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Abstract

This study describes bycatch abundance andposition in the Isle of Man queen scallop
(Aequipecten operculangisheryas well as the damage and mortality incurreddotarget species.

Data were collected eboard three fishing vessels in order to reflect commercial fishing practice: an
otter travl and two toothless dredges with design features consisting mainly of modifications
repladng the traditionaldredget e et h , namely a tickler chain (1.1
the fAimodified dredgeoo) . B y c atersdd byfinvestabrated) starfishr e d
and molluscs, whilst trawl bycatch had a higher proportion of sea urchins andafigtings per unit

effort were highest for the modified dredge and lowest for the otter trawl. Catches from the modified
dredge also conirged the lowest proportion of bycatch. CPWkade with the trawler were the

lowest. The skid dredge had the highest proportion of bycatch. A damage assessment was performed
on Asterias rubensand Echinus esculentusrhich aimed to encompass the towing andtisg
elements of the fishing process. This was undertaken by collecting individuals retained in the three
gears and hauled on deck as well as individuals collected at the end of the catch sorting process anc
prior to discarding at sea. Generalized Lingladels (GLMs) were used to predict the damage levels

in the discards using vessel and sorting as explanatory variables. Model predictions indicated higher
total damage (following towing and sorting) Afrubensand E.esculentusn the trawl and least

damag in the modified dredge. The lower bycatch damage in the modified dredge may be related to
its higher efficiency and lower proportion of stones in the catch. The effects of damage on the
survival of A. rubensand E. esculentugollowing trawling and skiddredging were also examined.

GLMs were used to predict mortality rates across vessels as well as different levels of damage in the
discards. Mortality of both\.rubensandE.esculentusvas high (52100% and 3285% respectively).

There was no difference imortality across vessels. Mortality increased with the level of injury
sustained by botlA.rubensand E.esculentusThe results of this study suggest that due to its higher
catch efficiency, lower bycatch and lower damage incurred to bycatch individealsatified

dredge may beéhe most appropriate gean the context of a managememrget which aims to
minimise environmental effects incurred per unit of landikgsther research which addresses the
effects of these threedifferent geas on noncaptured orgaesms is however necessary for a

comprehensive understanding ofitt@verallenvironmental effects



Table of Contents

R 11 Yo [Tt Ao o I PRSPPI 1
1.1 Bycatch damage and MOTaltY............oieiiiiiiiiieee e 1
1.2 AIMS OF the STUAY ....ceeeiieieiee et et e et eeeeees 5

2. Materials and MethOAS. ..........iiiiiiii e e e eaanas 6
2.1 Experiment 1: Bycatch abundance and COMPOSILION............uvviiiiiieimiiiiiieeeeeiii e 9

2.1.1 Experimental Design and Sampling..........cccouuuiiiiiiimiiiiii e 9
2.1.2  DaAta ANAIYSIS ... ceeeiiiieee et 9
2.2  Estimation of total bycatch in the Manx queen scallop fishery..........ccccooeiiiiinennnns 11
2.3 Experiment 2: Bycatch Damage and Mortality ASSESSMeNt.............uuvvveireeeeennnnnnn. 12
2.3.1 Experimental Design and Sampling...........cooouuuiiiiiiiiiiiiiiei e 12
2.3.2  DaAta ANAIYSIS .. .ot 14
2.3.3 Relationship betweeAsterias rubensize and damage...............ccovvviiiiieenieenenns 17
2.3.4 Relationship between damageAsteriasrubensandEchinus esculentus the
proportion of Stones iNthe CatChl..........coooiiii i 17

G T L= 2] U £ 18
3.1 Bycatch Abundance and COMPOSILION..........oooiiiiitiiiiie e 18
3.2 Predicting damage and mortalityth generalised linear models................ooeveviiinnnenn. 25

3.2.1  Damage ASSESSIMEIL......iuuiiieiie it crr et e e e n e 25
3.2.2  MOMality ASSESSIMENL.....ciiii i eeeii e e ettt ee e ettt e e e e e e et e e e et aaeaeeaaaeeeatnaaeearnaeeees 29
3.2.3 Relationship between size and damagasterias rubens.............c.ccceeevviieeennnnnn. 30
3.2.4 Relationship of damage to the proportion of stones in the catch...................... 31

N B o 11 (o o PSPPSR 32
4.1 Bycatch Abundance and DIVEISILY..........ccuuuieiiiii e e e e e e 32
4.2  BYCAICh DAME@E....... oo 34
G N = Yo% 1 (o Y, o T =/ 36

5. Conclusions and reCoOMMENUALIONS.........ccuuuuiiiiiiii i 38

Sy (=] (=] 0oL SRR 39

Y o] 01T T Lo =S 43



Indexof Figures
Figure 1: Map of study area. Points indicate end locations Of IOMS.............cuuuiiiirreiiiiiinnn 6
Figure 2: a) Modified Dredge; b) Skid dredge; and c) typgwanx queen scallop trawl net......... 8

Figure 3: Plastic nephrops creels employed to house and deployAdteeas rubensand Echinus
esculentusamples used iN EXPeriMENT 2. .......ooouiiiiiiiiii e 14

Figure 4: a) Individuals of the target spedfesopercularisand bycatch spcies caught by the three
different gears per hectare swept. b) biomass (kg) of the target spe@esrcularisand by
catch species caught by the three different gears per hectare swept c) RaticatdfhbipA.

(o] o= (ol U] = S o= (o] 1P 20

Figure 5: (a) Cunulative percentage of taxa identified plotted against the cumulative number of
bycatch individuals processed for bycatch caught during sampled.tows....................... 22

Figure 6: (a) Cluster analysis and (b) multidimensional scaling (MDS) of the bycatch in samples

(standadised data) taken with the Modified Dredge...........coovvvviiiiiiiecerieeeie e 23
Figure7: Box plots of the length oAsterias rubenglongest arm length, cm) sampled post sorting
from the discards Of @aCh VESSEL........cooiiiiiiii e 30

Figure8: Mean length (and standard-@ bars) ofAsterias rubenacross damage levels........... 30



Index of Tables
Table 1: Specifications of fishing gear used in the present study............cccoeviiieeniniiiiiineeennnn. 4

Table 2: Damage scores for selected echinodeetased as bycatch during surveys of commercial
queen scallop fiIShING GrOUNGS.........ooiiiiiiii e 13

Table 3: Summary of statistics for damage and mortality data for each study and species..16

Table 4. ManAWhitney U PairWise Comparisons ofAequipecten operculariand bycatch
=1 01U Lo £ g o = PPN 19

Table 5: Mean catch per unit effort (CPUE) and percentage occurrence (oc.) of the species discarded
iIN MOre than 10% Of @ll TOWS........uuiiiiii e e e e e e e e e eeanan 21

Table 6: ANOSIM pakwise comparisons dfycatch species COmpOSItions..............ooeeeevvvennne. 24

Table 7: Summary of results of SIMPER analysis showing the average similarity and percentage
contribution of species to the similarity matrix of bycatch within each vessel. Only the species
that contributed to 80% of tleverall similarity for each gear are shown......................... 24

Table 8: Results of the analysis used to predict a) the proportion of damage individuals in each
damage score and b) the proportion of dead individuals at ten daysstenas rubensand
ECNINUS ESCUIBNTUS......uiii ettt e e e e eaanes 26

Table 9: a) Individuals assigned to each damage category (DL1 to DL4) expressed as % of total
individuals scored across the towsiepresents the number of tows sampled b) Mortality at 10
days expressed as a percentage of dead individuals in eade.samp.............ccceeveeeennnn. 27

Table 10 Mean generalised linear model estimates of measured parameters. a) Mean estimates of
proportions of individuals assigned to each damage level (DL) category across Vessel and
Sorting (presorting and possorting) factors. b) Mean estimat®f the proportions of dead
individuals across Vessel and Damage Level (BCJors. .......ccoooviiiiiiiiiiiiicee e, 28

Table 1. Sensitivity scales foAsterias rubenandEchinus esculentus...............cccceeeevvviiieeens 29

Table 12 Results of Patwise ManaWhitney U-tests performed to compare the lengthé\sterias
rubens(longest arm length, cm) across damage levels...........ccoooeviiieeerii e, 31

Vi



Index of Appendices

Appendix 1: Model checking plots used to assess the Generalised Linear Models fitted to the
Damage andlortality data sets in order to predict damage and mortality levels............44

Appendix 2: Results of-kests and ChEquare tests performed during the Generalized Linear Model
10 gL T o] ool =X 3PP PUP PP 54

vii



1. Introduction

Fisheries scidmsts have traditionally been concerned with the effects of overfishing
on target species populations, in particular their loss of productivity and potential extinction
(Worm et al. 2009; Gofi 1998; Dayton et al. 199%jowe\er, until recently little
consideration had been given to the wider implications of fishing activities on other (non
target) species and marine ecosystems. Increasing recognition in fisheries science of the
undesirable effects that fishing target spedi@s on other living components of marine
ecosystems has gained momentumrecent yeargGoii 1998) Consequently, there is a
growing body of knowledge on the effects that fishing has on a wider range of ecosystem
components as well as on the impacts that fishing operations themselves have on marine
habtats (Jennings & Kaiser 1998)Studies of fishing impacts on benthic ecosystems have
become a major focus of scientific reseafClollie et al. 2000; Hall 1996)in particular the
effects of trawling and dredging on the sea bed and benthic communiteesesegnised early
on and have receidethe most attentio(Goii 1998) Trawling and dredging are known to
affect benthic communies and the sea bottom, mostly by increasing mortality of target and

norttarget species and altering the abietiwironmentiGarda et al. 2006)

As fisheries managers become increasingly aware that target populations cannot be
dissociated from their ecosystem, the idea that the ecosystem as a whole should be considered
as a management unit has gained stfremg recent yearg¢Kaiser et al. 2006; Pikitch et al.

2004; Jenningand Kaiserl998) The current drive towards an ecosystem approach to fisheries
management requires an understanding of the wider ecosystem effects of fishing activities with

a view to minimising them and to restoring habitats where possible.

