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Abstract

Currenttrends in the seafoodnarket indicatancreaseddemandfor within-shell
oysters, associated withincreasing popularityof oyster bes. As this specialized,
demanding=market increasgkbally, there is strong incentive improve quality.In
this contextsthe mmipulation of oyster shetraits through aquaculturas a means of
improving oysterguality is timely and promisingn terms of marketingSeveral oyster
shell characteristics, mostspecially shape, measuread length (L), width (W) and
depth (D) result froma combination ofhree factorsgeneticsenvironmental condition
to whiech the oyster is exposedand husbandry practicesAlthough breeding
progranmeshavetargeted severamportant commercidkaits selection forshell traits
hasnot beenwidely performed Additionally, accumulated knowledge of the effects of
environmental conditions and farming methods on stiedracteristicexists at a local
level,_but _as _such, it isot alwaysvalidated with scientific datalThe existing local
knowledge-angbractices howeverareof extreme importancér theimprovement and
adaptation of the farmingector tomarket demandsCurrent knowledge about the
genetic,"environmentagand husbandry effects on shell and relaqdaculturgractices
for manipulation ofskell appearance andlyostnessn commercially importanbysters
of the Genus€rassosteais compiled hereAs the topic has not been well documented

in the academic fieldinformation from scientific articles was complemented by
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technical reportsandcommercial sourcesA combination ofaquaculturepractices is
neededto produceoystes of acceptable shape, thickness, cleanlinessl colour,

althoughsuitableshell characteristics may vary with different markets

Key wards: Crassostrea oyster; aquaculture; ha#hell market shell traits; shell

manipulation.

Introduction

Global demand for seafodd increasing as consumers serkritive and helghy
alternatives,taa dietdominated byanimal protein Globally, molluscsare among the
most important commercialgroupsof species inmarine aquaculture accountingfor
32% (16 1million tong. Bivalve sellfish are the main cultivated mollusesd gsters
alone account for32% of that percentagéFAO, 2017, with the GnusCrassostrea

representing an outstandingpjority.

Insrecent years, oyster demand has increasgdly in live and halhell marlets,
driven specially by the popularization of oyster bars (Sackton, 20h@).ralf-shell
oysteris'preferred bymanyconsumergartly because afonvenience of preparation, as
it is already opened and reatbyeat or to be further processed by barbecuing or
broiling (Loeose et al., 2013)mportantly, in thefood industry, poduct appeance and
presentation oftematteras much as the taste itstdfthe consumer purchasgecision
Consumers subconsciously percebeautifuly displayedfood as tastingas good as it
looks, and thisalso istrue duringretail display in the seafoodmarket In fact, the
externak shellsappearance in live oystershis first impression buyers have as to the
quality ef-an-oyster (BIM 1996; Brake et al., 200Bhis highlights therelevanceof
oystershellfeatures as primary determinardaf acceptancen theshelledniche market
Considering the history of syerfarming that dates back to 400 BC with Greek and
later Romans at the twrof the first millennium (Smith, 201% and that oyster
aquaculture has been performed in many countries tivélmain focus on quality of
meat (Lacoste & Gaertndauzoni, 2014),it was not until recenly that shell

appearance was recognizsiacommercially important trait
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In the 180’'s, a reportanalysedthe opinions of researche and farmers
concerninggoals foroyster selectivébreeding.In that study shel featureswere not
consideredhs a relevantaquaculturassue(Mahon, 1983)Instead meatyield, growth
and mortalitywere the main selective traiteo be pursued bythe breedingproject
Recently=lowever because ofncreasedcompetitionand emergingoroducernations
enteringthe international commercdarmersare challengedo innovateand improve
oyster traitsto“achieve aunique product ofyjuaranteed quality (Brake et al., 2003).
Nowadays, oe of the traits addingcompetitive advantage to reared oysterghe
enhancement of shell shape.

Shellfish are commercialised inftwo main formats one beingthe within-shell
presentatiorand thesecondshucked meat products. The firatludeslive and half
shell oystersandthe second involves shuckirand/orprocessingof shellfish meats
often ingthe form of conserves canned smoked o dried (Quayle, 1988 Cheney,
2010). (Usually, only shapeelected bivalves requiring minimum posharvest
processingare soldin the shelledmarketfor a highend clientelewhereasfor shucked
products thein natura oyster shell appearance isunderstandablyirrelevant
Nevertheless the enhancement ofoyster #&ell shape and appearance through
aquaculture practicesot only improvesqualitativeand competitivevalue by making a
visually=compelling appearancefor general consumers and restaurants aiming at
gastronomic displayshut may also improve aqantitative valuecommanding higher
selling pricesthat can reaclip to 60% more per oystéas reported in Walton et al.,
2012 andsleavitt et al., 2037 Accordingly, unless the target seafood markeeither
underdevelopedwhich usually translates tdower standardsand niches or the
production is destinefbr the unshellednarket, acommonly soldn Japan(Lacoste &
GaertnerMauzoni, 2014) the importance of theshell in commercialoysters is
undeniable. Thusnethods to manipulateystertraits can be adistinctive and critical
stepdetermining failure or succe$sr shellfish farmersilling to compete inrhigh-end

markets andtinternational scak

Despite_the undeniable commercial interestidieson shell shapingn global
aguacultureare scarceOne of the reasons for this that he shell is nbas widely
perceived asf mainstream importanassis the oystemeat(Ward et al., 2005)Studies
on oystersoft bodyare numerousbut studies focusing on the shelterelatively rare

