) while a



Lowrance global positioning system (GPS) was used to record the distance trawled and
speed across the ground (SOG).

For experiment 1,wo identical SAFEs were constructed (EjgOne SAFE was rigged so
that it could be pulled forward approximately 1.5 m by-enth @ polyethylene rope (with a
2.4 kg weight clipped at the centre) back to the towing point to form two (double) concave
shapes, while the other was left as a singtsn@ve configuration. The trawls with either
version of the SAFE were tested against a control trawl (i.e. no SAFE) in alternate,
simultaneously paired deployments. Irrespective of their treatment, the two trawls were
swapped from sidéo-side each day aftehe first three deployments.

Fig. 1- Three and twedimensional diagrams of the (a) singlencave and (b) doubleoncave SAFEs
attached to the penaeid trawl.

(a) Single-concave SAFE

Otter board

Single-concave
SAFE

(b) Double-concave SAFE

Bridles
N

Set rope

Double-concave
SAFE

Set rope and weight

For experiment 2, we attached a 0-#8length of 8mm chain along the trailing edge of

eachbd NR (2 LINRPODARS Ydzf GALIX S GG OKYSY(d LRAYI(?Z
headline (Fig2). The headline attachments included: (1) the conventional attachment at

0.71 cm above the ground chain; (2) a medium attachment at 48 cm (or 67%) aleove th

ground chain; and (3) a low attachment at 38 cm (or 54%) above the ground chain, slightly

above the midpoint of the otter board (to maintain stability). Snap clips that fit through the
attachment points were shackled to 293 sweeps and then to the grad chains, foot

ropes and headlines of two identical trawls. The headline heights were randomly assigned

so that we compared the conventional 71 cm against each of the medium (48 cm) and low



(38 cm) headline heights, and the latter two against each otherdll three possible
combination of configurations) in alternate, simultaneously pairedr80 deployments and
with the paired Notus trawl sensors attached at the wing ends. The two trawls were
swapped from sid¢o-side at the beginning and halfway thugh each trawling day.

Fig. 2¢ Otter board and sweep attachment points
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Data analyses

For each deployment, technical data were collected including the total distance towed,
speed over the ground (SOG), and the average wimspreads. Biological datallected
included the total weights dichoolPrawns and bycatch, the numbers of each bycatch
species, and total lengths (TL in mm to the nearest 0.5 cm) of the teleosts. For abundant
teleost species, subsampling was sometimes necessary and the safaptmgwas

obtained dividing the number of individual lengtheasured by the total. Random samples

of SchoolPrawns were placed into plastic bags and transferred to the laboratory, where 100
individuals were measured (carapace lengtBL to the nearest thhm) and weighed. The

length distributions, implemented by the use of a lengthight relationship, were used to
estimate the total number ofchoolPrawns caught.

Data were analysed in linear mixed models (UM®atches were considered both as (1)
absolue and (2) standarded to ha! trawled using the swept area of the trawl (calculated
by average wingnd spread x distance trawled). In both cases, data wergrdogsformed

so that differences between gears were modelled to act multiplicatively. Thédisarce of
gear configuration was determined using a Wedigbst and any significant differences were
subsequently explored using the BenjartifochbergYekutieli procedure to control the
false discovery rate (FDR).



For those species caught in sufficieptantities, we conducted a lengitependant catch
comparison analysis (SELNET; Herrmann et al., 2012), following the methodology of Krag et
al. (2015) and including recent model improvements developed by Herrmann et al. (2017).

Results
Experiment 1

Amongthe species caughghoolPrawns were dominant (92% of catches by number),
while seven species (of 18 in total) comprised 99% of the total fish byCHbelse data

formed the basis of biological analyses. Linear mixed models did not detect any significan
differences between anterior configurations for either the absolute or standardized (ik. ha
trawled) weights or numbers &hoolPrawns (Fig. 3a and b). A significant effect of anterior
configuration was detected for both the absolute and standsedinumbers and weights of
bycatch(Fig. 3c and d)f Southern Herring, Herklotsichthys castelnaand Pink Breasted
Sphonfish,Siphamia roseigastd€Fig. 3 eh).

False discoveryate-pairwise comparisons revealed that trawls rigged with the siahel
doubleconcave SAFE similarly and significamid0(05) reduced the absolute and

standardsed numbers oSouthern Herrindpy up to 50 and 59%, respectively (Fig. 3e and g).
Because&southern Herringvas one of the most abundant species, these reductions
manifested as comparable effects on the weights and numbers of absolute and stesedhrdi
total bycatch (by up to 52%:ig. 3c and d). Conversely, the least abundant analysed species,
Pink Breasted Siphonfistvas retained in significantly greater absolutg (ip to 3.8x) and
standardsed numbers (4.0x%) in trawls with either SAFEs than in the control (Fig. 3g and h).

Fig 3- Differences in raw (+SE) and predicted mean catches between trawls without (control) the
simple anterior fish excluder (SAFE) and theoigh a singleand doubleconcave SAFE for the (a)
absolute and (b) h& trawled weights ofSchool Prawns,Metapenaeus macleay(c) absolute and (d)
ha‘t trawled weights of bycatch and the numbers of (e) absolute and @ thawled Southern

Herring, Herklotsichthys castelnaand (g) absolute and (i) Retrawled Pink Breasted Siphonfish
Siphamia roseigasteDissimilar letters above the predicted means indicate significant differences
detected in falsaliscoveryrate pairwise comparisong € 0.05).
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The SAFEs did not significantly affect catches of the targatiedol Prawns for any of the
length classes represented (Fig. 4). Compared to the conventional trawl, those with either
SAFE caught significantly I&suthern Herringf 7-9.5 and 812.5 cm with the singleand
doubleconcave SAFE, respectively. Tailor @aldfish were affected by the double

concave SAFE but only for few length classes {I®.5and 1111.5 cm forTailor and

Toadfish, respectively. No effect was deted on the catch oforktail Catfish in either
experiment.

Fig.4- Catch comparison curves of trawls with the singied doubleconcave SAFEs respect to the
control trawl of the targetSchool Prawns,Metapenaeus macleayand three of the fish species
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analysed The curves (solid lines) represent the modeled catch efficiency fitted to the experimental
points (dots).The dashed horizontal lines indicate the baseline for no difference in catch efficiency
between the trawls. The shaded areas represent the 86Bfidence intervals while the datashed
lines depict the underlying size frequensie
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Experiment 2

Atotal of 14 deployments of each headline height configuration was done, with seven
paired comparisons of each of the three possible combinatioroofigurations. It took ~1
minute to change headline heights among trawls and deployments.

There were no effects of headline height on the absolute or stanseddiha'trawled)
numbers or weights dichoolPrawns (Figba,b). However, there was a trend fibre trawl
with the conventional headline height to catch mdgehoolPrawns (for both predicted
absolute and standarded mean weights and numbgrisy ~ 1.1 to 1.2 x that caught by the
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lower heights (Figh). There wereno significant differences in thetches ofSchool Prawns
for any of the length classes representeel& mm CL) and for any comparison of headline
heights.

The quantities of fish species caught showed very distinct and, for all but two, statistically
significant differences due to headline height (B)g.Irrespective of absolute or

standardsed catches, compared to trawls fished at the conventional headiigght, those
with the medium and low heights retained similarly and significantly less weigh&9(agd
7%, respectively) and numbers (by and 66%) of total bycatch and numbers $buthern
HerringHerlotsichthys castelnagby 81 and 81%) andTlailor Pomatomus saltatrixby 8L and
84%) (Fig. 3b,c,g). F8iver Biddy Gerres subfasciatuend Yellowfin Bream Acanthopagrus
australis,there were no differences in absolute or standaedl numbers between the

trawls rigged at the conventional and medium ldéae heightqFig.5f,h) but fewer in the
lower headline trawl (Fighf,h) (by53and 6%, respectively).