1.1 Bycatch damage and mortality

A patrticular class of impacthat has received increasing attention during the last
decade is the (often unaccounted) indiscriminate capture ofanget orgarims, typically
referred t ¢Daves et &l.R2908; a0t 1OA8The role of bycatch in degrading
marine ecosystems has made it one of the most significant nature conservation issues of the
world today(Davies 2009) Despite increasing public concern and growingrditure in the
field, a consistent understanding of bycatch is lacking due to issues in its definition,
measurement anguantification (reviewed bpavieset al. 2009) Bycatch can sometimes be
retained and sold, however it may also be unusablewwanted for a variety of regulatory or
economic reasons, and is subsequently thrown back to sea, often either dayiagedt, dead
(Davies et al2009. In order to understand the effect that fishing and bycatch can have on

marine ecosystems it is important to understand how bycatch organisms are affected by the



fishing processnamely their mortality prior to and after discarding, and the parameters most
affecting damage and mortality.

This is a particular concern of the Isle of Man queen scallop fishery given their
recent attainment of Marine Stewardship Council (MSC) ceatibo for the trawled queen
scallop fisheries. Certification requires the exploitation of fisheries resources to be undertaken
with adequate knowledge of the ecosystem effects of the fishing activities, which consequently
have to be as closely monitoredpsssible. One component of this research which has so far
lacked specificattention is the detailed quantification of bycatch and bycatch mortality
associated with the different trawl and dredge gears used by the fi{Ehergan 2009)Such
information is necessary to maintain MSC certification for the trawl fishery but also to achieve
a potentialfuture certification of the dredgeomponent of the fisery. Most importantly, it
allows a preliminary comparison of the environmental effects of different gear types with a
view to making informed management decisions with mie¢¢ga the technology to be used and
hence the mitigation of adrse environmental effects.

Studies of bycatch damage and mortality collectively shmnfluence of a range
of species, habitat and fishery specific fact@isheryspecific factors may include the type of
gear, habitat exploited, the number and voluhstones retained in the dredge / net, exposure
to air and tow time (i.e. time spent in the dredge/cod @dl)et al. 1996; Kaiser & Spencer
1995) Changes in these factors will affect different species to differing extientgldition,
there is a variation in sensitivity to fishing acrose@es (see e.g. review by Alverson et al
1994) and in general largesized organisms with a slow growth rate and higher and size at
maturity are the most sensitive to fishing activiii€seenstreet & Ragrs 2000) Survival rates
for fishes tend to be low, in particular for those fish whose swim bladders expand and trap
them at the surface such as cod, whiting and rock(@srciaet al. 2006; van Santbrink &
Bergman 2000; Alversoet al.1994; Evans et al. 1994In general, invertebrates have higher
survival rates than fish, although overall vulnerabilities vary among spd@&a. protected
with shelk or exoskeletons, or that can regenerate missing limbs, such as semtistophave
higher survival rates, whereas loeliged, slow growing epifaunal species often have a more
fragile body structure and are especially sensitive to contact with fisieag (sponges,
bryozoans and other sessile organisii@arciaet al. 2006; Jenkins et al. 2001; Kaisé&r
Spencerl995) Starfish have been found to be fairly resistant to dangg&awling in a
number of studiefRamsay et al. 2000; Kais& Spencerl995) althoughfishing mortality of
echinoderms has been shown to be high in other st(@iespar et al. 20010verall, high
survival rates of éhinoderms have been observed in ostadies(Bergmann & Moore 2001;

Jenkinset al. 2001) suggesting the relative robustness of this taxon to fishing disturbance.
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Leitdo et al (2009) observed higher mortalities of bycatch from dredging in bivalves, sea
urchins and crabs than all other taxa, and Gaspar @08I1) noted that thin shelled bivalves
such asPharus legumerand Ensis ensisvere the most sensitive species. Consistency in
mortality data can sometimes be@ncerndisparate results observed fbe same species are
likely to be indicators that species mortality is also driven by a range of factors other than
biological Aspecieso factors.

The observations above indicate that better quantitative information would be
needed with regard to lorigrmmortality if more accurate estimations are to be obtained with
regard to the fate of discards at sea. In addition, most delayed mortality studies have involved
the use of research vessels rather than commercial fishing vessels detéfomination of
mortality in the laboratory (tanks). Such studies are unlikelge@ntirely realistic as they will
not be able to recreateommercial fishing practices ahe conditions and multitude of
challenges faced by discards at §eavis & Ryer 2003; Veale et al. 2001; KaisgrSpencer
1995) Studies which attempt to estimate discard mortality can make assumptions with the aim
of providing approximate estimates of discard mortality based on thé déveublethal
damage incurrede.g. the assumption of 100% mortality in damaged animals, or of 100%
survivability in seemingly undamaged ones. Existing studies have however indicated such
assumptions to be imprecise, in particular when attempting to explain processes involving
several speess of differing sensitivities to the fishing proc€Bsanovi et al. 2001)Damaged
animalsthat are discarded and eventually sittkthe sea bed have increased vulnerability to
stressors such as predation or disease. However, not all animals are equally sensitive to the
effects of towing and sortinflsreenstree& Rogers2000; Alversoret al. 1994) Therefore, if
a realistic estimate of the vulnerability of the species ughgnard is to be obtained, it is
necessary to evaluate both the extent of damage upon discard as well as delayed mortality in

relation to different levels of sulethal injury(Pranoviet al.2001; Ramsay et al. 2001)

Increasing awareness of the impacts of bycatolntality on ecosystems has |éd
the implementation of a numbef technological or management solutions, such as area
restrictions, minimum mesh sizes, or bycatch reduction mechar{iseitsio et al. 2009)
Modifications have been introduced to fishing gear design in order to enhance selectivity
and/or decrease the abundance of disodeitio et al.2009; Valdemarsen & Suuronen 2003)
The Isle of Man queen scalldshery uses both trawl and dredgeagerecent management
introductions irthis fishery have included the imposition oparmanent ban on tooth dredges.
In addition, a partial baan toothless dredges also in place and consistsapermanent ban
from certain areas of the seabed, as aglh temporary ban from all areas within the 12 mile

nautical limit in June, July and Augu@¥loody Marine Ltd undated)Two toothless dredge
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types are thus currently used to catch queen scallops in the Isle of Man: the skid dredge and the
recently developed gate gear. A summary description of each dredge type is provided in Table
1 and a more extensive description is available ooty Marine Ltd(undated)

Direct comparisons of the environmental effects of different fishing geatsgirky
relevant in the context of a fishesych as the Isle of Man queen scallop fishe#tyich utilises
several gear types to targhe samespecies. Howevesuch studies aneot frequently reported
in the literature Furthermore, these studies are likgly to bedirectly useful in the context of
the management of the specific fishery, as impacts differ considerably at the fishery level in
accordance with morésheryspecificinformation such as gear configurations, habitat types
and fishing practice (Hinz et al. in revision) More locally specific understanding of the
impact of different fishing gears on both target and-tavget species and habitats is therefore
a prerequisite of an ecosystem based approach to fisheries management. Such knowledge is
necessary to compare the environmental impacts of different fishing gears against target
species catch and identify the mosvieonmentally friendly way to achieve an econorica
viable fishery(Hinz et al in revision). It is also a requirement for certification by the Marine
Stewardship Council (MSC), an environmental ifiedtion standard which the queen scallop
fishery currently seeks to obtain but has only partly succeed in doimyecent independent
assessment (20a0810) of the fishery against MSC Principles andteCia (Moody Marine
Ltd undatedyesulted in the trawl fishery being granted MSC certification, however the dredge
fishery failed the assess msgmanagemértwas coasideredw e a k
to be a lack of understanding of the extent and consequences of the effect of trawls and dredges
on marine habitats, including a lack of quantitative knowledge on bycatch species affected by

the fishery

In addition,previouscomparisons of damader different types of fishingjear (e.g.
Veale et al200]) tended to focus othe effects of the towed gear and the additional damage
from the catch sorting process is often left unmeasured. It is expected that the dianegt
and sortinggears used in the fishewyill differently affectthe amount and composition of
bycatch,as well as the damage level inflicted upon bycatch individdalsaddition, it is
expectedhat the mortality of individualsipon discardwill increase with an increase in the

level of damage inflicted upon an individual.



1.2 Aims of the study

In this stug three Isle of Man queen scallop fishing vessels (using a Skid Dredge,
Modified Dredge and Otter Trawl net, as well as a range of differedeok sorting practices
T refertoTable) wundertook fAnormal o fishing ahetivit

study attempted to investigate:

1 Any differences in bycatch quantity and composition across the three fishing
gear types; it was hypothesised that bycatch composition and bycatch rates
would differ across gearsiven current knowledge it was hypothesi that
bycatch rates would bequivalent orlower in the otter trawl than the
modified dredge(Hinz in revision) however no par knowledge existed
regarding the skid dredge;

1 Any differences in the level of damage exerted upon bycatch across the three
vessels; more specifically, it was hypothesised that there would be
differences in damage level in (i) the hauled bycatch-gpréng) across
different fishing gears and (ii) the bycatch after it has undergone sorting as
compared to the catch prior to commencement of catch sorting activities; the
study aimed to quantify the additional damage incurred to bycatch as a result

of sortingprocesses;

1 Any differences in the longerm (> 6 days) mortality of damaged bycatch
across damage levels; it was hypothesised that mortality would be
significantly different across damage levels and would increase with an

increase in damage.



2. Materials and Methods

Three experiments were carried out to investigate the nature and fate of bycatch
species routinely caught and discarded during commercial trawling and dredging for queen
scallops in Isle of Man fishing groundBhe bycatch was sampled opporttically from three
commercialqueen scallodishing vesselsundertaking normal fishing activitiga the Isle of
Man fishing grounds located SE of Douglas (Figure 1) betidBdune an®6™ July 2011.