Furthermore existing discussions about oystshell traits consist of a few linesn
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articles withunrelatedscope.Thesefacts limit boththe accesdo scientific information
specific to shell morphologgand thedisseminatiorof related scientific knowledgto
various stakeholders, such as commercial farmé&is provide insight on theurrent
knowledge of oyster shells @amquaculture and fill thigeraturegap this papemgathers
reportswith=somefocus on oysteshell shape particularly consideringupped oysters
of the GenusCrassostreadescribingfarming methods currently in use to imprcsteell

characteristics

Thepurpose of this revievis two-fold: 1) to reviewthe currentknowledge on
factorsinfluencing oystershell traits and 2) tolist methodsreportedly used for the
manipulation ofshell traits of commercial interesBecause ofthe aforementioned
scarcity, of scientific referencesavailable on the sufect, it was necessary to use
informationderived from personal communiaatsand technical report3.o the best of
the authes’ knowledge,this is the first scierfic review coveringmethods of oyster
shell manipulation Thus, ths review contributes to the dissemination of the current
knowledg““and culture practices related to the manipulation og$ter shell
characteristicsn aquaculturdo assistin the establishment of higheguality standards

for aquacultured oysters worldwide.

The “good” versus the “bad” oyster based on theshell

Intgeneral, theconcept ofattractiveness related timod may be regarded as a
subjective"and personal matter. For oyshersever there isconsensus amorghellfish
farmersandthe marketaboutwhich characteristicddefine a marketablebivalve and
outline the perfectshell shape(Brake et al.,, 2003)Oysters must be clean amard
without sediment tracesr attached epibiontgDoiron, 2008),blisters or chambers
(Buestel, 2005) and within the GenDrassostreaa desirable oyster is considered to be
thick,s/deep and wide, with the ideal shape resembling that of a teardrop (Keath
Wilson, 1999; Handley, 200Doiron, 2008). On the contrary, long and skinny oysters
(commonly referred to aS%unny rabbits ‘bananas, or ‘sneakery are considered
undesirable both by market experts and farmers for being markemsséable (Kube
etal., 2011
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122 The main characteristicef a shell (Figure 1)are length (1), width (W), and
123 depth(D), which allowfor the classification ofoysterquality based on shapeitheron
124  pre-defined values of a single dimension or combindions betweentwo or all
125  aforementionedneasurement@lthough generallgpe isa speciegharacteristica fact
126  that allews:feran easydistinction between one amghother, distinguishingtra-species

127  quality ¢lasses of oystebmsed orshell appearancaoneis a moredifficult task

128 Severalguantitative descriptionsf length width, and depthhave beerused to
129  categorise bivalves from the sarmarvestinto different quality classef/Nada, 1986;
130 Galtsoff; 1964; Imai & Sakai, 1961)Caution is necessary however,when using
131  absolute measurements individuals theyusually oveestimateor underestimate the
132  classification of oyster batcheaccording toinfluencesof different animalsizes on
133 shape (Brake-et al., 2003hstead,simple indicessuch agatios of depthength(D/L)
134  or widthllength (W/L) can producebetter results ofoyster quality classification,
135  althoughtheir usemaystill be limitedbecauseeference values fauality classification
136  are still'undefinedAs a resultshellfishoriginating from different producsccanresult

137  in misleading disparitiem shell classificatioa (Kube et al., 2011).

138 Nevertheless, foPacific oysterqCrassostrea gigasThurberg, 1793)desirable
139  shell trait ratios have been described asdepth/lengthof 1:3 or D/L > 0.25 anda
140  proportion dwidth/ lengthof 2:3 (0.67) or WL > 0.63(Brake et al., 2003; Kube et al.,
141 2011). dell quality classificationdeally shouldcombine both depth and width, as these
142  two dimensions are important aeterminants of good shgpkowever, in previous
143  studieswheran both D/L and W/L ratioswere simultaneously appligd classify oyster
144  quality, thepercentagef correctassignmenteachedonly 30.0%,compared tanuch
145  higher numbers of 85.6% and 70.6%hen D/L or WIL ratios were used alone,
146  respectively The substantial decreasa correct quality assignments indicated that
147  more rdiablesshellquality index was neededCurrently, in Australia, farmers are

148  targeting.a-ratiof 3L: 2W: 1Dasthe optimalbyster shape

149 In contrastjn Canadaoyster quality is determinefter harvest, during grading.
150  For Eastern oystar (Crassostrea virginicaGmelin, 1791) culturedn the bottom or
151  harvested fromrmaturalreefs,simple measurementsf the inverted widthindex (L/W)
152  allow the commercial tassification of oysters ino 4 groups,ranging from small

