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{t aa! w,

One of the most widespread yet manageable pressures intbosethe seabed ishat resulting from
disturbance of the substrate by towed demersal fishing gear (botfsinng and dredging Demersal
fishing gears are qdoyed on every continental shelf in the woréhd, in UK waters the footprint of
fishingis estimatedto account for over 99% of the known footprint of all human pressures on the seabed
It is, therefore, essentialthat current and future management dishing activities are based on an

improved scientific rationalen order toimprovethe longterm sustainability of this activity.

While the impacts of demersal fishing on the biological charstics of the seabed have been well
studied, theapproaches have tended to focuws assessindmpactson the structural(e.g. changes in
species composition, diversity, etcharacteristics of seabed biological assembladgéswever, it is being
increasingly appreciatethat observing changesolely inthe structural attributes of benthic assemblages
provides only a limited capacity to inform us tife implicatiors for, arguably far more important,
ecosystem function The present study aims to bridge this knedde gap by analysing data regarding the
biological assemblages oflarge number of stations coverirg range of habitats across the European
continental shelf. We perform this using a biological traits analysis (BTA) in which the assemblages, and
the differences between them, are quantified byneir relative differences in the morphological,
behavioural and life history characteristics of their individuatsopposed to their taxonomic (i.e., based
on species identity) differences. This BTA approach affordsgpertunity to understand the pantial
differences in ecological functioning due to fishimgpacts beyond that whichwould otherwise be

possible from structural approaches.

Traits data regarding the infauna (those organisms that live within the sediment) were available for 819
samplihg stations, while for the epifauna (those living on the sediment), data for 1316 stations were
analysed. BTA was undertaken on these two biological components indepgndThe infaunal stations
were categorised into 13 EUNIS habitats (level 4) whigeepifaunal data represented seven EUNIS (level
3) habitats. Additionally, the data for the infaunal stations were classed according to habitats that were
derived following a 4means clustering approach of the environmental characteristics; this allamed
assessment (for the infauna) of the importance of using different habitat derivation methods for

biological traits assessments over large spatial scales.

Using data from relatively nefished stations, fuzzy correspondence analysis (FCA), a multévariatysis
approach particularly suitable for traits data, revealed that traits composition of irhand epifaunal
assemblages didot vary markedly between habitatsThis result was generally observed for all 10 of the
infaunal, and 12 of the epifauhatraits examined. Moreover, the proportional compositions of the
various biological traits showed a high amount of withabitat variability, even in the absence of

moderate or high fishing pressure.
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FCA was then used to allow an assessment of hovodimal trait compositionsvere related to total

fishing pressure, both within and between habitats. The results suggested that the effects of fishing on
trait compositiors are complex; assemblages vary in their respomhsth within and between habitats

and, while some biological traits sh@d more-or-less consistent responses across habitats, others
displayed varying relationghs with fishing pressure across habitats. There is evidence to suggest that at
least some of this habitatpecificity in respores reflects differences in fishing geass opposed to
differences in the inherent responses of the biological assemblages between habitats. We discuss the
implications of these findings with respect tite impacts of fishing otthe functional propertief seabed
biological assemblages, and how the results presented here are to be used further within other work

being conducted under Benthis.
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Human activity has comprehensively altered marine ecosystems and will continue to do so, some workers
reporting 41% of marine areas are already strongly affected by multiple anthropogenic perturbations (Halpern
et al, 2008). Coastal arghelfseas are paicularly susceptible as they host a disproportionately large fraction

of productivity and, because of the economic benefits that humans accrue from living in close proximity to the
coast, such regions tend to be densely poputb{&ray, 1997; Hinrichse@010. Ecosystem functioning and
biodiversity of coastal and shelf seas are, therefore, under pressure from a multitude of thseats as
pollution, eutrophicationand habitat loss through physical modification of the seat@&SAMP, 1990; Gray,
1997). One of the most widespread yet manageable pressures inthbosethe seabed is disturbance of the
substrate by towed demersal fishing gear (bottdishingand dredging NBFSNNBR (2 Ya WTFAAI
(Collieet al, 2000; Eastwooet al, 2007; Kaiseet al., 2002). In UK waterdor example, the footprint of
fishingis reckoned to account for over 99% of the known footprint of all human pressures on the seabed
(Fodenet al., 2011), and it is likely that this statistic similarly applies to most Eurogbali waters(e.qg.
Peccetet al,, 2014. Demersal fishing gears are deployed on every continental shelf in the world gCallie

2000) with nearly 20 million kﬁ(?S% thereof) subjected tthis anthropogenic activityKaiseret al., 2002)

while Kaiseet al. (2000,2006)describedfishing agione of the greatest sources of anthropogenic disturbance

to marine benthic communitiés k is, therefore, essentialthat both the current and future management of
fishing activities are based on animproved scientific rationaleif we are to improve the longterm

sustainability of this activity.

Over the past forty to fifty years, many studies have been conducted specificdtyded to progress our
understanding of the impacts of the various batidishinggear on seabed communities (e.g. Bergnearal.,
2002; Daytonet al.,, 1995; Hall, 1999; Jennings and Kaiser, 1998; Jenaingls 2001; Kaiseet al., 2000;
Queiroset al,, 2006). A number of field approaches have baeedertaken including lage-scale field studies
across knowrfishing gradients, experimental manipulations and comparisons of benthic assemblages from
fishedand nonfished regions. Although observed impacts tend to be widenging depending upon the gear
type, fishingintensity, spatialcoverageand the nature of the seabed (Hall, 1999; Kaiser and de Groot, 2000;
Smithet al., 2000; Tillinet al., 2006) these studiesconsistently reveatiramatic effects of bottonfishingon

the structure of marine ecosystems (Collg al., 2000; Kaiseret al., 2006). It is, however, widely
acknowledged that there areertain limitations to the conclusionseachedin many of thesestudies This is
largely due to a lack of baseline information prior to fishing, a paucity of unfigm@sentative control sites,
difficulties in differentiatingthe effect of fishing from the natural backgroundgriability and the practical
challenges of investigatirpe relativelydeepregions of some shelf habita¢denningsnd Kaiser 1998). While
the direct and immediate(i.e. acute)impacts of trawlingon benthic assemblages have been extensively
studied, it has beesuspectede.g. Hinzt al.,, 2009) that conclusions fno such experimental studies canot

be readily extrapolated to an ecosystenvé¢ Indeed,subtle cumulative effects may only become apparent

when fishing disturbances are examined over larger spatial and temporal scales. The fundamental argument
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remains noton whether fishing impacts marine habitats, butather how large the effets are in different
habitats Fishingeads to a reductiomf the number of species and species diversity and a significantly altered
taxonomic assemblage structure (Engeld Kvitek 1998 Kaiseret al, 1998 McConnaugheyet al., 2000
Jenningset al,, 2001, Thrushand Dayton 2002 Kaiseret al., 2003). Demersal fishingesults not only in the
removal d both target and nortarget speciesbut it canalsoalter habitat complexityremove, damage or kill
biota, thereby reducing overall benthic produeti; and canlead to substantial changes in benthignemunity
composition(Daytonet al., 1995 Austerand Langton 1999 Kaiseret al., 2002 Hiddinket al., 2006 Kaiseret

al., 2006). Thus, it is perhaps not surprisitigat the impacts of demersdishinghave beenobservedto be

dramatic in certain areas

It has become apparent that there is a great variability in the susceptibility of different benthic habitats to
respond to a giverishing pressure (Hiddinlet al., 2007; Kaiseet al., 2006)and biogenic habitats tendo
show the greatest sensitivity tfishing However,it has often been difficult to detectrgy fishing impact
whatsoeverin shallow, softsediment habitats which already experience a relatively high level of natural
physicaldisturbance. More stable, sheltered or complex habitats ateerefore usuallyfound to be more
profoundly affected by fishing activitgnd fishing esults in longterm community changes (Jenningsd
Kaiser 1998). Assemblages within these regiofesg.mud and sand sediments in deeper waters) experience
fewer natural disturbanceand the associateccommunitiesare often dominated byonglived, slowgrowing
speciesthat generallytake timeto recoloniseafter a disturbance event (Kaisand Spencer 1996, Kaiseet

al., 1998, Hiddinket al,, 2006, Queirot al, 2006).In contrast, eganisms living in habitats with ralatively
high degree of natural disturbancese adapted to periodic sediment resuspension and smothering (@bllie
al., 2000) and are less likely to undergo lelegm changes inspeciescomposition in response to the

disturbance caused by fishirignd other)activities (Kaiser1998).