The only species that showedldferent result was thePink-BreastedSphonfishSiphamia
roseigastel(ha? trawled) where there were significantly more caught when trawls were
rigged at the lowest headline height (Fig). Catches ofoadfishTetractens glaberand
Squid Uroteuthissp. were not significantly affected by headline hei¢ffig.5d,i).

Fig.5 - Differences in raw (+SE) and predicted mean catches trawl€dkaveen trawls configured
at the conventional (con; 71 cm) and medium (48 cm) amd(38 cm) headline heights for the
weights of (afschooPprawns,Metapenaeus macleagind (b) bycatch, and the numbers of (c)
SouthernHerring, Herklotsichthys castelnauid) Squid, Uroteuthissp., (e)Pink Breasted Siphonfish
Siphamia roseigaste(f) Slver Biddy, Gerres subfasciaty$g)Tailor, Pomatomus saltatrix(h)
Yellowfin Bream,Acanthopagrus australjgnd (i)Toadfish,Tetractenos glaér. Dissimilar letters
above the predicted means indicate significant differences detected in-tidepveryrate pairwise
comparisonsy < 0.05).
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Discussion

The results of this study confied the utility of anterior modifications for improvingrawn-
trawl selectivity without affecting targeted catchepecifically, both SAFE configurations
testedand lower headline heightsnaintained catches dichoolPrawns while reducing the
overall bycatch of fiseven though there were a few, relatively minor, speeescific
differences) a result comparable to other, more complex trawl modifications, including
traditional BRDs in codendsurthermore, the quickly adjustable system we used to lower
headline heght allowed us to easily move from one configuration to another without

affecting trawl performance.
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While the SAFE concepfasverified in this study, the doubleoncave version did not
substantially improve the selectivity of the tested penaeid trdwMelli et al. (2018), the
efficiency ofa similar device was strongly lengtiependent for roundfish species, with
bigger individuals being more affectetihis wasttributed to physical differences in
swimming ability (Wardle, 1983). In the present studgwever,there was no such length
dependency for the species analysed, possibly due to eithedifferent trawl designs and
rigging (e.gEuropearNephrops trawls véustralianprawntrawls), small length ranges
caught orconfounding environmental effég such as noise from the vessel, dirty watbe
shallowness of the lakend/or the proximity of the SAFE to the trawl moutBiven the
above result, and because simple BRDs are more likely to be adopted by fishers than more
complex ones, we suggest thisle singleconcave SAFE is currerdlyetteranterior
configuration available for reducing bycatch in this fishtan the double concave version

Even though the numbers of fish we encounteredhi@ headline heighexperiment were

low, it wouldappear that some fish in this system occur higher in the water column (or are
herded there by the approaching trawl) than other fish and the bottdwellingShool

Prawns and therefore avoid entering the net when the headline is lowedttiough

adjusing headline height could have a broad applicability in mpragvntrawl fisheries, it is
important to note that there are various technical and environmental conditions to take into
consideration when developing this concept. Firstly, the trawl gear we diskedot have

any headline floats or kites; and fisheries that use these may not see the same magnitude of
reductions observed here due to confounding effects of maintaining buoyancy of the
headlineg although, intuitively, such fisheries may realise spgesiectivity benefits simply

by removing such devices. Secondly, the trawl design we used did not have aiayhead

in the top panel of netting, and the bycatch reduction we observed due to lowering the
headline may be affected when a lea¢head is usd. Also, weather conditions and in
particular current intensity and direction could affect the stability of the otter boards after
lowering the attachment points of the headlinEinally, the shallow nature of the lake in
which the experiment was done méave had some influence on fish escaping over the
headline, so further work should examine the effects of headline height in deeper water
fisheries.

Notwithstanding the above, because changing headline height was shown to be a relatively
simple process,,kh a modification provides a mechanism by which prawn fishers can easily
adapt their gear according to the relative abundance of fish in fishing grounds. That is, it
should be simple for fishers, in areas/times of large quantities of unwanted fish, pysim

lower the headline by changing their attachment points on the otter boaraisd so

decrease fish catches. Furthermore, compared to more conventional BRDs (placed in or near
the codend), changing headline height to avoid fish has the added advantageadving

fish enter the trawl at all, thus preventing any mortalities associated with interacting with

trawl components and escaping through such devices. Whilst some fishers may think that
fewer school prawns would be caught using lower headline heightssuch losses should
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be morethan-compensated by improved species selection, less damaged prawns in catches,
less time spent sorting, and therefore more time spent fishingarticular, his

modification shaild have significant utility in avoiding theggering of closures to fishing

due to bycatch cap limits.

Conclusions

The collaboration with DTU Aqtlaat involved the hosting of Ms Mellat Coffs Harbouwas

a wbstantialsuccess in establishing a relationshis (0 6 SSy ! dza i NI £ Aand2 3 S| NJ
one of the most importangeartechnology groups in the world. This places Australia in a
goodposition to learn ohew European efforts in bycatch reduction as ttisecardban is
implemented Theprojectclearlypromoted a very useful crodsrtilisation ofvarious gear
conceptsand analytical treatments of the data collected between European and Australian
team members. Further, the presence of thighly trained PhD studeratlowed us to

continue totest anterior modificationdo prawn trawls.The rapid production of research

and two scientific paperthat occurred in this project illustrates the value of assembling a
team of similarly dedicated researchers.

Notwithstanding the success of this collaboration, because of fiskigegific anomalies,
characteristics, operations, species and environmental conditions, we conclude that anterior
trawl modifications should always be developed on a fisHBrfishery basis. This point was
evident here ashe lack of clear bycatch reductionsingthe FLEXSECEtype modification

to the SAFEClearly, what works very well in one fishery (e.g. the FLEXSELECT in European
Nephropstrawl fisheries) does not always offer the same benefits in another fishery. It is
rarely (if ever) possible to simply transfer one device from one fishery to another without
substantial time spent adjusting and refining modifications.

This project haseiteratedthe utility of the previously develope&AFE for reducing
bycatchesn the Clarence River fisharyeven though the new concave arrangement did not
out-perform the originalHowever the headline height work revealed a way that fishers can
easily nodify their gear to reduce fish bycateimd so avoid exceeding bycatch cap limits
that may trigger closures to fishing

Implications

The development of a relationship with DTU Aqua in bycatch reduction work provides

Australia with a new source of expertigethis fieldat a time when dza G NI f A | Q& 2 dzNR&
are (unfortunately) reducing work in this are&nd the various gears testaxnfirm the (i)

utility of the SAFE as a modification that can reduce bycatchasamprawnfishery without

loss of prawns and (ii) the value of quickly adjusting headline height to reduce the bycatch

of small fish in places and times when their abundameg trigger fishing closures.

16



Recommendations

Werecommend ongoing communicatiossS 1 6 SSy (GKS tLX b{2 5tLQa 2
gear technologists in Australgith DTU Aqu & & Otb Geyelbp rioiledopportunities

that may arise tavork together inthis field

Notwithstanding this new collaboration, it is alsoportant that Australia tries to maintain
its local expertise and ongoing research and developmeap#tcity in this fieldo not only
refine existing desigrsndconcepts (like changes to tf®AFE and reducing headline height
via simple techniques), but also to produce new and innovative bycatch reduction
technologies.