The fishing vessels used this studyincluded Marine Fisheries Vessel (MFV)
Maureen Patriciaofter rawler - OT), MFV Q-Varl (skid dredge- SD) and MFV King
Challenger (modified toothless dredg®iD). Both MFV Maureen Patricia and-Qarl belong
to the Isle of Man commercial fishing fleet, whilst MFVrigi Challenger is a Scottish vessel
equippedwith a modified dredge designdar specificationsfaach vessel detailed Table 1
and illustrated inFigure 3. Given that the aim of the experiment was a comparison of the
impacts of different fishinggearsand commercialpractices, no attempt was made to modify
t he s O

vessel n o r(chaide offgrosnds, togy tinre,0ospded aneldack

practices).Tow variables including position (tow start and tow eadd tow duration were

recorded.
500w 4400w £200W
- Y )
, | .
A 74 N : |
¥ %3
o .
% i ta ) )
SAWINY | &
y v Ca .l. A
“
v -
v
B " v .
w o AR A
e "
Al
!‘ LN A
\J
’ K
m / '. -" % . . A
.
Vessel
i ol A MD
)
54°00"NA w'ﬂ P r —t 1 v orT
M S v ma ma e vow e 1
¢ 40000 Neters 12200 Meters « SD
500W £400W 4200W
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Table 1: Specifications of fishing gear used in the presentugly

Vessel No. of Gear Dimensions Fishing Process
dredges/
nets
Otter Trawl 1 x net 1 x net; mesh size: 85mn Fishing Gear. net; Sorting Gear: Mechanical

Skid Dredge 16 x skid

Modified
Dredge

dregdes

10 X
modified

(At oot dredges.

dredge
fgat e

or

mouth of trawl net: 18m
wide (wing end to wing end)

16 x dredges; dredge widtl
0.76m; length of dredge
(catching bag): 17 belly
rings; width of dredge: 1(
belly rings. Ring interna
diameter: 60mm.

10 x dredges; dredge widtl

2m; length of dredge
(catching bag):1.5m Ring
internal diameter: 60mm
Traditional metal teeth

replaced with a flexible
rubber mat mounted alon
the lower aperture of the ni
to Aflicko s
neti the bow wave produce
by the rubber mat provokes
flare response in scallof
making them more
vulnerable to the moving
basket (Milcolm, F. 2009).

riddle; On-deck sorting processundersized queel
scallopsand smaller bycatch pass through rid
holes into a shoot and discarded at sea; land
queenies and larger bycatctcled up at riddle er
by hand and disposed of to a bucket. Byce
picked up at riddle end and disposed of to a buc
to be discarded at sea when full or at the enc
each tow.

Fishing Gear: skid dredge, i.e. modified toothe
dredge with each frame mounted on -ldke
runners and the typical toothbar replaced by
tickler chain; Sorting Gear: Gear. Mechanical
shaker;On-deck sorting process smaller bycatch
passes through shaker grids into a shoot an
automatically discarded at sea; larger bycatct
picked up by hand at the end of the shaker and
on deck, to then be sweflty crew into sea ir
between tows (however at irregular intervals).

Fishing Gear: dredge where steel tthbar or
tickler chain is replaced by a flexible rubber lip
flappers. Sorting Gear. Mechanical shakerOn-
deck sorting process smaller bycatch passe
through shaker grids into a shoot and
automaically discarded at sea; larger bycatch
picked up by hand at the end of the shaker
disposed of into a basket, which is discarded at
by the crew in between tows or when full (i.e.
irregular intervals).




Figure 2. a) Modified Dredge; b) Skid dredge; and c) typical Manxqueen scallop trawl net

(Figure 2c reproduced fromDuncan 2009



2.1 Experiment 1Bycatch abundance and composition
2.1.1 Experimental Design an8ampling

This experiment investigatedne fixed treatment factor (Vessel)across three
treatment levelsSkid Dredgeo r SD@ Modified Dredge © MEO  aOttet Trawlo r OTd)in
order to establish the role that differegears and associatdshing practices have in
determining bycatch compositioA0 replicate tows in total were sampled, includibtows
on the OT, 17tows on theéSD and12tows on theVD.

Given the large commercial catches,subsample of the catch was taken upon
hauling 86.9kg + 1.6 meansubbsampleweight). Subsamples were measured for total weight,
target species (queen scallofpequipecten opercularig weight, bycatch weight and
stones/pebbles weighthe number ofA.opercularisin the subsample was counte@ycatch
was identified to the lowest possible level of taxonomic resolution and coutexhptured
taxa were identified to speciésvel, except a few species that were grouped by genus or class
owing to limitations such as the difficulty of rapid field identification, high damage levels

resulting from fishing, or the presence of epibionts on crustacean shells.

2.1.2 Data Analysis

This expeiment aimed to determine whether the mean biomass and abundance of
bycatch subsampled differed across vessels. Secondly, the alsodgimed to determine
whether the overall assemblage structure (i.e. species composition and the relative abundance

of eath species) differed across vessels.

In order to address the first question a anate approach was taken by using aone
factor analysis of variance (ANOVA) to compare the mean number of individuals and
biomasses between vessdlstal standardiseébundaceN (n ha') and biomas® (kg hal)

werecalculated andtandardised bgrea swepés:

Whereniangea = the number of queenies landed agg ardeq= the number of queenies

discardedThenumber of queeniesihded was calculated as:

£ ——, where®d ——



wherel = number of landed bagsi, = weight of one bag (assumed to be 40fdg
all vesseldrom limited field measurements: average weighte bag in the Shvas 41.5 kg
(n=3) and in the OT 39 kg (n=3), no measurements were taken in thewjB)weight of one
gueen scallop (taken as 5% Irom field estimates: 55.17 g £ 1.07, n=2%%, area towed (ha),
s= tow speed (mY, t = tow time (secondsy = gear vidth (m). The number of queen scallops
discarded per hectare was assumed as 140, 245 and 280 for,tB® @hd MD respectively
(refer to Nall 2011 for the methodology used to estimate the number of queen scallops
discardedl

Tow time was measureah board vesseland tow start and end location recorded
from t he v e sBwdlisadce GBIEGnotba detived simply from the recorded tow
start and end locations, as commercial vessels do not follow a straight line or predictable path
as they tow(Lambert et alin pres$. It was thus calculated &lse product of tow speed and tow

time as included in the equation above

An estimate of tow speed for the Mibas obtained from the skipper for each tow
whilst on board vessel and the data obtained were used in the above calculatiesp€biie
estimates of speed could not be obtained from the SD arfdrQiBe in the calculation of tow
distance however estimates of overall mean speed were obtained from gperskinamely
3.5 kn and 2.2 kror the SD and OT respectively. These were validated by erbesking
with averagevVessel Monitoring SystenvMMS)dat a for SD and OT avai l
Manx fleet data sefbr 20132011, in which average speeds for tteawl and skid dredge fleet
were respectively: 1.4 k# 0.4 SD, and 1.2 knt 0.4 SD. Vessel speeds for the OT and SD
were thus assumed as 1.122'mamd 1.785 mi&in subsequent calculations. Homogeneity of
variance was checked ubenthig assummmionwaswmetmetéen Te s
parametric equivalents (Krusk@allis followed by paiwise ManAWhitney U tests) were

used.

In order to address the second questithe multivariate approach of nametric
multidimensional sdang (MDS) was used to emine similarities in bycatch assemblage
structure across vesseBycatch compositiondata were standardised by total in order to
account for unequal sample sizes and a unit of sampling (rofitigatly and weighed baskets)
which could not be tightly contiied (Clarke & Warwick 2001) The community data set was
clustered using a Bray Curtis index of similarity on square root transfb data. This was
followed by multidimensional scaling (MDS) performed on the resulting similarity matrix in

order to identify any resemblance patterns among the samples. MDS is an appropriate
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technique for ecological data, which often have numerousegefabsence of taxon in a
sample)Scrosat& Heaven 2008; Clarke 2001)

Species which contribute to similarity between vessels (species most responsible for
observed patterns) were identified through an analysis of the percentage contribution to
similarity (SIMPER) made by each taxon within tlenples taken at each vessel. The more
abundant a species is within a group, the more it contributiesréegroup similarity(Scrosti
2008)and it will typify that group if its abundance is constant tigioout(Clarke & Warwick
2001)

Differences in communt composition betweernvesselswere tested using an
analysis of similarities (ANOSIM). The null hypothesis for the ANOSIM is that there are no
significant differences between the differemaisselswith respect to community composition.

The analysis involvedenerating 9999 random permutations of the data in order to calculate

the probability that observed differences in the structure of the bycatch assemblages could arise
by chance(Tonks et al. 2008)T he ANOSI M t est statistic (fAg
measure of the degree of separation between groups: R = 1 means that all replicates within
groups are more similar to each otheairt to replicates from different groups. R=0 means that
there is little or no segregationto groups(Scrosati& Heaven2008) The threshold for

acceptance of a significant difference in a pé@se comparison was set at P = 0.05.

Multivariate analysis of community composition used the PRIM@E®R/mouth

Routines in Multivariate Ecologic&esearchgcological statistical software gage \6.

2.2 Estimation of totabycatchin the Manxqueen scallopishery

In order to obtain a figure of relative discards from the dredge anddtamkents of
the queen scallofishery, estimates of discard biomass per unit weight of landings (weight of
discards (tonnes) per weight of landings (tonnes) were calculated. This figure was considered
the most appropriate as compared to an annual biomass estimate, which experiences
considerable fluctuation year on ygdiurray & Kaiser 2011) In addition, few Isle of Man
gueenie vesels dredge for queen scallops; therefore due to commercial sensithatiesvas
the concerrto avoid includng any figures which would provide an indication of individual

vesselandings and fishing effort data (Murrayers.comn?).

2 Murray, L. (2011)Discussion on data confidentialitgd" September 2011.
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The average biomass discardgonnes)per unit weight (100 tonnes) of landings

was calculated as:

Whereb; = the estimated total bycatch weight in samp(&g), a = the estimated
total landed queenie weight in sampl&g) andn = the total number of tows sampled.

2.3 Experiment 2: Bycatch Damagad MortalityAssessment
2.3.1 Experimental Desig and Sampling

Bycatch Damage

The aims of the bycatch damage assessment were to examine variation in the
damage caused by the queen scallop fishery across different fishing gearsdauo# sarting
processes. The assessment therefore investigated twmergafactors: across Vessel with
treatment levels OT, MD and SD and across Sorting with treatment levels PRE and POST

defined as:

1 PREO - damagelevels of bycatch following towing and landing of net
contents ordeck, but prior tan-deckcatctsorting acwities; ard

1 A P O SiTdamage levels of bycatch following -aleck sorting and prior to
discarding

The response variables were the proportions of undamaged, (jtit)y damaged
(DL2), severelydamaged (DL3and crushed/dead (DL4) individuals in each ik tow.

A pilot study carried out in May 2011 (on board RV Prince Madog) assessed
damage rates in all bycatch species sampled during trawling and dredging activities at several
gueen scallop fishing grounds across the Isle of Mis initial exercisendicated that whilst
on board fishing vessels an assessment of damage across all species would be unfeasible given
the restraints of working on fishing vessels and the time required to process the samples. The
damage study wadhéreforerestricted to twospecies of the same taxdEchinodermata),
regularly encounteredcross Isle of Man scallop fishing grounds throughout the pilot study.