153  “cocktail” oysters toincreasingly largesizes in sequence?choice”, “standard; and
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“commercidl (Doiron, 2008 Figure 3. In this samearea, oyster yields resulting from
sugpended culture falls into the categorgsither”cocktail’ or “choice, showingthat
suspensiomeared oysters exceed wild caugirt bottomcultured bivalvesin shape
quality. Automated shape quality graddist can alsaletectbananashapedoysters,
brokensshe#i:and other irregular shapesing computebased image analysis alace
available for the shellfish aquaculturelustry 6ee for examplddeath & Wilson, 1999
Xiong et al’; 2010) butequirecalibration foroptimal shell shape thresholds which are
still not standared in the shellfish industry.

The taracteristics of a good shell extend beyondatimal, predefined shapas
good oysters/shouldlsohave a relatively thicland robusshell to endure mechanical
shocks @uringculture management, sortingransportation, typical roughhandling,
such as“shovelling and dumping (WheatorH&ll, 2007), and mechanicprocessing,
without sustaining undesirable shell breaks. Breaks allow the leakng of
the extrapallial fluid a major contributoto an oyster’s tastealso leading to bivalve
mortality; whereaghicker shellsncreaseoystershelf ife anddurability as live products
(Wheaton.& Hall, 2007; Doiron, 2008; Davis, 2013).

Factorsinfluencing oyster shell characteristicsand manipulation methods

Qystershell appearance and robustnessultsfrom a combination oB factors:
1) genetics; 2environmental conditios inthe farming siteand 3) lusbandry practices
(Carriker, 1996)Genetic mprovements of oyster quality have been performed through
selective breeding progranemandare not a novel topicbut selection forshell traits
have beeronly moderately explored. THatter two factors havenot been explored in
depth asneted by Kube et al. (2011), wlemphasisedhe necessity of undgtanding
how the,effeets of locanvironment at the farming sites and culture methods influence
shell shapeAlthoughit is undeniable thagnvironmental conditions afoasal farming
sites aredifficult to control (see for examplélizuta et al., 2014)and water quality
characteristics arattors that are uncontrolled and may play a role in allometric growth,
bothfarming locatios and methodsaninfluence shelbspectdo arelative degreeThe
following setions discussll 3 influential factors to shetraits andassociatédarming

practicesemployedor shapingshells
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Genetics

Selectivebreeding

Shellfish havebeen showro beresponsive tagenetic selection, which is used
as a meanw improvequality (Cheney, 2010)n selective breedingelected strainare
usedto produce bivale seedvith desirable economic characteristios shellfish farms.
The breeding goals are based on economic analysis of oyster produnctiomarketing
(Mahong,1983) thus, selected strains have the most artpant economic and
commercial traits.  Selection of traits should be based on the knowledge of
hereditabilityvalues for which heritability (h) is the portion of the phenotypic variance
for a traitthatwis of an addictive natursgthattraitswith a high hereditability indexare
more suitablefor successfukelection(Matson, 2010)Although growth, resistance to
diseaseandmeat yield are usually considered the most imporaeéding program
goals thewnecessity of manxiizing profitability suggestshe opportunity to explore
additiopal’ candidateraitsin breeding programmes, such as shell character{$tiasla,
1986; Cheney, 2010)n Australia, for oysters of the speci€s gigas which ranks as
the topmostimportant rearedyster, theeconomically important traits for selective
breedingwere growth ratemortality, uniformity, and shell width index (W/LKube et
al., 2011).

Shell shape ipartially genetically determined (Ward et al, 2QG5)d studies of
selection for shell morphological characteristics showed high hereditability estimates
(Toro &:Newkirk, 1991).Shell characteristics such as shapapur, smoothessof the
hook in the hingglocation shownn Figure 1) increasen cup con@vity, andreduction
in roughnessvere consideredo be promising traits to be pursued by breeding methods
(Cheney2010)althoughuntil recentlyresearch has mostly been done on girelvth
and colour Studiesof adultsized C. gigasduring growout provided lereditabiity
estimatedor shell dimensionf varying valuessuch af’= 0.25 + 0.08 - Gl9 + 0.25
for length,h*= 0.23 + 0.08- 0.36 + 0.1%or width andh®= 0.14 + 0.05 - 0.4% 0.23
fordepth(Ward et al, 2005; Wang et al., 2012; Kong et al., 2015; Li et al., 2@a7
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detailed descriptionrohereditability principles see Falconer, 1p98uch variance in
hereditability most lkely is attributable to different gene frequenciesn a specific
population different strains, and the conditions of culture or manageff@htoner,
1996;Li et d., 2017). Al values howeverfell within the mediumto high-hereditability
rangeif: therareraged scopés consideredFor a different species, thaghly-valued
Kumamoto oyster Grassostrea sikameaAmemiya, 1928), readed hereditability for
shell length alsavas described as positively related to growth and relatively high at
differentculture stages the same environment, with values of 0.17 + 0.02 for larvae,
0.25 + 0.04 for spataind 0.33 £ 0.07 during greaut (Zhang et al., 2016)Vith respect

to dlometric measuwement D/L in C. gigasis not highly heritable by the offspring
(Matsony"201Q)whereasW/L has a hereditabilityalue of approximately0.4 (Kube et

al., 2011y Genetic corration between shell lengttwidth, deph and wet weight traits
were shown to be aflositive meaning that desiredJels of ashell trait are positively
associated with levels of another tréitewkirk, 1996; Kong et al., 20)5The best
geneticcorrelation however, is known to bieetween shell length avdet weight(0.79

+ 0.25), indicating selection for wght couldbe perforned on shellength(Kong et al.,
2015.