Further Development

In terms of gear development, this projectdra&fined certain gear modificationshe SAFE
and adjustmets to headline heightihat can be used by fishers to reduce bycatctvwbdst
maintain catches of prawns

Future research should

0] examine modifications to the existing SAFE design to minimise its effect on
spread and enhance its capacity to facilitasféscape responses, perhaps by
using different materials (e.g. banners) and/or light

(i) test the impacts of lowering headline height in othdeeperwater prawn
fisheries, with and without headline floats and leadhead netting in the top
panel;

(i) continue to examine the utility of these and other designs in ofiramwn
fisheries at night, offshore and in the tropical north via formal experimentation
but also by industryising more streamlined approval processes than those
currently available; and

(iv)  agreater focushould occuon developing easily implemented solutiolilse
changing headline height @llow fishers to be more flexible and adaptive in
trying to reduce unwanted bycatch&s situ

Extension and Adoption

By using weltegarded locaprawn-trawl fisheis andtheir vesses, wewere able to directly
illustrate the potential of the modifications tihe Clarence Rivdteett the largest estuarine
prawntrawl fleet in AustraliaThese fishers areow liaising with others in the fleet about
the results.

We havealso incorporate the results from the work into ounther currentproject,
65A8aSYAYLFGAY3a SEAalGAY3T 080l 0K NBRdAzOGAZY |y
l dzZAGNF £ AFda LINF gy TA akshowkamngtbe rasulisatihe12H nMT K ncp 0

17



workshops beg held throughout the prawn trawl fishing fleets of Australldnis is leading
to the further sharing of the results as workshop attendees discuss the information with
their colleagues in each port.

Our scientific papers will ensure dissemination of the work to the broader scientific
community. The involvement of tHiBTUAquawill also see the work distributed throughout
Europe where the implementation of tHandingsobligationpolicy has many jurdictions
seeking the sort of information obtaindidom this project
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Abstract

Following aenewedinternationalinterest inanterior modifications tactivegears as a means for
precluding unwanted captures and mortalitigepmisinga A YLX S | y (i SABA®R TAAK SE
comprising wire and/or plastic banners wetether developedusing a counteherding concepto
stimulate teleost escape in front of Australian penaeid traWe. tested a conventional penaeid
trawl againsthose rigged with two SAFEs comprising either siagléoubleconcave orientations.
Both SAFEs significantly and similarly reduced absolute and staseth(H&' trawled) total

bycatches (by up to 52%) and most unwah$pecies (especially southern hiaig, Herklotsichthys
castelnauj by up to 59%)without affectingthe absolute or standardized catches of targeted
penaeid Metapenaeus macleayi.he results reiterate the generic utility of counteerding devices
for reducing bycatch and maintaining fttion across different geometries. We conclude that owing
to its simplicity, a single concave SAFE might be a preferable configuration for pémadid
fisheries, but other variations warrant future research.

Introduction

Globally, penaeidrawls areassociated with poor selectivity, having one of the highest bycatch rates
and associated discard mortality among fishing methods (Alverson et al., 1994; Kelleher, 2005;
Broadhurst et al., 2006). Historically, to address the issue, many countries havepaahd
mandated bycatch reduction devices (BRDs) in trawls, which are typically inserted in, or near, the
codend and designed to exclude unwanted species according to different sizes, shapes and/or
behaviours (Broadhurst, 2000). While many BRDs aretiefethere is at least some unaccounted
mortality associated with organisms entering a trawl, colliding with meshes and being selected at
the codend (Broadhurst et al., 2006).

Ideally, selection would occur before animals enter trawl, since intuititbhéywould virtually
eliminate unaccounted fishing mortality (Broadhurst et al., 2006). Although there are few studies
investigating suchs®+ f ft SR WI YiSNA2NJ Y2RAFAOIA2yaQs GKS | &
dramatic improvements and/or cumulat benefits (with posterior BRDS) in species selection
(reviewed by McHugh et al., 2017). For example, substantial improvements in peraeid
selectivity have been observed simply by varying conventional spreading mechanisms (Broadhurst et
al., 2012), weep lengths (McHugh et al., 2014), headline heights (Johnson et al., 2008) and/or
ground gears (Broadhurst et al., 2015).

Beyond modifying the existing components of trawls, are retroactively fitted modifications
designed to evoke stimuli in some fishys increasing their chances of avoiding capture (Ryer, 2008;
McHugh et al., 2014; 2015).; Melli et al., 2018). Specifically, McHugh et al. (2014; 2015)
demonstrated thatas® | f t SR WAAYLIE S | yiISNA2N FAaK SEOf dzRS NI
shapedcanvas sections between beams and otter boards reduced unwanted catches of southern
herring Herklotsichthys castelngylitailor Pomatomous saltatrx and sea mulletMugil cephalus)
by up to 48%, with no effect on standardized catches of the targetedd prawnsMetapenaeus
macleayi(McHugh et al., 2015).
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{AYAf | NESMORMzAS NRSPA OSa KIS 0SSy LINPLI2AaSR F2NJ
and more recently, following the suggestions of Ryder (2008), Melli et al. (2017) demonstrated that
ay FYGSNAR2NJ RSHAOS O2yFAIdzZNBR (G2 | aadzyS I WNBODSN.
NephropgNephrops norvegiciisrawl fishery in the Skagerrak Sea. McHugh et al., (2015) also
concluded that this latter concept could be simply applied toS#d-E by configuring it with two
smaller concave shapes directed outwards. Our aim here was to test the utility of such a-double
concave configuration, by comparing it to the existing SAFE and a conventional trawl. The work was
done in a shallowvater Austalian estuarine trawl fishery (chosen to facilitate visual observations
the gear), but the results have broader implications among pentiaisl fisheries worldwide
(Broadhurst, 2000).

2. Materials and methods

The experiment was done in Lake Wooloweyalstralia in a shallowvater estuarine trawl fishery,
chosen to facilitate visual observations and control over the geometry of the gear. We used a
doublerigged trawler (10 m and 89 kw) fishing across sandy and muddy substraja im &f water.
The trawlerhad two hydraulic deck winches with - bridles (stainless steel wire) attached to
paired flatrectangular otter boards (1.2 m x 0.6 m; 0.72¥80-mm base plates; and 53 kg in air) on
each side that spread conventional Clarence River trawls (with 2 89e@aps).

Each trawl comprised nominal 44m mesh (stretched mesh openirmrg§MOs) throughout,
1N3B body tapers, rolled rope ground gear with lead weights, an extension section (100 T x 30 N of
40 mm mesh; with 28nm bar spaced Nordmgrgrids installed) and codend (120 x 75 B; made from
27-mm mesh hung on the bar). Prior to fishing, 20 replicate measurements of stretched mesh
openings were recorded for each trawl body, extension and codend using a ptiypiliseet
measurer (to the neargt 0.1 mm). During fishing, Notus monitoring sensors were attached at each
wing end to measure the spread (providing 20 replicates per haul) while a Lowrance global
positioning system (GPS) was used to record the distance trawled and speed across tke groun
(SOG).

2.1. Treatments, experimental design and data collection

Two identical SAFEs were constructed from -rB8 @ wire (7.25 m long with attachments)

sheathed in a 255m wide plastic banner that was 6.40 m long and had four vertical cuts in the
trailing edge to minimise hydrodynamic lift (Fig. 2). One SAFE was rigged so that it could be pulled
forward approximately 1.5 m by amim @ polyethylene rope (with a 2.4 kg weight clipped at the
centre) back to the towing point to form two (double) concave sfgpvhile the other was left as a
singleconcave configuration (Fig. 2b).