These irluded the echinoderndssterias rubensindEchinus esculentus

Samples offi p-s e r t bhyaatghowere obtaineffom the subsampled catchsge
Experiment 1) A.rubens and E.esculentusindividuals present in the subample were

subjectively assessddr damage using ur point scaleadaptedo each taxonomic group (as
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per Veale et al 20017 Table 3. Postsort i ngdo bycatch was <col
v e s s e-tledkssortog process arabsessed for damage using the same four point scale
detailed inTable 2 In addition, subsamples of postorting damagassessed individuailgere

taken and the size of each individual determined to the nearest mm (length of the longest arm).

Table 2: Damage scores for selected echinoderms retained as bycatch during surveys of commercial queen

scallop fishing grounds (reproducedrom Veale et al 2001)

Damage Level DL1 DL2 DL3 DL4

Common Starfish No visible damage Arms missing Worn and ams Major disc

Asterias rubens missing/minor disc damage/dead
damage

Edible Urchin No visible damage <50% spine loss >50% spine loss/minor  Crushed / dead

Echinus cracks

esculentus

Bycatch mortality

A long-term (10 days) study of pefishing mortality was undertakem iorder to
accuately determineA.rubens and E.esculentusmortality on discard.This experiment
investigated two treatment factors in order to quantify their effect on surwiedsel
(treatment levelsSD and OT) and the degree of damage forubensand E.esculentus
(treatment level®L1, DL2 and DL3).Samples oE.esculentusand A.rubenswere collected
from vessels SD and OT at the end of the sorting process and prior to discardingzackea.
sample was composed of individuals from one species randolabtes within the same tow.
Samples werestored in perforated plastic bags in tanks with running sea water and
subsequentltransferred to nephrops creels (one sample per creel) modified to prevent the
entry of lage epibenthic predato(igure 3. The ceels were deployed at approximat2/m
depthin Douglas Baywith a 2m distance between each cresfd hauled after 10 ten days.
Upon hauling the number of live arais in each creel was countebhdividuals were
considered alive using the followingiteria: A.rubens movement of tube feeE.esculentus
movement of spines and tube feBince discards often ma&in on deck exposed to air for-40
60 minuteson board thesD and OT, the selected test animals were exposed to air f&g040

minutes before dépyment at sea.
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Figure 3: Plastic nephrops creels employed to housaend deploy at seaAsterias rubens and Echinus
esculentussamples used in Experiment 2. Creels measured ¢a6 x 43 x 33cm and were modified using

plastic shees or mesh to prevent theentrance of large epibenthic predators.

Intact A.rubensand E.esculentusvere eithercaptured in nephrops creels baited with
saithe and deployed in Douglas Bay or captured by divers in Port Erin Bay and used as
controls for the effects of trawling and -dieck damageDuring transferinto creels, i
exposure of the control animals was minimised maintained approximately equal ttat
experienced by the catch samplgmn transfer and hauling45 min). Control animals were
deployed at sea in Douglas Bayd hauled after 10 days for mortality assessment. It was
difficult to obtain control animals by either baiting or using divers, and twadysamples of
A.rubeng(n=5 and n=4) and five samplesBiesculentugn=10, n=9, n=2, n=4 and n=4) were

deployed asea (one sample per creel).

2.3.2 Data Analysis

The statistical analysis of the significance of treatment factors and their interactions
on damage levelwas carried out for each species using generalised linear modeMs)G
GLMs are being increasingly aguted as the most appropriate tool for analysing data with a
nortnormal error distribution and nesonstant variance such as proportional d8tlker et
al. 2009; Crawley 2007)The GLMs were fitted usinghe figim()o function within statistical
s of t wa (ReDevel®ment Core Team 2011)he binomial distribution family was
selected as the most appropriate for proportional (@&tawley 2007) The link function for
each model was the canonical function for the binomial distribution family (i.e. logit link

function).
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The general equation used to preidthe proportion of damaged or dead individuals
across factors for each species was:

9 "1
%9 A T and OAD 1T A p A
ITQEOIT— 19 1@ 8 1@

WhereY;i s t he response variable defined
out of n; individuals (e.g. omber of dead animals in a samplenpindividuals) and’; is the
probability of t he r e fpdenotesethe etiection thé &gt @fn
classification in categoryof variablex (Zuur et al. 2009; Crawleyd®7; Agresti 2002)The
response variables weria turn, the proportions of (out of the total sample)

1 Damage level (DL) A.rubens
M DL 2 Arubens

1 DL 3 Arubens

1 DL 4 Arubens

1 DL 2 E.esculentus

1 DL 3 E.esculentus

1 DL4 E.esculentus

1 DeadA.rubens

1 DeadE.esculatus

It should be noted that DLE.esculentuss a response variable were not considered

due to the difficulty in obtaining undamaged specimens from the sampled catch.

Table 3presents the summary of statistics for the data used to fit the modelsHor eac
species and the notation used for each variable in the present €parol animals were not

included in the models due to the very low sample size.
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Table 3: Summary of statistics for damage and mortality data for eachstudy and species. The table ges
the number of replicates (tows)(n) within each level of the categorical explanatory variables: reference
level for each categorical variable in the generalised linear models.

Asterias rubens Echinus esculentus
Damage Assessment
Sorting PRE POST PRE POST
Vessel
Otter Trawl (OT) 15 23 15 23
Skid Dredge (SD) 17 18 16 17
Modified Dredge (MD) 12 18 12 16
Mortality Assessment
Damage Level (DL) DL1 DL2 DL3 DL2 DL3
Vessel
oT 7 7 5 7 7
SD 7 7 11 7 7

A minimal adequate GLM was fitted to the data sk&isorder to achieve thishée
model fitting process followed best practioe GLMs involving proportional datproposed by
Crawley (2007) A maximal mode}l i.e. all factors and interactions between facfionsas
initially fitted. Residual deviance was then checked and in case of overdispersam(ten
the ratioresidual deviance / residual degrees of freedom >1) the model was refitted with a
guasibinomial error family. Model simplificatiomvolved stepwise regression frorthe
saturatednodel including all explanatory variables and possibleramtéonsthrough a series
of deletion tests until a minimal adequate model was reached. Deletion tests involved the
renoval of a term from the modelif$tly interaction terms, and then single terms) and
performance of & or Ftest (for binomial and quasinomial malels respectively Crawley
2007 using theR functionfianova(p to assesthe significance of the increase in deviance that
results (significance threshold taken as p<0.08js functionperformsa 2 test or an Rest to
compare models fitted with a binomial or qubasiomial model respectivelfCrawley 2007)
If a deletion caused an insignificant increase in deviance, the term deleted was left out of the
model. Deletion tets were undertaken until the model contdinething but significant terms.
It is important to note that this was not always possiblea &ngle term, even if non
significant, could not be removed if an interaction in which it is contained was sighiindn
thus retained in the modeédor each species and response variable, the fit of the final (minimal
adequate) model was assessed visually by plotting Pearson residuals against the predicted

valuesandQuantileQuantile plot§Ochwada et al. 2008)
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The regression coefficients generated are expressed in logits (pfp/{Therefore,
back transformation from a logik)(to a propetion p was undertaken as followE€rawley
2007)

This calculation was aut Craney(2007)pi580. R usi n

It was assumed thatll animals assessed &84.4 (crushed / dead) would die on
discad. In addition,as the mortality of DLE.esculentusvas not assessed in this experiment,
it was assumed that all undamaged (DEI§sculentusvould survive. This is likely to lead to
an underestimation of mortality and results should thus be inter@etethimum estimates of
discard mortality.The proportion of animals expected to die was calculated as fo(kives
Veale et al. 2001

00i pi DOBADBEA_ "

wherea = the proportion of damage leviepredicted to die at 10 days using GLM),
n = the number of sconein damageassessed stdample, andN = total numbe of all scores

in damageassessed stgample.

2.3.3 Relationship between Asterias rubens size and damage

Differences in the length oA.rubens across vessels and damage levels were
determined using oneay ANOVA followed by poshoc Fi sher 6s ficanst o f
Difference (LSD). Norparametric KruskalWallis and poshoc pairwise ManAWhitney U
tests were used whenever the condition of h
test).

2.3.4 Relationship between damage in Asterias rubens and Echinus essutettia
proportion of stones in the catch

Differences in the proportion of stones across vessels were determined/asing
Whitney U test as arcsine transformed proportional data did not meet the assumption of
homogeneous Vvar i aRelatenshipsLbetwesm thedpsopottien 0t undamaged
individuals and that of stones in the dredges were tested yparametric correlation

(Spearmands Rank) .
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3. Results
3.1 BycatchAbundance an@omposition

Catch was sampled froa¥ sites in total including 12 siteswith the MD (average
tow time 31.5 minutes),7 sites with theSD (averae tow time 44.8 minutes) aid sites with
the OT (average tow tim&3.2 minutes)The total 0f126.3kg of bycatch processed frotine
catchsamples consisted 8#92individuals from70 taxa(excluding queeniespbundances of
Aequipecten operculariéumber ha) differed significantly across vessels (Kruskdllis 62
= 29.670 d.f. = 2 K 0.00). Posthoc analysis (ManfwVhitney U pairwise test$ Table 9
showed tha#.opercularisabundances were significantly higher for the MD than the other two
vessels, and lowest for the OT. Bycatch abundance was also sighyficayter for the MD
and lowest for the OT (KruskaVallis ¢ = 19.703 d.f. 2 < 0.001 Figure 4a). The total
average weight of discards per 100 tonnes of landings was estimated at 5.4 tonnes + 0.8 for the
MD, 24.6 tonnes * 3.1 for the SD and 11.8 tonaés7. Table 5summarises theaxawhich
were discarded in more thah0% of the sampled hauls. A speciesmulative catch curve
shows however that the number of samples collected is unlikely to be representative of the

majority of taxa from the fishing gumds sample¢Figure 5)

The OT caught a greater number of taxa (44 taxa) than the SD or MD (40 and 37
taxa respectively Table 5shows the percentage mean abundance and percentage occurrence
of bycatch species encountered in more th@fo of all tows. The dredges caught more
invertebrate species, in particular of the phylum Arthropoda, which is poorly represented in the
OT. Arthropod abundances were overall higher in the dredges than in the trawl. Echinoderm
abundances were also higher in the dredgesfish abundanceA§teriasrubens Crossaster
papposus Henricia oculata however notPorania pulvillug was generally higher in the
dredges than in the trawl; abundances of sea uietiinus esculentusvas highest in the
trawl, andSpatangus purpureuscurred in a higher proportion of trawl samples, but at a very
low abundance. Mollusc abundance was highest in the modified dredge and lowest in the trawl.