Beyond shell shape, there have been expectatitnas oyster shell colour
polymerphs coulde of importancdor the shelledmarket(Brake et al., 2004 )ut to
date demand has been reported only in IsedlmarketsOften,oyster colour habeen
highlighted as a commerciallyimportant trait by the aquaculture industryin
publicatienssfocused on shell variants (Feng et al., 20065)ontrast to this academic
opinion,shell’colourhas beemankal low by farmersreporting on desirablgoals for
breeding selectiorfsee Ward et al., 2005, Table 1.1)nstead,mantle edgewhich
seems to bepositively correlatadth colour of adjacent shel(lmai & Sakai, 1961;
Brake et al., 2004De et al., 2013 wasreportedlypreferredliocally by SouthKorean
consumersKang et al., 2013 In Tasmania, Nell (2001) reported a niche market for
goldenshelled Pacific oystsr but again in connection to the mantle colddheney
(2010) described thpreference on the US East coast market of a lighter shell colour of
the Eastern oystets the colours usually expressed by the vildcific oyster§ which
most likely stems fronan association betweeshell and flavour and shell and typé
oyster tharshell colourper s, as locallyproducedEastern oysters are preferredthe
US Eastmarket over the Pacific oystefLipton & Kirkley, 1994; Mackenzie, 1996
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Messer et al., 20)7Neverthelesghe possibility ofconsidering colouas a commercial
trait fosterednumerougyeneticstudies on shell pigmentatioaspeciallywith C. gigas.
Shell pigmentationresearch in Pacific oysters identified high, narrov-sense
hereditability (5=0.59 + 0.19) forthat traitand a dominance of a light (white colour)
allele oversthe dark (black colour; Evans et al., 2009), but avgblden shell colour
strain dominant over white, with anasking effect on black pigmentation (Ge et al.,
2015). Different'colour strains have different heraiiity values, ashadevariesfrom
nearwhite (h°= 0.156 + 0.08De et al., 2018)to gold (h?= 0.270+0.086ianlong et al.,
2016), nearblack (h* = 0.52 + 0.20- 0.69 + 0.16; Xu et al., 20)7and even purple
which was identified insome studiegsee Song et al2017 for details on genetic
differentiation) Genetic correlations between shell coloslated traits and growth
related traitsare inconsistent, varyingvith colour, e.g; golden shell traits were not
correlatedwith,growth (Wan et al., 2017)but ablack shell strain seems to have a high
correlation(Xu et al., 2017).

Selective breeding hasffects on the cost of production of oysters. A model
study was performed in Australia to analysew much the selected traits from a
sdective breeding program could minimize the cost of oyster culture and increase
farmer profis. Selection forshell width, identified as the ‘shedhapé metric in that
study,.was found to decreasy $0.11/dozen Australian dollar (AUS) the cosbgbter
production when the index was genetically improved by 10%. By means of comparison,
selection,_forgrowth rate, one of the most common selective breedoals that is
directly related tothe length ofgrow-out period, minimized the cost of production
AUSS$ 0.09/dozen whegrow-out period waseducedby 10%. Calculation of@mnomic
weightsf(expressed as a change in economic value for a unit chattge studied
biological*trait)for width index inthat model requiedinputs of an average width index
for a specific populatioffor examplea farm and a minimum threshold @icceptable
width index according to industry standards. As the economic weightiditn index
was highly sensitive to those, knowledgeout oysteishapegesulting fromspecific
environmentsand husbandry practiceand the shagp quality standards in the current
marketare crucial data fothe correctestimation ofeconomic gains througselective
breedingprogrammest different locationgsee Kube et al., 2011, Chapter 2 for further

details).
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Despite thepositive gainsexpected orthe final yield attributableto genetic
selection, usually theelection of multiple strains impliesomplexgenetictradeoffs
(Kube et al. 201]. A problemwould arise if a negative correlation exists between two
commercially important traits, thus the need for more studies that coulenpfaiure
of selectionto yield a superior produciNewkirk, 1996. Regardless oNewkirk's
(1996) findings about positive correlations, drother study,successful selection for
growth ratein“Pacific oystergesulted in decreasezhell width indexand misshapen
oystersthat were usuitable for the markefThose bivalvesequiredeither additional

periods of culture to grow badhkto shape owere culledKube et al., 2011).

