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Abstract

Greece, Spain, Italy, Turkey and France are the major contributors to the total
Mediterranean and European aquaculture. The main farmed species in the
Mediterranean region are the gilthead sea bream (Sparus aurata) and European sea
bass (Dicentrarchus labrax), while particularly in Greece their species make up for
95% of the total national fish production. With the recent tremendous growth of the
Mediterranean fish industry during the last two decades, fish escape from sea cage
facilities increases the pressure upon a forthcoming sustainable industry.

Fish escapes have been reported for almost all the European farmed species,
including sea bream and sea bass. Fish escapes disclose a considerable socio-
economic effect to the relevant countries, with additional disclosed ecological and
genetic impacts on the marine environment. As a considerable indirect effect from
fish escape is the reduction on the fame of the industry and of course the loss of
money and also several conflicts with groups related with the protection of the
environment. Additionally, as the last stage, consumers might pay more for a fish that
has been mistakenly considered as fisheries. Further, interaction with the wild stocks,
interbreeding, food and mate competition and transfer of pathogen and parasites are
major examples of serious environment interactions. The main cause of fish escape is
a combination of structural failure of equipment with severe environmental
conditions, such as strong winds and storms. Predators and pelagic animals attacking
the offshore farm facilities are also another cause for fish escape. Recently, species-
specific behavioral attributes have been also correlated with a potential risk of escape.
Indeed, fish farmers have widely documented interactions towards the net pen,
concerning net inspection and bite, mostly regarding Atlantic cod (Gadus morhua)
and sea bream. These interactions, also called “pre-escape” behavior disclose a
potential risk of net damage and a creation of a hole that will eventually lead to fish
escape. However, knowledge of the related factors, both biotic and abiotic, that affect
sea bream and bass escape behavior as well as the relative net interactions that
potentially lead to net damage is almost nonexistent until now.

The main objective of this thesis was to provide basic knowledge regarding
the related factors that affect the escape behavior of the main Mediterranean farmed

species. In addition, species-specific attributes that lure farmed fish to interact with




the cage net, create holes on the surface and escape are discussed. Pre-escape
behavior is further evaluated in accordance with the condition of the net pen, based on
different nets commonly found in farm facilities. Simulated small-scale experiments
in laboratory conditions were performed and specially developed video processing
and image analysis systems were used so as to evaluate species-specific behaviors in
aquaculture. Moreover, preventive measures and implementations to avoid large-scale
events are discussed.

In chapters 2 to 4, the potential influence on sea bream pre- and escape
behavior of factors like the feeding condition of fish, applied fish density, and the
presence of micro-fouling are evaluated. Sea bream usually approaches the net pen at
a close distance (< 2 cm), looking for a net tear and escape. Along with escape
activity, sea bream has also been reported to inspect and bite the net. The potential
risk for escape is further increased by sea bream attraction towards fairly damaged
nets, consisting of cut twines and fouling filaments. It is clearly demonstrated that sea
bream escape behavior is strongly related with the amount of food provided and to the
applied fish density. In addition, pre-escape behavior is mostly associated with the net
structure, with the presence of cut twines and filaments on the net surface further
induces net biting and eventually net damage.

The knowledge acquired in chapters 5 and 6 highlights the need to investigate
the escape behavior of European sea bass from a different point of view. This species
has no interaction with the aquaculture net, but is yet able to escape when a net tear is
present. Further, sea bass is able to locate a net tear from a longer distance than sea
bream. Therefore, research should be focused on external environmental factors that
could alter sea bass behavior inside the cage environment and increase the escape risk.
Visual conditions at the point of escape and light level were proven to have a strong
influence on the escape behavior of sea bass. Swimming activity is also affected by
different light level. In addition, visible or solid obstacles and illuminated areas could
mitigate the potential risk for fish escape. Lastly, the use of artificial light opens a
new discussion for a more sustainable aquaculture.

The acquired information regarding sea bream and bass escape behavior
highlights the need to reconsider cage technology to minimize the risk of net damage
and also mitigate fish interactions that may also wear and tear the net pen. Both
species are able to escape, but present totally different patterns and species-behavioral

attributes. Thus, cage and net materials as well as cage location and orientation



regarding sea bream and bass should be reconsidered, based on species behavioral
attributes in the Mediterranean aquaculture. Better quality materials and regular
control of the cage and net condition could reduce the potential risk of net damage
and the creation of a hole. Further, the use of undesired materials would prevent fish
from exploratory behaviors towards the net pen.

The general conclusion of the present thesis is that both sea bream and bass
are able to locate net tears and escape, though several factors can influence this
specific behavior as well as affect relevant behavioral traits prior to any escape event.

Study of sea bream and sea bass escape-related behavior can potentially make
a significant contribution to a forthcoming sustainable Mediterranean aquaculture
through mitigation of large-scale events.

Management measures should be taken in the aquaculture industry so as to
eliminate the potential risk of escape. Preventing large-scale events will ensure many
of the previously mentioned socio-economic effects as well as the ecological and
genetic impacts to the marine environment. It is clear that with the high expansion of
offshore aquaculture in the future, operational procedures and fish handling should be
reconsidered and address fish escape as a major problem. These measurements should
be cost effective and environmentally friendly but efficiently fit the industry purposes

and general aquaculture expectations.



I'evuan Hepidnqyn

¥t Meooyswokr] YootokaAMEpyela, Ta €101 TOL Kuplapyovv givor 1 Toumovpa
(Sparus aurata) kot to Aappdaxt (Dicentrarchus labrax). H ektpogpn kot tov dvo
avTOV €OV, Wwitepa otnv EALGda, @thvel oe 06016 95% el Tov GuVOAOL NG
eBvikng mopaymyng. Zuvolkd Yoo TV mepoyn ™G Mecoygiov, o Topéng TV
VOOUTOKOAMEPYEIDV €XEL EUPAVIGEL OALOTAOON AVATTUEN TIG TEAELTAIEG OEKOETIES, LUE
yopec Ommg n EALGda, 1 Tovpkia, n Iomavia, n Itoiia ko n F'oAdio va coppetéyovv
EVEPYA GTNV TOPOY®YN KO LETEMELTA O1AOECT] TOV TPOIOVIWOV TNG VOUTOKOAAIEPYELOG.
Qo1660, oLGLOON TPoPAata cvvexilovy va VEIoTAVTOL, OTMG Yo TAPASEYLA Ol
TOPOTNPOVUEVES OUPVYES TV KOAMEPYOVLEVOV YAPLDY OO TIC LOVAOEG EKTPOPNS
Kol mayvvons. Ot ocuvveyeic avapopés TETOUMY TEPICTATIKOV TO, TEAELTOIO YPOVIL
Exouv oavadeiEel TG dwpuyégs ¢ peilov mpoPAnua Yoo Tov KAAOO, OTEIMDOVTOG
mopdAnAa ™ Prooiudtto e Mecoyelokng, aAld Kot YEVIKOTEPO TNG TOYKOGLLOG
VOUTOKOAMEPYELDG.

AlQUYEG YopLdV £XOVV KOTAYPAPEL Yio TO GUVOLO GYEOOV TMV EKTPEPOUEVDV
yopliov oty Evponn, copmepiiapfavopévon g toumovpos Kot Tov Aavpokiov. Ot
OPVNTIKEG EMMTOGELS UTOPOLV VO SLOY®PLOTOVV GE: KOWMVIKO-OIKOVOUIKES Kol
neptParlovtikéc/yevetikéc. Ot TPMOTEG POPOVY GTNV CPVNTIKY UM TOL OTOKTA O
KAIOOG KaBMDG Kot oTn Pelmorn Tov KEPOOVG MG OMMAELN OTODEUATOS, VA EUUECO
EMOPOVV APVNTIKA GTO KATOVOAMTIKO KOwO, Kabmg cuyvd epgoviCovv vyniotepn
TN Yo T0 A0Y0 0Tl AavBacpéva Bempovviatl MG PLGIKA AAEDLLATO.

Ot mepIPaAAOVTIKEC/YEVETIKEG EMMTAOOCELS OMOCYOAOVV [0l TOAD peydAn
pepido NG EMOTNUOVIKNAG KOWOTNTOG KOOMG 0@opodVv oTn  Yevetikn wién
KOAAMEPYOUUEVOV KOl AYplwv TANOLGUDOV, AVIOY®VICUO Yo €DPECT TPOPNG Kol
avamopoy®yn, Kadm¢ Kot HETAd0on acheVEI®V Kot TaB0YOVOV UIKPOOPYOVIGUAOV OO
KoL TPOG TNV 1yBvokoAAiépyetLa.

H wxvpidtepn atio yoo 11c d0Quyéc TV yopldv €ival 0 GLVIVAGHOC
EMITTOUATIKOV VTOOOUADV Kol eE0TMGHOD pe avTiEoeg KOpikég cvuvinkesg, Omwg Yo
TopaoetypLa, ol Katoryideg kot ot duvvartoi dvepotl. H mapovoio dypiwv Onpevtdv oty
TEPLOYN TOV KAOPOV eVIoYVEL OKOUO TEPIGGOTEPO TOV KivOLVO OlapLYNG, KaBdS
emtifevtal ot Yaplo TPOKaADVTOG TapdAinia kot eOopég ota diytva. [lpdoearta,

TO YeVeTIKO VOPafpo TV €0MV KOl EWOIKOTEPA TOL TPATLTO, CLUTEPLPOPAS TOL




TOPOTNPOVVIOL GTO QUOIKO TOv TEPPAALOV £YOVV GULGYETIOTEL Ue TNV KAVOTNTO
VTGOV 0AAG KOl TNV TAoM Yo 010puYEG omd tovg tyBvokiwPovc. ITo cvykekpiuéva,
HEYOAOG aplOOg KOAMEPYNTAOV, OVOPEPEL TEPICTATIKA OOV T EKTPEPOLEVO. YAPLoL
minotdlovv moAD Ta diytva Tov YBLOKAWPOL NM/Kor Tapovoldlovy EMBETIKN
CLUTEPLPOPE G TTPOG VT (doykdpata). Ot GAANAETIOPACELS OVTES, EMIONG YVOOTES
KOl OG «CUUTEPIPOPE TPV T SLOPLYN» UTOPOVV €V OLVALEL VA ALENGOVY TEPUTEP®
TOV Kivouvo, KaBdg ta yhpto dvvatol vo TpoKaAEGOUV PBOPES 6TO dlYTL KO €V TEAEL,
vo dnpiovpyncovv o omn dwpuyns. H ocvpmepripopd avt tov ekTpe@ipevov
Yopldv otV MecoyelaKkt] VOOTOKAAALEPYELD KOOMDG KOl Ol TOPAYOVTEG TOV, AUECGA 1
gupeoa v ennpedlovv, £govv eAdyioto peletnOel péypt TP

O wvprog ot0Y0c ™G TapoHoos AUKTOPIKNG dTpPng eivar n mopoyn
BlodoyiKng yvooMG OYETIKG HE TN OCLUTEPLPOPA JPVYNG TOV  KLPLOTEP®V
eKTPEPOUEVOV 1 0V®Y 01 Mecdyelo aAld Kol TOLG OVTIOTOLYOVG TTOPAYOVTIES TOV
emnpedlovv ™ ocvumeprpopd avth. Tlapdiinia, yiveror pio mtpoomddeior oviivong
TOV 1OWITEPOV TPOTUTM®V GULUTEPIPOPAS TOL EKONAMVOLV TA WAPLO EVTOS TOV
BvoxkAmPBod Kot 00NYOVV 6E EBOPEG Kol OTEG SLOPLYNG UECH OAYKMOUATOV GTNV
emedvela Tov dytvov. [epartépm avaivon ToV GAANAETIOPACEDY VTOV YIVETOL Ko
0€ GULGYETION LE TNV EKAGTOTE KATAGTOOT] TOL d1TLOV TOL tYBvokAwPo, (PBapuévo
diytv, vmapén ondv, KAT) oL £0VV avaEePBEl GTIC EYKATAGTACELS EKTPOPTG.

¥t0  TEPOUATOV, TOL  TPUYUOTOTOWONKOV OTIC EYKOTAGTAGELS TOL
[Mavemomuiov Kpnmg, mpocopoidvetar 1o mepiPdArov tov tyBvoxiwPov, , evod
avamToyOnkay Kot TPOTOTUMEG TEYVOAOYIEC TOPATNPNONG TOV  YOPlOV Kot
eneepyaciog ewdvog mpokeywévoy va  aSloAoynBel kot mocotikomomBel 1
ooumepLpopd tv mpoavaeepBiviov yoplov. Tlapdiinia, eetdlovror SAPoOpES
SLOLYEPIOTIKEG TTPOKTIKEG, Ol OTTO1EG £YOVV WG GTOYO TNV TPOANYT KOl TOV TEPLOPIOUO
TOV OL0PLYDV.

Yto kepdioa 2 — 4, egetdleton n enidpaon wapaydviov mov oyetilovrot e
TNV EKTPOPT TOV YoPLOV (Tapoy] TPOPNS, 1 BLOPOPTIOT], TOPOLGia apytkoy 6Tadiov
Bro-emiotpwong oto diytv) dapuyng g Touovpoc. H towmovpa sivon Eva yapt, o
onoio cvyva Tpoceyyilet To dixTv ToL KA®POL o€ pikpn andotacn (<2Cm), YyiyvovTog
Yo OTEG O10PLYNG, EMIONG. L€ TOAAEG TTEPUTTAOCELS £YOVV avapepBel kot Bopég onv
EMPAvELD, TOVL dyTLOY e€antiag TV daykwpdtov ™e. H mbavomrta epedvions pog
OTNG JPLYNG AOY®D OUYKOUAT®V EVIGYVETOL OKOUN TEPIOCCOTEPO Omd TNV VIUPEN

KOUUEVOV VMUAT®V oAAG Kou opyavicp®mv Plo-emiotpwong (Biofouling), mov



av&dvouy TNV TPOCEAKLOT TNG TOIMOVPOS TPog To Olxtv. Ta amoteléopoto g
TOPOVoOS OTPIPG LITOINADVOLY TNV OTEVH] oxéon NG 1BvoeopTiIons, NG
TOPEXOUEVNG TOCOTNTOS TPOPNG Kot TNV Tapovsiog Ploemictpmong 6to diytv oty
EKONAMOT TETOIWV GLUTEPIPOPOV 6TV Tomovpa. Emmpdcbeta, katoypdoetar o
aKpng ypOVOg TOL AMOLTEITOL Yo TNV EKONAMOT OVTIGTOLY®V GUUTEPIPOPDOV EVED
TEPLYPAPOVTOL AETTOUEP MG TA EMUEPOVG GTANN TNG EKACTOTE GUUTEPLUPOPAC.

Yto kePOAoo 5 Kot 6, 1 avTIOTOYN CLUTEPIPOPA SLOPVYNG TOV ACLPAKIOD
peAetdrol o€ oY€om He TNV EVTACT TOL PMTOG Kal TN X0wpobEétnon tov tyfvokiwpav.
To AaPpdkt dev TapovGLalel CLUTEPIPOPES EVAGYOANOTG Kol OAANAETIOpOONG LE TO
diytv Tov YBLVOKA®POV Kat Yia TO0 AdY0 aVTO 1 CLUTEPLPOPE dLoPLYNG ToL e€eTdleTon
Vtd to Tpiopa eEMYEVAOV TAPAYOVTOV KOl GUVONKOV TOV EMKPATOVV GOTIG TEPLOYES
KaAMEpyeldg tov. To €ldog avtd epeoavilel onuoviikég Spopés o610 TPOTLTO
dlpuyns, kabmg elval wovo vo €VIOTMIGEL TNV OMN OTO JdiyTv OmMd UEYAAVTEPT
amOGTACT OO TNV TOUTOLPO, OAAA Kol Yy To Adyo OTL 1 OPLYN €VOS OTOLOV
TPOKOAEL TNV aVTIYPOQY] TNG CLUTEPLPOPES TOL oamd TO LWOAOUTA (TOUO. TOV
mAnBocpov. Ynd ovvOnkeg SwPdbuiong g €viaong tov eotdg, 10 AaPpakt
EKONAGMVEL oL VIOV TPOTIUNGT OTIS QOTEWEC TEPLOYEG TOV OeEAUEVDV. XE
OVTIOTOl(l0. OLTNG TNG CLUTEPLPOPAS, N OTPOCKOTTN QLK POTOTEPI0O0G GTNV
neployn TV yOBvokAwPdv dev mpémelr oe kopio mepimtwon vo  meplopileTar.
Aw@opetikd, M ovvabpoilon Tov TANBVoHOV KLPIOG OTA EOTEWVG oNUEi TOV
yBvoxKAmPBov Ba drtapopomotoet TV 1yBvoEdpTIoN, Ba eMnpedoel TNV a&lomoinon v
POPNG, eved otnv vmopén Tpovmag Bo odnynoel Tov TANBvoud oe  dlELYN.
[Mopdiinia, N yopobéton tov KAoPodv somtepikd ALV KAoBoV dvvatal va
neplopicel v mOOVOTNTA SAPLYNG, KOOBMG Ta. diytvo TOV YOp® KAWPOV Oa
AEITOVPYOVV EUUEG O TEPLPEPELAKA OlyTLO TEPLOPILOVTAG TNV OTTIKN OVTIANYT TOV
Ao paKiov yio ThavEG TPOTES 6TO Oy TV.

Ta amoteAéopata g mapovoag SaTpPng evioydovy TV Gmoyn OTL Kot To
Vo exTpePOEVA €101 6T MecsoYelo ivat tKavd va S1apOYOLV HECH OTMV oTa diyTLa
TOV YOLOKA®POV. ZVVETMOC, 1 TEYVOAOYIO Kol Ol TEYVIKES KOAAEPYELNS OPEIAOLY VL
avabeopnbovv  Aapupavoviag vmdyn  OAOVG  OVTOVG  TOVLG  TOPAYOVIEC TOL
emnpedlovv/oyetiCoviat e TNV EKONAMON GLUTEPLPOPAS dlapLyNc. Idwaitepa, yio TV
TGUmovPa, M YPNOT TAEOV AVOEKTIKAOV SLYTVMV KOl 0 GLYVOG EAEYXOG TOLG UTOPOVV V.
ovpPdrovv Betikd oty peiwon ¢ mBavotTag eBopdv Kol aAloimong g

EMPAVELNG TOV O1YTLOV KOl GLVETMS OTOV Kivouvo odtapuymv. Télog, avamtuén



TEYVOAOYLOV TapakorlovONone twv yopidv péca otov 1yfvokhwBo pmopel va
ovpPdiel mepaTEP® oIV TPOANYN TOV OPLYDV, KaBhg Bo Tapéyel cvveymg

OTOU(EL0 TNG KOTAGTOONG TOVS KOl TOV CUUTEPUPOPDV TTOV EKONADVOLV.



1. Introduction

1.1. Mediterranean Aquaculture
The first records of Mediterranean aquaculture come from the ancient years (2500
BC), in Egypt, when wild fish were confined into small ponds. Following this, both
ancient Greeks and Romans had successfully practiced aquaculture of common
Mediterranean species (gilthead sea bream and European sea bass) as well as marine
invertebrates in lagoons. The precursor title of modern Mediterranean aquaculture,
referred to as “‘vallicultura’ was present in the region of the Adriatic Sea from 1500
AC (Ravagnan, 1992).

Modern aquaculture has undergone a dramatic development due to advances
in the late 1970s, concerning reproduction, larvae culture, food and farming
technology. Overcoming the main technology issues, fish production moved to large-
scale hatchery systems and offshore facilities satisfying most of the optimistic
expectations (Merino et al., 2012). In addition, the deficit of the fisheries landings
spurred the growth of aquaculture, so as to follow the increasing demand for fish
protein. Particularly in Europe, the share of production from brackish and marine
waters increased from 55.6 percent in 1990 to 81.5 percent in 2010, driven by marine
cage culture of Atlantic salmon and other species.

Mediterranean aquaculture, at the beginning of its growth, mostly focused on
mollusc production. However, mariculture of fish contributed to a tremendous growth
of the overall production during the last 40 years. Gilthead sea bream (Sparus aurata)
and the European sea bass (Dicentrarchus labrax) are the dominant species
accounting for 91% of total Mediterranean production (Figure 1). In addition, new
species (dentex, meagre, sharpsnout
seabream, etc.) have already been
introduced in either small or large-scale
production rate.

The first efforts for breeding and

commercial production of sea bream and

bass took place in the late 1980s, focusing
Figure 1: Mediterranean Aquaculture Production per
on controlled intensive systems in inland Species in 2011. Sea bream (red), sea bass (blue), other
marine species (green) and flatfish (purple). Source:
facilities. As the sector developed, the FAO (2011).




vast production was transferred to offshore facilities, following the technology of the
mooring cages for the salmon culture in Norway (Hansen et al., 2008). This resulted
into a great increase (over 300 thousand tons) of the total production for both species,
where Greece, with Turkey are the leaders in the production in 2012 (FAQO, 2014).

Today, Greece is the indisputable leader in the Mediterranean region
(Theodorou et al., 2010) for both sea bream and bass production, with an overall 137
thousand tons, accounting for almost 40% of the global production for both species.
Other countries like Norway, Spain, Italy, France and Turkey have also their
significant contribution to the overall European Aquaculture (FAO, 2012).
Agquaculture production is mainly dominated by fish (Greece and Turkey) and
molluscs (Spain) of high economic value.

Nowadays, the Mediterranean mariculture presents a remarkable production of
marine and fresh water fish that contributes to the general socio-economic structure
with thousands of employees in many countries. Indeed, investments moved from the
big cities to uninhabited regions and islands, contributing to the general advance of
the entire Mediterranean region. Remarkably, aquaculture production surpasses most
of the expectations, offering cheap and good quality fish protein to the market. Total
production, including all categories (inland / offshore) and farmed species (freshwater
/ marine) has already increased to ~2 million tons in 2011. The geomorphology of
South Europe region — sheltered bays, long coastline along with favorable climate and
environmental conditions (Theodorou, 2002) provides a great potential for an efficient

and sustainable aquaculture industry.

1.2. Common species in the Mediterranean Aquaculture

1.2.1. Gilthead sea bream

Animalia: Animalia

Phyllum: Chordata

Class: Osteichthia

Order: Perciformes

Family: Sparidae

Genus: Sparus Figure 2: Gilthead sea bream (Sparus aurata)
Species: S. aurata (Linneaus, 1758)



The gilthead sea bream (S. aurata) is common in the Mediterranean Sea, present
along the Eastern Atlantic coasts from Great Britain to Senegal, and rare in the Black
Sea. It is a euryhaline and eurythermal species, found in both marine and brackish
water environments such as coastal lagoons and estuarine areas, particularly during
the initial stages of its life cycle.

This species migrates in early spring towards protected coastal waters, where
they can find abundant food resources and higher temperatures. In late autumn, it
returns to the open sea, where the adult fish breed. In the open sea, gilthead sea bream
is usually found on rocky and sea grass (Posidonia oceanica) meadows, but it is also
frequently caught on sandy grounds. Young fish remain in relatively shallow areas
(up to 30 m depth), whereas adults can reach deeper waters but generally not more
than 150 m (Moretti et al., 1999). Sea bream is known as a sedentary species, found
either in small aggregations or isolated in nature. It is mainly carnivorous, accessorily
herbivorous and feeds on shellfish, including mussels and oysters (Pita et al., 2002).
The age reported for this species, in nature, ranges from 1-4 years, but in aquaculture
it can reach up to 11 years (Campillo, 1992).