Percentage occurrence of fish was highest in the trawler.
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Table 4: Mann-Whitney U Pair-Wise Comparisons of Aequipectenopercularis and bycatch abundances.
MD: Modified Dredge (n=12); OT: Otter Trawl (n=15); SD: Skid Dredge (n=17)

U w P

Abundance ofA.opercularis(No. individuals ha-1)

OT,SD 0.0 66.0 0.000
OT,MD 0.0 66.0 0.000
SD,MD 24.0 177.0 0.000
Bycatch abundance (No. individualdha-1)

OT,SD 18.0 84.0 0.000
OT,MD 8.0 74.0 0.000
SD,MD 48.0 201.0 0.017

The MD removed the largest biomass per hectare (578.0%# ®4.1) as compared
to the SD and OT (331.1 kg ha 35.3 and 116.6 kdna' + 5.6 respectivelyFigure 4).
However, approximately 95% of the MD catch was estimated to be the target species, a higher
proportion than for the other two vessels (80.7% and 91.0% for the SD and OT respectively)
and suggests that the MD may be canapively more efficient at catching the target species.
The proportion of queenies out of the total catch abundancejrmizs also highest for the
MD (87.3%) as compared to the SD (85.5%) and OT (85.3%). The relationship between target
catch and bycalc is summarised by a plot of bycatch to target catch rdiigufe £).
Abundances ofA.opercularis (number h#) differed signifcantly across vessels (Kruskal
Wa | I?F 89.670, d.f., = 2, P < 0.001). Pdsic analysis (ManiwWhitney U pairwise testis
Table 4§ showed tha.opercularisabundances were significantly higher for the MD than the
other two vessels, and lowest for #B&. Bycatch abundance was also significantly higher for
the MD and lowest for the OT (Krusk&Vallis = 19.703, d.f. 2, P < 0.00Ejgure 4). The
total average weight of discards per 100 tonnes of landings was estimated at 5.4 tonnes = 0.8
for the MD, 2.6 tonnes + 3.1 for the SD and 11.8 tonnes + 2.7.
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Figure 4: a) Individuals of the target specieshequipectenopercularisand by-catch species caught by the
three different gears per hectare swept. b) biomass (kg) of the targspedes A. opercularisand by-catch
species caught by the three diffrent gears per hectare swept)cRatio of bycatch to A. operculariscatch.
MD: Modified Dredge; SD: Skid Dredge; OT: Otter Trawl.
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Table 5: Mean catch per unit effort (CPUE) and percentage amurrence (oc.) of the species discarded in
more than 10% of all tows.

MD SD oT
Mean Mean Mean
% oc. CPUE % oc. CPUE % oc. CPUE

Species (n=12) (nha) SE (n=17) (nha) SE (n=15) (nha') SE
Anthozoa
Alcyonium digitatum 50.0 103.0 38.9 81.8 64.2 24.2
Ascidiacea
Ascidiacea 75.0 44.2 175 100.0 16.0 2.1
Arthropoda
Hyas sp 294 7.6 4.0
Inachus sp 250 91 4.9 35.3 9.7 3.8
Pagurus prideauxi 41.7 119 4.9 47.1 7.6 2.3
Pagurus sp 75.0 64.0 20.6 100.0 64.5 18.7 90.9 111 2.8
Echinodermata
Asterias rubens 100.0 1924 769 100.0 1446 19.8 90.9 20.5 6.4
Crossaster papposus 100.0 62.2 235 824 44.1 8.9 100.0 36.1 7.6
Henricia oculata 58.3 58.2 21.8 64.7 38.0 12.0 100.0 255 5.4
Porania pulvillus 36.4 1.6 0.7
Echinus esculentus 66.7 25.4 6.6 94.1 37.5 7.6 100.0 88.3 15.4
Psammechinus miliaris 91.7 2739 498 824 125.0 31.2 63.6 3.6 1.2
Spatangus purpureus 27.3 0.9 0.5
Ophiura albida 91.7 253.4 111.2 100.0 94.7 15.9
Ophiocomina nigra 45.5 4.3 1.9
Ophiothrix fragilis 83.3 119.0 38.2 76.5 127.2 455 81.8 19.4 4.4
Ophiura ophiura 25.0 122 6.6 41.2 7.1 2.9
Medusozoa
Medusozoa 27.3 15 0.8
Mollusca
Anomia sp. 54.5 2.4 0.7
Clausinella fasciata 50.0 245 9.4
Glycymeris glycymeris 27.3 1.2 0.7
Modiolus modiolus 45.5 6.6 4.1
Pecten maximus 58.3 394 154 70.6 22.8 7.3
Buccinum undatum 83.3 32.0 8.7 76.5 23.3 4.1 45.5 4.1 1.7
Calliostoma 250 111 6.9
Neptunea antiqua 83.3 41.2 122 471 16.9 6.2
Chordata
Red gurnard Aspitrigla
cuculus 45.5 8.3 4.3
Scyliorhinus canicula 36.4 2.1 1.0
Polychaeta
Polychaeta sp. 250 8.7 5.2
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The cluster dendrogram and MDS plot showrFigure 6were generated from the
calculated BrayCurtis similarity matrix(Clarke & Warwick 2001) The cluster dendrogram
(Figure &) revealed a difference in community structure and abundance patterns between the
OT and the two dredges. The first major dichotomy of the dendrogbits the samples into
two distinct groups separating the OT samples from other two groups. The MDS plot illustrates
the similarity between samples in a tdimnensional form where the degree of similarity is
represented by the distance between pdiieaser et al. 1994)It is apparent that the OT
samples cluster in a distinct group. However, although most SD samples clusterridigetbe
was an overlap in similarity between the SD and MD samples. The samples collected with the
SD appear overall to be more tightly clustered than those collected with the MD, suggesting a
lower variation between samples collected with the SD gear.

Significant dissimilarities in bycatch abundance and composiicurredbetween
gears (ANOSIM, R=0.62F < 0.00). Multivariate pairwise ANOSIM tests conducted on the
bycatchdata showed that all pairwise comparisons of vessels showed a statistgrafigast
difference in species composition (Table 6). ANOSIM R statistics suggest that dissimilarities
between the OT and SD were higher than those between OT ar{€@siiRe & Gorley 2006)

The species that most contributéal the similarity in bycatches within eaclesselwere
identified by the SIMPER anadys and are presentedTiable 7.
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Figure 5: Cumulative percentage of taxaidentified plotted against the cumulative number of bycatch
individuals processed for bycatch caught during sampled tows.
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Figure 6. (a) Cluster analysis and (b) multidimensional scaling (MDS) of the bycatch in samples
(standardised data) talen with the Modified Dredge (MD, ‘), Otter Trawl (OT, W) and Skid Dredge
(SD,).
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Table 6: ANOSIM pair -wise comparisons of bycatch species compositions. MD: Modified dredge; OT:
Otter Trawl; SD: Skid dredge.

R Statistic P
MD,OT 0.798 0.001
MD,SD 0.133 0.016
OT,SD 0.856 0.001

Echinoderms were overall the most important taxa contributing to -gntap
similarity. OT catches were primarily characterised by a small number of echinoderm species,
in particular E.esculentusand Crossaster papposusas well the anthozoanAlcyonium
digitatum Similarities within each of the two dredges were mostly due to the relative
abundance of echinoderm species, nam&lsubens Ophiura albida and Psammechinus
miliaris, the latter two species being relatively small args$ likely to be caught in the trawl

net.

Table 7: Summary of results of SIMPER analysisshowing the average similarity and percentage
contribution of species to the similarity matrix of bycatch within each vessel. Only the species that

contributed to 80% of the overall similarity for each gearare shown.

MD SD oT
Average % Average % Average %
similarity Contribution similarity Contribution similarity Contribution
Echinodermata
Asterias rubens 7.39 13.79 11.52 20.39 5.01 8.45
Crossaster papposus 4.31 8.04 4.01 7.11 8.35 14.08
Echinus esculentus 4.74 8.39 13.35 22.5
Henricia oculata 5.91 9.96
Ophiothrix fragilis 5.21 9.73 4.41 7.8
Ophiura albida 7.07 13.19 8.41 14.89
Psammechinus miliaris 9.3 17.35 6.16 1091
Crustacea
Pagurus sp 3.02 5.63 6.5 11.51
Mollusca
Buccinum undatum 2.72 5.08
Neptunea antiqua 2.76 5.14
Pecten maximus
Anthozoa
Alcyonium digitatum 7.41 12.48
Ascidiacea
Ascidiacea 5.81 9.8
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3.2 Predicting damage and mortality with generalised linear models

Final GLM models forA.rubensandE.esculentuslamage scores and mortglrates
are presented iffable 8and include different nubers of variables. Examination of model
residuals exhibited minimalivergence or patterng&\ppendix1).

3.2.1  Damage Assessment

Observed proportions of individuals in eatdmage level are given iTable 9.The
proportons of undamaged (DLBNdslightly damaged (DL2E.esculentusverehigherbefore
sorting. A higher proportion oE.esculentusampled possorting was highly damaged or
crushed/dead (DL3 and DL4A.rubenssampled before sorting exhibit overall higher daen
levels than the individuals sampled following sorting (higher propomibL3 and DL4
individualsand lower proportion of DL1 individuals before sorting). Such an observation goes
against common sense and may be a result of a number of methoddiagiasibns in the
fieldwork, namely: (i)reducedsample size pre-sorting may not have allowed for the full
variability in damage within the samples to be record&dble 3; (i) tows were not
systematically sampled both before and after sorting,heeptesorting tows do not entirely
overlap with possorting tows, therefore the samples do not reflect actual differences between
damage levels before and after sortiigespite such limitations it is notable that the
proportions of undamaged individuadgre consistently highest in the MD and lowest in the

OT for both species andbth before and after sorting.