One notable feature regardingnost field studiesis the focus on structural impacts. i now widely
appreciated (e.g. Elliot and Quintino, 200fHat observing changes in structural attributes of benthic
assemblages provides only a limited capacity to inform ukefmplicatiors for ecosystem function that iat
the heart of more recenBU policy driverssuch as the reform of th€ommon Fisheries PolicgKp and the
Marine Strategy Frameworlbirective MSFD. Recent studiesshow that following both natural and
anthropogenic stressors, functional impacts and functional recovery trajest@re not always matched by
their structural counterparts (Coopeat al., 2008; Grilcet al., 2011;Bolam, 2012Wan Hussiret al., 2012).
Marine benthic habitats and their communities provide a wide range of gamgshjomass, minerals, energy)
andservices€.g.nutrient and carbon recycling, life support, atmospheric regulateomj changes in biological
indicators based on structural attributesmay not necessarily result in significant changeghi@ overall
functioning of the ecosystemor their associatedprovisiors of goods and services Consequently, the
conservation ofmarine systems requires knowledgd not only the species present, bualso of how the

system work and the effects of multiple and potentiallgo-interacting threats (Bremme 2008). To fully

10
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determine how an ecosystem is affected by anthropogenic pressussaphasis has to belaced on its

functioning Elliott and Quintino, 2007; Duareg al., 2013).

Sustaining a balance between marine resource exploitation and biodivessitasto protect ecosystem
functioning is theaison d'étreof the ecosystem approadfCEC, 2008)t aims to safeguarflLinction as well as
biodiversity Therefore an ecosystem approach tisshingimpactsmeans thatbenthic function needs to be
understood beforat can be managed. Whildirectly measuring ecological functiofe.g., food availability for
higher trophic levels, nutrient flux with overlying wateBmains timeconsuming and methodologically and
logistially difficult, the recent development of a number afumerical analytical approachdsas allowed
alterations tofunctioningto be estimatedand functionalrecovery compared witlthat of structural recovery
(Cooperet al., 2008; Barrio Frojaet al., 2011;Wan Hussiret al., 2012).The relativelyrecent application of
Biological Traits Analysis (Bl )particularhas providedan enhancedunderstanding othe responses othe
benthic functioring resulting froma number of anthropogenic pressures (e.g. Bremet al., 2003; Tilliret al.,

2006; Papageorgioet al., 2009; Frid, 2011; Wan Hussihal., 2012; Ougt al., 2012; Munari, 2013; Borja and
Elliott, 2013; Bolanet al., 2014) andalongenvironmental gradients (Dimitriadist al., 2012; Van Sost al.,

2013). Utilising assemblage informaticio determinewhat the organisms do within the ecosystdire., their

W {i NJag dppoSedl to merely their taxonomic identifiye. what they are)ffers great advances into our
understanding of the functional capabilities of assembla@emner, 2008) Currently, little is still known
about how these approaches can be useful in marine ecological assessments and management, although they
have beensuccessfully and widely appli@gdboth freshwater and terrestrial ecosystems (Guilpatrial., 2012;
Colaset al, 2014). Functional diversity, i.e., the diversity and range of functional traits possessed by the biota
of an ecosystem (Wrightt al., 20®), is likely to be the component of an ecosystem most relevant to the
functioning of ecosystems (Hoopet al, 2084). Nonetheless, there iseither anaccepted suitable method

for the measurenent of functional diversity nor adequate information regardg the actual traits to be used

for its derivation (Petchey and Gaston, 2006). In view of this, one accepted biological traits approach is to use
information regarding the variability in the relative composition of trait categofeeg., suspensicrsurface

and subsurface deposieeders, carnivores, scavengets)infer some aspect of functioning. For example, an
assemblage dominated by suspensfeeding individuals will transport carbon and energy between the
sedbed and the overlying water column fiifently from one dominated by susurface deposit feeders
(Rosenberg, 1995), while assemblages dominateththiyidualsthat recruit via planktonic larvae are likely to
recolonize more rapidly following largscale physical disturbancéhan those reliant on benthic or
lecithotrophiclarvae(Thrush and Whitlatch, 20015 pecies with different biological traits are likely to respond
differently to the effects of fishing anés such, different assemblages are likely to display different functional

responseslue to fishingTillinet al., 2006).

In this study,we firstly investigate the betweethabitat variability in potential ecosystem functioning of
benthic assemblages exposed to law no fishing pressure. We do this, for infaunal and epifaunal

assemblages independently, by comparing the relative trait compositions of these assembkiggslO and

11
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12 traits for infauna and epifaunaespectively. Secondly we determine the effects of fishing on various
biological traits for different habitatén order to determinethe habitatspecificity of fishing effects on trait

composition

Onefeature of the current studywhich has beerbeyond thecurrent state-of-the-art, is the utilisation of data
from across European shelf seas. The large spatia e€dhe current study aims to ensure that the results,
and conclusions derived basegon them, pertain to the Europeashelfin its entirety, as opposed temaller
scale regions that ofteare the scals usedby comparable approaches (e.g. Bremrmral., 2006; Frid, 2011;

de Juan and Demestre, 2012)

2. METHODS

Data from a number of organisations within Benthis WP3 were collated as part of this study to ensure that the
analyses and results pertained to a large number of marine habitats and a rafiighingl pressures Given

the principal aim of the current study, the underlying rationale for data inclusion wasstations from
spatiallyfocussedsurveys. That is, given the largeale remit of this study, participants werequestedto

source datarfom sampling locationsr surveygpossessing relatively wide spatial covers opposed taense
data-points from localisedhabitats, which would have hadhe potential to bias the results.For timeseries
surveys, dta from sampling in one year only (wlkeaccompanying environmental dategr example, was

most comprehensivelere incorporated for the sampling station

2.1 Biological data

This studyanalyses data regarding the infaurfthose animals that live within the seabed sedimeatjd
epifauna(those that live on the seabed®f the seabed We undertakeindependent analyses of both the
infaunalassemblages (hemedefined as organisms sampled using quantitative grab and/or coring devices) and

of the large epifaunalassemblages (heire defined as organisms sampled using a trawl or dredge device).

lf 0K2dzZ3K 6S NBFSNI (2 GKS RIGF T MRt thad tNdy dvill co@@ridtad K S NB
representation of epifaunal organisms and, similarlgshacquired fromtrawls/dredges, termed hereafter as

WS LIA Tatalzyill-cémprisesometaxa generally regarded as infauna@ur rationale for treating these data

separately is thatltese twofundamentally differentsampling devicgeffectivelycollecta different component

of the seabed faunaand greatly vary in the spatial scales sampl@ge., generally 0.1fnfor infauna and

generally hundreds of frfor epifauna)

EightWP3participantssupplieddata for the infaunabnd epifaunaknalysis(Tables 1 and 2),and the spatial

cover epresented by both sets of faunal data spanned large regions of the European continental shelf (Figures
1 and 2).The collection of these data was funded under the auspices of projects outside BeFtkiganalyses

were inherently limited to both relevanand readilyavailable data from the participants contributing to WP3

only and this is reflected in the large geographical gaps in the spatial extent of our analysesumber of

12
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sample stations incorporated within the infaunal and epifaunafnalyseswas 819 and 1316 respectively
acrossthe North Atlantic: Bay of Biscay, Celtic Sea, Irish Sea, Western and Eastern English Channel, North Sea,
northern Norwegian shelf and western Baltic Steagether with stations from Heraklion Bay (Mediterranean

Seg andthe western Black Sea (see Figaiieand 2 for infauna and epifauna respectively).

The environmental conditions prevailing across the range of stations varied widely. For example, the North
Seaand Irish Sedave extremely diverse coastal regionstiwvia great variety of habitats (fjords, estuaries,
deltas, banks, beaches, sandbanks and mudflats, marshes, rocks and islands), the seabed mainly comprising of
mud, sandy mud, sand and gravahd coastal areas are greatly affected by nutrient and sedinpdunines

from rivers in the south (Reext al, 2007). The seabed along much of the English Channel is typically more
hydrodynamically activewith gravely sediments oftenoccurringas thin veneers overlying bedrockving,

2009). In contrast, the Kattgat, together with the Danish Straits, forms the transition zone between the North
Sea/Skagerrak and the Baltic Sea. Here, circulation is dominated byflovthg surface water with a salinity
gradient of 15 to 3+ , and southflowing deep water with danities between30 to 34: . The region off the
northern Norwegian shelf is relatively very deeyth cold, more-or-less motionlessbottom waters overlying
generally muddy seabed habitatdglanet al., 2009) The Black Sea is a marine habitat of low salinity around

16 to 18: with an average water temperature of 11, ¥aracterized by a hypoxic zone below depths of 150

m (Zaitsevand Mamaev, 1997; Sorokin, 2002). The southarddle Black Sea Shelf (the cadady area) is
relatively wider in distance from land than the eastern and western Black Sea coastal shelves. The region is a
shallow marine habitat with soft bottom sediment (sandy mud, muddy sand) with limited hard bottom as local
patches. The HerakliorBay sampling area in the Aegean Sea, is characterised by relatively high salinity and

high bottom water temperatures, and covers both biogenic sediments and shelf muds maith2000).