This species is a protandrous hermaphrodite. Sexual maturity develops in
males at 2 years of age (20-30 cm) and in females at 2-3 years (33-40 cm). Females
are batch spawners that can lay 20 000-80 000 eggs per day for a period of up to 4
months. In captivity, sex reversal is conditioned by social and hormonal factors.

Sea bream aquaculture in the Mediterranean Sea

The gilthead sea bream is regularly present in the Mediterranean fish market. It was
traditionally reared in coastal lagoons and saltwater ponds along the Mediterranean
coast. Extensive culture systems still remain in some regions of the Mediterranean but
with very low impact on the total aquaculture production. The establishment of
reproduction and husbandry methods in the late 1980s allowed the domestication of
sea bream aquaculture in 19 countries. Nowadays, cultured sea bream production is
mainly realized into intensive farming facilities (sea cages, inland tanks) with an
average stocking density of 20-100 kg m™. Intensive culture occurs in sea cages,
either in sheltered or semi-protected areas or submerged cages. Young fish are
subjected to the cage nets in stocking density of 10 — 15 kg m™. Under favorable

conditions, the on-growing period (from 10 g) reach the market size (~500 g) in about



one year. In the last 20 years (1990-2010) sea bream production has risen rapidly
from approximately 4.000 up to 145.000 tons.

Greece is by far the largest producer in the EU (40% of the total production),
followed by Turkey (30%), 250
Spain (14%) and lItaly (6%). 560

The sector provides

employment positions for |:
100 -
over ten thousand people. |2
. . #2050
Considerable production also l .

occurs in Croatia as well as

—
L
=

Sales (million euros)

Nireus Selonda Andromeda  Dias Hellenic  Galaxidi

the southern Mediterranean Figure 3: The largest Greek companies in sea bream and bass farming
countries  (Cyprus, Israel, sales for2012. Source: Nireus A.E.

Egypt and Morocco). Approximately 100 companies are active in Greece, with a total
sea bream production of 120.000 tons in 2012. However, the largest companies are
only five (Figure 3), including Nireus, Selonda, Andromeda, Dias, Hellenic and
Galaxidi (FEAP, 2010). The formidable position of Greece is mostly based on
advanced fish farming techniques as well as that marketable size can be reached in
16-18 months, which is shorter compared to other countries in the Mediterranean
region. Almost 80% of Greek bream production is exported to other countries (i.e.
Italy, Spain, Sweden, etc), which along with the farmed sea bass make up the second

national export product following olive oil (FAO 2012).

1.2.2. European sea bass

Animalia: Animalia

Phyllum: Chordata

Class: Osteichthia : i
Order: Perciformes . " = ’
Family. Sparidae Figure 4: European sea bass (Dicentrarchus labrax)
Genus: Dicentrarchus

Species: D. labrax (Linneaus, 1758)

The European sea bass (D. labrax) was the first marine non-salmonid species to be

commercially cultured in Europe and is at present the most important commercial fish



widely cultured in the Mediterranean region. It is the second most important species
(in production volumes) in Mediterranean fish farming after sea bream.

Sea bass mostly appears in the Mediterranean Sea and the Eastern coast of
Atlantic Ocean, from Norway up to Senegal. It is a eurythermic (5 — 28°C) and
euryhaline (fresh to sea water); thus, it inhabits coastal inshore waters down to about
100m, estuaries and lagoons. It is also possible to venture upstream into freshwater. It
breeds once per year, during winter for the Mediterranean populations and up to June
for the Atlantic, respectively. The preferred temperature varies between 9 - 15°C, and
the juvenile fish aggregate in shallow waters. Sea bass, in nature, are predators on
small fish, prawns, crabs and cuttlefish. Young males become mature in 2-3 years
with the females one year later. Adult sea bass can reach an age of 30 years and a
maximum weight of 10 kg. Although sea bass are farmed in seawater ponds and
lagoons, the vast production comes from sea cage installations in the open sea.
Juveniles are subjected to as on growing stock at a size of 1.5 — 2.5 g. They reach the
market size (400 — 450 g) in 18 — 24 months. During this time, fish are fed with
commercial pellet every 10 — 15 minutes, every day. Grading is necessary at least two

or three times per cycle, in order to avoid growth differentiation and cannibalism.

Sea bass farming in the Mediterranean Sea

European sea bass is a fish with high commercial value for both fisheries and
aquaculture. Sea bass has traditionally been cultured by extensive methods in
seawater ponds and lagoons. Fish then enter a lagoon, the entrance is closed and the
fish are trapped inside. Trapped fish are fed naturally in the lagoon until they reach a
marketable size. Intensification of sea bass production started in 1960s, but not until
in the early 1980s the relevant techniques had been fully developed.

The traditional extensive culture of sea bass has recently been replaced by
intensive systems, such as offshore sea cages (10-20 kg m™) or inland concrete tanks
(30-80 kg m™). Sea bass farming has also shown a positive growth in the last 20 years
(1990-2010) as a result of better hatching and handling processes, with an overall
production of approximately 132.000 tons and an additional economic value of 786
million USD. However, major problems still exist, regarding the susceptibility to
diseases, poor growth rates and sexual maturation that are mostly linked with high

temperatures and faulty management practices.



Currently, sea bass farming, along with the production of sea bream makes up
over 95 percent of total production in Greece. Sea bass production reached almost
120.000 tons in 2010 (FAO, 2010). Similarly to the sea bream, Greece is among the
major producers with 40 percent of the total European production followed by Turkey
(30%) and Spain (11%). In Greece, the total production for sea bass in 2009 was over
30.000 tons (Eurostat, 2009). Sea bass is also produced in a small scale along the

entire Mediterranean region.

1.3 Cage aquaculture
Offshore aquaculture is nowadays considered as an emerging approach to mariculture
Sea farms are located in deeper and less
protected areas with stronger water currents
than in the inshore installations. Farmed
fish are stocked, artificially fed and then
harvested, when they reached the market
size. Sea cages were firstly introduced in

the Mediterranean aquaculture in the late

1980s, since this technology provided

Figure 5: European sea bass inside a commercial sea
cage. Source: Nireus A.E.

enough space for fish production when
aquaculture expanded to meet the increasing human demand for fish protein.

A cage with a rigid structure (more or less flexible) is supported by floats on
the water surface or if submerged a few meters deeper. A net pen containing the
farmed fish encloses the cage on both sides and the bottom. Mesh (hexagonal or
standard diamond) can be made of different materials (nylon, polyester,
polypropylene and polyethylene) but nylon (polyamide) is the most common (Figure
5).

Cages are open systems in contact with the open sea. This ensures water
renewal that in turn enables water oxygenation. Food and fish waste are also removed
from the cage. During culture, fish are provided with high-protein complete feed, and
can live in their habitat remaining in the bounded area of the cage net.

When using sea cages, fish are able to move around with a consequent
increase in appetite and growth. A greater mobility of fish due to the larger volume
contributes to improved "welfare”. In addition, the fish are allowed to avoid the

surface level where bad weather conditions very often exist.



However, sea cages are very often exposed to severe environmental
conditions, such as strong winds,
waves and storms. Even at protected
areas and fjords, damaged nets or
entirely destroyed sea cages (Figure 6)
have been reported after storms and

strong winds. To improve and promote

the cage-based marine aquaculture, the

Figure 6: A major structural damage of a cage in Norway.
Source: @. Jensen.

industry needs to address a recent
problem, related to the wide-range and high-impact effect of fish escapee’s from net

cage aquaculture facilities.
1.4. Fish Escapes in Aquaculture

1.4.1. Definition of Fish Escape
"Fish Escape" has been defined as the loss of farmed fish through tears that exist on

the cage’s net (Figure 7). However, sscapes can theoretically occur at all stages of the
farming process: including larvae rearing and juvenile/adult fish. The escape risk is

rather low during the larvae stage, since
the whole procedure takes place in
closed systems. Escapes have been
reported for almost all species that are
cultured worldwide, including Atlantic
salmon and cod, rainbow trout, artic
charr, halibut, gilthead sea bream, :
European sea bass, meager, tilapia, and Figure 7: Diver repairs a net tear on a sea bream cage.
kingfish (de Azevedo-Santos et al., source: Nireus A&
2011; Naylor & Burke, 2005; Naylor et al., 2000).

Recent research has focused on a second type of escape that of viable,
fertilized eggs spawned by farmed species inside the cages (Jorstad et al., 2008;
Somarakis et al., 2013). Thus, the term “escape” has been redefined and now includes

the escapement of the fertilized eggs into the marine environment.

1.4.2. Causes of Escapes in aquaculture

Escapes are mainly caused by a variety of incidents related to farming equipment and

its operation (Jensen et al., 2010). Particularly for the European countries, causes of



escape can be categorized into structural failure (52%), operational related failure
(31%) and biological factors (17%). Structural failures are strongly related to severe
environmental conditions (strong winds, storms and wave currents). Storm-related
cages break, wear and tear of the net, and operational accidents lead to spills of fish.
Specifically for the Mediterranean region, causes of fish escape (sea bream and bass)
are: a) biological factors (51.5% - net biting, predator attack), (b) structural failures
(39.4% - cage break, net damage, and mooring failure) and c) operational failure (6%
- harvest, transport and grading).

The main cause for fish escape is structural failures of equipment generated by
severe environmental conditions (Jensen et al., 2010). Farm facilities in the open sea
can be damaged after strong winds, storms, waves and currents. In addition,
component fatigue or human error during farm installation may also lead to escape
events. Further, operational related failures including boat collision, incorrect net
handling and/or net damage by boat propellers result into fish escape. Moreover,
experiments identified that both sea bream (Glaropoulos et al., 2012; Papadakis et al.,
2013) and Atlantic cod (Hansen et al., 2008; Moe et al., 2007) exhibit a range of
behaviors that pre-dispose them to high rates of escape through holes, since they swim
close to the net walls (Rillahan et al., 2011) and bite the netting. This is the main
reason that sea bream and Atlantic cod present a totally different escape behavior than
European sea bass and Atlantic salmon, respectively, as those species have higher
probability to locate net holes on the net.

Another potential cause for fish escape is wild fish aggregation (Figure 8) and
predators attacking the net cage. Birds, finfish and marine mammals are known to be
attracted by floating structures in the sea,
and not eaten food that falls through the
cages may enhance this effect (Dempster et
al., 2002). Particularly, the bluefish
(Pomatomus saltarix) used to aggregate
around sea cages and attack the cultured

fish, causing serious damages to the net

(Sanchez-Jerez et al., 2008). Similar Figure 8: wild fish aggregation outside of a
. commercial cage with sea bass. Source: Nireus A.E.
problems have also been reported by bird,

bottlenose dolphins and monk seals in farming facilities in Italy (Mellotti et al., 1994,

1996; (Lopez, 2012; Lopez & Shirai, 2008).



1.4.3. Fish escape: Importance and Consequences

Escape of farmed species has recently been raised as an important problem that
threatens the sustainability of the aquaculture industry in Europe, and worldwide
(Naylor & Burke, 2005). Regarding the economic consequences, escapes lead to
direct loss of fish, while causing an extra negative publicity for the farm industry.
Thus, the overall cost of escapes has its own significance for the industry in terms of
lost income at the point of sale. While the economic impacts are not always evaluated,
researchers from Norway assess the salmon escape to be <0.2 % of the total value of
the fish held in sea cages every year(Jensen et al., 2010). Approximately 9 million
escapes were reported in the period 2001 — 2005 for all European countries, according
to the European project “Prevent-Escape”. From the total number of 242 incidents
around Europe, sea bream escapes were present in 52 compared to only 15 in sea
bass. Almost 7 million sea bream were reported to escape, and in two of those
incidents the number of escapees was 2 and 4 million, respectively.

Knowledge of the extent of fish escape in the European aquaculture varies
significantly within countries. Some of them, like Norway, Scotland and Ireland have
already established legislations to report any escape incident occurred, its extent and
when it happened. Additional statistics reports (Norwegian Fisheries Directorate,
2007) allow evaluations of the problem and recommendations to minimize the risk of
large-scale events. In contrast, Mediterranean aquaculture lacks statistical reports that

would pinpoint the extent and the causes of escape (Dempster et al., 2009).

1.4.3.1. Environmental consequences of fish escape

Fish farming facilities are mostly located close to natural habitats, like rivers and
coastal lagoons, where direct interactions between farmed and wild local populations
could be present (Fleming et al., 1996; Oines & Heuch, 2007). Fish abundance inside
the sea cages may reach up to hundreds of thousands of individuals with the overall
number of fish held in multiple cages over a million. Due to this imbalance between
caged fish and wild stocks, fish escape raises adverse concerns upon ecological and
genetic impacts across Europe. It discloses a potential impact to the natural
populations, since escapees increase the predation pressure on some species, such as
the case of the out-migrating wild salmon smolt (Brooking et al., 2006).

The first ecological impact considers the possible alteration of the wild
populations due to escaped fish from the farming facilities. Farmed fish are confined



into commercial size sea cages, where they are artificially fed with food pellet.
However, when they escape they are obliged to adapt to the natural environment and
consume natural prey, as their wild conspecifics do.

In the case of the Atlantic salmon, several studies have already shown that this
species has the same diet as wild salmon in the ocean (Jacobsen & Hansen, 2001).
Similar condition factor (Hislop & Webb, 1992) and efficient adaptation to the natural
environment are clear evidence of the negative consequences from salmon escape.
Escaped salmon disperse rapidly and sometimes enter the rivers far from the farming
locations (Thorstad et al., 1998). Similar records have been reported for Atlantic cod
that, after escape, can mix with the wild populations and reach the spawning areas in
the fjord environment (Uglem et al., 2008; Uglem et al., 2010). However, escapee’s
adaptability to the wild environment depends on the species, the age and the
developmental stage of the fish (Hansen, 2006). This is further supported by several
recapture efforts (Skilbrei, 2010; Skilbrei & Wennevik, 2006) that occurred very close
to the farm locations and the high occurrence of artificial food on recaptured farmed
species. Moreover, the limited reproductive success that has been reported for
Atlantic cod and the high mortality rate of the escapees potentially reduces the risk for
genetic mixture (Skjeeraasen et al., 2009).

Post escape behavior of sea bream and sea bass has been recently studied
(Arechavala-Lopez et al., 2013; Arechavala-Lopez et al., 2011; Arechavala-Lopez et
al., 2012). Escaped sea bream have been widely reported and recaptured in the natural
ecosystems of the species, and the analysis of the stomach content clearly
demonstrated that this species is able to switch from artificial food to natural prey,
even at the very early time of escape. The intentional release of cultured sea bream in
the Southern Atlantic coast of Spain and in the Bay of Cadiz (Sanchez-Lamadrid,
2002) and in Messolonghi lagoon in Greece (Dimitriou et al., 2007) has certainly
contributed to a mix of genetic stocks. Indeed, very few sea bream were found close
to the farm facilities (Arechavala-Lopez et al., 2012; Dempster et al., 2002), while
recaptured individuals were well adapted to the wild environment.

Only scarce information still exists on the post escape behavior of sea bass. A
recent study by (Arechavala-Lopez et al., 2012)provided information on survival for
prolonged periods in the open sea, although high mortality rates were also observed.
Telemetry studies confirmed that sea bass is able to move quickly and repeatedly

among several sea farms within the first weeks after escape and establish distinct

10



population from the local ones (Bahri-Sfar et al., 2000; Bahri-Sfar et al., 2005).
Recapture efforts demonstrated that sea bass after release mainly inhabits estuaries,
where it mostly consumes natural prey. Escapes of sea bass may have detrimental
effects, especially outside of the natural distribution of the species. In this case, sea
bass escapees can be considered non-native species (Toledo-Guedes et al., 2012).
Nevertheless, long-term ecological impacts are relatively insignificant due to high

mortality levels of sea bass escapees (Arechavala-Lopez et al., 2012).

1.4.3.2. Interbreeding with the wild conspecifics

The continuous demand for higher fish production has lead into new culture practices
and genetic manipulation of the farmed species, including high growth performance,
resistance to diseases and adaptation to high densities. However, recent advances on
fish culture disclose concerns for interbreeding between farmed and wild conspecifics
and genetic alteration of wild populations.
The potential impacts from interbreeding between cultured and wild
conspecifics include:
- Alteration of the genetic integrity on the natural populations due to the use of a
non-local stock
- Introduction of novel and uncommon genotypes that derive from the desirable
attributes in aquaculture
- Weakness of native population due to competition with the aquaculture

escapees although escaped fish usually have lower reproductive fitness.

Hybridization of the Atlantic salmon discloses a number of genetic impacts on the
natural population of the species. These include:

- Genetically alteration of the wild conspecifics

- Reduced local adaptation

- Affected population viability

Escaped salmon is able to disperse rapidly, enter the rivers and successfully spawn in
areas with wild conspecifics (Weir et al., 2004). Hence, hybridization of farmed and
wild salmons has the potential to alter the genetic viability, increase the number of
alleles and consequently genetically alter the native populations (Skaala et al., 2007).

Farmed salmon and hybrids are more aggressive and present faster growth in
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comparison with the wild partners (Thorstad et al., 1998). This gives them the
opportunity to compete for food and mate with the wild fish during certain life stages.
The invasion of salmon escapees in a river could eventually lead into an overall
reduction in smolt production due to competition for food. When wild stocks decline,
local fisheries are reduced (Fleming et al., 2000; Svasand et al., 2007). However, the
potential negative influence from fish interbreeding could be restricted by lower
survival rate and lifetime success of farmed and hybrids in comparison with the wild
fish (Fleming et al., 2000). Atlantic cod presents a similar behavior when escaping.
Also this species is able to disperse rapidly, enter the spawning areas, and hybridize
with the wild stocks (Meager et al., 2010; Uglem et al., 2008; Uglem et al., 2010).
Recent studies have demonstrated that also the ability of Atlantic cod to spawn in sea
cages can have ecological and genetic effects. Indeed, the released eggs might enter
the native spawning area, where favorable conditions could result in the survival of
the escaped larvae (Jensen et al., 2010).

In the case of sea bream (Alarcon et al.,, 2004; Alasalvar et al., 2005;
Loukovitis et al., 2012) and sea bass (Karaiskou et al., 2009), comparative studies on
genetic interactions have shown no significant genetic flow between farmed and wild
individuals. Nevertheless, studies have mostly been focused on escape through
spawning. The prolonged time period (up to 40 months) that sea bream is now
confined in farming facilities is compatible to the time needed for sexual maturation.
There is evidence that during the reproduction period of the species (November-
March), sex inversion occurs, and male and female gametes coexist inside the cage.
Spawning within sea cages might result into an increase of the wild sea bream stocks
as in the case of the Messolonghi lagoon (Dimitriou et al., 2007). Recruitment of wild
stocks with spawned eggs from aquaculture might increase the fisheries catches but,
the fish available to the fishery are now of much smaller size and thus, of lower
economic value. Nevertheless, a comparative study (Alarcon et al., 2004) presented

no evidences for genetic flow between farmed and wild fish in the same area.

1.4.3.3. Transfer of pathogens
Fish diseases and various pathogens are present in aquaculture and have sometimes a

detrimental effect on the sustainability of the fish farm. Poor growth performance,
high mortality and impaired welfare of fish confined in cage facilities have significant

impacts in terms of production and economic performance of a fish farm. Parasites
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can also affect the end user of aquaculture products, since infected fish might pass the
safety procedures and become available to the consumers.

From an ecological point of view, the problem becomes even bigger due to
fish escapes from aquaculture. Indeed, the rapid expansion of the industry allows
pathogens to freely spread into new areas. In addition, the elevated stocking densities
that very often exist might also increases the concentration of the pathogen inside the
cage as well the risk of spreading. Fish escapees can very often act as vectors that
carry the pathogen from one farm to the other (Uglem et al., 2008).

Several studies demonstrate the potential danger to Atlantic salmon
populations due to the transfer of pathogens and parasites. Particularly in Norway,
salmon escapees are considered as reservoirs of sea lice (Lepeophtheirus salmonis),
representing a significant threat to newly-migrated post-smolts and generally to the
wild salmon populations (Heuch & Mo, 2001); Finstad et al., 2011; Gargan et al.,
2012). (Naylor & Burke, 2005) describe the case of furunculosis, a fungal that has
been transferred from Scotland to Norway and then spread to wild stocks through
escapees from Norwegian farms. A huge number of salmon escapes occurred in 2007,
and infected fish (salmon anemia and pancreas disease) escaped from the farms
(Thorstad et al., 1998). Similar reports also exist for Atlantic cod, a species that is
often coexist with the wild fish stocks, increasing the potential transmission of
parasites and diseases from aquaculture (Hansen & Youngson, 2010; Oines & Heuch,
2007; Uglem et al., 2012).

Regarding Mediterranean aquaculture, there is scarce information for a
potential transmission of pathogens and parasites through escaped sea bream and bass.
Several important pathogens (virus, bacteria) and parasites (ectoparasites, isopoda)
are documented in Raynard et al (2007). Importantly, sea bream and bass share some
of the above pathogens, which increase the risk for transmission to both farmed and
wild stocks. The post escape behavior of both species as documented by (Arechavala-
Lopez et al., 2011; Arechavala-Lopez et al., 2012)increases the risk of pathogens
transmission by fish escapes and interactions with the wild stocks. In addition, wild
fish aggregation (Valle et al., 2007) around sea bream and bass farms in the
Mediterranean region increases the potential transmission of pathogens, as reported in
the case of grey mullet aggregating close to farm facilities in coastal
habitats(Arechavala-Lopez et al., 2011).
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1.4.3.4. Socio-economic effects of fish escape

The above ecological and genetic concerns about fish escape can be regarded as major
concerns for a sustainable aquaculture, but the socio-economic impacts of escape are
also quite important for the European countries. These can be categorized as:
- Presence of both farmed and wild fish in fisheries catches
- Detrimental effect on local fisheries with escaped fish substituting the wild
catches

- Increased price for a lower quality product

Socio-economic impacts depend on the scale (small/large) of an escape event. Indeed,
in the case of a small-scale event, wild stocks will not be affected in a short time,
while the only possible impact could be a mislabeled escapee on the market.
Customers are most affected, paying more money for a lower quality product.
Consequences are more devastating in the case of a large-scale escape, where a huge
number of escapees merge with the wild fisheries target. Therefore, the total income
of the local fisheries becomes lower due to the lower price of the farmed fish and the
significant lower amount of wild fish caught.

The influence of escaped salmon on the local fisheries has been widely
investigated during the last years (Skilbrei & Wennevik, 2006; Youngson et al.,
2001). Relevant studies regarding sea bream and sea bass population in the
Messolonghi lagoon (Dimitriou et al., 2007) recorded an increase in the number of
farmed fish in both species, probably driven by reproduction in cages and released
spawn eggs. The coexistence of both farmed and wild fish caused a reduction (~ 10%)

of the total income from species sale putting an extra pressure on the local fishermen.