The resilis of the Ftests performed on the fixed effects added toAebensand
E.esculentusdamage models are shown #ppendix 1. Stepwise deletion and -tésts
performed on the fixed effects and interactions showed that Vessel and Sorting were
significant factors throughout the four damage levels, with the exception of Sorting in the
model fitted to DL4.
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Table 8: Results of the analysis used to predict a) the proportion of damage individuals in each damage

score and b) the proportion of dead individuals at ten days foAsterias rubensand Echinus esculentus

These generalised linear models assumed bi nomi al di stribution. The tabl e
(bO0O) and its standard error (Ss. E.); the partial re
independent variables -®m)n,d arhcitrhe t@rmalehedtiteteeptayar tsh g th 1¢

each categorical variable (P(>|t]))

Vesselp: SORTrre -0.69 (0.47) >0.05 Vesselip: SORTrre 1.51(0.79) >0.05
Vesselp: SORTrre -1.2(0.37) <0.01 Vesselp: SORTpre -2.50(1.18) <0.05

Damage Level 3 n(S.E) P(>s4 Damage Level 3 a(S.E) P(>s9

8a)
Asterias rubengn=103) [Echinus esculentugn=100)
Damage Level 1 n(S.E) P(>s® Damage Level 1 a(S.E) P(>s®
Intercept f 1.24 (0.12) <0.0001 Intercept f -3.79(028) <0.0001
Vesselp f -1.42(0.15) <0.0001 Vesselp f -1.89 (0.46) < 0.0001
Vesselp f -0.98 (0.15) <0.0001 Vesselp f -0.45(0.42) >0.05
SORTpre f -0.84 (0.17) <0.0001 SORTrre f 2.22(0.39) <0.0001
Damagelevel 2 n(S.E) P(>s® Damage Level 2 a(S.E) P(>s®
Intercept f -1.44 (0.11) <0.0001 Intercept f  -0.30(0.12) <0.05
Vesselp f 0.74 (0.15) <0.0001 Vesselp f -1.06 (0.16) < 0.0001
Vesselp f 0.75(0.14) <0.0001 Vesselp f 0.03(0.18) >0.05
SORTeRe f 0.42 (0.29) >0.05 SORTeRe f -0.05(0.75) >0.05

f f

f f

Vesselp: SORTre
Vessely: SORTere

-0.95 (0.57) >0.05 Vesselp: SORTere
-1.55(0.57) <0.01 Vessetp: SORTere

-0.43(0.80) >0.05
0.76 (0.87) >0.05

Intercept f -3.48 (0.23) <0.0001 Intercept f -0.45(0.11) <0.0001
Vesselp f 2.08 (0.25) <0.0001 Vesselp f 0.56 (0.13 < 0.0001
Vesselp f 1.10 (0.27) <0.0001 Vesselp f -0.08 (0.16) >0.05
SORTpre f 1.11 (0.44) <0.05 SORTpre f -0.73(0.78) >0.05

f f

f f

Vesselp :Damage Leve) ;
Vesselp :Damage Leve) »

-18.55 (2329.0) > 0.05
-17.22 (2329.0) >0.05

Damage Level 4 4(S.E) P(>sg [ Damage Level 4 3(S.E) P(>s4
Intercept f -5.25 (0.45) <0.0001 Intercept f -1.63 (0.15) <0.0001
Vesselp f 1.64 (0.49) <0.001 esselip f 0.53(0.17) <0.01
Vesselp f -0.14(0.63) >0.05 esselp f 0.11(0.21) >0.05
8h)
Asterias rubengn=58) Echinus esculentugn=54)
Mortality n(S.E) P(>s49 Mortality a(S.E) P(>s9
Intercept f 3.64 (1.05) <0.01 Intercept f 3.01(0.36) <0.0001
Vesselp f 17.27 (2329.0) >0.05 Vesselp [ -1.49(0.31) <0.0001
Damage Leve), f -2.27 (1.10) <0.05 Damage Leve), f -2.29(0.34) < 0.0001
Damage Level,» f -2.11 (1.11) >0.05

f

f
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Table 9: a) Individuals assigned to each damage category (DL1 to DL4) exgssed as % of total individuals
scored across the towsn represents the number of tows sampled b) Mortality at 10 days expressed as a
percentage of dead individuals in each samplen represents the number of samples (creels) OT: Otter
Trawl; MD: Modified Dredge; SD: Skid Dredge; CL: Control

a)
Asterias rubens Echinus esculentus

Sorting Response OT n SD n MD n oT n SD n MD n
variable

PRE % DL1 41.7 15 55.0 17 64.0 12 3.9 15 7.9 17 235 12
% DL2 28.3 15 32.8 17 27.2 12 52.3 15 7.9 17 41.2 12
% DL3 23.3 15 9.9 17 8.8 12 26.0 15 526 17 235 12
% DL4 6.7 15 2.3 17 0.0 12 17.8 15 31.6 17 11.8 12

POST % DL1 447 23 579 18 77.3 18 0.2 23 2.0 17 235 16
% DL2 33.1 23 33.4 18 19.1 18 204 23 435 17 425 16
% DL3 19.8 23 8.4 18 3.0 18 52.8 23 36.9 17 38.9 16
% DL4 2.4 23 0.2 18 0.6 18 26.6 23 17.6 17 16.6 16

b)

OT n SD n MD n CL n OT n SD n MD N CL n

Response

variable

0,

(/[")El‘;ad 797 7 522 7 NIA NA NA NA NA NA NIA

% Dead

(DL2) 821 7 82.9 7 N/A 65.3 7 338 7

% Dead

(DL3) 974 5 100.0 11 N/A 97.3 7 80.0 7

Control 0.0 2 6.9 0.04 5

The minimal adequate models fitted to the proportions of DL1 to BEke4culentus
are presented ifiable 8.The P values indicate significance whereas the regression coefficients
provide information on the nature of the relationship. For example, in the model fitted to the
proportion of DL1 individuals, the first three coeféints relate to the overall damage rate in
the three vessels. The significant coefficient for S@RTindicates that logfbdds) is
significantly increased by 2.22 pserting relative to postorting. The significant
Vessedp:SORTere interaction in the mdel fitted to the proportion of DLZE.esculentus
indicates that in the SD the logit(odds) is reduced by 2.5Gqmting relative to postorting
(Maindonald & Braun 2003)The model for DL1E.esculentusncorporated both Vessel and
Sorting, but the Vessel*Sorting interaction was not significant and was thus removed from the
model. It seems therefore that in this model the respoasable is affected by Vessel and
Sorting. The significance values for each term in the molkelé § indicate that there are no

differences in the wayhe SD and MD affect logit (odYishowever the difference wa

significant between MP and MI(P < 0.00} . The partial roegli8®s si on
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indicates that logit (odds) is significantly decreased by 1.89 for MP in relation to SD. In the
models forE.esculentu®L2 and DL3 the Vessel*Sorting interaction remained in the model,
indicatingthatsdri ng affects damage differentalnyd ibn di
for both DL2 and DL3 models indicate that sorting in the SD seems to have a stronger effect

on the response variable than on the MP.

In order to illustrate the model resultfie model was used to generat@mage
predictions (Table 10). Predicted values indicate an increase in the proportion of highly
damaged and dead (DL3 and DL4 respectively) individuals following sottingddition, the
proportions of undamaged (DLIndividuals pre-sorting were lowest in th®T suggesting a
highersensitivity of the species to trawling as comparcedredging

Table 10: Mean generalised linear model estimates of measured parameters. a) Mean estimates of
proportions of individuals assignedto each damage level (DL) category across Vessel and Sorting (pre
sorting and postsorting) factors. b) Mean estimates of the proportions of dead individuals across Vessel
and Damage Level (DL) factors. Vessel treatment levels include Modified Dredge (MDQtter Trawl (OT)

and Skid Dredge (SD).

a)
Vessel Pre-Sorting PostSorting
Asterias rubens

DL1 DL2 DL3 DL4 DL1 DL2 DL3 DL4
MD 0.60 0.26 0.09 0.01 0.78 0.19 0.03 0.01
oT 0.27 0.27 0.23 0.03 0.46 0.33 0.20 0.03
SD 0.36 0.19 0.06 0.00 0.57 0.33 0.08 0.00
Echinus esculentus

DL1 DL2 DL3 DL4 DL1 DL2 DL3 DL4
MD 0.17 0.41 0.24 0.16 0.22 0.43 0.39 0.16
oT 0.03 0.52 0.26 0.25 0.00 0.20 0.53 0.25
SD 0.12 0.06 0.38 0.18 0.01 0.43 0.37 0.18

b)

Damage Level

Asterias rubens

Vessel DL1 DL2 DL3
oT 0.797 0.821 0.974
SD 0.522 0.829 1.000
Echinus esculentus

Vessel DL1 DL2 DL3
oT N/A 0.673 0.953
SD N/A 0.317 0.821
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3.2.2 Mortality Assessment

The results of the Eests performedrothe fixed effects of thé&.rubensmodel are
shown in Appendix 2. Stepwise deletion and-tésts performed on the fixed effects and
interactions of thé\.rubensmo d e | reveal ed a signif iUs0d%)t AVe
which was therefore retained in the model. Damage Level (DL) was also a significant factor.
Vessel was not a significant factor in the model; however it could not be deleted since the

interaction was retained.

The final modelsfitted to theproportion of ded A.rubensand E.esculentusare
shown inTable 8 For A.rubens the model indicates that the logit (odds) is significantly
decreased by 2.27 for DL1 as compared to DL3 in vessel MP. However, no significant effect
of damage level is found in DL2 relative L3 for vessel MP. In the SD, there is no
significant effect on logit (odds) of DL1 or DL2 as compared to DIl3e model fitted for
E.esculentusndicates a highly significant reduction in logit (odds) for DL2 as compared to
DL3, and a reduction of log{pdds) of 1.49 in SD as compared to Ohe proportion of dead
creel and diver caught controls was 0 in battubenssamples (no mortality) and averaged
0.04 £ 0.03 folE.esculentus

Estimates of the proportions expected to die were calculated oviereleevessels as
an index of sensitivity to capture in the three défdrvessels separatelyable 11). These
should be considered minimum valudmat serve the purpose of comparing damage across
vessels, as injured animals returned to the seabed Wweytdone to increased predatidine

calculated estimates indicate higher mortality in the OT as compared to the SD.

Table 11: Sensitivity scales forAsterias rubensand Echinus esculentus Values are the arithmetic means of
the proportion expected to de within 10 days of capture.