The trawls with either version of the SAFE were tested against a control trawl (i.e. no SAFE) in
alternate, simultaneously paired deployments. Irrespective of their treatmentpiloetrawls were
swapped from sid¢o-side each day after the first three deployments.

For each deployment, technical data were collected including the total distance towed
(obtained from the plotter and net monitoring system), speed over the ground (SD@}he
average wingend spreads (based on 20 measurements). Biological data included the total weights of
school prawns and bycatch, the numbers of each bycatch species, and total lengths (TL in mm to the
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nearest 0.5 cm) of the teleosts. For abundarietst species, subsampling was sometimes necessary
and the sampling factor was obtained dividing the number of individual lemgghsured by the

total. Random samples of school prawns were placed into plastic bags and transferred to the
laboratory, where 00 individuals were measured (carapace leng@L to the nearest 1 mm) and
weighed. The length distributions, implemented by the use of a lemgtiyht relationship

(Broadhurst et al., 2006), were used to estimate the total number of school prawns caught.

2.2. Data analyses

Prior to starting the work, a linear model (LM) was used to test the null hypothesis that there were

no differences in the mesh sizes of each trawl, extension or codend. Data describing engineering and

catch variables were analysedfimh y S NJ YAESR Y2RSt & o6[aa0d0 SAGK Wy
FAESRS 6KAfS WiINIgfaQry WaaARSaQ yR WRIFIE&Q FYR (K
included as random terms. Engineering variables were analysed raw. Speed across thexgound

considered as a covariate in the LMM for wiedd spread and assessed based on the lowest value

for Akaike information criterion (Akaike, 1974). Catches were considered both as (1) absolute and (2)
standardized to h& trawled using the swept area tiie trawl (calculated by average whemd

spread x distance trawled). In both cases, data werdnagsformed so that differences between

gears were modelled to act multiplicatively. The significance of gear configuration was determined

using a Waldrtest and any significant differences were subsequently explored using the Benjamini
HochbergYekutieli procedure to control the false discovery rate (FDR).

For those species caught in sufficient quantities, we conducted a lategibndant catch

comparison aalysis (SELNET; Herrmann et al., 2012), following the methodology of Krag et al.
(2015) and including recent model improvements developed by Herrmann et al. (201e).

thousand bootstrap repetitions were performed to calculate the Efron 95% CI (Efrad), ftd&he
modelled catch comparison curve using a double bootstrap method (Millar, 18B8)quality of

model fits was assessed on the basis of thetfitistics: p-value, deviance and degrees of freedom.

In particular, go-value below 0.05 expressedsmnificant residual variation between the fitted

model and the experimental data, suggesting potential structural problems in the model or
overdispersion in the data (Wileman et al., 1996). Any significant residual variation was explored to
determine wheher the model could be trusted to describe the experimental data.

Because the catch comparison rate expresses the probability of catching an individual of Iength
the test trawl given that it was caught in either trawl, a catch comparison rate af@iGates the

two trawls were functioning equally (Krag et al., 2014). However, according to Melli et al. (2017) we
corrected this baseline for equality from differences in spread by calculating:

B

b6 ——— @

where STj and S@je the averaged wingsnd spreads for the test and control trawls in each
deploymentj. Where the Efron 95% Cls of the catch comparison curve did not inaiyjdbere was
a significant difference between the two trawls caused by the gear configur@teranterior
device).

3.0 Results
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The SMOs were not significantly different between trawls, extensions or codends, with overall
means (+SE) of 41.25 + 0.08, 41.40 £ 0.17 and 27.35 £+ 0.10 mm, respectivply (LDB). A total of

ten replicate paired diurnal deployments of trawls with each SAFE were done against the control at
1.32¢1.43 m &, over distances of 3.£3.43 km.

The distances trawled were not significantly different among configurations (ldv\a,05), but
wing-end spread (LMM was reduced to the fixed effect of trawl configuration only) and therefore
area trawled were (LMMy < 0.001, Table 1). ). Faldiscoveryrate pairwise comparisons revealed
the control trawl was spread significantly widdr11 + 0.04 m) and consequently trawled a greater
area (1.35 £ 0.02 ha) than the test trawls with the sin¢8e59 + 0.05 m and 1.18 + 0.02 ha) or
doubleconcave SAFE (3.66 + 0.05 m and 1.20 + 0.02$8;001; Table 1). There was no difference
betweenthe two SAFE configurations for these variables (BDR.05).

In total, catches comprised 140 kg of school prawns (59,843 individuals) and 60 kg of bycatch
(5,889 individuals) (Table 2. Among the species caught, school prawns were dominant (92% of
catches by number), while seven species (of 18 in total) comprised 99% of the total fish bycatch, and
formed the basis of biological analyses (Table 2). Linear mixed models did not detect any significant
differences between anterior configurations for eithtbe absolute or standardized (i.e. ha
trawled) weights or numbers of school prawmps>0.05; Table 2, Fig. 3a and b). A significant effect
of anterior configuration was detected for both the absolute and standardized humbers and weights
of bycatch, of suthern herring Herklotsichthys castelnaaind pink breasted siphonfisBjphamia
roseigaste(LMM,p < 0.01; Table 2, Fig. 818.

False discoveryate-pairwise comparisons revealed that trawls rigged with the sheyhel
doubleconcave SAFE similadgd significantlyg<0.05) reduced the absolute and standardized
numbers of southern herring by up to 50 and 59%, respectively (Fig. 3e and g). Because southern
herring was one of the most abundant species, these reductions manifested as comparable effects
on the weights and numbers of absolute and standardized total bycatch (by up td7RE/p <
0.05; Fig. 3c and d). Conversely, the least abundant analysed species, pink breasted siphonfish, was
retained in significantly greater absolute (by up to 3.8%) standardized numbers (4.0x) in trawls
with either SAFEs than in the control (FPR,0.05; Fig. 3g and h).

Four fish (southern herring, forktail catfish, toadfish and tailor) and school prawns were analysed
using the catch comparison analysis (TéleOf the 12 models obtained, most had good fit
statistics withp-values >0.05 (Table 3). Three models had poor fit statigtic(05, deviance >>
DoF): the models for forktail catfish and toadfish in the sifuglecave SAFE comparison and the
model for school prawns in the doubleoncave SAFE comparison. For these cases the residual
deviations between the data and the modelled curvesre investigated but no systematic structure
was detected. We considered the Igavalues to be a consequence of ovisqgersion in the data
caused by sulsampling (e.g. forktail catfish and school prawns) and the high dispersion in those
length classes with relative low frequency.

Similar tothe results obtained with the LMM, the SAFEs did not significantly affect catches of the
targeted school prawns for any of the length classes represented (Fig. 4). Compared to the
conventional trawl, those with either SAFE caught significantly less soutleering of 79.5 and 8
12.5 cm with the singleand doubleconcave SAFE, respectively (Fig. 4). Tailor and toadfish were
affected by the double&oncave SAFE but only for few length classes-{Il®5and 1111.5 cm for
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tailor and toadfish, respectivel¥ig. 4). No effect was detected on the catch of forktail catfish in
either experiment.

4. Discussion

The results of this study confirm the broad utility of anterior modifications in general for improving
penaeid trawl selectivity without affecting targg catches (reviewed by McHugh et al., 2016) and

the specificeffectiveness of countenerding devices like the SAFE (McHugh et al., 2014; 2015).
Specifically, both SAFE configurations tested here maintained the absolute and standardized catches
of schoolprawns while reducing the overall bycatch of fish (by >50%); a result comparable to other,
more complex trawl modifications, including traditional BRDs in codends (reviewed by Broadhurst,
2000).