1.5. Fish Behavior and Sustainable Aquaculture

The main objectives for a sustainable aquaculture are the production of a sufficient
number of both fish larvae and juveniles, efficient rearing process until the desired
age and size are reached and finally that the fish will meet the requirements of the
purpose for which they were farmed. The great advance of technology has provided
appropriate tools to overcome many of the issues mentioned. Thus, fish farmers are
now able to increase fish production and be aware of all food and other conditions
that are required (Huntingford et al., 2006).
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Recently, there has been much discussion whether knowledge about animal
behavior can contribute to an even more sustainable aquaculture. Understanding the
mechanisms that control behavior is clearly important for aquaculture in order to
provide farmers with essential information to predict and control their stocks and
prevent serious problems. But what is actually meant by "Fish Behavior™?

With the term behavior, we refer to the actions and movements of an animal in
response to any stimuli in the habitat it lives. It is widely believed that fishes behave
as they do in order to interact and adapt to their environment and its changes. These
responses are very often accompanied by physiological changes, but the key visible
response is behavior. Study of fish behavior is nowadays considered as an efficient
tool to overcome problems and promote sustainable development.

e One of the main reasons is that many problems in fish farming are related to
behavioral patterns that fish display in their nature habitat.

e Further, through behavior in concert with physiology an organism interacts
and adapts to its environment.

e In addition, fish, as marine organisms, are quite sensitive to water quality
changes, and changes in behavior are their first responses to unnatural
conditions. Thus, such can be considered an efficient biological indicator for

low quality of water.

Several differences exist between wild stocks and farmed species in aquaculture.
Indeed, the inherited cage technology from salmon farming (Hansen et al., 2008) that
is widely used nowadays creates a dynamic and multifactorial environment
(Johansson et al., 2006) to which fish have to adapt. Elevated stocking density and the
feeding regime are important factors that induce species-specific behavioral traits in
aquaculture.

Generally, stimuli are evoked by change, either in the water profile or by
chemical/visual cues from for instance food. A given behavior is performed following
exposure to a combination of stimuli. Coping behavior (Koolhaas et al., 1999) could
explain the response of farmed fish to new challenges in the cage environment. In that
way, behavioral studies can help us to understand the individual’s capacity to cope

with the aquaculture rearing process.
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1.6. Objectives of the present PhD Thesis

The lack of knowledge of the biological parameters and key factors that may induce
fish escape-related behaviors in commercial-scale aquaculture restricts researchers
and fish farmers from implementing measures and actions aimed to reduce or prevent
from large-scale events. Determined efforts should thus be undertaken to mitigate the
escape risk.

The objective of this study is to assess the main husbandry factors that could
increase the propensity of both sea bream and bass to escape from sea cages in the
Mediterranean aquaculture. The research was focusing on the above biotic and abiotic
factors that could potentially influence escape behavior. Better understanding of the
conditions that induce species motivation to cross an existing net tear is of great
importance for helping both farmers and researchers to develop mitigation measures
S0 as to ensure low escape risk. In addition, the behavior repertoires of the two species
including net inspection, overt net biting that can result in structural weakness of the
net and exploratory behavior to cross a net tear was examined. Lastly, time-dependent
analysis of specific behavioral patterns was performed with the use of custom-made
computer-vision system to describe the discrete steps of bite and escape pattern inside

the cage environment.

1.6.1. Critical factors influencing escape rate

Several factors can potentially affect the escape rate in commercial-scale aquaculture,
while many of them can hardly change, whereas other can. Such examples could be
the proportion of food supplied to fish population inside the cages, the applied fish
density, and the general environmental conditions around the cage, the light
conditions and the development of biofouling. Feeding behavior is assumed to have a
great influence on fish behavior under captivity, while it is involved in interactions
with the net wall in relation with the hunger status of the confined fish. Similarly, the
applied stocking density could influence fish activity inside the cage, with further
consequences on school structure, vertical distribution and exploit of the cage volume.
Lastly, an external factor with relevant significance on the escape risk could also be
the development and therefore presence of biofouling on the cage net, which thereby
creates an attraction and motivates fish to exist very close to the net pen. Of course,
the aforementioned factors are strongly related with the specific behavior of the

farmed species and this is the main reason that has been only investigated in Gilthead
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sea bream. Instead, the absence of any net interaction in the case of European sea bass
along with totally different behavior under captivity turned our research on distinct
external factors related to the light level and the outside environment.

The species have been selected based on their significance on the Greek
fisheries and aquaculture market. Particularly for sea bream, behavioral studies have
been also focused on fish interactions (inspection/nibble/bite) towards the net pen,
behavior better called as “pre-escape”. It is widely believed that sea bream interacting
with the net surface express innate behavior patterns probably related to prey search
or schooling. Particularly for these species that exhibit a propensity to inspect and bite
the cage wall, research should be focused on a) the motivation behind these behaviors,
b) the factors that can increase the risk of these behaviors occurring, and c) the
measures that can be taken to reduce or militate against these risks.

1.6.2. Specific objectives
The present thesis is mainly aimed at:

- Controlled tank experiments that investigated the influence of the following
factors on the escape-related behavior of sea bream and sea bass: the applied
fish density, the amount of food provided, the presence of micro-fouling on
the net pen and the light levels. In addition, three net conditions (normal, fairly
damaged net and net with a tear), commonly found in aquaculture were tested

in relation to sea bream interaction with the net.

- Controlled sea cage experiments that examined the effect of the immediate
surroundings on the escape behavior of sea bass. Visible and solid obstacles

were used to evaluate the effect of sea bass propensity to cross the net hole.

- Time-dependent analysis of species behavioral patterns of pre-escape and
escape behavior through monitoring fish activity, video processing, and
analysis of the relevant sequence of frames. Differences in the escape pattern

will provide essential information regarding farmed species under captivity.

- Identifying the behaviors and situations that may pre-dispose fish to escape is

a key step in designing farming strategies to reduce escape risks. Such
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strategies could for instance be to keep well-fed fish in appropriate stocking

density in sufficient light.
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2. Escape-related behavior and coping ability of sea bream due to
food supply

2.1. Abstract

Escape of fish is a significant problem for the sustainability of the aquaculture
industry. In the Mediterranean Sea, sea bream (Sparus aurata) has been reported to
escape from sea cage installations. However, the related factors leading to this
behavior still remain unknown. This study focuses on the impact that the food
supplied to sea bream has on its interaction with the net and therefore its escape
behavior. We test three food ratios (2, 1 and 0 % of the total initial body weight; FC2,
FC1 and FCO populations, respectively) and three different conditions of the net
(flawless mesh, mesh with a cut twine and mesh with a tear) that are commonly found
in aquaculture. Data acquisition and analysis are carried out with a tailor-made system
developed in our laboratory for this purpose. We demonstrate that food supply is
associated with fish interactions and the aquaculture net, while net condition is also an
important stimulus for sea bream inspection and biting the net. Limited-fed fish (FC1)
are more prone to interact with the net, which consequently leads them to either bite

net wears or escape through tears.

2.2. Introduction

Mediterranean countries are the major contributors in European aquaculture
production (FAO 2010). The main species that are produced are the Gilthead sea
bream Sparus aurata and the European sea bass Dicentrarchus labrax. Both species
are economically important, particularly for Greece, as together they constitute 95 %
of the country’s total aquaculture production (FAO 2009).

Technical and operational innovations have significantly restricted the number
of economic and environmental impacts caused by the intensification of the
aquaculture industry. Nevertheless, considering the EU aquaculture, a large number of
escape incidents have been reported by insurance companies and fish farmers (EU FP-
6 ECASA360 project; http://www.ecasa.org.uk). In the Mediterranean Sea, no
significant advance has been made concerning this serious problem, while important
points strongly connected with the escape-related behavior of farmed species still
remain unstudied (Dempster et al., 2002). On the other hand, salmon and cod escape

behavior is quite well documented Norwegian Fisheries Directorate 2007; (Hansen et
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al., 2008; Jensen et al., 2010; Moe et al., 2007). Furthermore, Norway introduced in
2009 a technical standard that gives the technical rules and regulations implemented
to all Norwegian fish farm facilities, in order to increase the efficiency of fish farms
and reduce the number of escapes (NS9415, Standards Norway 2009).

Escapes may have significant ecosystem impacts (Naylor et al., 2000; Uglem
et al., 2008). Transfer of pathogens from the reared fish, inbreeding and competition
for resources are some of the main negative effects (McGinnity et al., 2003), while
various studies have shown that farmed cod enter the wild populations and disperse
rapidly, overlap with wild populations and end up in their spawning grounds (Uglem
et al., 2008). Large-scale escapes are caused by structural failures of equipment and
severe environmental conditions, such as strong winds and storms. Furthermore,
species-specific behavior is strongly related to escapes, in the way that fish are
interacting with cages through biting resulting in the creation of holes (Hansen et al.,
2008; Jensen et al., 2010; Moe et al., 2007). Particularly for sea bream, as reported by
farmers, the damage of the aquaculture net is correlated with the existence of strong
jaws. The strong anatomic mouth characteristic assists sea bream in damaging the net
(Figure 9a, b).

Figure 9: Morphology of sea bream’s jaw a) internal and b) external.

Predators attacking the net cages are another potential cause for escaping. Seals, sea-
lions (Johnston, 2002) as well as pelagic fish (Dempster et al., 2002) are known to be
attracted by floating structures in the sea, while the unused food that falls through the
sea cages may enhance this attractiveness.

As related to the rearing conditions, sea bream shows direct competition for
food and social interactions when held in tanks (Montero et al., 2009). A possible
explanation for this is the behavioral changes associated with energy conservation and
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intensified prey search, which are also examples of condition-related effects of food
deprivation (Skajaa and Browman 2007). Furthermore, increased activity is a
behavioral reaction to food stimuli particularly when the nutritional state is reduced
(Yacoob and Brownman 2007; Skajaa and Brownman 2007;(Hansen et al., 2008).

Several biotic and abiotic factors have been associated with the escape
behavior of sea bream, even though basic knowledge is still missing (Dempster et al.
2007). Farmed fish are exposed to a dynamic and multifactorial environment
(Johansson et al., 2006) that induces them to adapt through coping behavior. Coping
behavior is defined as a coherent set of behavioral stress responses, consistent with
time as well as common for a certain group of individuals (Koolhaas et al., 1999).
Further examination of the mechanisms and factors, which underlie on individuals
capacity to cope in aquaculture environment, is still missing to assist with the
prevention of large-scale events.

In this work, the relation between the food supply and the escape behavior of
sea bream is examined. Furthermore, behavioral traits like fish inspection and net
biting are evaluated under various net conditions commonly encountered in

aquaculture.

2.3. Materials and methods
This study was carried out at the aquaculture laboratory facilities of the University of
Crete. The effect of the amount of the provided food on the behavioral variation in sea

bream was examined, under controlled small-scale experiments.

2.3.1. Tanks preparation
Experiments were performed in  nine

parallelogram tanks (length 115 cm, depth 40

cm, width 34 cm). The internal surface of the
tanks was painted white. One of the longest
sides of the tank was replaced by a thick
transparent glass allowing fish observation. Each
tank was filled with 100 | of salt water. Light
was provided for 12 h / 24 h (08.00 a.m. to 20.00 i
p.m.) by two 30W fluorescent tubes positioned

. . Figure 10: Aquaculture Laboratory facilities at
30 cm from the upper side of the tanks (Figure thg Universit?, of Crete. i
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10). Each tank was connected to an external biological-mechanical filter (EHEIM 20
W).

The water temperature was set to 24°C, the salinity was 38 ppt, and the oxygen
saturation was above 85 %, throughout the whole experimental period. The
concentrations of nitrite and ammonia were 0.3 and 1.5 mg I, respectively. Tanks
were oriented in a vertical plane array formation of 3 by 3. Each column of the array
represented a triplicate for statistical analysis, while each triplicate was differentiated
by the food supplied to fish.

2.3.2. Experimental fish
A total of 405 (9 x 135) sea bream, of approximately the same weight and length

(Table 1), were used in this study. Sea bream individuals were provided by the
Institute of Aquaculture of the Hellenic Centre for Marine Research. Larval rearing
until metamorphosis was performed with the technology of mesocosm (Divanach &
Kentouri, 2000) in 40 m® tanks. After that, fish were transferred to a 10 m* pre-
growing tank, for 150 days. At the beginning of each experiment, a selection process
took place, during which fish of approximately the same size and weight were
collected and separated into 9 groups. Fish groups were placed into 20 | plastic bags
and transferred to the University of Crete, where they were placed into the

experimental tanks (15 individuals/tank or 6.5 — 7 kg m™).

Table 1: Initial fish measurements (mean weight £ SD in grams and average total length mean value + SD in
centimeters), total initial body weight (in grams) as also duration (in days) of the experimental sets (n=3). Exp. A,
B and C refer to flawless mess; mesh with a cut twine; and mesh with a tear respectively.

Exp. A Exp. B Exp. C
Duration (days) 21 21 21
Mean Weight (g) 30.34+1.7 31.25 + 1.47 30.93+1.88

Average Total Length (cm) 13.17 £0.33 13.49 £ 0.44 13.61+0.44
Total initial body weight (g) 45522 +521 | 460.9+539 | 461.15+3.47

2.3.3. Computer vision system

The observation of fish population in the tanks was achieved by nine color digital
CCD cameras (Fire-i, Unibrain), each one recording a single tank. Each of the
camera’s requested frame rate was set to 9 frames per second, allowing for a smooth
observation of fish movements. Acquisition was performed by an advanced version of
a computer vision system, particularly developed for the experiments (Papadakis et
al., 2012). The cameras were recording continuously from 8.00 until 20.00 o‘clock

daily, for the entire duration of each experiment. Remote, real-time observations of
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fish behavior in all tanks were also achieved by the use of a web-server (LabView,
Web Publishing Tool) installed together with the acquisition software. Thus, the
influence of human presence on fish behavior was minimal, while the observation of

the progress of the experiment proceeded.

2.3.4. Experimental design
Sea bream individuals were left to

acclimatize for a period of 3 days,
where they were fed with 2 % of

their total initial body weight, once

every day. After the acclimatization
period, the tanks were split int0 tWO  e———— Holdingaret. ————>¢—— Excape res ——
areas (60 and 40 % of the volume) by Figure 11: Confined sea bream in the holding area of the tank
a removable mesh (white aquaculture net, 17-mm hexagonal mesh opening) fixed in a
plastic frame (31 cm x 28 ¢cm) that was fitted tightly to the bottom and the two sides
of the tank. Fish were confined to the larger area of the tank (left side), referred to as
the ““holding’’ area, while the smaller one was referred to as the *‘escape’’ area
(Figure 11). Food was always provided at the same point in each tank, at the left
corner of the “*holding’’ area. During the experiments, fish were fed once every day
(at 14.00 h) by hand with commercial sea bream pellets (Biomar INICIO Plus No 1,9)
(58 % crude protein / 18 % crude lipids).

The study consisted of three successive experiments; each one performed with
different fish subpopulations extracted from the same initial population. The
biological parameter under examination was the feeding condition (FC) of each group
of fish. Three feeding conditions were tested in triplicates: 2 % (FC2: well-fed fish), 1
% (FC1: limited-fed fish) and 0 % (FCO: fish under starvation) of the initial body
weight of all fish individuals in the tank. During the first experiment (Exp. A), the
removable mesh was flawless in all the tanks. In the second experiment (Exp. B), one
cut twine was located centrally on the mesh (fairly damaged mesh). In the third
experiment (Exp. C), the removable mesh had three adjacent cut twines, forming a
vertical tear (4 — 4.5 cm) located on the middle of the mesh. Through the tear, fish
could cross and swim to the escape area. Equally, the escapee could also return to the
holding area. In order to form a tear of the appropriate size, the height of the fish was

measured (4 £ 0.12 cm) from the beginning of the dorsal fin.
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Each experiment lasted 21 days. Fish ““‘condition’” and welfare were evaluated
with respect to the classical growth performance parameters, measuring the weight
and the total length prior to and at the end of each experiment. In detail, the specific
growth rate (SGR = 100 x (InWf - InWi) / T), the feed conversion ratio (FCR =
WTFS/(Wf-Wi)) and the initial (CFi) and final (CFf) condition factors (CF = W/L3 x
100) were calculated (Table 2), where W is the body weight; Wi and WTf are the initial
and final values (g); WTFS is the total dry food supplied (g); L is the total body
length (cm); and T is the duration of the experiment in days.

2.3.5. Data analysis
All acquired video data were analyzed with the use of custom-made software, written

in LabView (National Instruments). A time period of 15 min for each experimental
day (21 days total) was selected so as to analyze fish interaction with the aquaculture
net. This time period was set to 14:00 h, right before the feeding time. This duration
was considered as representative to a full day period as it is comparable to related
studies (Papadakis et al., 2012), where behavioral alterations remained below our
detection capabilities. This study clearly demonstrates that escape-related behavior
presented no significant differences (P < 0.05) during each experimental day.

Analysis was performed for all tanks at the same time period. Taking into
account that the escape risk is even higher when farmed fish interact with the net
through inspection and biting, we tested the escape-related behavior not only on clear
(flawless) and fairly damaged net (cut twine) but also on net with an already existing
tear. Particularly, inspection referred to the time that fish individuals spent close to the
removable mesh (<2 cm), without touching it, while fish biting referred to the exact
number of incidents that fish actually bite the removable mesh (Exp. A, B and C) or
particularly the cut twine (Exp. B and C).

The measurement of these traits concerned (a) the number of frames per day
and per tank that fish inspected the mesh and (b) the number of bite incidents per day
per tank occurred on the net (Exp. A) or on the cut twine (Exp. B and C). In addition,
the description of the escape behavior pattern was succeeded through the analysis of
the whole duration of the acquired video data (12 h when lights were switched on).
The escape and return activity were measured for all tanks, referring to the number of
crossings occurred. In all the cases, the measurements were performed through the

observation of the activity frames that were automatically extracted by the software,
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whenever a fish crossing was detected. Furthermore, the exact time of the first escape

and return was recorded.

2.3.6. Statistical analysis
The fish were not individually tagged or recognizable (tracked). The statistical

analysis was performed using one-way and two-way ANOVA (SIGMASTAT
statistical package; Systat Software, San Jose, Calif.).

The statistical analysis of fish inspection and biting the net was performed
through two - way ANOVA. Experimental days and also feeding condition (FC) were
kept fixed variables, while fish inspection and biting (any place on the mesh and cut
twine) were set as the dependent variables. An additional two-way ANOVA was
performed, where experiments and feeding condition were kept fixed variables, while
inspection and biting were set as the dependent variables. The measurements of the
escape and return incidents were analyzed by two-way ANOVA. Experimental day
and feeding condition were kept as fixed variables, while escapes and returns were set
as dependent variables. Finally, a one-way ANOVA was performed, referring to the
mean value of crossings (escape and return) for the three feeding conditions. In detail,
feeding condition was set as fixed variable, while the number of crossings was set as
the dependent variable.

When the data followed a normal distribution, the differences between the
groups were detected using the Student-Newman-Keuls test; when the data did not
follow a normal distribution, nonparametric control Kruskal-Wallis and Mann-
Whitney tests were applied. Data were treated group wise (n = 3). The level of
significance was set to 5 % (P < 0.05). In all the mean values, the standard error was

calculated.

2.4. Results

There was no observed incident of mortality or cannibalism, during the experiments,
in any feeding condition. Fish activity consisted of alternating interactions toward the
net panel, such as inspection, biting, and escape. Fish inspection and biting were
observed in all three experiments. In particular, fish biting on the Exp. B and C was
further classified into biting the cut twine and biting any other place on the mesh. The

escape-related behavior was observed only in Exp. C.
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2.4.1. Pattern description of fish activities toward the mesh

Further analysis allowed the identification of two specific patterns for these activities:
Biting the cut twine consisted of violent pulling and tearing movements, under
successive posture (body positions) readjustments. In detail, the fish firstly
accelerated while moving in the water column toward the mesh. Getting closer to the
net, at a distance of around 2 cm, the fish located the cut twine and initiated biting it
while bending its body to the right. Little after the first bite, the fish started pulling the
twine while alters its body posture by bending to the left. Changes in body posture
were a recurrent activity where the fish continued biting the cut twine. The fish
completed its activity bending always to the right from the net pen. Finally, it left the
area turning in any direction (Figure 12).

Figure 12: Time-dependent analysis of the discrete steps, regarding the bite pattern of sea bream. Frame
acquisition was always accurate at 111msec.

On the Exp. C, fish had the opportunity to cross through the tear. In an attempt to
initiate the crossing, sea bream always approached the tear in a vertical position to the
mesh. Crossings are initiated at a distance of about 2 cm from the tear. Just before
crossing, the fish accelerated and then moved toward the tear. During the crossing, the
body posture remained at a vertical position until the completion of the activity and

the presence of the fish at the other side of the aquaculture net (Figure 13)
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Figure 13: Time-dependent analysis of the discrete steps, regarding the escape pattern of sea bream. Frame
acquisition was always accurate at 111msec.

2.4.2. Fish inspection and biting related to food supply
The expression of the two fish activities is associated with sea breams’ coping

behavior while the amount of food supplied and the condition of the mesh are related
to the frequency of observations. In this study, a total number of 434 bites were
recorded over the total experimental period and in all the experimental tanks, during
the analyzed time of 15 min/day.

More specifically: In Exp. A, a statistically significant difference was
observed on fish inspection between the FC2 and FCO (Table 2). Particularly, well-fed
fish tended to spend more time inspecting the net pen (42 % of their time).
Additionally, the number of bites on the mesh was significantly higher on the FC2 (90
%) as compared to the FCO.

In Exp. B, it was found that sea bream were more willing to bite the cut twine
(58 %) than bite at any other place on the mesh (42 %), under limited food conditions
(FC1). Additionally, limited-fed fish spent a significantly higher amount of time (P <
0.05) on biting the cut twine than those fish belonging to the remaining two feeding
conditions (Table 2). Furthermore, the inspection of the mesh was the most frequently
observed activity (about 45 % of their time), even though no statistical difference was
appeared between the three imposed feeding conditions. In Exp. C, the total number
of bites decreased as compared to Exp. A and B (Table 2). Fish biting the cut twine
showed no difference between the three feeding conditions. However, limited-fed fish

bit the cut twine more than the remaining two conditions. Furthermore, escapees
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belonging to FC2 and FC1 were inspecting the mesh, causing a continuous attraction
of fish individuals that remained in the holding area. This increased the amount of
time spent on mesh inspection by (5 %) as compared to that of Exp. B for FC2 and (5,
3 %) as compared to that of Exp. A. and Exp. B, respectively, for FC1 (Table 2).

The number of bites at any place on the mesh but the cut twine was
significantly higher in the flawless mesh (Exp. A) as compared to the rest two net

conditions (Exp. B and C).

Table 2: Fish interactions with the net in the three experimental sets. The mean values + standard errors were
calculated for each triplicate, and then for the total duration of the experiment. Statistically significant differences
(P<0.05) among the different feeding conditions in each experiment are presented by different letters (a, b, and c).
The total number of bites is calculated from the summary of all tanks and all experimental days.