Shelltraits reportedly able to be selected may be offset by husbandry and not
revealed in the offspringMatson (2010) discovered shell selection traits were only
displayed=inz=oysters when culture densities during gvatvwere lower than the
standard,commercial levels, which highlights the importance of husbandry effects on
shell phenotype, in addition to genetics. When discussing practical issues, the same
author argued' the likely higher production cost imposed by reducing stock density
during growout, can be counterbalanced by higher selling prices and by the product
classification as “premium”, with different quality standards than that of sselected

oyster.

In“addition, some bivalve characteristics such as shell @ayticolouy despite
having a genetic basis, are affected by local environmental condition (Imai & Sakai,
1961, Batista'et al., 2008). Therefore, shelltisttvestsoriginated from identical seed
genotypes submitted to different environmentahditions may result in different
phenotypes. Thuysnot surprisingly, selective breeding programmes are used as a
complement to husbandry methods and should not necessarily supplant physical
methods_currently in use in the commercsgctor (Matson, 2010). Breeding
programmesgshould arguably not be adopted as theapplypacho assure satisfactory
outputsef.a-erop (Mahon, 1983; Kube et al., 2011

Ploidy
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The genetic manipation of oysters with regard to ploidyiso may have an effect upon

the resulting shape of cultured oysters. Triploid oysters differ from diploid oysters

the three sets of chromosomes, as opposed to the normal two sets, that inhibit
reproduction duringhe warm seasons and produce a plump, glycoigancontent
oyster=throughout the year (Toba, 2002) which outperforms reproductive diploids.
Triploid oysters have been characterised as superior to diploids in all production metrics
and also as “better looking.” In Eastern oysters, all shell metrics and shell cup ratios
(D/L) have been found to be higher in triploids than in diploid counterparts (Dégremont
et al., 2012; Walton et al., 2013). Although farmers believe that increaseplaidtri

shell length esult in thinner shells, a recent study reports, in addition to length
increments; higher wet weight and dry shell weights in triploids (Walton et al.,.2013)

is not surprising that triploid oysters have triggered interest among farmersipéoid t

sead is in widespread use in markets in the US, Canada, and Europe (Nell, 2002,
Buestel, 2005; Murray & Hudson, 2012).

As'itis' not uncommon to have both different environmental characteristics a
different husbandry methods1 use within a farming areawhich would affectthe
characteristics of oysteeven if that poplation hadbeen genetically managédube et
al., 2013*Walton et al., 2013; Melo et al., 2016&olid scientific knowledge onhow
these iwo factoraffect shell characteristics mysters (included in the next sectidns

the present reviews crucial.

Environmental conditions

Shelltraits, especiallyshape, dier depending on the environmentwich the
oyster is exposeduring growout (Carriker, 1996) As environmental characteristics
vary in time and space, oysters reared in the same locatitgxhibit shell morphology
variations (Seed, 1968)n commercial farms,ntrasite environmentalvariability is
very common' and oystes with differencesnot only in growth but alsoshae are
harvested within a single farm resulting from conditioninglightly different locations

Some of tlese factors are presented next
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Water depth and energy

Culture depth-- at surface, middle water or bottom and location,although
usually- dependent on thehosenrearing method, haan effecton the oyster shape
associated withhydrological characteristics and energy of the environmenthat

particular‘depth:

Water.movement isonsiderechecessaryor the shaping of oysterBrake et al,
2003;Ward et.al, 200§ oysters cultured close to the water line, where they are expose
to a highenergy environment witbonstant wave disturbances, havertheof the shell
frequently brokenAs new shell replacements need to be built, the stieigesultare
relatively.deeper than longer (Orton, 1936)a positive gain in terms of marketing

quality.

Intsuspended culturanainly performed inthe middle layerswith the use of
longlineswith net lanternsr single dropper ropes with oystgiast growthis promoted
with increased contacireawith the surroundingwater, compared to shellfish living in
the sedimenaind constant submersion, compared to intertidal sites (Bishop & Peterson,
2006) The position in the water colunemhancesurvival because oower availability
of predatorsand reportedly improvemeat contentvhen compared to intertidal sites
where oysters would be exposé@quentlyto air (Johnson & Smee, 20143ome
disadvantagesof the method, howeverinclude susceptibility to higher levels of
biofouling and increax shell deformities (Marshalk Dunham, 2018 Moreover,
faster growing oystersulturedin suspensiorgenerallyhavefragile and friable shells
when campared to bodin cultured oysters(Toba, 2002).Friable shellsvery often
sustaindamageduring deaning and transportation resultingpnoduct loses andower
marketability(Robert et al., 1993; Toba, 2002).