In this study, ti was important tomaximise the comparability of thdata in orderto minimise observations
madebeing theresult of differences between data sousceTrait composition is not significantly affected by
differencesin the area ofsediment surface sampled (i.e. between 0Z%and 0.25rﬁ) by variougyrabs and/or
corers WP3unpubl data; 2013) Additionally, n view of the large spatial extent of our data source®
consideredit acceptable to include data derived from samples taken over a range of,y@trsugh steps
were made to ensurdhat data from a comparable seasdspring, early summenryere selected.Although the
infaunaldata fromHCMR Greecé were derived following sieving on a 01tim mesh(as opposed to Inm), it
was decided taretain them within the analysjsas studies have indicated that Mediterranean invertebrate
species grow to a smaller maximum size relative to those in other European waters (Zetretp2002; Sonin
et al, 2007). Similarly, there was little consistency in the mesh size used dunipdirea and/or subsequent
processing of trawl samples across the various sources (Table 2) and we accepted the ramge (ckway)

to 22 mm (Belgiun). Finally, as stations varied in the number of replicates sampled, data from a single
replicate from eab station were selectedbecause we were interested ielucidatirg broad-scale spatial

patternsrather than temporal trends.

13
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Tablel. Summary of source data used for the infaunal analysis

Participant Region No. stations Year Sampling @vice Mesh (mm)
Bangor Irish Sea 23 2007 Day grab, Box core 1
Cefas North Sea, English Chann 511 200009 NIOZcorer, miniHamon and Day 1
grab

CFRI/OMU Middle Black Sea 18 2013 vanVeen grab 1
DTU AquaDCE Kattegat 22 2006 Haps corer 1

HCMR Heraklion Bay, AegeaBea 7 199596 Smith-Mclintyre grab 0.5
ILVO Belgian part of North Sea 59 200408 van Veen grab 1
IMARES Southern North Sea 100 19952010 NIOZcorer 1
IMR Northwest Norwegian 79 200611 vanVeen grab, Box corer 1

shelf
Total stations 819
Table 2 Summary of source data used for the epifaunal analysis
Participant Region No. stations Year Sampling @vice Mesh (mm)
Bangor Irish Sea 21 2007 2m beam trawl 5
Cefas North Sea, English Channe 496 200009 2m beam trawl 5
CFRI/OMU Western Black Sea 16 201011 Bottom traw! 20
HCMR Heraklion Bay, AegeaBea 6 199596 2mAgassiz trawl 10
ILVO Belgian part of North Sea 45 200408 8m beam trawl 22
IMARES Dutch shelf 531 19952010 Dredge 5
IMR Northwest Norwegian shelf 133 200611 Beam trawl 4
IFREMER Celtic Sea, Biscay 68 201213 Otter trawl 20
Total stations 1316

14
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2.2 Biological traits

A suite ofl0and 12 biological traits were considered most relevant to describe important functional attributes

of the infaunal and epifaunal assemblages, respectively (T@bl€here is cuently no accepted methodology

for selecting the most appropriate traits for a given study (Marchtral., 2008; Bolam, 2013) and often the

final selection igpartly guided by the limited biological information available for benthic invertebrate taxa

(Bremner, 2008; Marchiret al., 2008; Tyleet al., 2012; Munari, 2013; Bolam and Eggleton, 20Bihce traits
wereused in this studyas aproxy for 8 aSYof | 3S Fdzy OGA2y s |y FGaSYLWG G2 T2
21LJJ2aSR (2 WNBalLRyaSQ (NrAda sFa YIRS CdzyOaA2ylt ST
GKAETS NBaLlyasS (GNrXAda | NB I KotafangesKnitle fenvitomesah asl & LIS O A
disturbance (Lavorel and Garnier, 2002; Hoogteall., 2004). While focussing on effects traits may seem logical

for this study, there is currently a limited understanding of which traits may be regarded as functifecas ef

traits or have direct relevance to a particular ecological functiblewitt et al., 2008; Pakeman, 2011).

Processes of importance in marine ecosystems are nutrient fluxes across the sediatentinterface,

bioturbation and irrigation, habitat cre&n, secondary production, sediment stability/transport and carbon
sequestration (Hewitet al.,, 2008). Thus, each of the 10 and 12 traits for the infauna and epifauna in our final

selection, we believegre either directly linked to these processes oe andirect indicatorof these processes

(as per Lavorel and Garnier, 20028 KS (62 FRRAGAZ2YFET GNFXAdGa F2NJ SLIATI c
Y2 RATA Ol (i3) @t Qetidedtd @ebfSelevance to epifaunal organismisut less so for the infaua.

The traits analysis undertaken in this study focussed on assessing the variability in trait composition of each
assemblage of each habitat type and in response to fishing presssireg each trait in isolatigras opposed

to combinations of traits omll traits together (see section 2.6). As suahposterioriassessments of the

variability of the various trait combinations for particular functions can be performed.

9K OK 2F GKS GNIXAdGa gl & adzwRADARSR Ay (rdghge YfdpbssibleJt S WOl
attributes of all the taxa; for example, categories 0K S indkilityQéiere $wimming, burrowing, crawling

or sessilgTable 3) Atotal of 47 and 53 categoriegpresent thetraits for infauna and epifauneespectively

(Table3). Some of the traits referred to measurable characteristics (e.g. maximum size, longevity) whose
categories presented quantitative scalgPaganelliet al., 2012) whereas others (e.g. mobility) were wholly

qualitative characteristics whose categories repmted discrete classes. It was considered necessary to vary

i KS WY 2 NhiKcatégarBs2h@tween infaunal and epifaunal organisms to suitabljommodate the

types of organismwithin each of these two ecological components.

It would be wrong toassign most taxa unequivocally to a single trait categbegcause many taxa display
multi-faceted behaviour depending upon, for example, the specific conditions and resources available
(UssegliePolateraet albs Hnnn0® ¢ KSNB T2 N&FD 6 S LALRNRLIGOERAL 0984S iy 1S &
assigning a score between 0 and 3 to each category, depending on the affinity of that taxon for that category;
where 0 conveys no affinity, 1 or 2 express partial affinity and 3 indicates total and exclusive affinity. In reality,

specific traitssuch asnaximumsize, longevity, and larval and egg development were predominantly expressed
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as partial categories for most taxa while, in contrast, entries for other traits were often represented by a total

affinity for one particular category.

Information regarding all biological traits for all taxa recorded from the matrice818f(infauna) and1316
(epifauna) sampling stationsas required this wassourced mainly from published papers and books and the
websites of various scientific institutions @e http://marlin.ac.uk/biotic/). Thecombined taxon lis{~900 and

~ 1000 for infauna and epifauna, respectively, prior to any truncatiwa¥ notably larger than reported in
other BTA studies on marine benthic invertebrates (e.g(d8Juaret al., 2007); 279(de Juan and Demestre,
2012); 101(TylerWalterset al., 2009; 31 (Frid, 201)), due to the relatively large spatial scale of our study and
the decision not to restrict the analysis to just the discriminating taxa. The vast majority of the tablvgit
information (particularly for the infauna) was sourcedder the auspices of recentefasled projects; this
data source has been used for a number of resulting peeiewed publications (e.g., Bolaet al., 204;
Bolam and Eggleton, 2014; Bola2014). Trait information foadditional taxa not listed within the Cefas
databasewas acquired by each WP3 patrticipating organisateoshared mastersheet was produced to help
reduce duplication of effort and to assist in ensuring that trait informatwas as comparable as possible for
any given taxawhile simultaneously allowing for the inclusion of trait variation associated with geographical

differences, where relevant.

While it was possible to access reliable information for many taxa regarminigin traits (e.g. larval
development mode, morphology), published information describing other traits (e.g. longevity) was not
available for large proportions of the taxa. In such cases, rather than assigning a score of zero to all categories
for a trat (Cheveneet al., 1994) we adopted the category entries for the most closedjated taxa, consistent

with the Best Professional Judgement (BPJ) approach employed by other workers (e-yvaltdeset al.,
2009).0ne might assume thahts method wasmore suitablewherever the entries across closely related taxa
were fairly consistentcompared to tlose wheretraits were variable across closely related taxBor cases

where the latter was observed, it wasecessary to spread the fuzggores across aider number of

categories.