Exp. A Exp.B Exp. C
Feeding
condition (%) FC2 FC1 FCO FC2 FC1 FCO FC2 FC1 FCO
Fish 160+1 | 120.66+1 | 97.33+2 | 123.28 | 122.95 | 163.84 | 149.68 | 1253+ | 110.23
inspection 7.45a 6.79 a,b 3.23¢ +19.33 | #13.05 | #23.9 | +2492 | 18.88 | *18.33
Fish

biting the net
but the cut 1.36+0 | 1.08+£0.16 | 0,7+0.1 | 0.39+0. | 0.44+0. | 0.31+0 | 0.36+0. | 0.28+0 | 0.260.

twine 22a a 8b 06 07 07 08 06 07
Fish biting ] ] ] 0.22+0. | 0.610. | 0.23+0 | 0.23+0. | 0.35+0 | 0.26+0.
the cut twine 05a 12b .05a 06 .08 07
Total number |, 70 39 37 67 35 36 36 32
of bites

Significant differences were observed in all feeding conditions. The condition of the
net strongly affected the number of bites at any place on the mesh but the cut twine,
regardless the amount of food provided to fish individuals (Figure 14a). On the
contrary, only in the limited-fed fish group did the condition of the net strongly affect
the motivation of fish biting the cut twine (Figure 14b). No statistically significant
differences were found between the remaining two feeding conditions. Time-
dependent analysis of fish biting the net (bites at any place of the net and/or the cut
twine) among the experimental days showed no significant difference (P < 0.05) for
all the three feeding conditions.

2.4.3. Escape behavior related to food supply

In Exp. C, a total number of 432 escapes were counted among the three feeding
conditions, followed by an equal number of returns. The first escape took place in the
third tank of FC1 on the 5th day of the experiment. Twenty minutes later took place
the first return in the same tank. On the 1st day of the experiment (1-16), there were

no significant variations in the escape-return activity. Nevertheless, most of the
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escape and return events occurred during the latter phases of the experiment,

particularly on days 17-19 and mainly in tanks belonging to FC1 (Figure 15a, b). The
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Figure 14: Number of bites occurred at any other place on the mesh but the cut twine in the Exp A, B and C. b)
Number of bites occurred on the cut twine in the Exp B and C. Data are presented as mean value = SE of each
triplet of the three feeding conditions for all the experimental days. Significant differences between the feeding
conditions are indicated by different superscripts (a, b).
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Figure 15: Number of crossings through the tear in the Exp C. Data are presented
as the mean value + SE of each triplicate, for the three feeding conditions. Each
feeding condition is indicated by different column. (a) Evolution of escape
incidents, (b) Evolution of return incidents.
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frequency of escape-related behavior of sea bream varied significantly (P < 0.05)

between the three feeding conditions. Specifically, limited fed fish (FC1) showed a

significantly higher number of 40 - *
400 -

crossings (85 % of the total 350

&
recorded events) as compared to | £ 3%

£ 250
the rest of the feeding conditions | < ¢
FC2, FCO (Figure 16). InExp. A | £ 150

Z 100 -
and B, the number of bites that | “ 50 -
occurred on the cut twine as o R BN

FC2 FCl FCO

well as on any other place of the Feeding condition

mesh was not sufficient to Figure 16: Number of crossings under the three feeding conditions in

Exp C. Data are presented as the mean value + SE of the total
crossings (escapes and returns) of each triplicate, for the three
feeding conditions, during the experiment.

cause the creation of a tear due
to the short experimental

period.

2.4.4. Growth performance

Growth performance appeared to be associated with the amount of food provided to
fish groups. The detailed analysis of the growth parameters showed an increase in fish
weight at the end of the experiments, for all those tanks where fish individuals were
fed. As shown in Table 3, well-fed fish (FC2) presented significantly higher SGR
among the three experimental sets. Additionally, the FCR index on the FCO has no
value since no food was provided to that fish population. Moreover, the final
condition factor (CFf) presented the lowest value in Exp. C, as compared to the rest of

the experimental sets.

2.5. Discussion

Food deprivation (Montero et al., 2009; Pascual et al., 2003; Sangiao-Alvarellos et al.,
2005) and high stocking density (Mancera et al., 2008) have been considered as the
major stress factors in agquaculture. Food deprivation can result in both size-related
and size-independent effects (Skajaa and Brownman 2007), as in altering the social
interactions and behavioral traits of fish in aquaculture. The above statement is
closely related to the rearing practices and technology that have been inherited from
Atlantic salmon production (Hansen et al., 2008). This technology promotes
productivity, but species-specific behavioral traits like the motivation to escape still

remain under consideration. The current study is the first on the escape-related
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behavior of S. aurata subjected to three different feeding conditions. Each experiment
was performed in tanks (small-scale experiments), relatively to small fish biomass.
Fish size was selected according to a fixed population of 15 individuals per tank
required to fulfill statistical purposes.

Table 3: Growth performance values of fish individuals. Statistically significant different (P<0.05) values are
indicated with different letters (a, b or c) between the three feeding conditions. FCR value for the FCO is 0 due to
the fact that no food was provided. Symbol (-) refers to negative numbers.

(FC2) (FC1) (FCO)

Exp. A

SGR 1.28 +0.06a | 0.63 +0.05b (-) 0.22 + 0.06¢

FCR 1.34 £ 0.06 1.49£0.13 0

CF; 1.32 £0.02 1.32 £0.02 1.34 £0.01

CF¢ 1.39+0.02b | 1.37+£0.02b | 1.25+0.05a
Exp. B

SGR 1.47+£0.09a | 0.69+0.04b | (-)0.7+0.18c

FCR 1.17 £ 0.07 1.35+1.12 0

CF; 1.26 £ 0.05 1.19+£0.006 | 1.25+0.02

CF¢ 147+0.13a | 1.34+0.0l1a | 1.1+0.06b
Exp. C

SGR 1.22+0.0l1a | 048+0.11b | (-) 0.28 +0.01c

FCR 1.28 £0.17 1.13+£0.19 0

CF; 1.22 £0.02 1.21£0.02 1.24 £ 0.04

CF¢ 1.38+0.04a | 1.3+0.01b 1.19 £ 0.01c

The video acquisition system used was set to record 24 h day™. However,
measurements were limited only when lights were switched on due to the lack of
infrared illumination (Papadakis et al., 2012). Furthermore, the number of crossings
that might have occurred during the night did not significantly influence our results.
We have observed that at the time that lights were switched on, fish individuals were
at the bottom of the tank, and raising their activity through time. This comes in
agreement with sea bream’s activity that is close related to the photoperiod. Gilthead
and Red sea bream (Pagrus major) are two (relative order) species that present lower
swimming activity and metabolic rate during the night (Angeles Esteban et al., 2003).
Additionally, Red sea bream has been reported to stay near the bottom of the net pen,
during the night (Kojima et al. 2006).

The results of the present study show that food supply can affect not only the
growth performance but also fish behavior traits, including inspection, fish biting and
escape activity. This statement is in accordance with related studies in juvenile
walleye Pollock Theragra chalcogramm (Sogard & Olla, 1996) and juvenile cod

Gadus morhua (Bjornsson, 1993), indicating that farmed marine species could alter
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their behavior under food deprivation. In particular, it could lead to an increase in the
amount of time spent searching for prey, as well as in the intensity of the swimming
activity. In addition, social hierarchies that have been documented in terms of
competition for food may act as an important social mechanism that causes behavioral
variations (Andrew et al., 2004; Karplus et al., 2000). In this study, differences were
observed in fish interactions with the aquaculture net, depending on both feeding and

net conditions.

2.5.1. Net biting: a behavioral trait of sea bream

Fish interactions (inspection and biting) were recorded throughout the day. Sea bream
individuals did not show any time preference interacting with the net. The analysis of
a full day showed that a 15min period of video recording can be used as
representative, as it was also stated in a related study focused on the analysis of fish
behavior (Papadakis et al., 2012). The large number of bite incidents that were
counted among the three experimental sets indicated that sea bream is able to cause
damage on the aquaculture net, even though the duration of the experiments was
insufficient to allow the detection of mesh wear caused by biting. However, this
statement could be explained considering the natural feeding habits of S. aurata. In
nature, sea bream is fed by a variety of benthic organisms like decapods, sedentary
polychaetes, gastropods and bivalves (Pita et al., 2002; Tancioni et al., 2003). These
organisms are usually found in solid substrates where specific morphological
characteristics are required to exploit them. Nevertheless, in captivity, it is thought
that sea bream in captivity expresses its inspection and foraging activity on the
aquaculture net.

This conclusion agrees with an associated study that presented similar
behavioral traits in Atlantic cod Gadus morhua (Moe et al., 2007). The coping
behavior of sea bream individuals could also explain the above statement, in
association with various studies that underline the coping behavior of marine species
under environmental challenges (Kristiansen & Ferno, 2007; Stien et al., 2007)
Schulte 2008).

In Exp. A, B and C, food supply was strongly related to net inspection (Table
3). In Exp. A, fish biting was also strongly related to food supply. In Exp. B and C,
the cut twine and the tear new features on the net acted as a trigger to the behavior of

fish toward the net (Table 3). Limited-fed fish were more attracted by these features
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on the net, biting them, due to their increased foraging behavior. Correlations between
fish behavior and food supply have also been observed in similar studies based on
Atlantic cod (Skajaa and Brownman 2007) and sea bream (Goldan et al., 2003), where
behavioral changes associated with intensified prey search, are examples of condition-
related effects in food deprivation.

The high number of fish inspections that was observed in Exp. B, FCO, can be
explained by the fact that fish showed slow swimming activity (in the video
playback), due to starvation. This activity caused a prolonged presence of fish close to
the net. Consequently, a higher number of related frames were extracted from the
video recordings during the analysis. This is in accordance with previous studies
(Sogard & Olla, 1996), concluding that fish under starvation present lower swimming
activity inside the tank. Moreover, the extended food deprivation probably acted as a
trigger for energy-conserving behavior (Koolhaas et al., 1999). Based on the above

statements, it can be concluded that feeding condition strongly affects this behavior.

2.5.2. Food supply affects escape motivation of sea bream

In this study, we aimed at stimulating the real conditions in aquaculture. When fish
were capable of locating a tear on the net, they were crossing from either side of the
tank to the other. This crossing is related to the escape behavior of fish on the sea cage
environment, either way. However, fish individuals in the field cross through a tear on
the net and escape to the open sea, with the risk of not coming back (Dempster et al.
2007).

In our experiments, when a tear existed on the mesh, changes in fish behavior
were observed. Sea bream showed less interest in biting the net and the cut twine as
compared to Exp. A. This was probably due to the fact that fish initiated crossing
through the tear. The frequency of the escape incidents was significantly higher (P <
0.05) in limited-fed fish (FC1). A possible explanation for this behavior is an
intensified search for food of limited fed fish (Sogard & Olla, 1996). As stated, the
escape rate in all feeding conditions presented no significant difference during the
first 16 days of the experiment. This is in accordance with similar studies in Atlantic
cod (Hansen et al., 2008) and halibut (Yacoob and Brownman 2007) concluding that a
high escape rate is related to an intensified prey search, associated with an increased
hunger level. As stated in these studies, a prolonged starvation is required to cause

major behavioral changes increasing the motivation of fish individuals to escape.
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Additionally, the escape rate presented variations, at the latter phases of the
experimental sets, indicating the potential effect of food supply on this specific trait of
marine species. The significantly lower number of escapes related to fish group with
FCO can be strongly associated with the absence of food supply. Furthermore, a
significant difference was also observed between the number of crossings of the
second tank of FC1 and the rest of the tanks in the same triplicate (P < 0.05). In other
experiments with Atlantic cod (Hansen et al., 2008), the frequency of escapes
appeared to be higher under high stocking densities, indicating that the escape-related
behavior of marine species could be a combination of several factors, such as food
supply and stocking density. The variations in fish behavior between tanks belonging
to the same group (FC1) could be correlated with specific behavioral traits, better
known as shyness and boldness. This particular behavioral trait is usually defined as
willingness to, either take risks or get involved in competition for food (Brick &
Jakobsson, 2002). Several studies have shown that bold fish tend to express the above
behavior in higher rates than those that are referred as “‘shy’’ fish (Coleman &
Wilson, 1998; Goldan et al., 2003; Sneddon, 2003). Consequently, the proportion of

“‘bold’” fish inside a fish population could affect the frequency of escapes.

2.6. Conclusions

In the recent years, rearing technology has advanced so as to solve rearing problems
including fish diseases, mortality and growth, emerging fish escape as the major
problem nowadays in aquaculture industry (Jensen et al., 2010). Several biotic and
abiotic factors have been associated with the escape behavior of fish, even though
basic understanding is still missing. In particular, our knowledge of the main factors
affecting the escape-related behavior of farmed Mediterranean species (sea bass and
sea bream) is almost nonexistent until now.

The present study indicates that the escape-related behavior of sea bream is
strongly associated with the amount of the provided food to fish individuals.
Additionally, net biting, which may increase the risk of fish escaping from cages, is a
behavioral trait of sea bream, while it is strongly connected with the net structure. The
presence of one or more cut twines leads sea bream to further damage the net,
resulting to a creation of holes. In the case of an already existing hole, limited food
supplies significantly increase the escape rate of farmed species. Furthermore, the fact

that some fish presented a higher escape frequency than others raise the question to
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what extent other factors such as the genetic variability is associated with the
willingness to escape (Hansen et al., 2008).

It should be noted that the study was carried out under small-scale laboratory
conditions. Further examination under real conditions is needed to conclude on how
feeding schedule might affect the innate tendency of species to escape from sea cages.
Time is not associated with the escape-related behavior of sea bream, since fish
inspection, biting and crossings occurred randomly throughout the day. Therefore,
best practices routines and adapted technical and technological innovations should be

established to avoid large-scale events in sea bream aquaculture.
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3. Escape-related behavior of juvenile gilthead sea bream (Sparus
aurata) versus rearing density in experimental conditions

3.1. Abstract

Fish escapes from sea cages through net tears have several environmental and
economic impacts. The aim of this study is to examine how the rearing density and
the condition of the net affect the escape-related behavior of sea bream (Sparus
aurata). The trials are performed under controlled small-scale experiments and
continuous video surveillance. Three densities (10, 15 and 20 individuals/tank) and
three net conditions (a net pen with a tear, a net pen with a cut twine and a flawless
net pen) are tested. Sea bream individuals initiate escapes shortly after a tear was
created on the net. Altering the number of fish confined in tanks resulted into an
exponential increase on the escape rate. Variations on fish interactions towards the net
pen are also found and are associated with both rearing density and the condition of
the net. Particularly, sea bream increases net inspection and biting in relation with the
rearing density. Additionally, sea bream is further attracted by damages on the net
pen, while it is capable of extending existing damages. Results presented are
statistically significant and could act as recommendations to improve the rearing

process protocols.

3.2. Introduction

Gilthead sea bream (Sparus aurata), as well as established farmed species, is
emerging in southern Europe (Belias et al., 2003) as the primary species for rearing in
sea cage installations.

Technical and operational innovations during the last years have led to a
remarkable intensification on sea bream's production. However, escape incidents from
sea cages that have been documented (EU FP6 project ECASA — www.ecasa.org.uk)
also raised a number of economic and environmental concerns upon the sustainability
of the aquaculture industry (Jensen et al., 2010; Naylor et al., 2000). Escapes can have
adverse genetic effect on the native populations and also other ecological
consequences. Interbreeding with native population of wild fish (Uglem et al., 2008),
predation on wild fish (Brooking et al., 2006) and transfer of pathogens between
farmed and wild stocks are some remarkable concerns for the marine environment

because of aquaculture. Related studies on sea bream and sea bass support the above

36




statements, as both species are dispersed rapidly from farms and/or migrate between
farming facilities (Arechavala-Lopez et al., 2012; Dempster et al.,, 2002).
Additionally, escapes are economically detrimental to fish farmers and companies as
they represent losses of live animals and also due to the resulting negative publicity
for the fish farming industry.

Large-scale escapes occur when holes appear on the netting pen of sea cages,
but the source and cause of such holes still remain unknown (Dempster et al., 2008).
In the Mediterranean aquaculture, a large number of compensations were made due to
stock losses and damaged equipment during storms. These two factors have been
considered as the major causes for fish escape (Jensen et al., 2010). Predators’
attacking the sea cages is another potential cause (Sanchez-Jerez et al., 2008). Farms
attract both prey and predator fish and also waste food that falls through the sea cages
may enhance this attractiveness. Apart from operational and structural failures, a large
number of farmed species (European sea bass, Atlantic cod, Atlantic salmon and
gilthead sea bream) exhibit specific behavioral traits that can eventually lead to escape
through holes on the net pen (McGinnity et al., 2003; Moe et al., 2007; Papadakis et
al., 2012). Particularly, Atlantic cod (Cadus morhua) and sea bream bite the net pen
and weaken it, an action that could lead to formation of holes. Both aquaculturists and
insurance companies have acknowledged that escapes are unacceptable and have
implemented a number of practices and legislations to reduce their frequency. Results
were positive enough, as these incidents were drastically reduced in the case of
Atlantic salmon (Norwegian technical standard NS 9415). However, the biological
mechanisms and the risk factors that may promote species-specific behavioral traits in
commercial aquaculture still remain unstudied.

Farmed fish experience non-natural high densities within the cages
(Arechavala-Lopez et al., 2012), nowadays, which has also been related with increase
in plasma cortisol (Ellis et al., 2002; Pickering & Pottinger, 1989) and differences in
fish growth and welfare (Mancera et al., 2008). Related studies on sea bream (Canario
et al., 1998) and rainbow trout (Holm et al., 1990) in tanks are consistent with the
above argument, since rearing density affects growth rate (Lambert & Dutil, 2001)
and behavior (Kristiansen et al., 2004) of these species.

The present study aims to evaluate the influence of rearing density on sea

bream escape related behavior under experimental conditions. Furthermore, fish
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interaction that includes fish inspection and bite are also examined on three net

conditions, commonly found in aquaculture.

3.3. Materials and methods

3.3.1. Experimental fish
Fish were provided by the Institute of Aquaculture of the Hellenic Centre for Marine

Research (Crete, Greece). Fish were randomly selected from an initial large
population that was previously reared with the technology of mesocosm (Divanach &
Kentouri, 2000). A total number of 405 (3 x 135) juvenile sea bream, of
approximately the same weight and length (Table 1), were selected and transferred to

the University of Crete.

3.3.2. Tanks preparation
Sea bream individuals were confined into nine experimental tanks (length 115 cm,

depth 40 cm, width 34 cm), filled with 100 | salt water (38 ppt). A thick transparent
glass replaced one long side of each tank, allowing observation of the fish. The
photoperiod was set to 12L: 12D by means of two 30 W fluorescent tubes positioned
30 cm from the upper side of the tanks. Water recycling was achieved through
mechanical filters (EHEIM 20 Watt, Germany). The water temperature was set to
24°C and the oxygen saturation was above 85%. Throughout the study, the
concentrations of nitrite and ammonia were less than 0.3 mg I-1 and 1.5 mg I-1
respectively. Tanks were oriented in a vertical plane array formation of 3 by 3. Each
column of the array represented a triplicate for statistical analysis, while the applied
rearing density differentiated each triplicate.

3.3.3. Experimental design
Fish were left to acclimatize for three days in the tank environment, where they were

fed "ad libitum™ (approximately 2% of total initial weight), once every day. Following
acclimatization period, all tanks were split into two areas (60% and 40% of the
volume) by a removable net pen (white aquaculture net, 17 mm hexagonal mesh
opening) that was fitted tightly to the bottom and the two sides of the tank. Fish were
confined to the larger area of the tank (left side), referred to as the "holding" area,
while the smaller area was referred to as the "escape” area. Sea bream commercial
pellet was always provided by hand at the left side of the "holding" area, once every
day (at 14:00 hr).
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The study consisted of three successive experiments, where three sub
populations were extracted from the same initial large population. Three different fish
densities were tested in triplicates — NF10 (10 individuals/tank), NF15 (15
individuals/tank) and NF20 (20 individuals/tank) that represent 4,5 - 5, 6.5 - 7 and 8.5
- 9 kg/m3 respectively. In the first experiment (ExpTe), the removable net pen had
three adjacent cut twines, forming a tear on the net surface. The tear was located
centrally, and was large enough to allow fish to cross on the other side of the tank. In
order to form a tear of the appropriate size, the height of the fish was measured (4 +
0.12 cm) from the beginning of the dorsal fin. In the second experiment (ExpCt), one
cut twine was located centrally on the net pen (fairly damaged mesh), while on the
third experiment (ExpFl), the removable net pen presented no damage (flawless net).

Each experiment lasted 15 days. Evaluation of fish condition was achieved by
using the standard growth indexes. Two measurements of fish weight and total length
were performed; prior to and at the end of each experiment. Particularly in the ExpTe,
final body weight and length were measured including fish from the holding and the
escape area. In detail, the specific growth rate (SGR=100*(InWf-InWi)/T), the feed
conversion ratio (FCR=WTFS/(Wf-Wi)) and the initial (CFi) and final (CFf)
condition factors (CF=100*W/L"3) were calculated (Table 1) where W is the body
weight, Wi and Wf the initial and final values (g); WTFS is the total dry food
supplied (g); L is the total body length (cm) and T is the duration of the experiment in
days.

3.3.4. Data Acquisition

Nine color digital CCD cameras (Fire-i, Unibrain) were placed in front of the tanks,
each one recording a single tank. The cameras’ acquisition rate was set to 3 frames
per sec. Acquisition was achieved by a computer vision system (Papadakis et al.,
2012). The cameras were recording continuously from 8.00 until 20.00 o’clock daily,
for the entire duration of each experiment. Remote, real-time observations of fish
behavior in all tanks were also achieved by the use of a web-server (LabView, Web
Publishing Tool) installed together with the acquisition software. Thus, the influence

of human presence on fish behavior was minimal.

3.3.5. Data Analysis
A full day observation of the video recording was performed into randomly selected

tanks to have a complete understanding of fish activity during the day. Following,
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analysis was performed for all tanks and all experimental days (15 days). A time
period of 15 minutes was selected for the analysis of fish behavior. This time period
has been tested as representative of fish activity in tanks to a full day period
(Papadakis et al., 2012). Time was randomly set at 13:00, 1 hour before feeding time.
All acquired video data were analyzed with the use of the above mentioned computer
vision system to test the escape and "pre-escape” behavior of sea bream.

Escape events are referred to as the crossing activity of fish individuals from the
holding to the escape area of the tank. Additionally, the reverse activity that one fish
goes from the escape to the holding area is referred to as a return incident.

The number of bites that occurred on the net pen in the ExpFl and ExpCt was
not sufficient enough to result into a creation of a hole within the experimental period
of 15 days. Therefore, the "pre-escape" behavior (fish inspection and biting the net) of
sea bream was further examined. Particularly, fish inspection referred to the time that
fish individuals spent close to the removable net pen (<2 cm), facing it and it was
measured as number of frames. Fish biting referred to the exact number of incidents
that fish actually bite the removable net pen (ExpTe, ExpCt and ExpFl) and/or
particularly the cut twine (ExpTe and ExpCt). The measurement of these traits
(counted for the 15mins daily) concerned (a) the number of frames per day, per tank
and per individual that fish inspected the net pen, and (b) the number of bite incidents
per day, per tank and per individual that occurred on the net (ExpFl) and on the cut
twine (ExpCt and ExpTe).