However, there clearly were divergent specigsecific respnses and changes to trawl selectivity
which might have been caused not only by the SAFESs, but their concomitant engineering
consequences for trawl geometry. These effects warrant consideration and, as a starting point, it is
first necessary to postulatdé likely confounding effects of the observed significant changes in SR
between trawls rigged with the SAFEs and without (Broadhurst et al., 2014). Thecsingéa’e SAFE
and trawl designs used here were exactly the same as those tested by McHugl2e15), but we
recorded a much larger reduction in whegd spread (5 v 13%); a result reflecting the skippers
choice to use smaller otter boards here (0.75 than previously (0.81 fnMcHugh et al., 2015).

Also, adding the towing rope to the doubtencave SAFE configuration only marginally improved
wing endspread (to an 11% reduction for the conventional configuration).

In previous work, Broadhurst et al. (2014) hypothesised that the lateral tension evoked by
reduced spread in penaeid trawls likelyilfiproves ground contact, (ii) increases headline height,
and (iii) reduces the angles of netting panels in the trawl body; all of which can offset the
concomitantly lower wingend swept area and so affect catches. Similar results have been
postulated forfish trawls subjected to varying spread (Rose and Nunnallee, 1998; von Szalay and
Somerton, 2005). Such compensatory changes to trawl geometry and selectivity may explain why,
despite a reduction in swept area with the SAFES, the absolute catches of prneos were
maintained. More specifically, following the technical outcomes suggested above for lower spreads,
perhaps more school prawns were stimulated from the lake bed, fewer were able to escape over the
headrope and/or those that entered the trawl eountered shallower netting panels with less
opportunity to escape as they were directed to the codend.

Similarly, the significantly greater catches of pink breasted siphonfish using the SAFEs may also be
explained by the latter effects because, like presathis species is very small and consequently a
weaker swimmer than larger teleosts (Wardle, 1989). In contrast, the large reductions in catches of
southern herring in the trawls rigged with the SAFEs were more likely caused by the associated visual
or tactile stimuli provided by the SAFEs than any changes in smieaoly because most of
geometric changes mentioned above should, if anything, herd more fish into the trawl, partly
negating some of the effectiveness of the S@FBadhurst et al., 2014; NHugh et al., 2014; 2015).
The results were consistent with those obtained by McHugh et al. (2015) and, while there was some
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evidence of slightly greater reduction in numbers of southern herring by the daxdsieave SAFE,
the impacts were minimal.

Unlikefor southern herring, we failed to detect any significant reduction in catches of tailor
observed by McHugh et al. (2015) for the singbmcave SAFE. A speculative explanation might be
that the reduction in spread caused a deeper concave and so reddifieidmcy, although clearly
this was not the case for southern herring. One clear hstgrerimental difference was the
abundance of tailor, whereby McHugh et al. (2015) caught ~28 individuals control depl&ywsent
only ~3 control deploymeftin the preent study. Such a difference in density may be important,
because studies have shown that larger schools of fish can collectively respond to visual or tactile
stimuli more rapidly than individuals (Parrish, 1999). Nevertheless, other potential differences
between the experiments in environmental parameters (e.g. turbidity and available light) preclude a
definitive explanation of this result.

In conclusion, while the SAFE concept has been verified in this study, the -gouickeve
version did not substardily improve the selectivity of the tested penaeid traim Melli et al.
(2018), the efficiency of geometry similar device was strongly ledggiendent for roundfish
species, with bigger individuals being much more affected, and attributed to phy#feaédces in
swimming ability (Wardle, 1983). In the present study, there was no such lelegéandency for the
species analysed, possibly due to either the small length ranges caught or alterratnfelynding
environmental effects such as noise fronethessel, dirty water and the proximity of the SAFE to the
trawl mouth.

Given the above result, and because simple BRDs are more likely to be adopted by fishers than
more complex ones (Broadhurst, 2000), we suggest that the stugieave SAFE is currgnthe
best anterior configuration available for reducing bycatch in this fishery without negatively
impacting target catches. Future research should examine modifications to the existing SAFE design
to minimise its effect on spread and enhance its capaoifacilitate fish escape responses, perhaps
by using different materials (e.g. banners) and/or light, which have proven successful in similar
fisheries (Hannah et al., 2015). Such work is warranted, because bycatch issues remain dynamic
among penaeid fiseries and rarely (if ever) solved via one single modification or approach.
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Table 1

Summaries of WalBstatistics fromlinear mixed models (LMM) assessing the importance of the fixed effect of trawl

configuration (control with no SAFE vs singled double concave SAFES) for explaining variability among technical and biological
responses, and predicted means (and SEs wagpeopriate). All numbers and weights (kg) weretemsformed and analysed

as absolute and standardized tohd NI 6f SR® wl yR2Y STFSOGa& AyOf dzZRSR WiNIgfaQx
GAGKAY RI@&aQ T2NJ I fftSyaaBlBEQI VRN K249 LF AaABRI alNSd&AT3T NBf S¢

Technical variables WaldF Control Singleconcave Doubleconcave

SAFE SAFE

Wing-end spread (m) 51.40%* 4.11 (0.04) 3.59 (0.05) 3.66 (0.05)

Distance trawled (km) 0.06 3.28 (0.02) 3.29(0.03) 3.28 (0.03)

Area trawled (ha) 52.99%** 1.35(0.02) 1.18 (0.02) 1.20 (0.02)

Biological variables

Wt of school prawns 0.08 5.38 5.59 5.33

Wt school prawns & 1.75 4.01 4.77 4.46

No. of school prawns 0.54 2370.39 2244.58 2579.14

No. ofschool prawns & 2.07 1765.75 1915.05 2155.60

Wt of total bycatch 13.70%** 2.00 1.40 0.96

Wt of total bycatch het 8.98** 1.48 1.19 0.80

No of total bycatch 6.83** 178.43 121.26 100.65

No. of total bycatch ha 4.08* 132.61 102.71 84.42

No. offorktail catfish 1.16 55.06 105.32 92.04

No. of forktail catfish h& 1.39 40.09 79.17 67.34

No. of southern herring 13.76*** 83.86 46.84 34.07

No. of southern herring & 9.88*** 62.27 39.80 30.95

No. of toadfish 1.58 10.08 9.49 6.57

No. of toadfisthas! 1.18 7.18 7.43 6.07

No. of tailor 1.12 5.15 3.96 3.54

No. of tailor ha! 0.59 3.73 3.14 3.86

No. of pink breasted siphonfish 7.43** 1.34 3.19 5.16

No. of pink breasted siphonfishast 8.23** 1.04 2.65 4.17

No. of yellowfin bream 0.08 2.29 2.56 2.32

No. of yellowfin bream é 0.31 1.72 2.07 1.90

No. of silver biddy 1.34 1.24 0.70 0.70

No. of silver biddy 1.00 0.94 0.57 0.59

**+ < 0.001; *p< 0.01; p< 0.05

28




Table 2

Scientific and common names, numbers and sizes of organismscénding order of abundance) caught
during the experiment, with the number measured in parentheses (or else all lengths were recorded). Sizes
were CL in mm for school prawns and TL in cm for fish.