Skid Dredge Otter Trawl
Asterias rubengn=18) 0.67 + 0.008 Asterias rubengn=23) 0.84 +0.003
Echinus esculentys=17) 0.62 + 0.012 Echinus esculenty®=23) 0.91 + 0.005
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Figure 7: Box plots of the lengh of Asterias rubenglongest arm length, cm) sampled post sorting from the
discards of each vessel. MD: Modified Dredge; OT: Otter Trawl; SD: Skid Dredge.

3.2.3 Relationship between size and damage in Asterias rubens

The size ofA.rubenssampled possortingwassignificantly different across vessels
(ANOVA P < 0.001 F = 65.793, d.f= 2, Figure 7). Posthoc analysis revealed a significant
differenceat all levels of the pairwise tests (LSD pairwise tests across vessel©TVD <
0.001, MD-SD P < 0.05 SD-OT P < 0.00} indicating that the mean length Afrubenswas
highest in the OT and lowest in the SD (mean length&.iibensin the OT, MD and SD
respectively: 11.75 cm 0.18; 9.46+ 0.12; 8.8 cm £ 0.22).

Length was significantly different across damagpeels (KruskalWallis 6 = 46.251,
d.f. = 3,P < 0.00). Damage increased with an increase in the mean lendthuliens(Figure
8). Lengths of damage categories DL1, DL2 and DL3 were significantly different, however
lengths did not differ between DL3 abd 4 (Figure8, Table D).

15.00 -
n=669 n=247 n=77

n=6
- I I I l
0.00 . . .
DL1 DL2 DL3 DL4

Damage Category

=

o

o

o
1

Mean Length of Asterias
rubens (cm)

Figure 8: Mean length (and standard error bars) ofAsterias rubensacross damage levels. Data were pooled

across all tows
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3.24 Relationship of damage to the proportion of stones in the catch

Predictablyonly the two dredges ctained stones as a proportion of the total catch.

The proportion of stones in the catch was significantly higher for the SD (38.4% and
14.8%+ 5.4 for the SD and MD respectively, ANOVA = 9.3®, d.f. = 1,P < 0.0]). There
was a significant negativeorrelation between the percentage of undam#gedensand the

percentage of

stones

n

t hR<0c08)t=c0697p, howevére MD

no significant correlation was found between the percentage of undamagednsand the

percentge stonesin#é S D

( Spear man,ps-0.R3)nTkere wls ne siglificdnc

correlation between the percentages of undamégestulentugnd the proportions of stones
MD ( SpPed05paErmo.s39Badnka,nd SD PS@Hmar mands

in the
0.065).

Table 12: Results of Pairwise MannWhitney U tests performed to compare the lengths oAsterias rubens

(longest arm length, cm) across damage levels (DL).

P Z )
DL1-DL2 <0.01 -2.802 72672.5
DL1-DL3 <0.001 -6.005 15013.0
DL1-DL4 <0.01 -2.981 590.5
DL2-DL3 <0.001 -3.691 6863.0
DL2-DL4 <0.05 -2.435 310.0
DL3-DL4 > 0.05 -1.568 142.0
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4. Discussion

The Isle of Man queen scallop fishery has bpessecutedsince the late 1960s.
Initially the fishery exploited a rested numberof grounds, howevethe introduction of
springtoothbar dredges(rrently under a total bAnand smaller dredges capabfeoperating
on rougher grounds led the fishery to expand to a higher number of grounds (see review by
Moody Marine Ltdundateg. Habitat type (e.g. the restriction of trawlers to soft sediment
grounds) angmanagement considerations #naskey factors determining vessel movement in
the fishery.At present there is no harvest strategy and catches are limited by market demand
(Murray et al. 2009. Current management measures in the fishery include areas where

dredging is prohibited, a closed sea and a minimum landing stz@urray & Kaiser2011).

This study aimed to provide a comparative assessmentatdbyin the Isle of Man
gueen scallop fishery encompassing three commercial fishing vessels commonly used in the
fishery. Opportunistic samplingvas undertakeron-board the fishing vessel$Vorking on
commercial fishing vessefseantaccurate data colleéon wasmore difficult than in controlled
experiments using research vessels. It was therefotreossible taundertake experimesit
where tow parameters known to affect damage and mortality were kept constant (e.g. tow
depth, tow time, air exposure of tlwatch onrdeck, total catch volume / biomass and air
temperature Bergmann et al2001). However, our study had the advantage over a research
vessel of following regar commercial fishing practice, hardly achievable in a research vessel,
in particular with regard to the catch sorting process. The obtained results may therefore

provide more useful management information.

4.1 Bycatch Abundance and Diversity

The bycatch from the queen scallop fishery examined was characterised by a large
proportion of invertebrates, in particular of the phyla Arthropoda and Echinodermata. Whilst
the cath of the dredges was mainly characterised by invertebrates, starfish and molluscs, the
catch in the trawl had a higher proportion of sea urchins and fish, a pattern observed in
previous studies of this fisherHinz et al.in revision Kaiser et al.1996. Differences in
bycatch species composition were more marked between the trawl and the two dredges than
between the SD and MD. This is in liméth recent bycatch composition studies of the fishery
(Hinz et al. in revisiopand reflects how the selective properties of the gear affect different

components of the benthic ecosystem.

% Sea Fisheries Act 1971. Isle of Man Sea Fisheries (queen scallop fishing) Bye Laws 2010. Statutory Document
No. 668/10
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The MD caught the highest total biomass per hectare towed, ingltisenhighest
gueenie biomass and the lowest bycatch biomass. The estimated proportion of bycatch of the
total catch weight was also lowest for the MD and highest for the SD (5%, 10% and 22% of
total catch weight for the MD, OT and SD respectively). Thult is broadly in line with a
previous MD and OT comparison by Hinz et @h revision) which also obseed higher
catches of queen scallop by the MD, however lowest bycatch abundance was found for the OT
(although, similarly to the present study, both bycatch/catch natos found to be well below
1). It should be noted however that the abundance and asitigm of bycatch is also
dependent on environmental factors, such as habitat type and abiotic environmental factors
(see e.qg. Kaiser et &006 Alverson et al1994). Available studies on tooth dredge efficiency
(as arguably one of the better studied bottom towed gears) reveal a wide range of reported
percentage target species in the catch, with values ranging between 1% af@etit¥bhke et
al. 2005; Jenkinst al.2001; Currie & Parry 1999)

The lower bycatch proportions (both in terms of abundance and biomass) in the MD
suggest that it is the most efficient of the gears teistestimated catch rates indicate that in
order to catch the same mean biomass of queenies as that caught by the MD in one hectare
towed, the OT and SD would respectively need to tow 4.98 ha and 1.74 ha of seabed. Sampling
was undertaken in the summer months when queen scallops are most actiwestlikeiy to
be caught by trawling as their active upwards escape response brings them to the net mouth,
but often allows them to swim over the dredge mouth (Jenkins @0@B. It is therefore
reasonable to speculate that the relative efficiency of the MD in comparison with the OT is
likely to be even higher in the winter mostiConverselyjn winter months the OT is likely to
become less efficient as compared with the \8ien the swimming activity of the queen

scallops is reduced.

The improved efficiency of the MD in relation to the SD may be due to the increased
height of tle gear above seabed (30 cm for the MD as opposed to 20 cm for tfiéatan
and White, pers.comnf) allowing more queenies to be caught as they swim upwands.
addition, t should also be noted that a common reason for reduced dredge efficiency is the
clogging of the dredge mouth with sediment, blocking more queenies from entering the dredge
(Leitdo et al. 2009. A reduction in the amount of sediment caught by the dredge may help
explain the higher efficiency and lower proportion of bycatch in the MD, as a quicker fill up of
the dredges with the target species would reduce thertymity for bycatch to be stored in the

dredge. It must be noted however that thfficiency and catch composition of a vessel are

* Hatton, S. and White, D. (2011) Discussions with Steve Hatton (Skippeiafipand Dougie White (Skipper
of King Challenger) re.gpr dimensions. August 2011.
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determined not only by fishery characteristics (selectivity of the fishing gear and fishing
behaviour) but also the commtyncomposition of the habitat towed (Currie 1999; Pranovi
2001). Sediment type in the Isle of Man fishing grounds exhibits high levels heterogeneity
(Jenkins 2001) and consequently variation in community types (Veale 2001). The abundance
and composition fothe bycatch in the present study are thus not necessarily representative of
that caught in other fishing ground types and by the different gears; it follows that if effective
ecosystenled management and/or monitoring decisions are to be made regémelimgensity

and spatial distribution of fishing effort the results of the present study would need to be
refined with regard to habitapecific variations invessel efficiency andhe nature and
intensity of fishing impacts.

4.2 Bycatch damage

In this studya damage scalsas appliedn relation to the physical damage incurred
to bycatch individuals. External damage to individuals as a result of trawling has been found to
be highly speciesspecific (e.g.Pranoviet al. 2001; Kaiser& Spencer1995. Sartor et al
(2006) noted that damage as a result of towed gears is more frequently found in certasn group
such as echinoderms and crabs rather than hermit crabs and gastropods, different species
having differing degrees of sensitivityhe present study found moEehinusesculentughan
Asteriasrubensto show the highest level of damage, i.e. crushed d e to 2.4% for
A.rubensand 16.6% to 26.6% fdf.esculentus a difference which is related to the anatomical
characteristics of each species, allowing them differing degrees of flexibility: the test of
A.rubens constructed of interlinked plates, wdwllow it more flexibility thanhe fused plates
of sea urchins (Kaiser & SpencE995) The results of our study appear to be broadly in line
with, although slightly higher thaprevious findings by Kaer & Spencer (1995) and Ramsay
et al (1998)whereA.rubenswas found to be fairly resistant to the efteof trawling. Kaiser &
Spencer (1995) found 723% ofA.rubengo be undamaged following beam trawling. Veale et
al. (2001)foundE.esculentuso be significantly more sensitive thaArubengo tooth dredges;
the study found 7% of.rubensand 34% ofE.esculentuso be highly damaged or crushed
(DL3 and DL4) after towing, as compared to -8@% of A.rubensard 35.384.2% of
E.esculentusn the present studydowever, the higher damage observed in the present study
may be due in part to seasonality. Our study was undertaken in the summer months where
longertows are associated with largestches, which may giffy higher levels of physical

injury (Bergmann et ak001).