3.3.6. Statistical Analysis
Statistical analysis of the data was performed by one and two-way ANOVA

(SIGMASTAT statistical package; Systat Software, San Jose, Calif.). Separated tests
were performed to analyze escape and “pre-escape’ behavior. No tagging and marking
methods were used in the present study.

The escape activity under the three different fish densities was tested using
one-way ANOVA. Fish density was kept as fixed variable, while the number of
escapes was set as dependent variable.

The escape activity among the experimental days and under the three fish densities
was also tested using a two-way ANOVA. In detail, experimental days and fish
density were set as fixed variables, while the number of escapes was set as the

dependent variable.
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The "pre-escape” behavior was tested separately for fish inspection and biting
the net pen among the experimental days under the three fish densities. Experimental

days and also fish density were kept as fixed variables, while fish inspection and

Table 4: Biological parameters of experimental fish populations during the ExpTe, ExpCt and ExpFl (mean value
+ SE). Values in the same row with different superscripts (a, b) have significant difference between them (p<0.05).
The asterisk in the CF indicates significant difference between the initial and final condition factor in each density
group (p<0.05). NF10: 10 individuals per tank; NF15: 15 individuals per tank; NF20: 20 individuals per tank

10 individuals/tank | 15 individuals/tank | 20 individuals/tank
(NF10) (NF15) (NF20)
ExpTe
Initial Body Weight 30.45 + 1.46 30.45 £ 1.46 30.45 £ 1.46
Initial Body Length 13.18 £0.24 13.18 £0.24 13.18 £0.24
SGR 1.463 % 0.008" 1.539 £0.135" 1.142 £ 0.047°
FCR 1.13+£0.023 1.089 + 0.090° 1.593 +0.151%
CF, 1.335 +0.001 1.324 +0.021 1.328 +0.009
CF; 1.443 +0.023* 1.463 +0.061* 1.462 +0.033*
ExpCt
Initial Body Weight 25.26 + 1.96 25.26 + 1.96 25.26 + 1.96
Initial Body Length 125+0.34 125+0.34 125+0.34
SGR 1.226 +0.086 1.230 +0.073 1.143 +0.147
FCR 1.248 +0.091 1.259 +0.09 1.399 +0.217
CF; 1.422 +0.034 1.374 +0.005 1.404 +0.008
CF; 1.543 +0.035* 1.547 +0.046* 1.544 +0.028*
ExpFI
Initial Body Weight 25.35 +2.27 25.35+2.27 25.35+2.27
Initial Body Length 12.45 +0.44 12.45 +0.44 12.45 +0.44
SGR 1.42 +0.015° 0.996 + 0.076" 1.05 £ 0.055
FCR 1.27 +£0.002° 1.868 +0.094° 1.758 +0.057°
CF; 1.337+0.41 1.326 +0.011 1.318 +0.011
CF; 1.375+0.354 1.329 +0.026 1.374 £0.016

biting (any place on the net pen and cut twine) were set as the dependent variables.
An additional two-way ANOVA was performed to test the “pre-escape” behavior
between the three experiments. Experiment and fish densities were kept as fixed
variables, while inspection and biting were set as the dependent variables.

Normality tests were performed before each statistical analysis. When the data
were following a normal distribution, the differences among the groups were detected
using the Student—Newman-Keuls test. In the case that normality test failed, non-
parametric control Kruskal-Wallis and Mann-Whitney tests were applied. Data were
treated group-wise (n=3). The level of significance was set at 5% (p<0.05). In all

mean values, the standard error was calculated.
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3.4. Results

There was no loss of fish due to mortality or cannibalism during the experiments, in
any of the applied fish density. Fish body weight was increased, clearly demonstrating

the good condition status of fish during the experiments (Table 4).

3.4.1. Escape activity versus different applied rearing densities

In the ExpTe, fish were able to locate the tear on the net and cross from the holding to
the escape area and reversely. A significant number of crossings were counted along
the experimental period. In the present study, only these crossings from the holding to
the escape area were measured.

A total number of 32 escapes (from the holding to the escape area) were
counted by observation of the video recordings. This number of escapes was not
absolute, since it was followed by an approximately equal number of return events
that occurred mainly close to the feeding time. However, in the present study, we
focus on the escape events.

Escape activity within the 15mins showed an exponential increase versus the

three fish densities. The NF20 group presented strongly higher (p<0.01) propensity to

escape in comparison with the 28

remaining two groups (NF10 and 2,0 |

NF15), where the same activity was
similar  (Figure 17).  Additional

1,5 1

1,0

analysis among the experimental days

Escapes / individual / day

0,5 1
b

showed that the first two escapes b ;
0,0 +————— v v . ;
occurred in tanks of the NF15 and the NF 10 NP1 NF 20
Fish Density

NF20, approximately 22 hours from Figure 17: Total number of escapes that were counted, per
.. . individual, per day for the three density groups. Data are

the beginning of the experiment. In the presented as the mean + se of each triplicate. Statistically
] significant differences are indicated by different letters
first two days, escapes were only ypon the bars (a, b). The level of significance was set to

. p<0.05.
observed in tanks of the NF15 and the

NF20. The NF10 group started escaping by the end of the second day. From day 1 to
6, escape activity was similar (p>0.05) between the three applied densities. In
contrast, from day 7 to 12, the NF20 presented higher (p<0.05) escape activity (Figure
18). Escapes were reduced by the end of the experiment, without any difference
among the three applied fish densities. Sea bream individuals were distributed to both
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the holding and the escape area of the tanks, while they were returning to the holding

area especially during feeding time.
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Figure 18: Number of escapes per individual among the experimental days. Data are
presented as mean * se. Each fish density is indicated by different column. Statistically
significant differences are indicated by different letters upon the bars (a, b). The level of
significance was set to p<0.05.

In the following two experiments (ExpCt and ExpFl), the absence of any net tear
prevent fish from net crossing. Thus, the "pre-escape” behavior that consists of net

inspection and biting was further examined

3.4.2. ""Pre-escape'" behavior

Sea bream activity in tanks was consisted of alternating interactions towards the net
pen, such as fish inspection and biting. Both interactions (which are referred to as
"pre-escape” behavior) were observed in the three experiments. Bite activity on the
ExpTe and the ExpCt, further classified into; bite any place on the net pen and bite

particularly the cut twine.

3.4.2.1. Fish inspection on the net pen
In the ExpTe, it was observed that the NF15 group spent more (p<0.05) time on net

inspection. Significant differences were also observed in the ExpCt, where the NF10
group spent more (p<0.05) time on net inspection, while on the ExpFl, no differences
existed among the three applied density groups (Table 5). The overall comparison of

the three experiments showed that net inspection was related to both the applied fish
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density and the condition of the net. However, none of these factors presented a
stronger effect on this behavioral trait.

3.4.2.2. Fish biting the net pen
In addition to the escape incidents that were observed in the ExpTe, sea bream were

also biting the net pen, wearing and tearing it. The NF15 group was more (p<0.05)
willing (=<120% more) to bite the net pen in comparison with the NF20. In contrast,
the overall number of bites on the undamaged part of net pen and those that occurred
particularly on the cut twine did not vary (p>0.05) between the density groups (Table
2).

Similar results were obtained in the ExpCt, where the NF10 group presented
higher propensity to bite the net pen (=312% more) and also the cut twine (=271%
more). Further observation of the net pens at the end of the experiment demonstrated
that sea bream was able to wear and tear the net pen as well as the cut twine (Figure
19a, b).

de

Figure 19: Photos of the net pen with a cut twine, used in the experiment. a) Start of the experiment b) End of the
experiment.

In the the ExpFl, sea bream individuals nibbled the removable net pen without
actually biting it. This low bite activity was also confirmed, at the end of the
experiment, when the net pens were examined under stereoscope and no traces were
detected. No differences were observed on fish biting the net in any of the three
applied fish densities.

The comparison of the three experiments showed significant (p<0.05)
variations on the total number of bites that occurred on the net pen as well as on the
number of bites that occurred particularly on the cut twine. According to the data
reported on Table 5, the NF10 were more willing to bite the net pen on the ExpCt.
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Additionally, the NF10 group was more prone to bite the cut twine in the ExpCt. No
significant differences were observed at the remaining two density groups among the

three experiments.

Table 5: "Pre-escape” behavior (fish inspection and biting the net pen) during the ExpTe, ExpCt and ExpFl (mean
value + SE for all the experimental days). Fish inspection was measured as the number of frames per day and per
individual that fish remain close to the net at a distance<2cm. Fish biting the net (any place on the net pen and the
cut twine) was referred as number of incidences per day and per individual. Fish biting values the cut twine on the
ExpFl is indicated as "-", represents no behavior. Significant differences among the different fish densities in each
experiment are presented by different letter (a, b). The level of significance was set to p<0.05.

ExpTe ExpCt ExpFI
Fish density NF10 NF15 NF20 NF10 NF15 NF20 NF10 NF15 NF20
Fish 6.1+183a| 12.95+43b| 6.05+0.77a | 25.0245.43a| 7.86 +3.38b| 11.57+6.16b| 10.52+2.62| 12.98 +6.78| 11.48+2.45
inspection/day
f/individual
Bites at any| 0.08 +0.02b| 0.11+0.02a | 0.05+0.007b| 1.03 +0.42a| 0.25+0.06b | 0.28 +0.17b| 0.18+0.05 0.21+0.13 0.2+0.06
place on the
net pen /day /
individual
Bites on the| 0.02+0.01 | 0.03+0.005 0.04+0.01 | 0.26 £0.07a| 0.07+0.03b | 0.07 +0.03b -
cut twine/day/
individual
All bites/day | 0.1+0.02 0.14+0.03 0.09+0.01 1.2940.48a | 0.32+0.08b | 0.35+0.21b | 0.18+0.05 | 0.21+0.13 0.2+0.06
f/individual

3.5. Discussion

The present study clearly indicates that the number of fish confined in tanks is
associated exponentially with the number of escapes. In all fish density groups, sea
bream individuals started entering the escape area, when a tear (large enough to allow
fish to cross) appeared on the net pen. Additionally, they were inspecting and biting
the net pen. The total number of incidents was counted but repetitive incidents could
not be identified due to the lack of fish tagging. Furthermore, the methodology used
was based on video monitoring of fish population which does not allow tracking of
such population without any external tagging of fish.

Comparing the ExpFl with (ExpCt), the condition of the net acted as an extra
stimulus for fish attraction (pre-escape behavior). Particularly, in the ExpCt pre-
escape behavior was increased while in the ExpTe, as escape activity increased, fish
were less willing to inspect and/or bite the net pen.
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In the ExpTe, the NF20 group presented the highest (p<0.05) number of
escapes, indicating that an overcrowded fish population increases individual’s
propensity to escape. This comes in agreement with a related study, stating that the
escape behavior is a combined result of several factors, such as stocking density,
feeding condition and fish genotype (Hansen et al., 2008). Similarly to another study,
where a prolonged food deprivation (Glaropoulos et al., 2012) is required for an
exponential growth of fish escaping, a short period of time was also required in the
present study for an intense crossing activity in the NF20 group. Escapes rates
declined by the end of day 12 of the experiment. This change on the slope can be
explained by the fact that fish distributed to the total volume of the tank, while they
were entering the holding area mainly at the feeding time.

Return activity could be related to the food provided to fish population at a
certain time period among the experimental days. Similar behavior has been observed
in other studies (Glaropoulos et al., 2012), where returns occurred close to the feeding
time.

Sea bream as well as Atlantic cod (Jensen et al., 2010; Moe et al., 2007)
interact with the aquaculture net and escape through holes, while both present equal
tendencies to escape at a rate that is higher than that of Atlantic salmon (Ferno et al.,
1995; Juell & Westerberg, 1993).

In the Mediterranean Sea, the overwhelming majority of sea bream production
is realized in sea cages and with practices that have been inherited from the Atlantic
salmon production (Jensen et al., 2010). The above technology may promote high
growth performance, but can also increase the escape risk even at the on-growing
phase of the rearing process, where fish are still in small size. Farmed sea bream
seems to express its exploring and foraging behavior on the aquaculture net pen
similarly to its natural environment i.e. the bottom of the sea (Tancioni et al., 2003).
Furthermore, this behavior is at a great extent associated with its structure and
condition (Glaropoulos et al., 2012; Papadakis et al., 2012). Damages on the net pen
that were observed in the ExpTe and the ExpCt, clearly indicate that sea bream is
capable of directly damaging net material, an activity that is further induced
especially at the presence of a cut twine. These damages could also be explained by
the fact that the fish individuals were not genetically selected, so they may express
their innate foraging behavior on the net pen. Significantly higher bite behavior in the

NF10 group indicates that in low densities, sea bream might act more as an individual
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and not as a shoal. Thus, each individual gets closer to the net pen, inspecting and
biting it. In contrast, when elevated densities are implemented, fish behavior should
be considered more as shoaling behavior (Turnbull et al., 2005).

The present study was carried out under small-scale conditions in tanks and
with no tagged fish. Repetitive measurements were observed probably based on the
small volume of both areas and visual contact of fish individuals. Relative incidents
would not be possible under different experimental design where escapees were
somehow removed from the escape area or in real conditions in aquaculture. The
experimental period of 15 days was not sufficient enough for fish to create a hole and
eventually escape. Additionally, taking into account that each twine consists of many
filaments and that sea bream individuals mean size was small, fish activity during the
experimental period resulted into a gradual wear of the net pen. Future experiments in
large-scale conditions, for longer experimental periods and with tagged fish could
allow us to better understand sea bream’s escape and pre-escape behavior.

In conclusion, the present study indicates that the higher applied fish density
results into an intense fish propensity to escape. It also states that sea bream
individuals interact with the aquaculture net, through inspection and/or biting,
damaging it and finally creating holes. The presence of one or more cut twines (net
condition) on the net is a strong factor that stimulates sea bream to further wear the
net pen. A sustainable aquaculture industry has to be ethical but also environmentally
and economically sustainable. Optimum settings for a future culture system in farmed
sea bream could be the readjustment of the applied rearing density along with net

patrolling and good quality materials.
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4. Sea bream interactions towards the aquaculture net due to the
presence of micro-fouling

4.1. Abstract

The technology of floating sea cages that is largely used in the Mediterranean
aquaculture provides optimal conditions for the development of marine fouling. The
present study investigates the influence of micro-fouling developed on a net, on sea
bream behavior. Negative effects of biofouling were not tested since the study was
performed under laboratory conditions and for short experimental period. The net
condition (micro-fouling filaments) is further examined in comparison with a similar
green-brown colored and a white net pen. From the results obtained, it can be
concluded that micro-fouling filaments highly induce net biting. In contrast, the
colored net tested in this study negatively affected sea bream interactions on the net.
Results lead to the conclusion that the fouling filaments are more important to sea
bream attraction than the net color while both variables affect species behavior.

4.2. Introduction

Aquaculture industry suffers from the presence of biofouling (Braithwaite & McEvoy,
2005; Hodson et al., 2000). Floating cages, nets and ropes serve as optimal surfaces
for the development of unwanted organisms (Fitridge et al., 2012). Marine fouling is a
time dependent process (Hodson et al., 1997) that initially consists of organic load,
bacteria and microalgae adhesion (micro-fouling) and ends with colonization of
various marine invertebrates (macro-fouling). The problem is getting even worse due
to the elevated nutrient and organic load on the multi-filament netting material. In
some cases, within two weeks of a cage immersion, foul organisms appeared on the
net surface (Madin et al., 2010).

The nature of the negative effects of fouling has been well documented
through the last years. Several problems arise in aquaculture, since fouling increases
structural fatigue of cage facilities (Braithwaite & McEvoy, 2005). Particularly, it
disrupts the flow of dissolved oxygen and eventually creates anoxic conditions, along
with high temperature (Lai et al., 1993). Additionally, it constricts of net opening that
eventually inhibits the removal of food and fish waste (Hodson & Burke, 1994).
Consequently, fish well-being is indirectly affected, since farmed species are exposed

into a harmful environment and they often become vulnerable to diseases. Less

48




growth and restricted robustness are some consequences of marine fouling
establishment (Fitridge et al.,, 2012) on sea cage installations. Lastly, economic
impacts have their own importance (Hodson et al., 1997). Significant sums of money
are required for net cleaning and repairing managements, contributing to a 25% cost
in aquaculture (Braithwaite et al., 2007).

Marine fouling organisms have been studied extensively during the last years,
but often in relation with operational problems in aquaculture (Braithwaite &
McEvoy, 2005; Fitridge et al., 2012; Hodson et al., 1997). Therefore, most of the
research has been directed on anti-fouling methods towards preventing the
establishment of these communities. The color of the net has an influence of the
settlement of algae fouling species but not on the invertebrate organisms (Hodson et
al., 2000). Additionally, several colored net (red, white, black, blue, yellow) that had
already been tested in a related study (Braithwaite et al., 2007; Guenther et al., 2009)
had no significant difference on the fouling settlement.

However, research should also focus on behavioral variations of the farmed
species due to the development and/or presence of biofouling on the cage net.
Adhesion of unwanted organisms is not only considered as a supplementary food
source (Moring & Moring, 1975) but it also differentiates the net surface - in color
and condition. Net deformation may alter fish behavior as well as motivate fish to
interact with the net.

Sea bream is among the species that is widely cultured in the Mediterranean.
The vast production is mainly performed into mooring sea cages at the open sea that
are largely exposed to biofouling development. Fish attraction towards the net pen
may be strongly related with biofouling presence, since some studies indicate that
farmed species interact with the net pen, through nibble, inspect and bite (Glaropoulos
et al., 2012; Jensen et al., 2010; Papadakis et al., 2012). Particularly, for sea bream,
bite activity is further increased in the presence of cut twines on the net surface.
Biofouling filaments that cover the net surface are very often similar to cut twines and
so, they may be related with fish attraction (Papadakis et al., 2013). Net damages can
eventually result into tears and fish escape. Apart from the economic impacts,
ecological concerns rise due to the interactions of the escapees with the wild
populations (preventescape.eu).

The present study addresses fish behavior due to biofouling variations on the

aquaculture net. The hypothesis tested is to examine whether the presence of micro-
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fouling or the color on the net induces fish attraction in experimental tanks.
Experiments were held in specially modulated tanks and relatively designed to

provide additional information about sea bream interactions with the net pen.

4.3. Material and methods

Sea bream individuals were provided by the Institute of Aquaculture of the Hellenic
Centre for Marine Research (Crete). A total number of 135 juvenile fish (Table 6), of
approximately the same weight (33.56 = 0.37 g) and length (14.66 £+ 0.18 cm) were
randomly selected by an initial large population and sequentially allocated into nine (9
x 15 individuals) experimental groups. Following, fish were transferred at the
experimental aquaculture installations at the University of Crete.

Table 6: Fish measurements: Initial and final mean body weight and length; Growth performance parameters
(SGR, FCR, CFinitial and CFfinal). Data were treated group wise (n=3). Statistically significant differences

gelzt‘f"’eg:‘e Micro-fouling net (MN) | White net (WN) [ Colored net (CN)  CFi and

MWi 33,79 +£0,38 33,49 + 0,36 33,41+0,43
MW 44,4 + 0,46 43,35+ 1,04 43,36 + 0,91
MLi 14,56 £ 0,56 14,63 £ 0,45 14,79 £ 0,23
MLf 14,82 +0,5 14,97 £ 0,42 14,97 £ 0,44
SGR 1,36 £ 0,06 1,29+0,12 1,3+0,06

FCR 0,6 £0,08 0,61+ 0,06 0,67 £0,01
CFi 1,08 £ 0,03 1,09 £ 0,04 1,03+0,03
CFf 1,32 +0,01* 1,33+ 0,03* 1,29 + 0,02*

indicated by an asterix. The level of significance was set at 5% (P<0.05).

4.3.1. Tank preparation
The experiment was conducted into nine oblong tanks of 100 L. Fish observations and

video recording was achieved through a 5 mm thick glass, at one longest side of the
tank. Water temperature into the tanks was set to 24 °C, the salinity was 38 %o and the
oxygen saturation was approximately 90 %. The concentration of nitrite and ammonia
was respectively less than 0.27 mg/l and 1.4 mg/l. The photoperiod in the area of the
tanks was set to 12 L: 12 D and it was achieved by two 30 W fluorescent tubes

positioned 30 cm on the upper side of each tank.

4.3.2. Experimental design
Fish were left to acclimatize for a period of three days, while they were fed once daily

(2 % of their initial body weight). Following acclimatization, the tank was split into
two areas (50 %) by a removable net frame (common white polypropylene net), fitted

tightly the bottom and the two sides of the tank. Fish were confined into the left area
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of the tank. Food was supplied at the upper left corner of the tank; daily at 14:00.
Tanks were oriented in an array formation of 3 by 3, with each column of the array
differentiated in net condition.

Three net conditions were tested in triplicates: a) a common white-color net
(WN), b) a net with alive micro-fouling (MN), and c) a colored net, painted similar to
micro-fouling (CN). The two altered conditions of white net were all developed by the
same white net where: in (MN) condition a white net was left for a period of one
month in a tank of HCMR with already existing biofouling, until micro-fouling
filaments appeared on the net surface; and in (CN) condition a nontoxic, natural paint
was used to convert the white net into a green-brown colored net. The green-brown

color was chosen because it is similar to the early stage of micro-fouling in

aquaculture (Figure 20a, b).

Figure 20: a) a net with alive micro-fouling (MN) and b) a colored net, painted similar to micro-fouling (CN)

Fish well-being condition was estimated at the end of the experiment, with respect to
the classical growth performance parameters (Glaropoulos et al.,, 2012).
Measurements were taken for the total length and weight prior to and at the end of the

experiment (Table 1).

4.3.3. Video recording of fish activity
Behavioral monitoring of fish activity in tanks was performed by nine color digital

CCD cameras (Fire-i, Unibrain) that were placed in front (<1 m) of the glass side of
each tank. The requested frame was set to 9 frames per second, allowing a smooth
observation of fish movement. Acquisition was performed by an advanced version of
previous custom-made software (Papadakis et al., 2012). Fish were monitored
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continuously (8.00 up to 20.00), for the entire duration of the experiment. A remote,
real-time observation of fish activity in tanks was also achieved by the use of a web-
server (LabView, Web Publishing Tool), installed together with the acquisition
software. Thus, the influence of human presence on fish behavior was minimal (only
during the feeding time).
4.3.4. Data extraction and analysis
The acquired video recordings were analyzed with the use of custom made software,
written in LabView (National Instruments), so as to detect any fish interactions
towards the aquaculture net. The behavioral traits examined in this analysis were net
inspection and biting. Fish inspection referred to the time that fish spent close to the
net surface (<2 cm), without touching it, and the duration of this activity was
measured as number of frames (9 frames = 1 second + 111ms). Fish biting the net
surface was measured as number of bite incidents.