Scientific name Common name Numbers Size range
Metapenaeals macleayi School prawn 65 789 (1963) 4¢-25
Arius graeffei Forktail catfish 2647 (734) 6¢-10.5
Herklotsichthys castelng  Southern herring 2502 (2374) 4¢-16
Tetractenos glaber Toadfish 300 6.5¢-16
Pomatomus saltatrix Tailor 151 6.5¢-14.5
Siphamia roseigaster Pinkbreasted siphonfig 106 2¢-6.5
Acanthopagrus australis  Yellowfin bream 96 6.5¢ 4
Gerres subfasciatus Silver biddy 39 5.5¢-14
Engraulis australis Australian anchovy 7 4.5¢-7
Pseudocaranx dentex Silver trevally 7 4.5%-13
Dasyatissp Stingray 6 G-

Mugil cephalus Bully mullet 4 5¢-16.5
Enoplosus armatus Old wife 2 7¢-8
Muraenesox bagio Common pike eel 2 C-
Platycephalus fuscus Dusky flathead 2 19.5-21
Ambassisnarianus wlkYasSeqQa LJ2 9¢-9.5
Rhabdosargus sarba Tarwhine 2 6.5¢-9
Pseudorhombus arsius Largetooth flounder 1 13
Hyporhamphus regulariy  River garfish 1 13.5
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Table 3

Deviances, significance and degrees of freedom for converged retafieetivity models among key species
caught.

Trawl Deviance DF
Single concave
School prawns 18.24 15
Forktail catfish 19.45 14
Southern herring 14.37* 5
Tailor 11.20 9
Double concave
School prawns 27.49* 15
Forktail catfish 21.82 13
Southernherring 6.01 3
Tailor 2.93 8
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Captions to Figs.
Fig. 1. Plan of the conventional trawls used in the experiment.

Fig. 2. Three and twdimensional diagrams of the (a) singlencave and (b) doubleoncave SAFEs
attached to the penaeid trawl.

Fig. 3Differences in raw (+SE) and predicted mean catches between trawls without (control) the
simple anterior fish excluder (SAFE) and those with a siagtedoubleconcave SAFE for the
(a) absolute and (b) Hatrawled weights of school prawnlletapenaeusnacleayij (c)
absolute and (d) h& trawled weights of bycatch and the numbers of (e) absolute and @ ha
trawled southern herringierklotsichthys castelnaaind (g) absolute and (i) Ratrawled pink
breasted siphonfishgiphamia roseigastebDissinilar letters above the predicted means indicate
significant differences detected in falgéscoveryrate pairwise comparisong € 0.05).

Fig.4.Catch comparisonurvesof trawls withthe single and doubleconcaveSAFErespect to the control
trawl of the targetschool prawnsMetapenaeus macleayindthree of the fish species analysélhe
curves (solid lines) representhe modeled catch efficiency fittetb the experimentapoints(dots). The
dashed horizontal lines indicate the baseline fordiféerence in catch efficiency between the trawls.
The shaded areagpresent the 95% confidence intervaibile thedot-dashedinesdepictthe
underlying size frequencies.
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Abstract

Penaeid trawling is among the world's least selective fishing methods which, in several
fisheries, has led to spatial closures being implemented if certain bycatch caps are exceeded.
Considerable work has been done to develop modifications to trawletheterunwanted
bycatches with most focussed at, or near, the codend. But more recent efforts have examined
ways to prevent bycatch entry into trawls entielyia modifications to anterior components.

This studyassessed the utility of proactively lowerithg headlines of Australian penaeid

trawls, using clips at the otter boards, to 68 and 54% of the conventional height, and
demonstrated mean total bycatch reductions (by weight) of 69 and 79%, respectively, without
affecting catches of the targetstbtapemeus macleayiThe results provide insights into the

location and behaviour of various species in the water column as trawls approach, while
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providing a simple and easy method for fishers toiusguto avoid high levels of bycatch
and associated fishgnclosures.

KEYWORDS
Bycatch reduction, penaeid trawls, headline height

1 INTRODUCTION

For several decades, efforts to reduce bycatch have usually involved researchers developing
solutions that are then trialled in fisheries, modified and eventually implemented as
regulations (Kennelly, 200®)cHugh et al., 201)¢ Such work has resulted impé&thora of
bycatch reduction devices (BRDs), as well as fishing industries that have becomeraedl

in their benefits and applications. A more current priority is to develop modifications that
allow fishers toquickly adjust gear selectivity while s¢a. Such modifications would be very
successful in reducing overall bycatch because they would facilitate rapid implementation
according to spatibemporal variations in catches. They could also have utility under
management regimes that involve bycatap limit® where excessive bycatches can lead to
fishing closures (Little et al., 2015).

Penaeid trawls are one of the world's least selective fishing gears, catching large quantities
of nontargeted fish and other organisms; the mortality of which isidened wasteful
(Alverson et al., 1994; Kelleher, 2005). Despite decades developing various operational and
technical modifications to reduce bycatch and/or discard mortality (reviewed by Broadhurst,
2000; McHugh et al., 2017) significant issues remaiaughout many penaettawl
fisheries. Most developments have involved modifications at or near the codend, comprising
grids or strategically positioned panels and meshes under the (mostly untested) assumption of
minimal escape mortality (for reviews, d@madhurst, 2000; Broadhurst et al., 2006;

McHugh et al., 2017). Relatively less work has focused on anterior modifications to trawls.
By developing modifications that stop bycatch from entering trawls at all, escape mortalities
will be prevented, presumbbwith concomitant benefits for stocks.

While it is well known that higher headlines in fish trawls increase the capture of some
fish (Fujimori et al., 200, only a few studies have assessed the utility of reducing headline
height to decrease bycatchegenaeid trawls (e.g. Broadhurst et al., 2013; 2016). The
available work demonstrates a need to achieve sufficient headline height to maximise the
capture of penaeids stimulated upwards by the ground gear, whilst lowering it sufficiently to

minimise cathes of fish and cephalopods (Stender and Barnes, 1994; Eayrs, 2002; Madhu et
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al., 2015). For example, Hines et al. (1999) compared high (3.7 m) and low (0.9 m) headline
heights in skimmer trawls and, while the latter caught less total bycatch (by ~Béhes

of brown shrimpFarfantepenaeus aztecugre also significantly reduced (by up to 39%). In
contrast, Johnson et al. (2008) observed 50% fewer fish(@& m) than high(1.2 m)

75 opening otter trawls, with no significant differences in catcheslwa prawndvetapenaeus
macleay® although swept area was not quantified and may have confounded comparisons.
Broadhurst et al. (2016) assessed the utility of knot orientation (which affects panel lift and
therefore headline height) and observed festandardised catches (h&rawled) of fish (by
up to 67%), but also fewer school prawns (by 26%) in the ldwseght trawl.

80 Unlike some retroactively fitted BRDs, varying headline height can be a relatively simple
procedure which, if successful in redugibycatch whilst maintaining catches of the targeted
penaeids, may provide fishers with a system to adjust their fishing practices quickly and in
response to high or low abundances of problematic species. Here we assess the utility of such
a system in aAustralian estuarine penaeichwl fishery, by testing the effects of three

85 different headline heights on bycatch and targeted penaeids.

2 METHODS
2.1 Experimental design
This study was done in Lake Wooloweyah, Australia, using a local trawler (1d @GakW)
90 fishing in ~1.52.0 m across sandy and mud substrata. The vessel was equipped with a Notus
trawl monitoring system (to measure wiagd spread) and a Lowrance global positioning
system (GPS) to record the distance trawled and speed acrossuhe (BO®G). The trawler
had 8mm diameter (&) stainless warps andm®ridles (6mm @ stainless wire) on two
hydraulic winches and attached to paired sets (i.e. double rig) of stesteessambered
95 otter boards (53.0 kg; 1.08 x 0.73 m; 0.7% (Ffig. 13.
Each otter board had conventional headline, ground gear antbfoattachment points
at the trailing edges. For the experiment, we attached an®I&Bgth of 8mm @ chain along
the trailing edge of each otter board to provide multiple attachnoémtisg{i.e. at any of the
chains links) for the headline (Fig. 1b). The headline attachments included: (1) the
100 conventional 6high6é attachment at O0.71 cm ab
attachment at 48 c¢cm (or 68&WwOoabhbobvachmengr atn
54%) above the ground gear (slightly above the midpoint of the otter board to maintain
stability; Fig. 1b). Snap clips that fit through the attachment points were shackled-tm 2.93

sweeps and then to the ground gears;fopes and headlines of two identical and

38



105 conventional trawls (Fig. 2). The trawls comprised nominah4id mesh (stretched mesh
opening) throughout, 1N3B body tapers and refiepe ground gear with lead weights (Fig.
2). All trawls were attached to extensigtgons (100 T x 30 N of nominal 40 mm mesh;
with 28-mm bar spaced Nordmggeids installed) and codends (120 x 75 B; made from
nominal 2Zmm mesh hung on the bar).