Wild oysters living on the sea floor are known to have different shapes depending
on the energy of the environmeand the nature ofthe sediment, and the same is
expected for “on-bottom reared oystersin wild reefs of the Portuguese oyster
Crassostreangulata(Lamarck,1819),0rton (1936)oticeddifferences in thgosition
of the mantledepending on th&ocal sediment. h muddy seashores, the mantle would

extend upwardfor the shellfish to be able &xpose itseltasilyto food particles in the
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374  water column, resultingn long and narrow shells, whiciiso was noted by Galtsoff
375 (1964) and Quayle (1988)In contrast, indeeper areawith less mudor in grave)
376  oysters shoed broader shellsand uniformly extended mantlesand according to
377  Quayle (1988) tend tbe rounder and deepdroimprove theshapeof bottom-cultured
378  oystersindividualscan besetspargly on hardpebbly groundvheretheyare likely to
379  roll and/move, particularly during stoymveather, sdhat they can becomeound and
380 deeplyecuppedwith a degree of fluting on the right val@altsoff, 1964; Quayle, 1988
381 Toba, 2002).

382 The combination of high water movement in locations with fine bottom sediment
383 increass turbidity andinducesthe production of thicker shells in oysters growing in
384 these lacations. Fine particles can be allocatethambers created between the many
385 layers compeosinghell, a natural process in waters with periodically lsigspensiomf

386 fine sediments (HiguerRuiz & Elorza,2011).This, however s unlikely useful for the

387 farminggindustry as these conditions compelstersto expend energy separating

388 inorganicparticles fromorganic particleatthe expense of feeding (Quayle, 1988).

389 Culture location relative to tb distance to the shore, as in tidal zones, also
390 influencesoyster shapeOyster shell thickness and strength are expected to be
391 dependent -upn the harshness, namely energy, of the culterevironment
392 (Mehrubeoglu et al., 2013)Oysters farmedin shallow coastal highly-energetic
393 environments, beingnder the action ofvaves in the intertidal zoneare different from

394 oystersfarmed in the subtidatone (Orton, 1936poth in shell texture shape and
395 thickness characteristics which werportrayed infield experiments conducted with
396 nondestructive hyperspectral andthermal imaging &d digital photography
397 (Mehmubeoglu et al., 2013).There isa tendency foincreasedshell smoothness and
398 thickngss _nearshor@&asedupon this, different culture locations with differeahegy

399 levels canbegexploredto benefitthe final shellfish product.Indeed it is acommon

400 practicesdnAustraliato take advantage of tide changegranote constantlynovement

401  of oystersas will be discussetirtherin the item “Husbandry” in this review

402
403  Biofouling

404
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Fouling is a major problem as it affedisth apparent oyster shapmn leave
permanentunsightly scars on the shefind can vary widely, in quantity and species,
with location (Wheaton & Hall, 2007; Doiron, 2008 In the marine environment,
aquaculture structures as well as the cultinigdlvesthemselvegprovide subsrate for
settlement=of larvae oh number ofmarine organisms.Some of the most common
biofoulers on oysters are sea squirts or Ascidians, barnacles, hydroids, macaodigae
other bivalves™(Quayle, 1988; Adams et al., 201Mh).oyster farming incrusting
organismsaffect operationaleconomic costsbecause of the necessary atithe-
consuming cleanirggyandchangesof culture apparatuto alleviate increasing weight
loads. Attaching organismspllectively termedepibiontes,also affect hosts as they
may reduce hivalve growth amigcreasehell visual aspesiblisters, erosion), oboth
exterior ‘andinterior surfaces(Marshall & Dunham, 2013)To the farmerthis means
economic losssbecauséieavily fouled oysdrs areoftenshelldeformed In the case of
oysters containing theud-worm shell borerPolydoraspp., theworm-inducedinternal
shell blistersarevisually unappealing, making oysters unsuitable forstielledmarket
(Figure 3. Taylor et al., 1997; Handley, 2002). On the other handng spongesnake
bivalve "shels’ porous asthey usethe hostshell as a homéy boring holes of
appraximate™® mm on thexteriorshell surface@oiron, 2008) Additionally, biofouling
can not onlyreducewater flow nside the farming apparatbsit alsocompete for food
with the oysters becauseanyfouling organismarealsosuspension feede(&osling,
2004)and as such, they c&aimder oyster development and leaditalersized shelland

slender'meat

Although hofouling control can be costlythe negative effectst can haveon
oyster marketabilityif not controlled can be even more expensiyéo the extent that
mitigative 'management should b@mority (see review in Lacost&® GaertnerMauzoni,
2014).In a surveyabout bioufoulig perception and implicatiore the shellfish market
performed in differeniocationsof the United Statesup to 43.4%of farmersstatedthat
biofouling affectsthe marketability of their produs (Adams et al., 2011)f'wo of the
mainreportedcommercial issuewere unsightlyshellappearance (57.3%9llowed by
resulting increasegroductrejectionby the buyers (21.4%; Adams et al., 2011).

In view of the aforementioned marketability issuaad becausebiofouling is
maximized in subtidal suspendedcultures, the most popular culture methods$e

development and dissemination of different techniques for containofefduling
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speciesarenecessaryMarshall & Dunham, 2013)Someof the mostwidely employed
methodsfor biofouling removalor ‘punishment’ as they are popularly calleshclude
manual cleaning and scraping, pressure wasliragh water bathsand air exposure
(Quayle, 1988Nel et al., 1996; Handley & Bergquist, 199heney, 2010)The first
three methoeds are meaatical andabour intensivebutthe last two immersiomethods
take adyantage of the fatiatoysters carmlose their valveand isolatdissuesrom the
external environmentvhereas most epibiontesdo not have thisbility and are killed

by theimmersion in freshwatesr dehydration (Quayle, 1988).