For comparison of the aforementioned behavioral traits, data were extracted
every 3 days (day 1, 4, 7, 10, 13, 16, 19) during the entire experimental period (20
days) and for five time periods within a day. Each of them had duration of 15 minutes,
while they were randomly selected (08.45 — 09.00; 10.50 — 11.05; 13.35 — 13.50;
15.10 — 15.25 and 18.05 — 18.20), for statistical purposes. The same analysis was
performed for all tanks and for all time periods. The overall measurements refer to the
average calculation of all activity throughout the time periods within the day and for

all tested days.

4.3.5. Statistical analysis
The fish were not individually tagged or recognizable (tracked). Statistical analysis

was performed using one-way and two-way ANOVA (SIGMASTAT statistical
package; Systat Software, San Jose, Calif.).

Two-way ANOVA analysis was performed for fish inspection and net biting
throughout the experimental days. Experimental days and also net condition were kept
as fixed variables, while the number of frames (net inspection) and bites (net biting)
was set as the dependent variable. An additional two-way ANOVA was performed
where time periods and net condition were kept as fixed variable, while the number of
frames for fish inspection as well as the number of bites were set as the dependent

variable.
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The overall measurements were used for the comparison of the three net
conditions. Finally, a one-way ANOVA was performed, where the net condition was
the fixed variable and the dependent variable was the number of frames (net
inspection) and bites (net biting) relatively.

When the data were following a normal distribution, the differences among the
groups were detected using the Student-Newman-Keuls test; when the data did not
follow a normal distribution, non-parametric control Kruskal-Wallis and Mann-
Whitney tests were applied. Data were treated group wise (n=3). The level of
significance was set at 5% (P < 0.05). In all mean values, standard deviation and error

was calculated.

4.4. Results

Fish reacted immediately at the presence of the net in all tanks by alternating actions,
such net inspection (<2 cm) and biting. However, fish activity on the net did not result
into any apparent damage of the net. Differences in the net color and/or presence of

biofouling had an influence on net
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interaction. The relative analysis for |
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[

the overall net activity showed no
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differences between treatments;
however the CN group had the

Number of bite incidents

lowest activity (Figure 21).
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conditions: a) Bite activity is calculated as number of incidents,
b) Duration of net inspection is calculated as number of frames.
Statistically significant differences are indicated with an asterix.

treatments showed variations that

were related with the net condition:
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- In the first day, a strong
(P < 0.001) motivation to bite
the MN was observed. On
average, eleven incidents were
measured within the day, which
was significantly higher than the
related activity at the remaining
days (Figure 22a).

- Bite activity on the WN
group showed no significant
variations. Bite incidents that
occurred within the day varied
from 3-6. Exceptionally on day
16,

within

the overall bite activity
the day was found
than the

significantly lower

relevant  activity at the
remaining experimental days of
analysis (Figure 23a).

- Bite activity on the CN
group presented a significant
increase along the experiment,
where the mean number of bites
at the latter experimental days
was significantly higher than the
relative one at the early days
(Figure 24a).

Variations on net biting
were also present within the
different periods of the day, for
the three net conditions. Bites
on the MN pen mainly occurred

early in the morning. Sea bream

%
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MN Inspection
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Figure 22: 3D analysis of fish activity on the MN group throughout
days and time periods: a) Net biting (number of incidents), b) Net
inspection (duration in frames). Statistically significant differences
between days and time periods are presented by an asterix, relatively.
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Figure 23: 3D analysis of fish activity on the WN group throughout
days and time periods: a) Net biting (number of incidents), b) Net
inspection (duration in frames). Statistically significant differences
between days and time periods are presented by an asterix, relatively.
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presented significantly less motivation to bite the net during the feeding time and until
the end of the day (Figure 2]
22a). In the case of the WN, i

number of bites was increased

CN Bites

during the morning and the
feeding time period, while it
was significantly reduced after
feeding and until the end of the
day (Figure 23a). A different

pattern was observed on the

500

s =
= =
= 9

CN, where net biting was 200

CN Inspection

=
=

lower during the first hours of
the day (Figure 24a). Lastly,

0,- .

fish activity later in the day

was similar presenting a

reduced bite activity in all net Figure 24: 3D analysis of fish activity on the CN group throughout
days and time periods: a) Net biting (number of incidents), b) Net

conditions. inspection (duration in frames). Statistically significant differences
between days and time periods are presented by an asterix, relatively.

4.4.2. Net inspection
The in between treatment comparisons showed significant differences on the overall

time spent for net inspection between the MN, WN and the CN group. The mean
value / individual of net inspection were 2.14 £ 0.25 seconds in the WN, three times
higher than the remaining net conditions during the experiment. No difference was
observed on the CN (0.74 £ 0.19 s) and the MN (0.69 + 0.12 s) fish groups.

Analysis within treatments showed that net inspection on the MN group
(Figure 22b) presented higher (P < 0.05) values at the end of the experiment.
Particularly, the percentage of time spent was approximately 50 % higher (P < 0.05)
than the remaining analyzed days, where no differences were observed. In contrast,
activity on the WN group (Figure 23b) had no difference throughout the analyzed
days. Exceptionally on days 10 and 16, a decrease (P > 0.05) on fish activity was
observed in comparison with the remaining days. In the case of CN group (Figure
24Db), a significant increase on the time spent was clearly presented from early to latter
(P < 0.05) experimental days. Exceptionally on day 7, fish activity was higher (P <
0.05) than day 1, 4 and 10, 13. Lastly, similarly to MN group, the relative activity at
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the later experimental days was approximately 50 % higher as compared to the early
days of the experiment.

Data were additionally analyzed within 5 selected time periods. A similar
slope was found in the WN and CN group, where net inspection was significantly
higher at the feeding time in comparison with the first and last time periods (Figure
22b, Figure 23b). The MN presented a different behavioral pattern regarding the
inspection of the net with no differences within the day (Figure 24b). Moreover,
significant differences were observed between MN, WN and CN group for each one

of the five time periods.

4.4.3. Net condition
At the end of the trials, all nets were further examined under stereoscope. The WN

and the CN pens had no sign of micro-fouling detected on their surfaces.
Additionally, the CN pen maintained the green-brown color until the end of the
experiment without any visible sign of wear. The abundance of the MN filaments was
reducing throughout the days and small areas; free of micro-fouling appeared on the

net surface by the end of the experiment.

4.4.4. Growth performance

The growth performance of the three experimental groups is shown in Table 1. The
growth rates presented no significant differences for all fish groups, according to the
SGR index. Furthermore, the final Condition Factor (CFF) was higher (P < 0.05) than
the initial (CFI), indicating the “good” condition status of fish in tanks. All fish
groups gained weight (10.43 £ 0.74 g). Mortality or cannibalism incidents did not
appear during the experiment.

4.5. Discussion

In spite of the recent advances in antifouling technology (Guardiola et al., 2012),
biofouling, nowadays, remains a threat for a sustainable aquaculture worldwide. Fish
rearing in floating net cages promotes the problem by providing favorable conditions
for the colonization and growth of the fouling organisms (Hodson et al., 1997).

The present study demonstrates that marine micro-fouling has an influence on
sea bream behavior, and motivates farmed species to further interact with the
aquaculture net. The risk of net damage is thus potentially amplified due to the effect
of macro-fouling that in turn is included in sea bream feeding habits (Pita et al.,

2002). Particularly, micro-fouling filaments induced farmed sea bream to bite the net.
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Furthermore, the color of the net also influences fish behavior under captivity, with
the CN presenting the lowest net interaction. Experiments were performed at indoor
aquaculture facilities where water conditions remained constant. This allowed the
study of sea bream behavior under the effect of micro-fouling and the color of the net,
avoiding the deleterious effects of biofouling. This would be limited in real
aquaculture conditions since these effects would have interfered with the behavioral
variations observed in the present study.

From the results obtained, fish activity in all groups was increasing during the
day and by the feeding time, while was reducing until the end of the day. It seems that
WN and CN groups have a positive linear relation between the two activities (net
inspection and biting). Particularly, an elevated net inspection activity appears
together with an elevated net biting, in both days and time periods. In contrast MN
group showed a negative correlation between the two activities. Net inspection on the
MN group remained very low because sea bream seemed to immediately locate and
interact with the micro-filaments. This correlation was differentiated on the later

experimental days, where the micro-fouling was minimal.

4.5.1. Net biting
This specific behavioral trait may have its origin to the species natural feeding.

Sea bream appears to express this innate characteristic on the net, when in captivity
(Glaropoulos et al., 2012; Papadakis et al., 2013; Papadakis et al., 2012). Specifically,
sea bream was largely attracted to bite the fouling filaments on the MN group. The
high number of bites that occurred on the present study clearly demonstrates that sea
bream often bite the aquaculture net.

Intense bite activity has been previously related with the condition of the net.
Sea bream individuals presented an elevated bite activity due to the presence of cut
twines (Glaropoulos et al., 2012). The interest of fish for the cut twines in this study
can be explained by their similarity with the micro-fouling filaments. This is
consistent with the present study, where a similar behavior was found on the MN
group during the first day. The significant reduction of these filaments at the end of
the first day was strongly related with the number of bites along the experimental
days.

The WN group presented no significant differences on net biting throughout

the experimental period. The same white color aquaculture net has already been tested
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in similar behavioral studies under laboratory conditions; Sea bream expressed a
constant bite activity towards the white net pen since the beginning of the trials
(Papadakis et al., 2013). On the other hand, sea bream was less motivated to bite the
green-brown color of the CN group. The white color net causes a higher contrast on
fish view than the green-brown colored net due to their differences in light absorption
and the scattering of the lower wavelengths of light from the sea water that acts as the
background. Fish are able to distinguish colors while differences in colored nets have
found to have an influence on fisheries catch (Balik & Cubuk, 2001). In this study the
green color presented the higher number of catches probably driven by the less
contrast on fish view. This might be the explanation of fish less motivation to bite the
colored net pen in the present study. However, the elevating bite activity on the CN
group at the later experimental days could be correlated with sea bream getting
familiar with the net pen color and/or search for food, according to similar studies
(Glaropoulos et al., 2012; Kristiansen & Ferno, 2007; Papadakis et al., 2013).
Significant variations were observed on net biting within the day. The intense
bite activity on the MN group may be originated by sea bream hunger within the day
(Montero et al., 2009). Particularly, fish were fed once per day, with 2% of their
initial total weight, while they were left unfed 24 hours until the next feeding period.
The aforementioned behavioral changes within the day have already been associated
with an intense activity and prey search under limited-food conditions (Goldan et al.,
2003). The micro-fouling filaments acted as additional stimuli that further motivated
sea bream to bite the net. In contrast, net biting within the day, in the WN and the CN
group, was affected by the color of the net. Sea bream is familiar with the green-
brown color of its natural habitat (Tancioni et al., 2003) as compared to the “strange”
white net. Therefore, sea bream was found to be motivated more by the white than the
colored net. This comes in agreement with other studies that demonstrate that the
natural mid-wavelength color environment (green) is the most favorable for the
rearing process (Luchiari & Pirhonen, 2008). Generally, sea bream is a marine species
that presents lower swimming activity and metabolic rate during the night (Angeles
Esteban et al., 2003). It is likely that sea bream activity was reduced in all net

conditions by the end of the day late in the day (5th time period).
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4.5.2. Net inspection
Confined fish in tanks i.e. Atlantic cod (Moe et al., 2007) and sea bream (Papadakis et

al., 2013) have been largely observed to approach (<2 cm) the net pen, an activity that
is commonly known as net inspection. This behavior increases the risk of net damage,
considering that net biting could follow net inspection. In the present study it is shown
that the color of the net has an influence on fish inspection.

Related studies showed that sea bream inspection is associated with the
condition of the net. Particularly, the existing cut twines further induces this activity
(Glaropoulos et al., 2012; Papadakis et al., 2013). As previously mentioned, the
micro-fouling filaments acted as a stimulus resulting to fish attraction as compared
with net cut twines. Fish inspection in the MN group was observed from the
beginning of the experiment. The elevated time spent for net inspection by the end of
the experiment may be originated by the lack of such filaments. Sea bream seemed to
be mainly interested in biting those filaments and so, increased net inspection may
indicate search for any remains.

Net inspection followed a similar pattern in WN and CN group as compared to
the previously described bite activity. Particularly, sea bream was less motivated to
approach the green-brown net. The WN group showed an increased inspection
throughout the day in comparison with the CN group. Moreover, this activity was
increasing until the feeding time, indicating that the amount of food provided to fish is

also related with an intensified activity, originated by hunger.

4.6. Conclusions

The present research has involved three net conditions commonly found in
aquaculture in order to investigate fish attraction towards the net pen. In contrast to
other related study (Guenther et al., 2009) that evaluated the effect of several net
colors on the settlement of fouling species, this is the first study that demonstrates that
sea bream is attracted by the micro-fouling filaments and not so much by the color of
the net tested. As previously mentioned, the overall net biting was no significant
different between treatments. Nevertheless, the analysis throughout days and time
periods showed significant differences between treatments that lead to better
understand the effect of different net condition on fish interaction. It is clearly
demonstrated that the presence of micro-fouling highly induces sea bream motivation

to interact with the net pen. Additionally, the white color of the net causes the higher
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net attraction due to the intense contrast on the confined fish view. In contrast, the CN
group presented the lowest overall attraction on the net. Lastly, it can be concluded
that sea bream attraction on the micro-fouling net pen has its origin to the existing
filaments and not the color of the net.

The use of a green-brown net pen is widely recommended in cage facilities,
since farmed species are significantly less motivated to interact with such colored net.
Different colors or net materials should be further evaluated whether they provide
unfavorable conditions for sea bream bite activity.
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5. Escape-related behaviour and light preference of European sea
bass

5.1. Abstract

The escape behavior of European sea bass (Dicentrarchus labrax) under different
light levels was evaluated in laboratory conditions. Fish were confined in tanks that
were previously split into two equal compartments by a removable net pen. A tear on
the net allowed the fish to move between the two compartments of the tank. A black
net frame was placed upon on half of the tanks to differentiate them in light
conditions. Three combinations were tested in triplicates: light - shade, shade - light
and a control condition light - light. Sea bass located the net tear and crossings
occurred in all tanks, regardless of light condition. When differences in light level
were present, sea bass showed a clear preference for the illuminated areas of the tank,
with fish aggregation in the light areas of the tank observed throughout the entire
experimental period. The fish did not seem to be willing to return to the shadowed
areas, even if they have to starve, raising crucial concerns towards a sustainable
aquaculture. The results open up for new discussion of using artificial lights to

prevent large-scale escapes in commercial-scale aquaculture.

5.2. Introduction

Escape and pre-escape behavior has already been evaluated in many farmed species
(Glaropoulos et al., 2012; Jensen et al., 2010; Moe et al., 2007; Papadakis et al., 2013;
Papadakis et al., 2012) and also under several biotic and abiotic factors. In
commercial-scale aquaculture, escapes have been mostly reported after severe
environmental conditions and damages on cage structure (Jensen et al., 2010). In
addition, only scarce information exists on the influence of light on the escape
behavior in aquaculture.

Light is an important abiotic factor that has been associated with fish biology
and behavior. Most fish are based on vision system to perform activities such as
foraging and breeding. Thus, artificial light may also have an influence on fish
behavior. The use of artificial light has been tested in fisheries studies (Marchesan et
al., 2005) and also in cage production (Oppedal et al., 2001; Vera & Migaud, 2009) so
as to control and manipulate fish essential activities, like swimming speed (Juell &

Fosseidengen, 2004) and schooling behavior (Castro & Caballero, 2004; Noble et al.,
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2005). In addition, selective lights have also been applied on fisheries research to
obtain more efficient catches. Particularly, sea bream and grey mullet are strongly
attracted by high illumination levels whereas sea bass presented a moderate attraction
either to light or short wavelength (Marchesan et al., 2005). In view of the importance
of light as environmental driver in commercial cages, almost no study has been
carried out to describe the escape behavior of farmed species.

European sea bass (D. labrax) is of high commercial interest in European
aquaculture (Villamizar et al., 2011). The pre-escape and escape behavior of sea bass
has already been evaluated under experimental conditions, concluding that sea bass is
neither capable of directly damage nor interact with the net pen but rapidly escapes at
the presence of a net tear. It has been found that sea bass escape behavior is related to
the visual conditions around the cage environment (Papadakis et al., 2013) and
particularly, it can be significantly delayed when a visible obstacle exists at the point
of escape. Therefore, research should be focused on the environmental drivers that
may influence sea bass to cross a hole on the net.

The objective of the present work is to examine the fish preference on light by
studying their escape behavior, using sea bass juveniles as a test sample. Whether
variations on light level affect sea bass behavior it is crucial for fish management and
prevention of large-scale incidents. Our study was performed in tanks under fully
controlled conditions, where fish are able to express preference between lightened and
shadowed areas. The present study simulates commercial scale aquaculture, where

variations in light intensity around the cages might affect fish motivation to escape.

5.3. Materials and methods

5.3.1. Experimental fish
A total number of 135 sea bass individuals (weight: 26.73 + 1.05 g and length: 13.34

+ 0.25 cm) were provided by the Institute of Aquaculture of the Hellenic Centre for
Marine Research (HCMR). Fish were randomly selected from an initial large
population that had been reared with the mesocosm’s methodology (Divanach &
Kentouri, 2000) in 40 m? tanks and following in 10 m3 pre-growing tanks. Sea bass
individuals were then transferred to the University of Crete, and confined into

experimental tanks.
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5.3.2. Tank preparation
Fish groups (15 individuals / tank) were kept in groups to acclimate for one week

prior to the beginning of the experiment. Following acclimatization, each tank was
split into two equivalent areas (50 % of the volume) by a removable net pen (white
polypropylene net, 17 mm hexagonal mesh opening) fixed in a plastic frame (31 x 28
cm) that was fitted tightly to the bottom and the two sides of the tank. A tear (5.1 cm
height) located centrally on the net pen, allowed fish to cross between the
compartments of the tank. Fish were initially confined to the left area of each tank,
referred to as the "holding" area, while the area on the right side was referred to as the
"escape” area.

Prior to the beginning of the experiment, a plastic, black color frame (length
55 cm, width 34 cm) was placed upon the tanks to differentiate them in three light
conditions; 1) llluminated Holding Area (IHA) - Shadowed Escape Area (SEA), 2)
Shadowed Holding Area (SHA) - Illuminated Escape Area (IEA) and 3) Illuminated
Holding Area (IHA) - Hlluminated Escape Area (IEA) as control condition. These
conditions were tested for a total time period of 13 experimental days. Light intensity
in every tank compartment was measured with a Light Meter (EXTECH
INSTRUMENTS, L825251), and was 330 £ 7 lux in the illuminated area and 8 * 2 lux
in the shadowed area. Both before and during the experiment, fish were fed ad libitum
once every day (at 14.00 h) by hand with commercial sea bass pellets (Biomar
INICIO Plus No 1,9: 58 % crude protein; 18 % crude lipids). Food was always
provided at the left side of the "holding" area.

5.3.3. Experimental design
Fish groups (15 individuals / tank) were left in tanks to acclimate for one week prior

to the beginning of the experiment. Following acclimatization, each tank was split
into two equivalent areas (50 % of the volume) by a removable net pen (white
polypropylene net, 17 mm hexagonal mesh opening) fixed in a plastic frame (31 x 28
cm) that was fitted tightly to the bottom and the two sides of the tank. A tear (5.1 cm
height) located centrally on the net pen, allowed fish to cross between the
compartments of the tank. Fish were initially confined to the left area of each tank,
referred to as the "holding" area, while the area on the right side was referred to as the
"escape” area.

Prior to the beginning of the experiment, a plastic, black color frame (length

55 c¢cm, width 34 cm) was placed upon the tanks to differentiate them in light intensity.
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Three different conditions; Illuminated Holding Area (IHA) - Shadowed Escape Area
(SEA), Shadowed Holding Area (SHA) - Illuminated Escape Area (IEA) and a
control condition that referred to an Illuminated Holding Area (IHA) - Illuminated
Escape Area (IEA) were tested for a total time period of 13 experimental days. Light
intensity in every tank compartment was measured with a Light Meter (EXTECH
INSTRUMENTS, L825251), and was 330 £ 7 lux in the illuminated area and 8 * 2 lux
in the shadowed area. Both before and during the experiment, fish were fed ad libitum
once every day (at 14.00 h) by hand with commercial sea bass pellets (Biomar
INICIO Plus No 1,9: 58 % crude protein; 18 % crude lipids). Food was always
provided at the left side of the "holding" area.

5.3.4. Data acquisition
Fish activity was monitored by an upgraded version of the computer vision system

developed for this purpose (Papadakis et al., 2012). The system consisted of nine
color digital CCD cameras (Fire-i, Unibrain) placed in front of the tanks. The
cameras’ acquisition rate was set to 9 frames per second and the cameras were
recording continuously from 8.00 until 20.00 o’clock daily for the entire duration of
the experiment. Influence of human presence on fish behavior was limited to the
feeding time, since observations of fish activity in all tanks were achieved through a
remote, real-time web-server (LabView, Web Publishing Tool). Night observation
was not important since the parameter under consideration (light condition) was not

valid during the night.

5.3.5. Data analysis and statistics

All acquired video data were analyzed with the use of custom-made software
(Papadakis et al., 2012), written in LabView (National Instruments). All crossing
attempts through the net tear to the other side of the tank were recorded — both from
the holding to the escape area and reversely. The statistical analysis of the data was
performed accordingly to related studies (Glaropoulos et al., 2012; Papadakis et al.,
2013; Papadakis et al., 2012) based on similar experimental setup, using ANOVA
(SIGMASTAT statistical package; Systat Software, San Jose, Calif.).

The first experimental day was fully analyzed and the exact number and time
of all escape and return events were recorded. This analysis was restricted to the first
day, since no fish remained in the SHA by the end of the day. Learning was assumed

to be neglible during this time period, since fish had been previously acclimatized
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under no difference in light intensity. Fish activity was presented in the format of
mean value £ SE for each triplicate (three conditions). Statistical analysis consisted of
two-way ANOVA, where the number of crossings (escape, return) was set as the
dependent variable while the light condition and tanks were the fixed variables. No
differences were observed between replicates (p > 0.05).

After the first day, sea bass were not only confined in the initial holding area
of each tank, which did not allow the study of fish reaction to light intensity.
Therefore, for the remainder of the experimental days (day 2 to 13), a different
statistical approach was followed. Five time periods of 15 minutes each within the day
(starting at times: 9:00 early morning - 11:00 morning - 13:30 before feeding time -
15:30 after feeding time - 18:00 late afternoon) were selected so as to analyze
crossing activity under different light conditions and thus species preference to light
intensity.

Statistical analysis consisted of a three-way ANOVA. The dependent variable
was the number of crossings that occurred, while the fixed variables were the
experimental days, the tanks as well as the five time periods within the day.
Differences between triplicates and the five time periods among the experimental
days were tested and no significant variation was observed between the three light
conditions.