The resulting taxoiby-trait matrix was combined with the taxon abundanrg-station (No.per m2) matrix to
create the final statiorby-trait matrix on which all subsequent trait analyses were based (see FRjure
(Marchiniet al., 2008; Munari, 2013).This results in an abundance by trait and station maffhis matrix is
fundamentally comparable to a multivariate species abundance matvhich forms the basis of many
multivariate analysis procedures of community structurly here each stationis presented by its
proportional contribution of each trait category (summed for all its constituent taX#e decision to base the
trait analyses on abundance data as opposed to biomass data in this study was constrained bypitkidity
That is, abundance data were available for all faunal datasdtde only a sukset of the data had associated
taxon-specific biomass dataBiomass may be regarded @smore suitable metric toassess an organism's

presence with regard to factioning as it providesa better descriptor of the amount ofarbon and other
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ecosystem resources an organism represents (Brerahat, 2006). Furthermore,Hermanet al. (1999) found
benthic biomass to be strongly correlated with a numbeeoblogical processes (e.g., primary productivity) in
estuarine systemsand bivalvesize (biomasshas been observed to beosely related to ecosystem function
(nutrient and oxygen exchange across the sedimemter interface) (Norkko et al, 2013). Whi we
appreciate that our outcomes are likely to be dependent upon this choice of data used (Bolam and Eggleton,
2014), we must appreciate the implications of this logistical constraint when irggngr the ecological

significance of our results.
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Speas abundance matrix

Taxon by trait matrix

Trait 1 Trait 2 Trait 3
Stnl Stn2 Stn3 Catl Cat2 Cat3| Catl Cat2 | Catl Ca2 Cat3
Speciesa 22 1 2 Speciesa | 05 05 0 |075 025 |025 025 05
Species by 4 88 %0 Speciesb | 033 033 0331 0 0 0 1
Species ¢ 0 B 13 Speciesc |1 0 0 |033 066 |066 O 0.33
Summed for all taxa
Station by trait matrix
Stn 1 Stn 2 Stn 3
Catl 12.3 42.5 1515 Figure3. lllustration of the derivation of
Traitl Cat2 12.3 29.5 175 a stationby-trait matrix from species
Cat3 13 29.0 16.5 abundance and taxon by trait matrices
Trait 2 Catl 205 93.0 95.7 Hypothetical example based on thre
Cat2 5.5 8.8 88.9 species and three traits having eithe
Catl 5.5 8.8 88.9 two or three trait categories.
Trait3 Cat2 5.5 0.25 0.5
Cat3 15 92.8 95.2

20



BENTHI@eliverable D31

Biological traits and fishing pressure

Table3. Traits and trait categories used during BTA. Where differences were adopted between infauna and epifauna, these edeinrtiiedhird column. The
abbreviation foreach trait categonas usedor presentation withifFCA plotaind tableqsee results)s given in brackets.

Trait Cgtegorles (infauna  and E.plfaunal ategorles (where Trait Definition and functional significance
epifauna) different from infauna)
X (81D)

) 11¢20(s11%20) Maximum recorded size of adult (as individuals or coloniefhplications for the
Size rangé 21¢100(s21+100) movement of organic matter within the benthic system as large organisms hold or
(mm) 101¢ 200(s10%200) matter (low turnover) within the system relative to smalbdied species (high turnove

200-500(s200500) (Pearson and Rosenberg, 1978).
>500(s500)
Roundbodied (mRound) External characteristics of the taxofror the infauna, mSoft are represented mainly
Soft(mSoft) . annelid worms, mTunic by tunicates, mEXxo represents chitinous (lower crustacean
Tunic(mTunic) Flatencrusting (mFlat) calcareousshelled (e.g. bivalve and gastropod lnscs, echinoderms, highe
Morphology Exoskeletor{fmExo) Stalkedpen-shaped(mPen) | crustaceans). Crustose, cushion and stalked traits are shown by various spo
CrustosgmCrus) kedfan-sh hydroids and bryozoans. For epifaunal traits, mRound is represented by all tax
Cushion(mCush) Stalkedfan-shaped(mFan) showing the other trait categories and is represented by dewiange of norcolonial
Stalked(mStal) Stalkedcomplex(mComp) | taxa such as crustaceans, molluscs, annelids and echinoderms.
Maximum reported life span of the adult stage. Indicates the relative investmer
Longevity <1(|1)| energy in_ somatic rather thz_in reproductive growth and the relative age of se
(years) 1¢2(I1to2) maturity, i.e. a proxyfor relative r and k strategy (Pearson and Rosenberg, 197
y 3¢ 10(I3to10) Shortlived taxa (I1) include ostracods and small amphipods, while the mol
>10(110) BuccinumandArcticarepresent some of the lontived taxa.
Indicates the potential for dispeal of the larval stage prior to settlement from dire
) (no larval stagee.g. cumaceans, tanaig$ecithotrophic (larvae with yolk sac, pelagic
Larval Plaljktotroph.lc(Ide) short periods e.g. terebellid wormjsto planktotrophic (larvae feed and grow in wat
development | Lecithotrophi(idLc) column, generallpelagic for several weeks.g. sponges, cnidarignsAffects ability to
strategy Direct(ldD) recover from disturbance with planktonic recruitment affording potentially fag
recolonisation than lecithotrophic and direct development (Thrush and Whitlg
2001).
Asexualfragmentation Indicates dispersal via the egg stage and the potential susceptibility of eggs to da
Egg (edAsex) from fishing Benthic egg$e.g., some eunicid wormsgye generally more concentrate
development | Eqgg: pelagic (edSex_pel) over smaller areashan eggs released into the pelagia (e.g., hesionid warfsgxual
location r rep%duction allows the potential to increase numbers rapidly, particularly follov

Eggs; benthic(edSex_ben)
Eggs; brooded(edSex_br)

disturbance Brooding $ widespread within the lower crustaceans (e.g., amphipods).
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Tubedwelling(lhTube)
Burrowdwelling(IhBurrow)

Indicates potential for theadult stage to evade, or to be exposed tphysical
disturbance). Various IhTube (e.g., serpulid worms), IhBurrow (some bivalve molly
IhCrevice (such as piddockdhFree (e.g. eumalacostracan crustaceans), |hEpi (¢

Living habit Free livinglhFree) 5 ; _ !
Crevice/under stonghCrev) bryozoans) and IhAtte(g., acidians, bryozoansaxa will vary in their acute reponses
Epi/endo zoic/phyti¢lhEpi) trawling depending on this trait (in combination with those of other traits such
Attached to bed (IhAtt) mobility and sediment positiomn)
Typical living position in sediment profile. Organisms occupgingcial €.g. mytilid
Sediment Surface(spSurf) molluscs, sponges)r shallow positions in the sedimefgome bivalvesire more likely
. 0¢ 5 cm (spinf_Oto5) to contact traw gear than those living deepge.g. some worms) Sediment position
position 5¢ 10 cm (spinf_®10)

>10 cm(spInf_10)

also has implications for the effect of the organism to affect sedirvestier nutrient
and/or oxygen exchange.

Feeding mode

SuspensiotffSusp)
Surface deposiffSurf)
Subsurface depos{fSub)
Scavenge(fScav)
Preddor (fPred)

Feeding mode has important implications for the potential for transfer of car
between the sediment and water and within the sediment matrix. Feeding mode
has important repercussions for many biogeochemical processes (Rosenberg, 199

Mobility

SessildmobSess)
Swim(mobSwim)
Burrow(mobBur)
Crawl(mobCrawl)

Adults of faster moving species are more likely to evade capture by trawl gear than
moving or sessile individualdvobility also affects the ability for adult recolonisation
disturbed areas.

Bioturbation

Diffusive mixeKbDiff)
Surface depositiobSurf)
Upward conveyotbUpward)
Downw. conv.(bDownward)
None(bNone)

Describes the ability of the organism to rewoathe sediments. Can either be upwa
(e.g. maldanid worms)downward (e.g. oweniid worms)onto the sediment(many
suspensiorfeeders) or mixing of the sedimentary matriXe.g. glyceriid worms)
Bioturbation mode has important implications for sedimemater exchange ang
sediment biogeochemical properties.

Fragile(pFrag)

Describes the capacity to withstand physical disturbance and thus the potentidiefo

Unprotected(pUnprot) adult population to remain viable following acute fishingExamples includepFrag
Protection Protected (Atrina sp); pUnprot (Capitella sp.); pExo (Bathyporeiasp., Cancersp.); and pRob

(skin/exoskleton) (pExo) | (Arcticasp.).