110 At the start of the first day, each of the trawls was randomly assigned to a veséet side
otterboard pair) and the grourgkar and foetope sweeps were shackled to the otter boards
(Fig. 1b). The headline heights were randomly assigned so we compared the conventional
high (71 cm) against each of the medium (48 cm) and low (38 cm)iteddights, and the
latter two against each other (i.e. all three possible combination of configurations) in

115 alternate, simultaneously paired-80n deployments and with the paired Notus trawl sensors
attached at the wing ends. The trawls were alwaygeg@lusing 9.9 m of bridle (i.e. within
~5 m of the vessel stern). The two trawls were swapped froriciide at the beginning
and halfway through each trawling day, while the paired Notus sensors were swapped
between trawls at the start of each day.

120 The technical data collected during each deployment included the total distance trawled
(defined as otter boards on and off the bottom and obtained from the plotter and net
monitoring system), SOG, and the averaged veingd spreads (in m; recorded everyifhm
for 15 min on alternate sides of the vessel). The depth of fishing and distance of the trawls
behind the vessel remained constant. Collected biological data included the total weights of

125 school prawns and bycatch, the numbers of each bycatch spedi¢stafengths (TL
rounded to the lower 0.5 cm) of the teleosts. Random samples of school prawns were placed
into plastic bags and transferred to the laboratory, where 100 individuals were measured
(carapace length; CL rounded to the lower 1 mm) and weighhe latter data were used to
estimate the total numbers of school prawns caught during each deployment.

130
2.2 Data analyses
Data describing engineering and catch variables were analysed in linear mixed models
(LMM) with 6éheadlfhretliei ght becdénsadbeséd O6Not
sidesdéd and o6days6é and the interaction bet wee

135 random terms. Engineering variables were analysed raw. Speed across the ground was
considered as a covariate in the LMM foing-end spread and assessed based on the lowest
value for Akai keds information criterion (Al

bycatch and other species caught in sufficient numbers for individual analysis were
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considered both as (1) abs@iand (2) standardized to' h&rawled using the swept area of

the trawl (calculated by average wiegd spread x distance trawled). In both cases, data

were logtransformed so that differences between gears were modelled to act multiplicatively.
The sigrificance of gear configuration was determined using a Walest and any

significant differences were subsequently explored using the BenjbtoatibergYekutieli
procedure to control the false discovery rate (FDR). Models were fitted using ASReml in R
2.15.3 (The R Project for Statistical Computihgtp://www.r-project.org.

To determine if lowering the headline had an effect on school prawssedzetivity, we
conducted a lengttependant catebomparison angsis (SELNET; Herrmann et al., 2012),
following the methodology of Krag et al. (2015) and including recent model improvements
developed by Herrmann et al. (2017). Each combination of headline heights was analysed
separately. One thousand bootstrap rapastwere performed to calculate the Efron 95%
Confidence Intervals (CI; Efron, 1982) for the modelled catch comparison curves using a
double bootstrap method (Millar, 1993). The quality of the model fits was assessed on the

basis of the fitstatistics;p-value, deviance and degrees of freedom (Wileman et al., 1996).

3 RESULTS

Fourteerdeployments of each headltheightconfiguration were done during three days,
with seven paired comparisons of each ofttinee possible combinations of configurations
It took ~1 minute to change headline heights among trawls and deployieteen
species were caught, and while catches were low, they were all within the range of
conventional deployments (Table 1)

There were no significant differences in trawl wieigd spread and distance and area
trawled due to reducing headline height, although the means increased slightly (LMM, p >
0.05; Table 2). Including SOG in the LMM for wirend spread produced a lower AIC, but
the covariate was not significamt ¥ 0.05). There were no stability problems with the otter
boards attached to the lower headline heights.

There were similarly no effects of headline height on the absolute or standardiZzed (ha

trawled) numbers or weights of school prawns (LMM; 0.05;Table 2; Fig. 3a,b).
However, there was a trend for the trawl with the conventional high headline height to catch
more school prawns (for both predicted absolute and standardised mean weights and numbers
by ~1.1 to 1.2 x that caught by the lower heightg; Ba; Tables 2 and 3).

The three modelled lengttependent catebomparison curvefitted the experimental data

(47 25 mm CL) well, and only the model for the conventional vs medium headline had poor
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fit statistics p-value < 0.001; deviance = 42.29;fdo14). After inspecting the residuals, the
poor fit statistics were attributed to overdispersion in the length classes at the limit of the

175 sampled range. We were therefore confident in applying the model. The analysis showed no
significant differences ithe catches of school prawns for any of the length classes
represented for any comparison of headline height.

The quantities of bycatch caught showed very distinct and, for all but two, statistically
significant differences due to headline height (LMd4 0.05; Table 2 and Fig. 3).

180 Irrespective of absolute or standardised catches, compared to trawls fished at the
conventional high headline height, those with the medium and low heights retained similarly
and significantly less weights (predicted meaduced by up to 69 and 79%, respectively)
and numbers (by 57 and 66%) of total bycatch and numbers of southern herring
Herlotsichthys castelnaby 81 and 92%) and taildfomatomus saltatrigoy 81 and 84%)

185 (LMM and FDR,p < 0.001; Table 2; Fig. 3b,c,djyor silver biddyGerres subfasciatusnd
yellowfin breamAcanthopagrus australishere were no differences in absolute or
standardized numbers between the trawls rigged at the conventional and medium headline
heights(LMM and FDR,p > 0.05; Table 2; Fig. 3f,h) but fewer in the lower headline trawl
(LMM and FDRp < 0.05; Table 2; Fig. 3f,h) (by 53 and 64%, respectively).

190 The only species that showed a contrasting result washpedsted siphonfisBiphamia
roseigaster(hd ! trawled with significantly more caught when trawls were rigged at the
lowest headline height (LMM and FDir< 0.05; Table 2; Fig. 3e). Catches of toadfish
Tetractenos glabeand squidJroteuthissp. were not affected by headline heifltitiM, p >
0.05; Table 2; Fig. 3d,i).

195
4 DISCUSSION
There were two very obviownd quite positive outcomes from this experiment. First,
reducing headline height reduced the bycatch of small fish without significantly affecting
school prawn catches; and second, the quickly adjustable system facilitated rapidly moving

200 the headline frm one configuration to another, without affecting trawl performance.

According to the results, it would appear that some of the bycaught species in this system
orientate higher in the water column (or are herded there by the approaching trawl) than
others and the mostly benthic school prawRaiello, 1973; Coles, 1979). Such individuals
therefore avoided entering the net when the headline was lowered. More specifically, because

205 the medium headline configuration excluded the same numbers of southerg aeditailor

as the low headline, individuals of these species must have been relatively high in the water
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column. By comparison other fish, like silver biddies and yellowfin bream, may have been
slightly lower in the water column since only the low heallieduced their numbers.