The development over time of the crossing activity among the experimental
days was examined by calculating the mean crossing value + SE of each light
condition including the five time periods of each day. Variations between the five
time periods were also investigated, calculating the mean value = SE of crossing
incidents, adding the activity from tanks of each light condition and all experimental
days.

Normality tests (Shapiro-Wilk test) were performed so as to control the
distribution of the data. When the data did not follow a normal distribution, non-
parametric control Kruskal-Wallis and Mann-Whitney tests were applied. All
Pairwise Multiple Comparison Procedures were tested using Tukey Test. Fish were
not individually tagged or recognizable. Data were treated group-wise (n=3). The
level of significance was set at 5 % (p > 0.05). For all mean values, standard error
(SE) was calculated.
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5.4. Results

5.4.1. First experimental day

Early in the first day, fish had to face the new light conditions in tanks. During the
first hours, fish remained motionless and mainly aggregated close to the bottom of the
holding area. The activity increased within the day and sea bass started pushing the
net pen. The first escape occurred in the control condition, while more incidents
followed the first event in the other tanks and light conditions. Most of the escapes
occurred in series of two (2) or even seven (7) individuals. No incident of mortality or
cannibalism was observed during the experiment. The different light conditions
between the two compartments of the related tanks had an influence on the exact time
of the first escape and return. In fact, fish needed more time (5 minutes) to locate and
cross the net tear, from the IHA or the SHA group.

Sea bass in the IHA group showed a strong preference (q > 14.7, p < 0.05) for
light during the day, and half of the group (50 %) still remained in the IHA of the tank
by the end of the day (Fig. 1). The first escape was recorded in a series of two
individuals, 4 minutes after the beginning of the experiment.
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Figure 25: Variations of fish population confined into the holding area of the tank until the end of the first
experimental day. Measurements are formatted as mean value * SE, for the three light conditions.

A significant number of escapes to the SEA took then placed within the first day but
they were all followed by an equal number of returns to the IHA of the tank. The
largest crossing event observed in this group was in a series of seven individuals. Fish
were mainly observed close to the net pen, either on the illuminated area or in the

shade, resulting into an uneven fish distribution several times within the day.
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In contrast, fish initially confined in shade (SHA) started crossing the net tear and
moved to the escape area (IEA), with more light. The first escape occurred at about
the same time (5 minutes) as in the previous light condition. By the end of the first
day, 80 % of fish population had moved to the higher illumination area, while no
return incidents were observed (Figure 25).

In the control condition (no difference in light level), only a few escapes were

recorded during the first hours of the experiment. Fish were mainly distributed in the

bottom of the tanks, showing a strong schooling behavior.

5.4.2. Experimental days 2-13
IHluminated Holding Area — Shadowed Escape Area

Fish were mainly distributed (80 % of the population) in the illuminated area of the
tanks. Similarly to the first day, crossing activity continued during the experiment,
with the same number of escape and return incidents. However, the number of
crossings was higher (F > 2.23, p > 0.05) in the second and third day (Fig. 2a). The
time interval between an escape and a return incident was calculated to be
approximately 8 seconds on average in a total of 350 measurements. Additionally, the
number of crossings into the shadowed area of the tank was reduced along and until
the end of the experiment.

Shadowed Holding Area — Illuminated Escape Area

During the first experimental day, almost all fish had escaped to the illuminated area
of the tank. Fish were limited motivated (5-10 %) to cross the net tear and return to
the holding area of the tank. Crossing activity was almost no presented until the fifth
experimental day. Sea bass first attempts to return to the initial holding area started on
the sixth day (Fig. 2b). Random tests on video recording at the feeding time revealed
remains of uneaten pellets at the bottom of the tank that clearly confirmed the

unwillingness to return to the shaded area.

67



45 1 * mIHA-SEA | a

Crossing activity / 15min
= 2 NN W oW b
o 00O OO0 O OO
|l
o [l
o Il
~ I

10 11 12 13

457 mSHA-IEA | D
40 -

35 4
30
20 4
15
10

Crossing aclivily / 15min

45 - mIHA-IEA |
40 -
35 -
30 -
25 -
20 -
15 -
10

. e M m W i i i - . ]
2 4 5 6

10 11 13

Crossing aclivily / 15min

5
3

T\me (days)

Figure 26: Number of crossings that occurred from day 2 to day 13 of the experiment, in the three light conditions.
Data are presented as mean value + SE. Statistically significant differences are indicated with an asterisk.

IHluminated Holding Area — Illuminated Escape Area (control condition)

The schooling behavior that initially characterized fish activity in this group
continued. Crossing activity was quite low on the first days, with fish generally
observed at the bottom of the holding area. During the following experimental days,
the fish gradually increased their activity (Figure 26¢). In general, at the end of the
experiment fish distribution was even (55-45 %) between the two areas of the tank.

5.4.3. Crossing activity within the day
Differences on crossing activity between the light conditions and within the day (five

time periods) were observed. Fish activity between triplicates of each light condition
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was similar within the five time periods of the day. A further analysis showed that
crossing activity was correlated with time of day. Fish was more (q > 0.09, p > 0.05)
willing to cross the net tear after the feeding time in all experimental days, regardless
the light conditions that existed in tanks (Figure 27). Additional analysis showed that
the control condition presented higher crossing activity during this specific time

period than the other tank groups (Figure 27a, b, c).
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Figure 27: Time-dependent crossing activity of sea bass individuals in five time periods of a day. Data are
presented as mean value + SE. Statistically significant differences are indicated with an asterisk.

5.5. Discussion

Sea bass is an important farmed species (80 K tons in 2005) in the Mediterranean

aquaculture (Benhaim et al., 2013), and has been reported to escape from sea cage
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installations (Triantafyllidis, 2007). The factors of influencing escape (Naylor, 2006)
as well as the major impacts of the problem have been extensively documented during
the last years for a variety of farmed species (preventescape.eu). Our results clearly
indicate that sea bass is able to locate any tear on the net pen and escape; regardless of
the differences in light condition between the holding and the escape areas. However,
the behavioral observations revealed that different light level in tanks has an influence
on sea bass escape behavior.

European sea bass is a finfish characterized by an elongate body size (Volcaert
et al., 2008) and a remarkable swimming activity (Pickett & Pawson, 1994). These
characteristics along with the small volume of the tank may have contributed to the
location of the tear and the ability of the species to cross the net tear and escape.

The results obtained from the first experimental day clearly demonstrate that
D. labrax juveniles showed a preference for the illuminated areas, either remaining or
moving towards there, even if they had to starve. This attraction may have to do with
that fish were previously acclimatized for a period of seven days, in illuminated light
conditions. The sudden creation of shade on the SHA tank group could act as a
stimulus to increase their escape activity. Sea bass individuals might become stressed
by the sudden light change and crossed the net tear to the other side of the tank, with
more light. This reaction was stronger than the reaction to food, since a significantly
low number of returns was observed even at the feeding time, throughout the
experiment. The number of uneaten pellets that were found at the bottom of this tank
group (SHA) confirmed the unwillingness to return. Food deprivation of 5
experimental days may explain why a few sea bass returned to the dark area and
detect the food, even under low illumination level. In the case of a longer
experimental period, return activity might have increased to reach the activity of the
IHA-SEA group. Related studies with Atlantic halibut (Yacoob & Brownman 2007)
and sea bream juveniles (Glaropoulos et al., 2012) also revealed intense escape
activity, probably driven by search of food. However, in this case, over 15 days of
food deprivation was required for high number of sea bream crossings.

The significant number of escape and return incidents observed in the IHA-
SEA group, could be explained by exploitation of the tank and search for food.
European sea bass as well as other marine species (mackerels, carangids and tunas)
tend to move in and out of the illuminated field driven by feeding motivation. In our

study, sea bass was mainly located in the illuminated areas of the tank, close to the net
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pen, on the border between light and shade. This is consistent with (Marchesan et al.,
2005) observations, while in our study, the net pen that split tanks in half resulted to a
more complicated behavior. The fish escaped to the shadowed area individually, spent
some time on shade (8 seconds on average), and returned to the illuminated area of
the tank. Schooling behavior, which is a characteristic behavioral trait of sea bass,
along with their preference to light areas, could explain the short presence in shade,
since most of the population was still located in the illuminated area.

When there was no difference in light condition in the tanks (control), sea bass
showed an intense schooling behavior instead of crossing the net tear. Schooling
behavior is quite common for this species, when confined into small tanks (Malavasi
et al., 2004). Crossings gradually increased over the experiment probably due to
exploitation of the tank. The highest crossing activity was observed after feeding time
indicating that the fish returned to the holding area to eat and then again distributed
themselves evenly in the whole tank volume.

In conclusion, it seems that swimming and crossing behavior of sea bass is
strongly affected by the light conditions. A strong light preference in tanks was
observed in the present study, which suggests that a similar attraction is present in the
cage environment. Further, sea bass preference to the lighten area, even if they have
to starve clearly indicates that the parameter of light should be greatly considered in
aquaculture industry, since it could significantly influence fish growth and welfare.

An artificial light after storm or severe environmental conditions might keep
sea bass aggregated close to the light source and away of possible holes on the net
pen. Implications of artificial light in commercial aquaculture could minimize the risk
of large-scale escape. A possible problem is that variations in light level within the
cage may cause fish to exploit only a small part of the cage volume, with negative
effects on feeding, growth and welfare. The appropriate management of the cages’
location and orientation is highly recommended so as to provide the optimal light
condition to the entire area of the farm facilities.
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6. Do the visual conditions at the point of escape affect European sea
bass escape behavior

6.1. Abstract

European sea bass (Dicentrarchus labrax), an important species for the Mediterranean
aquaculture industry, has been reported to escape from sea cage installations. Fish
escapes are caused mainly by operational and technical failures that eventually result
into a creation of a tear. Escapees may interact with wild stocks through
interbreeding, transfer of pathogens and competition for food. The aim of this study
was to examine at which extent the presence of a visible obstacle close to a tear on the
net have an influence on sea bass propensity to escape. Fish were initially confined
into small sea cages, with a tear at one side. The escape behavior was tested under
experimental conditions. It is clearly demonstrated that sea bass was able to locate a
tear on the net pen, immediately after its appearance. Crossings occurred in all cages,
in singles or in a series of up to seven individuals. The presence of an obstacle close
to the net tear altered the escape behavior of D. labrax resulting in a delay that
eventually reduced the escape rate. Concluding, it is highly recommended that sea
bass cages should be kept internally the culture array. Furthermore, the placement of
artificial obstacles close to the sea cages could be an efficient practice that mitigates

the escape risk after severe environmental conditions.

6.2. Introduction

Escapes of fish from sea cage installations raise a number of remarkable concerns on
the marine environment (Naylor et al., 2005; Triantafyllidis, 2007). Fish that escape
from farms may interact with wild conspecifics during spawning (Uglem et al., 2008)
and interbreeding could threat the genetic integrity of wild populations (Jensen et al.,
2010). Escapees may also compete for food with the wild. Another potential impact is
the transfer of diseases and pathogens; for example, farmed salmon have been
identified as reservoirs of sea lice in Norwegian coastal waters (Heuch & Mo, 2001).
Thus, there is a number of ways in which escapees have an impact on the natural
environment (McGinnity et al., 2003).

Along with the environmental impacts, economic issues are also detrimental to
both aquaculturists and companies. Company’s reputation as well as conflict with

environmental groups is considered as the most important consequences (Jensen et al.,
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2010). Additionally, replacement of the damaged equipment and also recapture of the
escapees increase the overall cost for the aquaculture industry (Naylor, 2006).

Such escapes have been reported for almost all species that are reared in the
European aquaculture (Sparus aurata, Dicentrarchus labrax, S. salar, G. morhua) and
occur at all the stages of the rearing process (Haffray et al., 2007), like induced
breeding, larval stage and grow out (Jensen et al., 2010). This pan-European problem
that also exists in many other countries still threatens the sustainability of the
aquaculture industry.

The main cause for fish escapes is a combination of structural failures of
equipment under severe environmental conditions. Several numbers of salmon’s
escape have been reported after intense coastal storms in Norway (Norwegian
Fisheries Directorate, 2007). Fish predators attacking the cages may also result into
creation of holes on the cage net (Dempster et al., 2002; Jensen et al., 2010).
Recently, a significant number of studies have been focussed on the pre-escape
behavior (fish inspection and biting the net pen) of the farmed species, since it may
lead into damages on the net pen and creation of holes (Moe et al., 2007). Atlantic cod
(Hansen et al., 2008) and gilthead sea bream (Glaropoulos et al., 2012; Papadakis et
al., 2012) are still the main farmed species in the European aquaculture, which
regularly present the above specific behavior.

European sea bass is also mainly farmed in the Mediterranean Sea (Villamizar
et al., 2011), and a significant number of escapes have been reported from sea cage
facilities (Arechavala-Lopez et al., 2011) immediately, when a tear appeared on the
net pen. No interaction with the aquaculture net pen has been documented, and sea
bass does thus not seem to be able to cause damages, create holes and escape. Based
on the above statements, it is important to define factors that lead fish to locate a tear
on the net and escape.

The aim of this study was to evaluate the escape behavior of European sea
bass as related to the visual conditions at the point of escape. Particularly, it was
examined whether an obstacle in front of the tear affects the propensity of fish to
escape. Also, we tried to evaluate at which extent the type of the obstacle influenced

this specific behavior.
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6.2. Materials and methods

6.2.1. Experimental fish
The study was carried out at the Institute of Aquaculture of the Hellenic Centre for

Marine Research (HCMR). Two successive experiments were performed, for 17 days
respectively. Larval rearing process until fish metamorphosis was performed with the
technology of mesocosm (Divanach & Kentouri, 2000) in 40 m3 tanks. After that, fish
were transferred to 10 m3 pre-growing tanks, where they were kept for 150 days,
under the same rearing conditions. A total number of 420 juvenile sea bass were used
in the study. Fish were randomly selected from the initial large group and sequentially
allocated into experimental groups (35 individuals / group). All individuals had

approximately the same weight (110 £ 22 g) and length (24.6 £ 1.2 cm).

6.2.2. Sea cages preparation

The experiments were performed into six handmade sea cages (length 60 cm, depth
80 cm and width 60 cm) that were placed in a 17 m3 semicircle tank. Common white-
color aquaculture net was used to construct sea cage’s net. A tear was created at one
side of the net, while was large enough (5 cm) allowing fish to escape. Natural sea
water renewal was achieved under a constant flow (10 %/h). The temperature was
200C, the salinity was 38 %o and the dissolved oxygen was above 95 %, throughout
the whole experimental period. Natural photoperiod (daylight: from 06:00 a.m. to
08:00 p.m.) existed during the experiment.

6.2.3. Experimental design
The cages were placed in an array formation of two by three, inside the tank. The first

line of three cages (1st group) was placed opposite to the front wall of the tank
(distance <60 cm) and the second line (2nd group) right behind them (distance <30
cm). According to the above design, there were two cage groups in the tank: the
"internal group”, where the tear faced the wall of the tank (<60 cm) and the "external
group”, where the tear faced the open view area of the tank (3.5 m from the distant
wall of the tank). The distance from the bottom of the tank was 1.8 m and it was equal
for the two cage groups.

Thirty-five (35) fish individuals were initially confined in each one of the six
sea cages. Food supplied once per day, equally for all six cages (2 % of the initial

total body weight of fish population per cage). Food was also provided manually and
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in small amounts, inside the cage environment, to give the fish enough time to
consume the sinking pellets.

Two subpopulations from the initial one were used in the following two
experiments. In the 1st experiment, the tear at the internal cages was facing the front
black wall of the tank, while the tear at the external cages was facing the open view
volume of the tank. In the 2nd experiment, a net curtain (length: 3 m, width: 2.2 m)
was placed in front of the tear of the external cages (<60 cm) and until 30 cm from the
bottom of the tank, acting as an obstacle such as the wall of the tank at the internal

group (Figure 28).

Figure 28: Handmade sea cages submerged in a 30 m® tank during the 1% experiment A (left) and the experiment B
(right).

6.2.4. Monitoring fish activity into the cages
Six external cameras that were installed above the cages, each one recording a single

cage, allowed observations of fish activity into the sea cages. The cameras were all
connected to a computer, located outside of the experimental area, eliminating the
influence of human presence on fish behavior. Acquisition was performed through a
multi-camera frame grabber (GV-1120, Geovision), able to simultaneously record
video data from all cameras. The requested frame rate was set to 30 frames per
second. Recording of videos was pre-set to start daily from 07:00 a.m. until 07:00
p.m., where natural light variations were acceptable. Then, the video stopped and
started again the next day. Data of each day were transferred to the computer and

stored as avi file.
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6.2.5. Data extraction and analysis

All acquired video data were visually analyzed, with a use of Windows Media Player.
A whole day (07:00 a.m. to 19:00 p.m.) analysis was performed so as to analyze sea
bass escape activity for all sea cages and for all experimental days.

The total number of escapes was measured in every sea cage, referring to the number
of incidents that one fish cross the tear to the outer space of the cage. The exact time
of every single incident was also recorded so as to provide detail information of the
escape behavior of D. labrax individuals. Lastly, the remaining fish population into
the cages was counted at the end of each experimental day so as to provide the overall
remained fish population.

Further analysis was also performed in order to calculate the % escape rate
(number of escaped fish per hour x 100) of sea bass individuals. This rate was only
calculated for the first experimental day, since in the first experiment, all external
cages were emptied by the end of this day.

Additional analysis was performed in order to compare the observed variations
on the escape activity of D. labrax due to the presence/absence of the net obstacle.
The remaining fish population in both the external and internal cages was measured
by the end of each day. Then, the normalized remaining number of fish
(external/internal), referred as NRNF, was calculated for each experiment, dividing

the external population by the internal one, for each experiment.

6.2.6. Statistical analysis
The fish were not individually tagged or recognizable (tracked). Statistical analysis

was performed using two-way ANOVA (SIGMASTAT statistical package; Systat
Software, San Jose, Calif.).

The experimental day and also the position of the cage were kept as the fixed
variables, while the number of escapes was set as the dependent variable.

When the data were following a normal distribution, the differences between
the groups were detected using the Student—-Newman-Keuls test; when the data did
not follow a normal distribution, nonparametric control Kruskal-Wallis and Mann-
Whitney tests were applied. Data were treated group wise (n = 3). The level of
significance was set at 5 % (p<0.05). In all the mean values, standard error was

calculated.
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6.3. Results

No incident of mortality or cannibalism was observed during the experiments. Sea
bass individuals appeared to be motionless at the time that they were confined into the
sea cages. After a short acclimatization period (<1 h) fish increased their activity and
started pushing on the net pen but not actually biting it. In a matter of time, fish
located the tear in the net pen and escaped. A high number of escapes were measured
throughout the experiments. Many escape incidents were observed to be in series as
shown in the video data. Differences on the number of escapes that occurred were
associated with the visual conditions at the point of escape. There were no differences

found (P > 0.05) between the replicates in any of the experiments.

6.3.1. Experiment A - Solid visual obstacle at the point of escape

The presence of the wall of the tank (solid obstacle) resulted to a lower (p<0.05)
escape activity between the two cage groups. At the external cages, approximately 80
% of fish population escaped on the first day. This number increased to approximately
90 % by the end of the second day. By the end of day 5 and until the end of the
experiment, no fish was observed inside any of the three external cages. In contrast at
the internal cages, only 6 % of the initial fish population had escaped at the first day.
Furthermore, approximately half (50 %) of their initial population still remained into

the cages by the end of the experiment (Figure 29).
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Figure 29: Number of fish (mean = SE) remained at both internal and external cages by the end of each
experimental day (17days) in Experiment A. Statistically significant differences between the two-cage groups are
indicated with an asterisk.
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Figure 30: Percentage of fish population that escaped per hour at the external cages, in the first day of the
experiment A.

Further analysis on the first experimental day, clearly demonstrated that most of the
escapes (>40 %) occurred at the external cages and particularly 2-3h after the
initiation of the experiment (Figure 30). No significant differences were found on the
escape rate between the different hours of the day or between the three external cages
(p>0.05). Still, the fish seemed to escape more at the first than at the latter hours of
the experiment.

6.3.2. Experiment B — Presence of a net curtain at the point of escape

Sea bass individuals that were confined in the internal cages presented a similar
pattern of escape, as in the experiment A, since approximately the same number of
fish (55 % of the initial population) still remained into the cages by the end of the
experiment.

The presence of the net curtain, 60 cm away from the point of escape,
significantly reduced fish escape activity at the external cages (as compared to
experiment A). This is clearly demonstrated by the fact that no significant difference
(p>0.05) was found between the internal and external cages along the experimental

days (Figure 31).
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Figure 31: Number of fish (mean = SE) remained at both internal and external cages by the end of each
experimental day (17days) in Experiment B. Statistically significant differences between the two-cage groups are
indicated with an asterisk.

External fish population presented higher escape activity, as in the previous
experiment. However, in this case, only 10 % of the initial population escaped during
the first day and approximately 23 % on the second day. By the end of day 5, most
escapes occurred in one of the external cages, reflecting the 71 % of the initial
population. Nevertheless, at the end of the experiment, approximately 18 % of the
initial fish population still remained into the cages.

The presence of the net curtain caused a delay on the escape activity, since the
first escape was observed approximately four hours after the beginning of the
experiment Figure 32). Overall, the escape rate was significantly lower as compared
to the one counted in the first experiment.
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Figure 32: Comparative presentation of fish population that escaped per hour at the external cages, in the first day

of the experiment A and B.

6.3.3. Differences on the escape behavior in relation to the visual conditions at the point of escape.

The percentage of the remaining fish population at the internal cages in each

experiment was approximately the same, allowing the normalization of the external

population by the internal one. The NRNF was lower (p<0.001) in the experiment A

as compared to the one in the experiment B (Figure 33).

Significant differences (p<0.05) were observed in all the experimental days. In

day 2, the NRNF that was measured in the experiment A was 8 times lower than in
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Figure 33: Proportion of the remaining fish population at the external cages by the internal ones in the Experiment
A and B, over a 17-day experimental period.
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the experiment B, while this difference increased up to day 5. Lastly, by the end of the
experimental period, the NRNF value in the experiment A was zero since no fish

remained into the external cages.

6.4. Discussion

The present study indicates that European sea bass is able to escape when a tear
appeared on the net pen which comes in agreement with related studies (Arechavala-
Lopez et al., 2011; Dempster et al., 2002). Furthermore, this study provides additional
information on the time required for fish to escape (after a tear was located on the net
pen) and the percentage of fish that escaped. The consequences of fish escaping from
sea cages on the wild stocks could be detrimental (Dempster et al., 2009; Jensen et al.,
2010; Naylor, 2006) and there are evidence of crossing-hybridization of some species
with wild fish (Atlantic salmon) that can potentially lead to genetically alteration of
the wild stocks, reduce their biodiversity and eventually affect their viability (Jensen
et al., 2010). In addition, according to post-escape behavioral studies (Arechavala-
Lopez et al., 2011) the European sea bass moves among several farm facilities. Its
dispersal and movements could potentially lead to transfer of pathogens not only to
the wild stocks but also among the different farming facilities. However no sign of
pathogen transmission has been reported yet, while on the other hand, escaped fish
suffer from high mortality rates, particularly because of fish predators.