Protect (robust shelljpRob)
Bed/reef None(brNone) Important for affecting a number of ecologicglroperties such as biodiversity,
formers productivity and sediment stabilityReetbuilders (e.gSabellariasp.) createan elevated

Reetbuilder (brReef)

structure on the seabed through chemical precipitation or concretiomhie bed
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Bedformer (brBed)

formers (e.g., mussels) fordense aggregatianthat visually dominatéhe seabed
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2.3 Environmental data

Environmental data were acquired for each faunal statmmasto allow an assessment of the strength of the
relationship between invertebrate traifgomposition and environmentinder relatively norfished situations.
These data were used to derive physical environrdzaged habitat groups (see Section 2.&nvironmental
data needed to be comparably derivedcross allparticipants as much as possible.The following

environmental parameters could be acquired &rinfaunalstations:

i Depth;

i %gravel, sand, silt/clay;

i Mean annual bd temperature;

i Mean bed flowy

i Maximum (wave) peak bed flow

The available environmental data for the epifaunal stations was somewhat more limited. Bed temperature
and bed flow datavere not available for a gregtroportion of stations and sediment granulometric data were
generally not obtained for trawl samplesAs such, only depth information was available for all epifaunal
stations. This limited the analysis of the relationships between epifaunal trait compoaitsbanvironmental
variables, with implications forthe investigaton of relationships with EUNIShd kmean clustering habitats

(see later).

2.3.1 Depth
Depth was determined from a digital elevation model of thK continental shelf (Astrium Oceanwise, 2011),

or, for data from some sources, from measdmepths taken from survey logbooks.

2.3.2 Sedirant particle size

The resolution of sediment granulometric data varied between participants, ranging fisttbrgranulometric
data (full phi composition}o just silt/clay (mud), sand and gravel compositions. Therefore, sediment particle
size data were aggregated to thatter three sediment size class groups as % total by weightall infaunal

stations Particlesize data were only available for a small numbkepifaunal stations.

2.3.3 Mean annual bed temperature

For stations located within the UK continental shelf and within the North Sea (i.e., data from Cefas, Bangor,
IMARES anélL.VO), mean annual bottom temperatu(@00007) was derived from a 10 km igded model

based on ICES observations (Berx and Hughes, 2009). Other participants supplied bottom temperature
estimates from regional models or published literature. Temperature data for the stations in the

Mediterranean Sea were derived from modelledta from the HCMR Poseidon meteorological forecasting
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model fttp://www.poseidon.hcmr.gj. Mean bed temperature data was not available for a number of

epifaunal stations.

2.3.4Bed flow

Wave and currents wermodelled on the European continental shelf in the region betweerN48nd 58.5N

and 10W to 10E with a grid resolution of approximately Kin (1/6 degree easivest, 1/9 of a degree north

south). Depth mean tidal and wind driven currents were calculated using the POLCOMS Iruitiahd

James, 2001forced with15 tidal constituents (Q1,01,P1,8IM2 HbHZX >HZ bHZXZ ANamd aHZ
hourly wind and pressure at Kn resolution from the UK meteorological office mesoscale atmospheric
model The meteorological forcing used was for the year 20(IndgJthe same meteorological forcintpe

WAM spectral wave modelQsunaand Wolf, 2004)was used to provide the root mean square (RMS) wave
orbital velocity at the bed. Both current and wave information were sampled at hourly intervals for
subsequent calculations. Validation consisted of a corspariwith observed tidal constituent data for tidal
heights and currents covering a representative geographical spread. Time series of seabed wave parameters
have been compared with seabed lander data at two locations and surface wave heights compariedoyith

data at a representative spread of stations covering the model domain.

The annual mean and peak current at 1m above bed, together with the peakbedawave orbital velocity

was then calculated at each observation position. Stridte wave velgity is that just above the wave
boundary layer (typical thickness €15 cm above the bed). Because the sea state consists of a set of
superimposed waves of varying amplitude and wavelentjtl issue arises of how to define a representative

bed orbital elocity. For these calculationthis is taken as orbital velocity of the equivalent monochromatic
wave (the single frequency wave with the same energy density as the wave speairict) is related to the
modelled RMS wave orbital velocity at the betlvhere no bed information was provided at a station, an
existing map of broad scale bed types and grain size was used to provide this information. Where a sample
station with no bed information fell outside this mag default assumption of 0.8m grain diareter sand was

used. Sand beds were assumed to be covered with small scale ripples and the roughness was calculated by

FRRAY I 29KBNB2' A& (KS NA LILXtugK $opldlieights will 2adyfdgnandically m ot 0

depending on wave and curregbnditions, a simple approach was followed by assuming a nominal constant
ripple height = 2cm. Also for simplicity, no account was taken of wave current interaction influencing the

apparent bed roughnesslthough this is known to be an important effg€tredsgeet al., 1999).

Bottom water flows for the stationsn the Mediterranean Sea were derived from modelled data from the

HCMR Poseidon meteorological forecastimgdel http://www.poseidon.hcmr.gj and data for the infaunal

stations in the Black Sea were derived from published sources.

25


http://www.poseidon.hcmr.gr/
http://www.poseidon.hcmr.gr/

BENTHIS deliverable @3. Biological traits and fishing pressure

2.4 Habitat classification

Central to the aims of the current study was the ability to partition the stations accordingntoronmentally

based units or habitat types.There are a number of ways of undertaking thighile Kaiseret al. (2003)
suggests thatwhen assessing the impacts of fishitgbitats should not be classifiday the sediment type
alone and that depth, phgical and oceanographic features and spedespositionshould be considered

duringhabitat typedefinition.

Stationsin this studywere grouped into habitats using two different approaches: a EUNIS habitat and a k
means clustering approach. By underitaktwo alternativemethods of habitat classification, we a@thto

assess how our understanding of trait composition variation, #nal effects of fishing pressure on trait
composition, is ultimately governed by the choice of methodolagyhBibitat categeization. The paucity of
accompanying environmental data for the epifaunal stations, in partictiter sediment granulometric data
which would have allowed EUNIS habitat classification derivation for stations beyond the remit of EUSeaMap

(see below), linted habitat classifications for these stations.

2.4.1 EUNIS habitat

All infaunal and epifaunal stations were assigned to a EUA8at clasgDavieset al, 2004). The EUNIS
habitat classification aims to provide a common European reference set of habitat types, within a hierarchical
classification to allow the reporting of habitat data in a comparable manner. Although the system currently
has a number otonstraints and drawbacks for Europeaide application (see Galparsost al., 2012) its
importance is demonstrated by its inclusion within a number of European policies (e.g., the Habitats Directive,
the Marine Strategy Framework, the Marine SpatiahRiag roadmap) as a means ensuring a common shared

path and technical terminology between Member States.

The EUNIS habitat (level 4) was determined tlog majority of the infaunal stationsusing data from
EUSeaMagCameronand Askew, 2011 However, asactual particle size data were available for all infaunal
stations, the EUNIS habitat as predicted by EUSeaMap was revised to a EUNIS class that was in agreement with
the sediment type based on that derived by the grab sample. Habitat classes were thadiffés way for

39% of the infaunal stations within the EUSeaMap regiéor. statios located outside the remit of EUSeaMap
(e.g., the Mediterranean Black Sea, Norwegian shelf), stations were ifladsaccording to their most
appropriate EUNIS habitgthased on the known depth, bottom current and sediment type. It is important to
note, therefore,that results based othe EUNIS habitat classificatiomthis study (see results) were based on
analyses in which many of the stations belong to EUNISdialdiffering from those predicted by EUSeaMap

The resulting number of infaunal stations for each EUNIS class resulting from this classification is shown in
Table 4. For the traits analysis, we imposed an arbitraryoffuto exclude those habitats repsented by

fewer than 10 sampling stationen the assumption thatsfew stationscamot adequately estimate the trait

composition of a habitat.
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Table4. Number of infaunal stations allocated to EUNIS habitats for the infaunal analysis. HabXaSfor
each station was based on observed particle size distribution and differs from that depicted by EUSeaMap for
39% of stations. * indicates habitats not included in EtildE®Rd analyses due to insufficient number of

stations.
EUNIS combined dedption EUNIS code No. stations
Infralittoral coarse sediment Ab.13 24
Circalittoral coarse sediment Ab.14 86
Deep circalittoral coarse sediment A5.15 49
Infralittoral fine sand Ab.23 90
Infralittoral muddy sand A5.24 14
Circalittoral fine sand A5.25 168
Circalittoral muddy sand A5.26 59
Deep circalittoral sand A5.27 181
*Infralittoral sandy mud A5.33 4
Circalittoral sandy mud A5.35 11
Deep circalittoral mud A5.37 67
Infralittoral mixed sediments A5.43 11
Circalittoral mixed sediments A5.44 24
Deep circalittoral mixed sediments A5.45 24
*Mediterranean communities of shedfdge detritic bottoms A5.47
*Maerl beds A5.51