Similaryto freshwater baths, oysters exposed to natural freshwater discharges are
provided “with food and protection from predators and cutiig arising from
freshwatetinducedsalinity variation in this environmer©czkowski, 2011; Atack et
al., 201d)=Neotably oysters grown in suspendedltures near freshwatefischarges
have higherJmeat content (Mizuta et @014). Culture areas that are located near small
rivers therefore, can take advantage of both natural biofouling control and food

availability:

Nevertheless, control ethod are usually combinedto target differenally
occurring“biofoulingin a local areaFor instancefreshwater bathskill most epibiontes
but marine wormghatdrill and inhabit holesn oyster sheli require stronger treatments
In biofouling control experimentwheren oystersveresubmersed in salt brine solution
(300 parts per thousand Windseme Salt) for as littlgperiod asl5 s,the efficiency in
killing worm'infestationwas considerabl¢MacNair, 2001).Chemical treatments for
biofouling control were used in the past even directly in the environment, such as
quicklime powder spread on bottom culture beds to contrefista(Quayle, 1988), but
understandably, for environmental reasons, they are not popular nowadays.

More recently different types of ctiire media have been tested with the objective
of biofouling controlin shellfish such as clay aggregate and lava rdt¢lese media are
added to the growut apparats together with the shellfigh act as abrasives that brush
encrusting organisms off the bivalves when there is movement of the culture apparatus
such as with"action of waveResults showed thahediaslightly decreasedouling
organismlevels depending orthe volume of mediaadded and targeted biofouling
speciesbutthey were not effective agairtstoeworm or spongg®unham & Marshall,

2012; Marshall & Dunham, 2013Although worms are harmless to consumetbey
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not only decrease shell aesthetics hty can also be transferred to the meathe
process of shucking, promptingonsumers to consider thesssters unappetizing
(Figure 3).

Culture equipment haslso evolved t@address biofoulingssueswith innovative
designs that allovexposing the oysters #&r in situ. Equipment likethe floatingoyster
cage Gro®, currently commercializedy an American companyonsiss of plastic
floatssattachedo a metal framed cagiat secure submersion just below the water
surface angwhen turned upsiddown, allows flotation of oysters above surface for-air

exposure to target biofouling control (Figure 4).

Predatoginfluence

Several recent studiehi@wv oysters have thantrinsic ability to change shell
characteristicén response to predators in the environmbnexperiments with oyster
grown intwo different sites, namelyith predators such asudor blue crab andno-
predatoreentrol sitesjuvenile oysters allocated more energy toward shell groviibn
apredator was preserdt theexpense of producing soft tiss(Reterson, 198Glohnson
& Smee, 2014) This mechanism was identified asprotectve mechanism against
possiblé, predation rigkas thicker shells werbarder to crush, thus moresistant
against predain (Robinson et al., 2014)et, dhell thickening was observed only in
juveniletoysters (1@0 mm length) not adults {55 mm), which reportedly do not
modify shellin the presence of predators (Newell et al., 2007; Lunt & Smee, 2014).

Aqueculture is conductewvith bags and nettingf different mesh sizeadapted
according=to-sizes of spat, juveniles, andiltsd usually making cultu shellfish
inaccessibleto such predators,thus the relevance of the aforementioned natural

adaptationsito the culture industry is relatively low, but nevertheless informative

Pollution
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It is widespread knowledge thebhemicalpollution afects thephysiology of animals
especiallyfilter feeding bivalveswhich have been used as ecological bioindicators
Bivalves can be good “sentinels” of environmental quality because they are sessile and
sensitive to chemicaland physical conditiond@Boening, 1999 Pollution, however, also

can affectthemorphology ofbivalve shelk, the most know examplebeing tibutyltin
(often referred to as TBT)IBT is a toxic compoundiused as a&hemical biofouling
suppressamin‘boatsit is known todisruptreproduction inmolluscs. kst reported for
Pacificeyster populations sampled close to marinasei1970’s and1980’s in France

and later_confirmed biaboratory experiments which oysters exposed to TBT were
compared to.oysters grown goodwater quality, TBT was shown to causeseveral
anomalies /iny oyster shells.bAormal shell thickeningvith formation of stacked
layered chamberswithin the shell (such as the visual aspect of a cake made of
intercalated layers of cake pastry and fragtfor details see Fige 2 in HigueraRuiz

& Elorza, 201), externalshell surfacedeformities,formation of a colloid resembling
jelly, and retraction of shetharginwereall attributed to exposure BT (Alzieu et al.,
1982; Quayle#1988; Pinder et al., 199ayen et al., 2007HigueraRuiz & Elorza
2011).The TIBT effects in oysterseem to vary between species, as Pacific oysters were
reportedly“more sensitive to TBT exposure than Eastern oyistdeboratory tests.
Research__efforts and public attention revemore directed towards effects on
reproduction and population thé shell deformitiegPinder et al., 1999). For seafood
safety reasonspolluted areasjncluding marinas are alreadyavoidedfor shellfish
farming especially in suspended culture areas that tend to be more removed from
domestic or industrial pollution (Quayle, 198&ut the information described here

indicatespossibleyisible effects of pollution upon oysterops.