6.4.1. Pre-escape and Escape behavior of D. labrax

Escape incidents have been largely documented from commercial farms (Arechavala-
Lopez et al., 2012; Dempster et al., 2002). Nevertheless, the escape-related behavior
of D. labrax has been occasionally documented. When held in aquaculture, sea bass
presents a shoaling behavior (Malavasi et al., 2004), while no interactions are
observed on the net pen. In contrast, related studies in sea bream have shown that high
fish density (Papadakis et al., 2012) and food deprivation (Glaropoulos et al., 2012)
increase fish interaction with the net and consequently fish propensity to escape.
Thus, sea bass propensity to escape should be further investigated under different
conditions. Based on the results of the present study, the visual conditions around the
cage environment seem to have a clear effect on species escape behavior.

These results are consistent with those reported by (Brown, 2001), showing
that fish were initially hiding or remaining motionless but gradually begun to move

around, explore and colonize the new environment. By the time that D. labrax located
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the tear on the net pen; its swimming behavior was modified to initiate escapes to the
outer volume of the tank. The elongate body of sea bass (Volcaert et al., 2008) and its
swimming ability (Pickett & Pawson, 1994) may have contributed to the high escape
rate that was measured in this study. The high escape rate of D. labrax that was
observed in the first hours of the experiment could be explained by the initial
increased fish density. Additionally, the empty outer volume of the tank may have led
sea bass individuals to escape and exploit it, since they were initially reared into 40
m3 tanks, and subsequently confined to the 0.3 m3 sea cages. Related results have
been obtained in sea bream study (personal data), where high fish density into the
tanks caused an even higher propensity to escape. Similar responses have been
observed in studies referring to fisheries management, where high propensity to
escape appeared when fish were trapped by fisheries gears (Brown, 2001).

6.4.2. The effect of a visual obstacle

Differences were found on the escape rate between the internal and the external cage
populations in the Experiment A, with the internal ones having a significantly lower
escape rate. The main differences between the two cage groups were the
presence/absence and the type of the visual obstacle at the point of escape.

In both experiments (A and B), the distance (<60 cm) between the wall of the
tank and the tear on the net of the internal cages was short enough to offer fish a clear
view of the obstacle. Additionally, the fish population used in these experiments was
familiar to the black wall of the tank, where they have been previously reared. Thus,
their unwillingness to escape could be explained by this familiarity since they already
knew that they could not pass through the black wall of the tank. The above
hypothesis has been also tested in other experiments (crimson spotted rainbowfish
"Melanotaenia duboulayi”), where fish that were unfamiliar with a glass wall of tank
continued their attempts to escape through the glass wall rather than the net pen. In
contrast, fish familiar with the glass wall continued searching the net pen in order to
locate a tear and escape (Brown, 2001). Both results clearly indicate that fish ability to
cope with the new environmental challenges is associated with their escape success.
This comes in agreement with other studies, where it is stated that the previous
experience and knowledge of fish may have an influence on their current behavior
(Berejikian et al., 2001; Coves et al., 2006); Salvanes & Braithwaite, 2006).
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On the other hand, at the external cages of the experiment A, fish recognized
the tear on the net presumably because of the differences in the visual homogeneity of
the net pen that the tear creates. In contrast, at the external cages of the experiment B,
fish were observed to accidentally locate the tear, when got very close, while they
were inspecting the whole area of the net pen. They seemed to be unable to
discriminate the tear on the net, possibly due to the presence of the net curtain that

created the confusion effect.

6.5. Conclusion

The present study clearly indicates that the escape behavior of European sea bass is
related to the visual conditions at the point of escape. The absence of any type of
visible obstacle resulted into a high number of escape incidents. In contrast, at the
cages where a visual obstacle existed at the point of escape, the escape rate was
significantly lower.

Management on the location and orientation of the commercial sea cages
should be reconsidered to prevent from large-scale events. Placing the sea bass cages
between cages of other farmed species could be another implementation to mitigate
the escape risk of sea bass. Additionally, the placement of an extra net pen after
severe environmental conditions (storms) could minimize the escape risk of sea bass.
Furthermore, it provides the required time to repair any damage that occurred in the

main net pen.
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7. General Discussion

Gilthead sea bream and European sea bass are the dominant farmed species in
Mediterranean aquaculture. Despite a decrease in fish production in 2011, the long-
term outlook for both species is still promising, following the increased expectations
from the European and global fish market. Indeed, sales of both species have
extended beyond the European borders, and sea bream and bass are now present in the
market of Russia and USA (Figure 34).

Therefore, the industry development requires moving fish farms to more
exposed areas, away from coast and protected coast locations. This, of course, brings
new challenges regarding the rearing
procedures and the cost in aquaculture
technology, while increasing the risk of fish
escape from cage farming facilities. The
worldwide used technology cage aquaculture
(de Azevedo-Santos et al., 2011) fits these
expectations, but farmed species have to cope

with unusual conditions, such as elevated

stocking densities, different feeding regimes

Figure 34: Farmed sea bream in public fish market

and biofouling development. Further, the

surrounding environment indirectly affects the behavior of farmed fish through
variations on light level and severe weather conditions that are a major cause of fish
escape. A change towards even more exposed offshore aquaculture is expected in the
upcoming years in connection with the increased protein demand worldwide.
Therefore, fish escapes are likely to even increase in the future. Hence, it is highly
necessary to address all the key risk factors that potentially lure species to cross net
tears in the cage wall.

In the present study, it is clearly demonstrated that both sea bream and sea
bass are able to escape, while the escape-related patterns are markedly different
between the two species. Particularly for sea bream, exploratory behavior may
increase the potential risk of escape through net damages. Similar behavior has been
observed in Atlantic cod and has resulted in measures to prevent escapes (Moe et al.,

2007). The knowledge acquired about the biological factors that lure fish to escape
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will help fish farmers to better understand species-specific behavioral traits and
reconsider the rearing processes that in turn could reduce the escape risk. Moreover,
both species are able to survive and habitat the spawn areas of the wild populations
(Arechavala-Lopez et al., 2011; Arechavala-Lopez et al., 2012). Research should
focus on measuring the escape risk and introducing new management tools to reduce
the detrimental effects that in turn will promote a more sustainable Mediterranean
aquaculture industry. All related management plans should be cost effective but also
ensure the integrity of the marine ecosystem close to the aquaculture areas.

7.1. Why is it important to prevent fish to escape and what can be done?

Fish escape from offshore facilities and/or the release of fertilized eggs are very likely
to take place in the aquaculture industry (Naylor & Burke, 2005). In addition, the
expansion of aquaculture to even more unprotected areas increases the likelihood of
escape that in turn disclose all the already known detrimental impacts to the marine
ecosystem.

In Mediterranean aquaculture regulations have already been implemented to
minimize the major negative consequences from fish escape, including transfer of
pathogens (Rodgers and Basurco, 2009) and genetic interbreeding (Youngson et al.,
2001). Sea bream and bass pathogens can be transported by human, staff and vessel in
the cage facilities (Ruiz et al., 2000). Therefore, biosecurity management should be
reconsidered in the fish farm industry to control and restrict the transmission of
infectious diseases. Additional biosecurity programs and surveillance zones around
the area of the cages have already been implemented.

The risk of fertilized eggs that potentially escape from the cages should be
further investigated, and research should also focus on attempts to reduce the capacity
of these released eggs to be hatched in the nature. Sterile triploids (Naylor et al.,
2005) that have been proposed to mitigate the genetic pollution risk are associated
with several problems. Despite the inability to reproduce, sterile individuals have
lower growth performance and survival rate (Sadler et al., 2001). Moreover,
marketing efforts to promote GMOs have to overcome the general public opinion
(Beringer, 2000).

7.2. Sea bream and sea bass escape-related behavior

Apart from all the aforementioned mitigation measures of fish escape, the specific
behavior of farmed species when confined in cages should be the first step to develop
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a sustainable aquaculture in Europe and worldwide. The resulting plans should take
into consideration all related biological factors that motivate different species to
exhibit a behavior that consequently results into net tears and escape.

The present study investigates the escape-related behavior of both sea bream
and sea bass in relation to intrinsic behavior of the species and state-dependent factors
relevant for Mediterranean aquaculture. The most obvious difference between the
species is that sea bream regularly exhibit net interactions, whereas sea bass rarely
exhibit any exploratory behavior towards the net pen.

The escape-related behavior of sea bream has been associated with the species
motivation to interact with the net pen, possibly driven by search of food and
exploitation of the tank volume (Papadakis et al., 2013). The above statement is in
agreement with similar studies in Atlantic cod (Damsgard et al., 2012; Hansen et al.,
2008; Jensen et al., 2010), a species that also exhibit exploratory behavior on the cage
wall. It is evident that crucial factors, like food distribution and stocking density could
affect individual behavior of farmed species in the same manner as genetic traits of
these species. Particularly, net biting may be part of coping ability (Koolhaas et al.,
1999) of farmed species like sea bream (Glaropoulos et al., 2012) that in nature feed
on attached marine organisms in rocky habitats (Pita et al., 2002). Loose cut twines or
fouling filaments might also resemble the natural prey, further increasing sea bream
attraction towards the cage wall. It is evident that crucial factors, related to the rearing
process (food supply, applied density, fouling presence) can affect sea bream behavior
towards the net and further increase the escape risk, through net wear and tear. The
aforementioned behaviors raise a significant concern for the escape risk in gilthead
sea bream, considering that the biological causes for fish escape accounts for 25% of
the total number of species escapees (Jensen et al., 2010). Even though one individual
is not capable of quickly causing a tear, the total impact in high fish densities could
represent a problem (Hansen et al., 2008).

On the contrary, confined European sea bass rarely presents distinct
behavioral pattern towards a cage wall. Net interactions are rarely observed in
laboratory or commercial-scale conditions but sea bass all the same quickly escape at
a presence of a tear. Schooling behavior (Anras et al., 1997) is very often observed
along with swimming at a distance from the cage wall, a behavior that has also been
reported for Atlantic salmon (Ferno et al., 1995; Juell & Westerberg, 1993). The

preference to forage in groups (Anras et al., 1997) combined with the elongated body
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form (Pickett & Pawson, 1994; Volcaert et al., 2008) compared to sea bream could
partially explain the precise difference between sea bream and bass behavior in
aquaculture. Factors like food and stocking density do not seem to influence the
escape behavior of sea bass. Related studies in laboratory conditions (personal data)
revealed that sea bass has a similar swimming activity in tanks regardless of the
amount of food provided. Further, individuals were continuously observed to cross
the net tear. However, investigation of the same factors in commercial-scale
aquaculture and with larger population is yet to be done.

The comparison of the two species revealed a difference in personality trait
related to social interactions. The high number of escapes (up to 7 individuals in line)
in both tanks and experimental cages (Papadakis et al., 2013) indicates that sea bass
under captivity act more as a group than as individuals. In contrast, almost no incident
of sea bream escape was followed by another fish. This clearly demonstrates that the
escape behavior of European sea bass is a mostly a state-dependent factor, where the
around environment has its own significance, rather than an intrinsic individual trait
of the species. This can be explained by that, sea bass mostly forage in groups in
nature (Anras et al., 1997).

Sea bream individuality involving intrinsic factors, like "shyness" and
"boldness” as well as social hierarchies might also affect the escape behavior.
Particularly, in experiments with a net tear, sea bream did not immediately locate the
tear, and it took a long time to cross the tear as compared to in experiments with sea
bass. Moreover, sea bream distribution is often altered due to establishment of
dominance hierarchies. Aggressive behavior of sea bream (Castro & Caballero, 2004;
Cleveland & Lavalli, 2010; Goldan et al., 2003) could potentially make fish interact
with the net, since establishment of territories by dominant individuals would result in
less available volume for the subordinate individuals.

Overall, the present study concludes with that sea bream and bass exhibit a
totally different escape pattern, while several factors, different for each species, can
potentially influencing this specific behavior. Thus, it is of great importance to
evaluate species motivation to damage the aquaculture net and thereby increase the
possibility to form a hole and escape. As evident, management measures and handling
processes of farmed fish should be reconsidered so as to mitigate the potential risk of

escape and particularly of net damage due to species interactions.
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7.3. Recommendations to mitigate the escape risk

It is evident that fish escapes raise a number of ecological concerns about the marine
environment and thus, adequate measures should be taken into consideration to
significantly reduce and/or minimize this risk. The expected growth of the aquaculture
industry in the forthcoming years sets mitigations of fish escape as one of the primary
objectives for a sustainable aquaculture industry. In addition, the actions taken shall
be cost-effective and combine the biological background and the general behavior of
the farmed species that lure them to further wear and tear the net pen.

Factors like feed distribution and applied stocking density are of great
importance in modern aquaculture, since they can alter fish behavior inside a cage
environment and increase the motivation to escape. From the results obtained in the
present study, food-deprived fish are highly motivated to cross a net tear, probably
driven by search of food. An individual moving rapidly in irregular pattern inside the
cage might have a high likelihood to locate an existing net tear and escape. Therefore,
feeding regimes should be reconsidered to surplus the required fish demand for
energy. In addition, food distribution in the center of the cage volume would distract
from net interactions and thus restrict the risk of escape from an open hole. This is in
agreement with other studies, where foraging behavior dominates over exploratory
behavior at the net pen (Damsgard et al., 2012; Hansen et al., 2008; Moe et al., 2007).
Regular feeding period would be appropriate to reduce the escape risk in commercial
—scale aquaculture.

In addition, a well-considered fish density would promote high productivity
avoiding any "stress" condition to the farmed fish that may alter their behavior (Anras
& Lagardere, 2004) and induce escapes. This implies that stocking density should not
consider only the hydrodynamics and human activities but also fish movement inside
the cage volume and potential influences due to water quality (Oppedal et al., 2011).
Thus, an appropriate stocking density along with the aforementioned feeding regime
should be reconsidered not only based on fish welfare and optimal production level
but also on escape rate.

Moreover, the operational procedures should be based on better quality
material and more adequate mooring and floating facilities, tolerant to the severe
environmental conditions in the Mediterranean region. Particularly for European sea

bass, appropriate installation design of the cages is highly recommended to restrict the
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high risk of escape at a presence of a net tear (i.e. formation, orientation). In that, the
net pen of other cages around those of sea bass culture could be considered as an extra
net pen around the cage environment.

Advanced technology to monitor fish activity emerge as an appropriate tool to
mitigate several problems encountered in aquaculture. Direct monitoring of fish
behavior (Papadakis et al., 2012) could contribute to solutions in aquaculture, by
removing the need for fish handling along with minimizing human presence in the
area of the cages. Moreover, special training of the staff is necessary to reduce the

human involvement on fish escape during operational procedures on the cage area.

7.4. Implementations for net damage prevention

The present thesis demonstrates the level of influence that the condition of the net has
on the escape-related behavior of sea bream. Similarly to Atlantic cod (Moe et al.,
2007), this species frequently inspect and bite the aquaculture net and try to escape
through net holes in the cage wall. In European sea bass net interactions are rarely
observed in both experimental tanks and commercial cages.

From the results obtained, it is clear that sea bream mostly focus on loose
threads and net repairs with escape strongly associated with feeding condition and the
fish density. Thus, better net materials and frequent control of the net condition are
required to avoid net damage due to interactions with the net pen. In addition,
adequate feeding regimes may reduce biting in the net, since it has been shown that
biting decreased during feeding time as compared to the rest of the day. Further, even
though the individual force exerted to the net pen is quite low for a standard nylon
twine (Hoy et al., 2012), an elevated fish density inside the cage with thousands of
individuals regularly interacting with the cage wall might represent a problem for the
condition of the net.

Offshore cage facilities mostly use double polyamide nets that are resistant to
fish bite as well as from predators on the outside. Alternative approaches to shape the
behavior of farmed species could further minimize net biting. Nevertheless, the main
practical implication that ensures a low level of net interactions is that farmers should

maintain net cleanliness and avoid fouling filaments developing on the net wall.

7.5. Future Research

Through this thesis it is demonstrated that several factors are correlated with species
escape-related behavior. The effect of light level would have been interesting to study
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also in gilthead sea bream as the available light should be expected to influence net
wall interactions. In addition, the relative effect of the surrounding environment on
the escape rate of the sea bream has not yet been examined on a commercial scale,
with fish kept under natural conditions and in higher stocking densities.

Since behavior is the first reaction to any new challenge that fish have to face,
fish movement and distribution as well as social hierarchies that might develop inside
the cage volume should be further evaluated in relation to fish welfare and appropriate
rearing conditions. In this connection, there will be a need for advanced monitor
systems. It is also crucial with regulations improvement of the current legislation that
will ensure an economically efficient aquaculture industry with minimal impacts on
the environment, including escapes. Lastly, risk analysis tools should be implemented

to evaluate all potential factors related to fish escape.
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General Conclusions

Identifying species-specific behavioral patterns and in detail descriptions of
every discrete step through time-dependent analysis is a way to solve practical

problems in aquaculture.

Gilthead sea bream and European sea bass present a totally different escape
pattern. Sea bream frequently exhibit exploratory behavior towards the
aquaculture net. In contrast, European sea bass rarely interact with the cage
wall. However, its high visual acuity ensures the location of the tear from a

longer distance as compared to sea bream.

Gilthead sea bream is able to damage the aquaculture net through exploratory
behavior (inspect, nibble and bite). Sea bream focused on loose threads that
release inspection and biting behaviors. Net condition thus significantly

influences sea bream attraction towards the cage wall.

The number of escapes decreased during the feeding time in both species. The
presence of food pellet seems to prevent fish from net inspection and looking
for a tear. Limited-fed fish are more prone to inspect and bite the net pen,

probably driven by food search.

In the case of light level, sea bass preferred staying in higher light intensity
than return in shadow, where food was provided.

In contrast, the lower the fish density the higher numbers of bites occur on the
net pen, which suggests that sea bream act individually and exploit the entire

volume of the cage.

Biofouling is another risk factor for net damage. Long stranded biofouling
material may act as a visual stimulus that drives exploratory behavior. Even
early in the development, ie. micro-fouling, sea bream is attracted by filaments
and bites the net. The number of bites decreased when no filaments exist on
the net pen. Long-term biofouling presence on the net will further induce fish

attraction, increasing the risk of net damage.
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8.

10.

11.

The color of the net seems to have an influence on net attraction. Research
should now be focused on different colors and their influence upon sea bream

interaction with the aquaculture net.

European sea bass usually present a strong schooling behavior, when confined
in tanks or cages. Acting as group rather than as individuals, very often results
into a high escape rate as well as that these escapes occur in a series of up to

seven individuals.

Experiments also showed that the visual conditions around the cage area have
an effect on large-scale sea bass escapes. Particularly, the presence of any
visible/solid obstacle at the point of escape significantly reduces the escape

risk of European sea bass.

Biotic and abiotic factors have been associated with the escape-related
behavior of both species. Food supply, stocking density seem to have no effect
on sea bass escape behavior, when this is tested in experimental tanks,
probably due to the general biology and behavior of the species. The effect of
light should be furthermore investigated under commercial scale aquaculture,
when variations on light intensity in close related to the general environmental

conditions in the farming area.
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Figure 1: Mediterranean Aquaculture Production per Species in 2011. Sea bream (red), sea bass (blue),

other marine species (green) and flatfish (purple). Source: FAO (2011). 1

Figure 2: Gilthead sea bream (Sparus aurata) 2

Figure 3: The largest Greek companies in sea bream and bass farming sales for 2012. Source: Nireus

A.E. 4

Figure 4: European sea bass (Dicentrarchus labrax) 4
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Figure 5: European sea bass inside a commercial sea cage. Source: Nireus A.E. 6
Figure 6: A major structural damage of a cage in Norway. Source: @. Jensen. 7
Figure 7: Diver repairs a net tear on a sea bream cage. Source: Nireus A.E. 7
Figure 8: Wild fish aggregation outside of a commercial cage with sea bass. Source: Nireus A.E. ____ 8
Figure 9: Morphology of sea bream’s jaw a) internal and b) external. 20
Figure 10: Aquaculture Laboratory facilities at the University of Crete. 21
Figure 11: Confined sea bream in the holding area of the tank 23
Figure 12: Time-dependent analysis of the discrete steps, regarding the bite pattern of sea bream.
Frame acquisition was always accurate at 111msec. 26
Figure 13: Time-dependent analysis of the discrete steps, regarding the escape pattern of sea bream.
Frame acquisition was always accurate at 111msec. 27
Figure 14: Number of bites occurred at any other place on the mesh but the cut twine in the Exp A, B
and C. b) Number of bites occurred on the cut twine in the Exp B and C. Data are presented as mean
value * SE of each triplet of the three feeding conditions for all the experimental days. Significant
differences between the feeding conditions are indicated by different superscripts (a, b). 29

Figure 15: Number of crossings through the tear in the Exp C. Data are presented as the mean value +
SE of each triplicate, for the three feeding conditions. Each feeding condition is indicated by different

column. (a) Evolution of escape incidents, (b) Evolution of return incidents. 29

Figure 16: Number of crossings under the three feeding conditions in Exp C. Data are presented as the
mean value + SE of the total crossings (escapes and returns) of each triplicate, for the three feeding

conditions, during the experiment. 30

Figure 17: Total number of escapes that were counted, per individual, per day for the three density
groups. Data are presented as the mean # se of each triplicate. Statistically significant differences are
indicated by different letters upon the bars (a, b). The level of significance was set to p<0.05. _____ 42
Figure 18: Number of escapes per individual among the experimental days. Data are presented as
mean % se. Each fish density is indicated by different column. Statistically significant differences are
indicated by different letters upon the bars (a, b). The level of significance was set to p<0.05. ___ 43
Figure 19: Photos of the net pen with a cut twine, used in the experiment. a) Start of the experiment b)

End of the experiment. 44

Figure 20: a) a net with alive micro-fouling (MN) and b) a colored net, painted similar to micro-fouling

(CN) 51

Figure 21: Overall fish activity towards the pen in the three net conditions: a) Bite activity is calculated
as number of incidents, b) Duration of net inspection is calculated as number of frames. Statistically

significant differences are indicated with an asterix. 53

Figure 22: 3D analysis of fish activity on the MIN group throughout days and time periods: a) Net biting
(number of incidents), b) Net inspection (duration in frames). Statistically significant differences

between days and time periods are presented by an asterix, relatively. 54
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(number of incidents), b) Net inspection (duration in frames). Statistically significant differences

between days and time periods are presented by an asterix, relatively. 55
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first experimental day. Measurements are formatted as mean value + SE, for the three light
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Figure 26: Number of crossings that occurred from day 2 to day 13 of the experiment, in the three light
conditions. Data are presented as mean value + SE. Statistically significant differences are indicated

with an asterisk. 68

Figure 27: Time-dependent crossing activity of sea bass individuals in five time periods of a day. Data
are presented as mean value * SE. Statistically significant differences are indicated with an asterisk. 69
Figure 28: Handmade sea cages submerged in a 30 m’ tank during the 1% experiment A (left) and the

experiment B (right). 75
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experimental day (17days) in Experiment A. Statistically significant differences between the two-cage

groups are indicated with an asterisk. 77
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the experiment A. 78
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