It was necessary to allocate the epifaunal stations to EUNIS lewgld 2rather than the more detailed level

4, primarily due to the deficiency of accompanying particle size data. For epifaunal stations located outside
the remit of EUSeaMap (Norwegian shelf, Bay of Biscay, Mediterranean Sea, Black Sea), depth and known
sediment types (using sediment granulometriatal if available) were used to derive EUNIS habitats to either
Level 2 or 3 (depending on information availabl®¥yhere this was not possible, the stations were defined as
Wdzy Of I, alb2itittiatitfisRadegory is, in reality, likely to comprise stasidrom a variety of habitats. While
EUNIS level 4 habitats were predicted for some stations within the spatial remit of EUSeaMap, these were
assigned to the appropriate level & asto aid comparability with those outside the EUSeaMap area.
EUSeaMap afgned some stations as A4.2, a circalittoral rock substrate habitdte an examination of their

fauna inferred that they were sedimentary in nature. Howewbe absence of any other substrate data
prevented us assigning such stations to any altexsatiabitats. The number of stations representing the
various habitat classes for the epifaunal stations is presented in Table 5. As for the infaunal data, habitats

represented by fewer than 10 sampled stations were excluded from numerical analyses.
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Table5. Number of stations allocated to EUNIS habitats for the epifaunal analysis. EUNIS habitat for each
station was based on predictions from EUSeaMap or using depth and sediment type inforhdtién. LINS TA E W!
does not represent a formal EUNIS cadelziT K SNB NX T S Nikdicate® hakitadry rotfiniclddadinf A SR Q @
EUNISased analyses due to insufficient number of statior(in total).

EUNIS combined description EUNIS code No. stations
Atlantic and Mediterranean moderate energy circalitibrock A4.2 42
*Atlantic and Mediterranean low energy circalittoral rock A4.3 3
Sublittoral coarse sediment A5.1 99
Sublittoral sand A5.2 830
Sublittoral mud A5.3 162
Sublittoral mixed sediments A5.4 20
*Deep-sea mixed substrata A6.2
*Deep-seasand A6.3
*Deep-sea mud AB6.5
Unclassified U 83
Deep circalittoral seabed U_DCSs 53
*High energy infralittoral seabed U_HE 1
*Low energy circalittoral seabed U_LE 2
*Moderate energy infraor circalittoral seabed U_ME 4
*Upper slope seabed U_Uss 7

2.4.2 Kmeans cluster group habitats

A kmeans clustering approach was conducted using the environmental parameters for each infaunal station
(i.e., depth, sediment composition, bottom temperature, mean annual bed flow and annual peak bed flow).
This approach allowed stations to be classifiedo ittabitat types based not only on a wider suite of
environmental variables than that underlying the EUNIS approachalsot usingvariables (e.g., % silt/clay,

sand, gravel) based on observed data. Furthermore, the resulting habitats were not const@ithede in
character nor number to those governed by the EUNIS classification system. Due to the lack of environmental
data (particularly sediment particle size), it was not possible to undertake a cluster analysis for the epifaunal

stations.

The 819infaunal stations produced 8 statisticaliiefined (by theCalinskyHarabaszcriterion; Calinsky and
HarabasZ1974))cluster groups with 88, 14, 7, 49, 11, 400, 46, 202 stations for Clusters,Irdsp@ctively

(Table 6). The ranges displayed for eaokhinmental metric for each cluster group are presented as-box

plots in Figure 4. Depth appeared to be most influential variable defining gradthseach group displaying

almost nonoverlapping depth ranges. Other metrics varied with respect to tbkister differences. For
example, stations in Cluster 1 exhibited notably higher gravel content relative to all other clusters, while mud
content was generally high for stations within four cluster$ @d 7) and annual peak wave bed flows were

zero for stations in Clusters 2, 3, 5 and 7. The geographical regions and environmental characteristics of each

cluster group are summarised in Tablar& Figure 5.
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Figure 4 Boxplots showing the range of ensimmental variables of withi@lusters 1-8.
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Table6. Summary descriptions of the environmental conditions prevailingdsters 18. Regions given in brackets are those where the cluster group represents only a very

minor part ofthe region (i.e., is only represented by a small percentage of the stations present).

northern North Sea[Norwegian Shelf]

Cluster | # stations | Geographical regions Environmental conditions
1 88 English Channel, western North S¢ Shallow (average 40mgyravely sand, strong bed flows with warm annual b
Dogger Bank, Irish Sea, Black Sea temp (average 11.X)
14 Norwegian Shelf Deep (average 850m), muddy sand, low bed flows and low annual
temperature (average 2°C)
7 Norwegianshelf Very deep (average 2,100m), slightly samayd, low bed flows and very loy
annual bed temperature (average 6@
49 Black Sea, northern Kattegat, Irish S| Moderately shallow (average 70m), sandy mud with moderate bed flows
[Belgian Shelf], [North Sea], warm annual bed temperaturgaverage 10.2C)
11 Norwegian Shelf Deep (average 1,170m), muddy to sandy mud, low annual bed flows anc
low annual bed temperature (average 033
400 Irish Sea, English Channel, North § Shallow (averag®3m), sandy, fairly strong bed flows and warm annual |
Kattegat, Belgian Shelf, Black Sea temperature (average 10°€)
46 Heraklion Bay, Norwegian Shelf Moderately deep (average 293m), sandy mud, low annual and peak bed 1
medium annual bed temperatures (average ‘€%
202 Western English Channel, Irish S{ Medium-depth (average 93m), slightly muddy sand, medium -Bea

currents, warm annual bed temperatures (average’@)9
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20'00°€

Figureb5. Distribution of the stations classed according to habitats derivedrbgdas clustering of environmental variables. For descriptions of theoamental
characteristics of each cluster habitat refer to TahlBlote, scale varies between the various insets.
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2.5 Fishing pressure metrics

The fishing pressure metrider the infaunal and epifaunal stationgnd includedin the biological traits
analysiswere provided from different data sourcedue to differences in data availability between case study
regions and project partners:

1 For the majority of the stations (those located on the Norwegian shethe North Seathe Kattegat
and in the Irish Sea) standasdd BENTHIS WP?2 fishing pressure estimates (yeaflpfkewept area
in grid cells of 1*1 minute longitude and latitudejkre derived All fishing activity in grid cells with
their centroids less than 2 km fno a given station were assumed to have had an impact, and
individual swept area estimates of these cells were summed by major gear type (otter trawl, beam
trawl, dredge and demersal seine) and subsequently averaged across yidassprocess resulted in
the total FP metric values for each station that were used during the analyses undertaken in Sections
3.1-3.3).

1 Forstationsin the Bay of Biscayhe FP metric values were provided by IFREMERg a comparable
approach to that described above, although it varied with respect to the method of utilising VMS data
to determinevessel activity. That is, from two consecutive GPS positions (pl1 and p2) the activity of
the fishing vessel was definedepending on mean speeds;%buteQvhere mean speed between pl

and p2was> 4.5 kmts or where either pl or p2 were within 2 nm of a poishingwhere mean

speed waK4.5 krots; or WUndetermined? ¢ KSNB YSIy &LISSR 46l a&a TISNRB 2NJ

and p2 was > 6 h.

9 Fishing pressure for the stations within Heraklion Bay was abstracted from VMS data processed within
the BENTHIS project. The data were taken from interpolated maps of fishing effort produced using
the VMS tools workflow (BENTHD®liverable 7.6). Values used were either zero values in control
stations where it has been verified that no trawling takes place, and mean values of swept area
coverage from two different bandings. In addition, in one experimentally trawled area, valeres w
calculated from the swept area trawling coverage during the trawling impact phase of the
experiment.

1 No fishing pressure data were availabtg the stations in the Black SeaHowever, two groups of
stations had been selected for sampling by CFRI;gooep where fishing was not considered to take
place (a reference area) and a hea¥ished region (impact area). While we acknowledge the lack of
any quantitative data regarding fishing pressure is problematic, we assigned FP values of zero and 20

km2 y'l to the stations of the reference and impact areas respectively.