Toadfish and squid, on the other hand, did not respond to either reduction in headline height
and were likely either orientated closer to the bottom, or were not strong enough swimmers to
respond to the trawl and rise up and aver headline.

In contrast, for the very small pirikreasted siphonfish, we detected the opposite result to
that for other species with greater standardised catches in the lower headline configuration
than the conventional or medidineight configurationsBut this result may simply reflect the
very small size of this species and its probable poor swimming ability.

Although adjustable headline heights should have broad applicability in many penaeid
trawl fisheries, it is important to note that thereagous technical and environmental
considerations when developing this concept. First, the trawl we used did not have headline
floats or kites, and fisheries that use these may not see the same magnitude of reductions
observed here due to confounding effeof maintained buoyancy of the headingithough,
intuitively, such fisheries may realise speesegectivity benefits simply by removing such
devices. Second, theahagadvd i .de .nowh édraevley atntye
anterior to théottom panel), and the bycatch reduction we observed due to lowering the
headline may be affected when a lealdead is used. Third, weather conditions and
especially current intensity and direction could affect the stability of otter boards with low
headine attachment points. Fourth, the shallow nature of the lake in which the experiment
was done may have had some influence on fish escaping over the headline, so further work
should examine the effects of headline height in deeper water fisheries. Finalgnificant
increase in swept area was observed with a reduction in headline height, although the means
were incrementally greater. Such a positive relationship might be expected, simply because a
lower angle of netting would reduce drag and allowttawl to open wider. Under some
circumstances, this could affect catches of penaeids (Broadhurst et al., 2015; 2016).

Notwithstanding the above, because changing headline height is clearly a simple process,
such a modification provides a mechanism by Wigienaeid fishers can easily adapt their
gear to avoid large abundances of particular species. Further, unlike for conventional,
posteriorly located BRDs, changing headline height precludes many fish entering the trawl at
all, thus preventing any associtmortalities. Whilst the possibility exists for fewer penaeids
to be caught using lower headline heights, if realised, any such losses might dbanore
compensated by improved species selection precluding fishing closures, less damaged prawns

in catchesless time spent sorting, and therefore more time spent fishing.
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This work has shown the utility of lowering headline height on reducing bycatches of
small fish in penaeid trawls and how such a modification can be used by fishers to quickly
reduce suchyzatches where and when teleosts are in large abundances. This could have

substantial utility for avoiding fishing closures due to bycatch cap limits. We recommend that

greater focus continues on developing such easily implemented sautodsso allow
fishers to be more flexible and adaptive in trying to reduce unwanted bycatsites
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TABLE 1 Scientific and common names, numband gizes of organisms (in ascending order of
abundance) caught during the experiment. Sizes were carapace length in mm for school prawns and
310 total length in cm for fish. Na means that these species were not measured. ~economically important

in other fisheles (all other species are economically unimportant).

Scientific name Common hame Numbers Size range
Metapenaeus macleayi School prawn” 21 393 4.0025.0
Herklotsichthys castelnaui Southern herring 204 5.515.0
Uroteuthissp. Squid® 94 Na
Siphamiaroseigaster Pink-breasted siphonfish 85 2555
Gerres subfasciatus Silver biddy® 80 4.0016.0
Pomatomus saltatrix Tailor® 43 12.019.0
Acanthopagrus australis Yellowfin bream” 40 8.0123.0
Ambassis marianus Ramseyds perchl|24 7.0/9.5
Tetractenos glaber Toadfish 23 9.0/ 14.0
Engraulis australis Australian anchovy”® 17 4.0/9.0
Hyperlophus vittatus Whitebait® 13 3.0/5.5
Neoariusgraeffei Fork-tail catfish 8 9.511.0
Pseudorhombus arsius Largetooth flounder® 5 9.0/18.0
Muraenesox bagio Common pike eel 3 Na
Dasyatissp. Stingray 3 Na
Terapon jarbua Saddleback grunter 2 9.512.0
Pelates sexlineatus Six-lined trumpeter 2 8.0/15.0
Platycephalus fuscus Dusky flathead” 1 Na
Scomberoides tol Needleskin queenfish® 1 Na
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TABLE 2 Summaries of WaléF statistics from linear mixed models (LMM) assessing the importance of

the fixed effect of headline height (conventional: 73 oradium: 48 cm; and low: 38 cm) for explaining
variability among technical and biological responses, and predicted means (and SEs where appropriate). All
numbers and weights (kg) were {lgnsformed and analysed as absolute and standardized taied

Random effects ncluded oO0trawlsoé, O0si
LMMs, and also ¢6épaired trawl sensorsbo t hose
Technical variables Wald F Conventional | Medium Low
71 cm 48cm 38 cm

Wing-end spread (m) 1.77 4.12 (0.07) 4.18 (0.07) | 4.22(0.07)

Distance trawled (km) 0.96 2.35(0.05) 2.32(0.05) | 2.32(0.05)

Area trawled (ha) 0.40 0.96 (0.02) 0.97 (0.02) | 0.98(0.02)
Biological variables

Wt of school prawns 0.72 1.09 0.99 0.94

Wt school prawns ha 0.86 1.13 1.01 0.97

No. of school prawns 0.90 575.34 509.41 483.13

No. of school prawns ha 0.90 543.59 456.47 481.31

Wt of total bycatch 10.29*** 0.71 0.22 0.15

Wi of total bycatch Ha 10.29%* 0.67 0.21 0.15

No of total bycatch 22.63*** 23.69 10.17 8.14

No. of total bycatch Ha 22.62%* 22.39 9.61 7.70

No. of southern herring 28.05%** 8.87 1.70 1.68

No. of southern herring ha 27.66*** 8.40 0.67 0.65

No. of squid 1.05 2.07 2.85 1.99

No. of squid h& 1.05 1.95 2.68 1.88

No. of pink breasted siphonfish 2.47 1.87 1.82 3.15

No. of pink breasted siphonfidie 4.84* 1.78 1.24 3.05

No. of silver biddy 3.74* 2.05 1.47 0.96

No. of silver biddy h& 3.72% 1.93 1.40 0.91

No. of tailor 16.33*** 2.32 0.44 0.36

No. of tailor ha! 16.26%** 2.19 0.42 0.34

No. of yellowfin bream 4.00* 1.49 0.90 0.54

No. of yellowfin bream Ha 3.99* 1.40 0.85 0.51

No. of toadfish 0.11 0.46 0.57 0.46

No. of toadfish hid 0.11 0.43 0.54 0.43

%+ < 0.001; *p < 0.01; < 0.05
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Captions to Figures.
FIGURE 1 Threedimensional diagrams of the (a) conventietralvl configuration and (b)
locations of the attachment points used at the trailing edge of the otter boards to alter

headline height.

FIGURE 2 Plan of the conventionalawls used in the experiment.

FIGURE 3 Differences in raw (+SE) and predicted mean catches trawlddbbveen
trawls configured at the conventional (con; 71 cm) and medium (48 cm) and low (38
cm) headline heights for the weights of (a) school praMesapenaeus macleagnd
(b) bycatch, and the numbers of (c) southern herkiggklotsichthys castelnauid)
squid,Uroteuthissp., (e) pink breasted siphonfisBiphamia roseigaste(f) silver
biddy, Gerres subfasciatiigg) tailor,Pomatomus saltatrixh) yellowfin bream,
Acanthopagrus australisand (i) toadfishTetractenos glabeDissimilar letters above
the predicted means indicate sigrnaint differences detected in faldescoveryrate

pairwise comparisonp 0.05).
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