The comparisonbetween total damage (i.e. pastrting damage encompassing

towing and sorting) suffered by the same species caught in the three vessels indicated that
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animals were more severely injured in the trawl than in the other two gears, whereas the
modified dredg showed the lowest level of injury. Significant differences in total damage
were found across vessels for both species. Differences in damage across vessels may be
related to the characteristics of the catch, namely the higher efficiency and loweripropbrt
stones in the modified dredge. Damage in bycatch has been previously found to be inversely
proportional to catch efficiency in a bivalve dredge fishgwspar et al. 2003; Gaspetr al.
2001)and correlated with the proportion of stones in the dredge ddlpgdishery (Veale et

al. 2001 Hill et al. 1996. However, the available body of knowledge indicates overall that the
importance of these factors as contributors to damage and myorsalikely to be highly
species specific (refer to Parker et2003 Kaiser & Spencefl995andVan Beek et al1990

ascited in Kaiser & Spencer 1995). In this context a previous study of damage in a beam trawl
(Kaiser& Spencer1995) suggested that damage to asteroid starfish did not seem to be related
to tow time (ad subsequent heavier catch wejgand that observed injuries were more likely

to be due to a specific part of the gear. Whilst direct comparisons of dam#ge bgcatch

across different gears are lacking in the literature, the relationship of damage to gear fullness
and catch volume has been previously reported. Large, heavy catches, in particular if the
contribution of Ahar doobabgty cfinjuryabbth dursng Hauligglas 1 nc
well as whilst on deck (Sartat al. 2006 Oddsson et all994). Although catch volume and
net/dredge fullneswere not recorded in this experiment;aeck observations have suggested

the OT to be consistently fuller upon hamlg (with bycatch visibly compressed against net),
possibly as a result of loegtow times.This may have contributed in part towards leigh

damage levels in the catch of the trawl.

The results of our study showed that sorting had an effect on damage, although due
to the limitations ofour data seit was not possible to quantify the contribution that sorting
makes to total discard damageedlts of the GLMs foE.esculentusndicate however that
most damage t&.esculentudccurs as a result of towing. The relative effects of towing as
compared to sorting differ across species and fishing practices, as a species which may be more
resilientto injury in the towed gear may on the other hand be seriously affected by sorting
times or the shaki ng trays (e.0. ©ddssonfet &) eFevdstudiesg e s 0
have focussed on the specific effects ofdeek sorting upon damage levels in #iarget
species. Pranovi et.al2001) detected significant differences between pre and post sorting
bycatch in the western Adriatic Sea queen scallop trawl fishery and ihatesbtting in that
fishery consisting of manual handling and a certain degree of traniplprgduced similar
levels of injury to those of the gear itself. Importantly, such results indicate that assessing catch

and bycatch damage as it is hauleederk (either in a research or fishing vessel) undoubtedly
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leads to an underestimation of damage levels in discards (Petr@iv2001) and thus of any
subsequent mortality estimates.

4.3 Bycatch Mortality

The key implication of fishing induced damage to benthic organisms is the increased
mortality of damaged organisms, either directiypon contact with the gear, or through
increased predation (Jenkins et 2001). In the long term, high discard mortality rates can
have significant knoclon effects on ecosystems through the differential mortality of different
species and consequent modification of food webs (Stobutzki 20@l Gaspar et ak001).

If discarded, the fate of netarget animals can vary considerably, as they are exposed to a
range of stresses. A proportion of discards are consumed by ssaabadthis has been
estimated as high as 70% for a North S¢sphrops trawl fishery (Evans et &l994;
otherwise, they sink through the water column becoming available to predation by pelagic
organisms. The remainder which sink to the sea bed become available to benthic predators and
scavengers (Ramsay et aD00. If damaged, their vulnerability to predation and disease is
likely to increase, and an duation of delayed mortality in relation to stdihal injury has

been proposed as necessary to accurately evaluate the relative fragility-tafgeinspecies

upon discarqPranoviet al.2001; Ramsagt al.2000)

We had therefore hypothesised that ldegn (10 day) discards mortality would
increase with damage level. This held trueBagsculentushowever for A.rubensmortality of
damaged (DL2 and DL3) individuals was significantly higher than that of undamaged (DL1)
individuals, but the very high predicted mortality of damaged organisamgifrg between
82% and 100%) did not differ across different levels of damage. This suggests that increased
mortality of damagedA.rubensin relation to undamaged individuals appears to occur
independeny of the level of damage inducede. even minimablamage leads to increased
mortality. In addition, mortality of undamagedl.rubenswas also high (580%). Previous
mortality studies, undertaken in controlled conditions (i.e. sea water holding tanks) have
estimatéd high survivability: Kaiser &pencer (295) observed 99% survivability éf.rubens
at two days following trawling, although the short time scale may underestimatéetomg
mortality; Ramsay et al.2000 observed otter trawl mortalities of 0% at 8 days, and dredge
mortalities of 7% at 14 days). However, the controlled (holding tanks) setting of these
experiments is uikely to reflect the multitude of challenges faced by animals upon discard,
such as the increased risk of disease and predation (see e.g. Jenkir)el) aPredicted
estimates of mortality from damage score assessments have also yielded lower mortality

estimates than those observed in our study. Bergman €190 estimated almost 100%
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survivability of A.rubenson discard following beam trawlingnd Veale et a2001) estimated

10% mortality of A.rubensand 31% mortality ofE.esculentusfollowing queen scallop
dredging. The results of our stydyowever clearly indicate previous studies are likely to

have underestimated lostgrm mortality for hese species. Upon exposure to the marine
environment, mortality was high for both undamaged and damaged animals, and would likely
have been even higher had the animals also been exposed to predation by larger members of
the benthos.

It should also be rted that the effect of sampling and deployment of samples at sea
may haveded toincreasednortality; however this remains unclear due mostly to the difficulty
in obtaining control animals. Sampling of discards onboard fishing vessels and their storage
andtransport to the creel deployment site may have contributed to mortality through increased
stress and air exposure. Due to logistical limitations during our sampling it was not possible to
establish controls for this portion of the experiment. In additio@intaining individuals in the
creels, in closer proximity than that experienced naturally at sea (Myeas.comni) may
cortribute to increased stress @md disease. Although control animals exhibited high
survivability (0% mortality inA.rubenscortrols and 4% mortality irE.esculentusontrols),
the density of individuals in each sample (creel) was much lower and thus any consequent

effects ofthe high-density conditiongxperienced by discard samples not accounted for.

There were no significamifferences in mortality oA.rubensacross vessels for the
same damage level, which suggests that the likelihood of an additional element of internal
damage which differs across vessels is low, and that mortality can be inferred directly from the
level ofdamage incurred to an individual. Mortality Bfesculentusvas higher for the trawl as
compared to the skid dredge, although it is not possible to conclude as to whether this is solely
an effect of the gear, or also the result of the longer tows asawddinger sorting time and
consequent air exposure experienced in the otter trawl as compared to the dredge (e.g. van
Beek et al1990 Davis and RyeR003). The results of the mortality study thus suggest that as
mortality increased with damage level, lower damage levels in the discards are likely to result
in reduced mortality. It follows that given the lower damage levels in the modified dibege

latter is likely to incur the least discard mortality.

® Murray, L (2011) Discussion on the densityAsfterias rubenandEchinus esculentusbserved during
photographic seabed surveys of the Isle of Man queen scallop fishing grounds undertaken by Bangor University in
2010/2011. June 2011.
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5. Conclusions and recommendation$or further study

The analysis of bycatch rates and composition and physical damage sustained by
discards in the Isle of Man queen scallop fishery provided informationhe impact of
different phases of the fishing process. Catch composition differed across the gears, which
reflects potential different selective pressures on-tanget species. In addition, opportunistic
sampling orboard commercial vessels aimed toegssthe impacts of sorting on damage levels
incurred to bycatch species, often disregarded in previous studies.

The results of our experiment indicated the modified dredge to be the most efficient
at catching queenies per unit of area towed, with minirbycatch.In addition, it led tdower
bycatch damage which is likely teanslate into lowest mortality upon discaifichis suggests
that the use of the modified dredge could be the most environmentally friendly option in the
context of a geabased solutio aimed atestricting effort to achieve a given landings target
whilst minimising both bycatch and the area of sea bed towéalwever, in the absence of a
cap on landings dredging effort should be carefully restrictbd.present study did not assess
the damage and mortality incurred to uncaughttawget organisms which were not hauled on
deck but which came into contact with the gear, i.e. by direct physical impact of the gear, or by
entering and subsequently escaping the dredge or net. Previoes $ted Jenkins et al. 2001)
have indicated that damage to mmaptured organisms is a significant contributor to total
damage level caused by the fishing process and in some species may be the main source of
impact. In this regard Hinz et.glin revision) found themodified dredge to be significantly
more damaging than ¢hotter trawl, althogh a comparison with the skid dredge was not
undertaken. If management decisions are to be made with regduetodal mortality of non
target speciemcurredas a result of fishing, a quantitative estimate of total mortéliy of

both caught and uncaught organissigjuld be obtained for each gear.

A practicable strategy for a mulgiear fishery such as the Isle of Man queen scallop
fishery is however unlikely to involve the adoption of a single preferred gear for the whole
fishery. The solution is more likely to involve the temporal and spatial management of fishing
effort for each different vessel typln this context it is important to note that the effects of a
certain gear on benthic organisms are strongly habitat spéoifi@ review see Kaiser et al.
2006 as well as affected by seasonalityrfliet al. in revision; Jenkins et 2D03. However,
we are yet to establisthe total impact to individual bycatch organisamslwider ecosystems
incurred by each gean different habitats. Future surveys should be designed to address
habitat differences and seasonality when attempting to characbsissgch composition

abundinceand damage
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Appendix 1: Model checking plots used to assess the Generalised Linear Models fitted to the Damagd Mortality data sets in order to predict damage and
mortality levels. Subtitles indicate species and response variable in each model.
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Asterias rubens, proportion of Damage Level 2 individuals:
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Asterias rubens, proportion of Damage Level 3 individuals:
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Asterias rubens, proportion of Damage Level 4 individuals:
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Echinus esculentus, proportion of Damage Level 1 individuals:
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Echinus esculentus, proportion of Damage Level 2 individuals:
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Echinus esculentus, proportion of Damage Level 3 individuals:
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