The BENTHIS WP2 swept area estimaised during the current traits analysispresent stateof-the-art
methodologyregarding the calculation dishing pressure metrics from official catch and effort statistics. In
WP2, project partners developed and appliedstandardigd workflow, which combing VMS and logbook
data, together withestimatesregarding thedimensions of the different geai®/P2,2014). The relationships

between gear dimensions and vessel size (e.g. trawl door spread and segaged powernkW)) for different
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gear groups were used to assign quantitative information of bottom contact (e.g. width of gear) to each
logbook trip, and e extended logbook data were combined with interpolated vessel tracks based on VMS
data (Hintzeret al., 2010). The required vessel size information, in terms of engine power (kW) and vessel
length overall (LOA) in meafs, was collectedtogether with the gear specifications in an industbased
guestionnaire survey. This survey was completed by 12 partners to provide-Bysapean vessel and gear
inventory with 1132 observationsThisenabled statistical modelling of the vessel size or vessel enginermpow

~ gear size relationships for different métiers (combinations of gear types and target spediesjonducted

In this way the total seabed area (kfpswept by a fishing gear yearly was estimated for each 1x1 minute grid
cell of the BENTHI&sestudy waters (1x1 minute longitude and latitude equals approx. 1.9atrB6°N, this

grid cell area gradually increases when moving south and gradually decreases when moving north) for a three
year period from 2010 to 2012The final workflow was conigted by 14 European countries (Sweden,
Germany, Denmark, England, Ireland, Belgium, The Netherlands, Scotland, Italy, Greece, Portugal, Northern
Ireland, Norway) for the official statistics of VM8uipped vesselsn orderto providehighresolution mapsf

fishing presure in the Northeast Atlantiand Mediterranean waters. An example for the North Sea is given
Appendix 1where fishing pressure intensity is s@itcording tofour major demersal gear typestter trawls,

beam trawls, dredgeand demesal seines.

Not all European countries with commercial fishing fleets are BENTHIS partners, and not all partners had
sufficient data access to allow completion of the workflow. Consequently, the included WP2 fishing pressure
estimates do not provide fultoverage of the case study areas, and this is particularly true in coastal areas,
where smaller vessels below 12 meters (without VMS equipment) fish commercially with mobile, bottom
contacting gears. Although the French fishing effort datae missing fom the final BENTHIS WP2 dataset
included in this biological traits analysis, the majority of the North Sea has significant coverage. The missing
French data are, however, an issue in the southern parts of the North Sea, the English Channel, the Bay of

Bigay, and in the Celtic Sea.

2.6 Numerical approaches

This study aimed to address two fundamental questions, these were:
a) to what extent does biological trait composition vary between habitats under dowo-bottom

fishingand, is habitat variation traispecifi®; and

b) doesbottom¥ A & KA y 3 6 K S NBfisAing frésbuie)SaNdet&radt cothBdsition and, if so, is this

trait- or habitatdependent?

These two questions were addressed for infaunal and epifaunal assemtsagasately All trait analyses

were undertaken based on each trait independenti opposed taa single analysis in which all traits are
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combined (e.g. Atkinsoet al., 2012; Fleddunet al., 2013). We believe that this approach allows a more
straightforward appraisal of the relative differences in habisgecificity between trait categories within each
trait, as it provides an easier methdy whichto understand how each trait category responds opposed to

the trait itself.

All the station by traiand station by environment data were checked for inconsistencies and gaps prior to any
analysedeing undertaken. To addreti®e first aim the distribution of FP values (EUNIS asddans habitat
classeswere analysed for each habitagparatelyand thestations with either neor relatively lowFP values

were selected for analysis, i.e., all stations considered to possess medium or high total FP estimates for each
habitat were excluded. While it would have been preferable to only include stationszeithFP estimates,

this would have resulted in insufficient numbers of stations per habitat for aisalys

Based on these data, the assemblage trait compositions of each habitat were then investigated using fuzzy
correspondence analysis (FCA) using the $tatisticalsoftware programming package R (R Development core
Team, 2006. Fuzzy Correspondence Analysis (F(SAYlerived from the Correspondence Analysis (CA)
ordination method, a statistical multivariate exploration method designed to anatwseway (and more
generally multiway) contingency tables with multidimensional qualitative or quantitative input data
(Theodorouet al. 2007). CA uses eigenanalysis to investigate differences between sanigendre and
Legendre2012. Here, we usea different version of the CA adapted to fuzzyded datathe FCABandemer

and Gottwald, 1996)in this case based on the biological traits exhibited by species present in the
assemblages.It resembles a correspondence analysis and is suitable foy-toded data (Chevenet et al.,
1994). FCA provides the variability contained in every axis and the correlation ratios of each biological trait
along the principal axedt also allows plotting the scores of trait category in a reduced-dimwensional fator

map (also called a biplot), reducing thedimensional space represented by all the categories of taxa traits
and, thus, summarizing the complex patterns embedded in the original datasdwo-dimensional
standardised FCA plots were produced displatfiregrelative trait composition of each station, categorised by
habitat class.For each habitagtthe meanacrossthe two dimensional reduced space was calculated to give an

F @SN 3S LaArdAirzy 2F GKS aideLRA Ol f Theiclbsérire tationkRthg | & LIS «
centroid, the more similathat station isto the overall characteristic of the habitat. Lines connecting the
location of each station to its corresponding centroid are displaydidwing an inspection of the variability
within and between habitat centroids. Following a similar logic,Hhelidean distance between centroids in

the two-dimensional space can be used to measure trait composition difference between habitats: the greater
separation between centroidghe greaterthe dissimilarity of the trait composition between the habitats.
However, one must remembehat the locations of the centroids cannot encapsulate the variability in trait
composition of the stations, i.e., the centroid locations armaffected by the magitude of the spread of the
stations. Additionally, these distances must loensideredwith caution since they are calculated updwo

axes only which, although integrang the majority of the inertia of the analysis, do not integrate the full

SEGSYld 2F GKS AYySNIAI oAaAdSod Al R2SayQi SELIX LAY G(KS S
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availability of formal statistical testing for the detection of difaces between habitatshe distance between
centroidsto infer significant differencemust be used with some caution. Following an appraisal of the FCA
plots alongside the values of centroid distances, it was decided tlackdean distance 2 for the infaunal

data and >1.5 for the epifaunal data represented an acceptably large separations between centroids to signify
a pronounced difference in trait composition between habitats. Box 1 presents an example to illustrate how
differences between habitatwere derived from the FCA plots in this study. Finally, as the influence of each
trait category can be superimposed on the FCA plot, it is possible to determine the trait category contributing

the mostto any trait composition differences between haliga

AXxis 2

Axis 1

Box 1 Example of a FCA plot of the traits composition for a number of stations belonging to
habitats, A, B and C. The stations of habitat A (red dots) occupy the left portion of the
(negative values along axisl) and shwithin-habitat trait differences. The median location ¢
these stations is given by the centroids for the habitat (red box) and the spread (95%) of st
for the habitat represented by the red oval. Similarly, the locations of the stations of habi
(yellow dots) as defined by their trait composition are also on the left part of the plot.
Euclidean distance between the centroids of habitats A and B is 0.7 (scale not shown) a
distance would signify that there is no significant differenegwieen the trait compositions of
the stations of these two habitats. The assemblages of both habitats have relatively
proportions of trait Z and relatively smaller proportions of trait Y.

The stations of habitat C are located on the right hand sfde FCA plot (positive axis1 values
As with habitats A and B there is some withiabitat variability in the proportions of the trait
categories of this trait. However, there is little overlap between the stations of C with those
and B and the Ealidean distance between A and C is 2.3 and that between B and C is 2.6
would be interpreted as a significant difference in the trait composition of Habitat C from
that of A and B, being more numerically dominated by individuals possessihg tralo note,
however, is that the notation of significance between C with A and B would not be affected
within-habitat variability increased or decreased, it is based on the Euclidean distance
centroid locations.
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To address the secondnaiof the studyj.e. the effect of FP on trait composition, the FP estimates were used

as a continuous supplementary variable during the FCA analygstantrast to the analysis performed to meet

the first aim of the study, data from all stations werelinded for the second aimA supplementary variable,

dzy t A1S GKS al QGA@Se GFINAIotSE Aa y2G dzaSR G2 o0dzAfR
overlapped (or projected) afterwasto explore their pattern with respect to the ordination reduced space

drawn from the active variable. Unlike the analyses undertaken for the analyses above, separate FCA were
undertaken using stations from each habitaECA plots reveal the positions of each station of the hapitat
together with vectors for ach trait categoryindicating the relative influence of each trait category for the
station differences. The plots also allow the inclusion of FP as a vector, because of the systematic
standardisation of the FCA coordinates outputse euclidean lengtrand trajectory of this vector could be

used to indicate the relationship between the station positions and FP estimdtks. greater the FP vector
length, the greater the relationship between FP and trait compositiaith the possihlity for a positive
relationship (vectors sharing similar trajectories) or a negative (vectors with opposing trajectories)

relationship.

A Spearman rank correlation analysis was undertaken between FP and percent compositiosedfét
categoriesshowing the strongest relationships with FP from the FCAwis normparametric correlation
approach was adoptedas even logransforming the highhskewed FP estimates (see Section 3.1) failed to
satisfy the requirements of a more sensitive, parametiacrelation approach (e.g., Pearson product moment
correlation). The purpose of calculating the correlations was to filter the data to pick out the pairwise
comparisons for which there was evidence of linkage. We calculatedugs to do this, and congded values

less than 0.05 (type | error), to be statistically significant. We considered it appropriate to set the type | error
rate for each individual comparison rather than to set some overall type | error rate for all compari®bns.
course, there mg well be linkage for nostatistically significant correlations but our data was not able to

demonstrate this beyond reasonable doubt.

3. ESULTS

3.1 Relationship between fishing pressure and habitat type

3.1.1 Infaunal stations

Although demersal fishg is experienced at stations across all habitats considered within the present study, FP
intensity varies widely within and between habitats (FigureaGdb). Most EUNIS habitats displayed median
total FPestimates<5 km“y™, althoughsome stations experienced disproportionately high FP estimat@$ (>
km'zy'l), resulting in a highly positively skewed FP distribution for most EUNIS habitats (Figure 6a). Generally
the highest FP values occur for A5.33 (infralittoral sandy mud), A&ir8alittoral sandy mud) and A5.37 (deep
circalittoral mud), although the outlying high values tend to be found in A5.23 (infralittoral fine sand), A5.25
(circalittoral fine sand) and A5.27 (deep circalittoral sand). The highest FP vaﬂﬁebrﬁgy"l) belong to three
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stations across differing EUNIS habitats (A5.t#calittoral coarse sediment, A5.25circalittoral fine sand,

Ab.35¢ circalittoral sandy mud).

Fishing pressure across cluster group habitats is similarly complexatindugh all clustr groups contain
stations subjeatd to some demersal fishing, the distribution of BBth within and between cluster groups
varies(Figure 6b). Stations of Cluster 4 (moderately shallow, sandy mud with moderate bed flow and relatively
warm bed temperatues) are subjeetd to the greatest FP and this cluster displays a -#&wed FP
distribution across its stations. However, a number of stations of all clusters (except Clust@mgdeep,
slightly sandy mud, very low temperature and bottom flow) exgece high fishing pressure estimates (e.g. >

20 kmi?y™).

Clearly, therefore, stations of each habitat, whether defined by EUNIS omisaks clustering, show highly
skewed FP estimates. In this respect, FP distribution is broadly comparable acrosajohiéy of habitats

with the majority of stations experiencing FP estimated (< km'zy'l, there are, however, some habitat
differences. This habitagpecificity of FP must be borne in mind when comparing trait changes in response to
fishing pressurébetween the various habitats. For example, variations in the trait response to FP between

habitats mayin effect, actually reflect differences in FP as opposed to any perceived hapiatfic response.
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Figure6(a andb). Fishing pressuiswept area krif y'l) for (a) EUNIS habitats anh) k-meansQuster groups
for the infaunal stations.

There is a strong relationship between the type of fishing gear used and habitat, with total FP for most habitats
being largely attributed to one typef trawl (Figure 7). While seine trawling tends to account for the majority

of FP in the coarsegrained sediment habitats (A5.13nfralittoral coarse sediment; A5.1Zircalittoral coarse
sediment; A5.15 deep circalittoral coarse sediment; A5.43nfralittoral mixed sediment; and the shallow,
relatively gravelly seabeds of Clusters 1 and 6) otter trawling principally operates in the sandier habitats and
muddy sediment habitats (e.g., A5.2#fralittoral muddy sand; A5.26circalittoral muddy sad; A5.27- deep
circalittoral sand; A5.37 deep circalittoral sandy mud; and those of all habitat Clustebsahd 78). Beam
trawling did not account for the majority of fishing within any habitat, although it did account for a third to a
half of total FP in a number of habitats (e.g., A5.2%ircalittoral fine sand; A5.44 circalittoral mixed

sediment).
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for habitats for which the traits assemblages were not analysed due to insufficient numbers of stations (Table
4)yarenotshown. 4§ S32 NB W2 fiakgs dibearkyyed butziRirRipallylvarious types of dredges.

When the stations are categorised according to habitats usingredns clustering approach, there is less
inter-habitat difference in the relative proportion of total FP by the four typedfigiiing gear (Figure 8).
Fishing at stations of Clusterss2and 7 is almost exclusively undertaken using otter trawls, those of Cluster 8

(medium depth, slightly muddy sand, warm bed temperature regions in the western English Channel, Irish Sea

and nortlern North Sea) are also dominated by otter trawling although beam travdiumpliesa notable

component, while those of Clusters 1 and 6 are more targeted by seine trawling (Clusgirallow, gravelly

sand with string bed flows) and seine and beam tmagvl(Cluster & shallow, sandy regions with moderate

bed flows).
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3.1.2 Epifaunal stations

Analogous to the situation observed for the infaunal statiatesmersal fishing is undertaken across all habitats

for which epifaunal data were present within our dataset (Figure 9). The only exception to this was A6.2
(deepsea mixed substrata; not being included in analyses), the two stations within this haklithiteng FP
estimates of zero fishing pressure. FP varies within and between habitats. The highest FP estimates were
broadly observed for A4.2 (Atlantic and Mediterranean moderate energy circalittoral rock), A5.1 (Sublittoral
coarse sediment), A5.3 (Sittoral mud) and A6.5 (Deepea mud; excluded from analyses), although many

habitats displayed positively skewed FP distributions across their associated faunal stations.
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Figure9. Fishing pressur@wept area krif y*) for EUNIS habitatfor the epifainal stations.

As was the case for the infaunal stations, theras a marked difference in the proportions of total FP across

the various gear types. While seine trawling accounts for the majority of total FP in the ceadserent

habitats (A4.2- Atlantic and Mediterranean moderate energy circalittoral rock; Ab.4ublittoral coarse

sediment) otter trawls assume a greater proportion of total FP in A5.3 (sublittoral mud) and A5.4 (sublittoral

mixed sediments) (Figure 10). Otter trawls also accduaitNJ 1 KS YI 22NA e 2 F
deep circalittoral seabed (U_DCS) habitats.
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5)are notshowr. I G S32 NB W2 fiakgs diearktyyed butiziRirigallylvarious types of dredges.

3.2 Relationship between trait composition and habitats

3.2.1 Infaunal stations

3.2.1.1 EUNIS habitats

Therelative differences irtrait compositions of the stationsstimated as having ner low FP for each EUNIS
habitat are presented in Figusel1(aj). The overriding feature of these plots is that there is a large amount of
within-habitat variability in trait compositionwith many stations being significantly perated from their
associated habitat centroid. There are some trait compositional habitat differences, although these are both
habitat- and traitspecific. There is no clear separation between the habitat centroids for any EUNIS habitat for
traits suchas sediment position (Figure 11(g)), feeding mode (Figure 11(h)) and mobility (Figure 11(i)). This
implies that under no or lowfished conditions, the numerical compositions of the trait categories do not
significantly vary between these EUNIS habita@®ther traits however, such as morphology (Figure 11(b)),
longevity (Figure 9(c)), larval development (Figure 11(d)) and bioturbation mode (Figure 11(j)), display
significant variations across habitats. The centroids of some habitats within these &itgr gpssessed a
Euclidearseparation greater than twaand thus are considered to display significant trait composition habitat

differences. The nature of these differences is outlined in Table 7.
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(9) Sediment posjtion (h) Feeding mode (i) Mobility

(i) Bioturbation

Figure 11a). Two dimensional FCA plots of faw nofishing pressure stations of each EUN
habitat. Centroids for each habitat are displayed as a box anckelipses reflect the relative
dispersion of each habitegpecific cloud of points around the first and second principal axis o
cloud (sensu Pearson,@B. Therelative influence of eachdit categowy for positioningstations
across the two axeis presented as vectors (black lindsyr a description of how to interpret thes
figures, refer to Box 1. Trait composition data of each station are analysed as proportions ¢
trait category as opposed to total numbers. The number of stations for which data were avs
varied betwen habitats.
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