Husbandry practices

Marine_farmersare interested iguickly supplying thedemandingmarket. As a
consequence, oftehe most commonly used farming methdagouroyster fast growth
to a commercial size (usuallyI0 cm), but this decision negativelgfluencesoyster
shell hape andghellfishretail valuein the shelled markeFast growing oystersan also
grow long and skinny, a shape thatrarely acceptableof sale Culture practicego

avoid shell misshapingare usuallyonly performedn countries where oystecultureis
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531  well developed. For this reasorthe dissemination of knowledge oroyster
532  characteristicand relation teach cultue practice areessentiato givethe producethe
533 choice of makinginformed decisions on thmost suitablemethodaccording tothe
534  expectedinal product.

535
536  Use of single seed
537

538 The mog common source®f seed for oyster aquaculture arenatural spat
539 collection andthe use ofsingle seed from hatcherids. the first oysterspatoriginate
540 from naturalsspawningand thereadyto-setlarvae arecollectedafter spawning season
541 by placemenbf acollectorin the watey such as a brush, crates of tiles, ropes, bamboo
542  sticks plastic equipmentor shells(Galtsoff et al, 1930) After collection, and having
543 reached a reasonable sizihe spat can be either removed from collectors and
544  individually sorted by sizet® be seededr grownrouton thecultchasis, which results
545 in oyster clumpghat must be broken apart following harvéBbba, 2002) This last
546  techniguesrcustomarilyperformed with the spain-shell,in Japan, traditionally using
547  scallopshellsstrings and resulting in marketized oysters thatit ontop of each other
548 (Kato-Yoshinaga et al., 2014igure 59. In this method, a@ntrol of shell shapes
549 impossible, and it producesunattractive oysters of inconsistentshape and size
550 unacceptable”for thdiscriminating oystediner. As a result, oysters grown khis
551 methodare most suitable fothe shuckedneat marketwhich the Japanese publs
552  satisfied with illustrated by the fact th&9% of thenationaloyster production targets
553 this selling routgKorringa, 1976).0On the other hand, single seed oystare used in
554 largescaleaqguaculture that focuses relatively easier culturenanagementncreased
555  survivalsratesand qualityof shell shape fothe halfshell market preferred in western
556  seafood.tradesind commanding higher prices (Toba, 2002) an experiment in
557  Nagasakigdapamwystes grown by the single seed methedultedin roundshapedand
558  “good-looking” oysterdor the raw market with higher levels of amino acid associated
559  with sweetness and umami tast@n oysters cultured in the traditional spatshell
560 clustered method (Kat¥oshinaga et al., 2014).
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One of the newest approaches singe seed oyster culturéo avoid shell
deformitiesis under usen New Zealandand uses hatchery grown single seed of 30 mm
glued to longline dropperdyy special tags attached in thenbo in a way that oysters
hang free and spaced from each otheiggre %; Brown, 2017)Because there is no
handling-invelved with oysters in these systethsir geneticexpression would express
betterthan with other culture technigques (Achim Jank®PS Oysters Consulting Ltd
2017; personal’communicationThe tag gluedo the shell in this cas#oes notreduce
shell appearance becausesisupposed tattesttheorigin of the product as a brand and
allow for traceability.

As natural spat availability can be irregueith environmental conditionsingle
seed supply should preferably redyn the productionof hatcherieghat can provide
readyto-farmsseed in a variety of sizéGaltsoff, 1930). The use of hatchegyyoduced
seedhas,bothadvantages and disadvantages, such as corsgadt availability and
relatively"hgher costhat fluctuate with demand.With lower costof natural spatwen
in nations'wherequaculture is part of themainstreanfisheries(e.g.: France, United
States, (Japan}he industry requirementsas far as hatchemqyroduced availability of
single seeds igoncerned may not be metNotwithstanding,single seedhatchery
facilities“are not beyond theinfrastructural capability of many countries, including
developing nationBrazil, for example, has already established hatchery resources for
constant seed supply service of Pacific oysters for farmers in the main productive area
in south., of the country, which shows that hatchery production is more a matter of
perceivedsimportance and allocation of furfélst instancen Japan, tier the Great Est
Earthquake.and followed tsunami disaster thath@dsaway many shellfish farnis
one of the nation’s most important fishery afeamerswanted to quickly reestablish
mariculturewhile facing severalenvironmental issuethat comprised not only food
security'scrutiny but also lack of seed to-start farming(Okuda & Ohashi, 2012).
Nowadays, still under a recovering process, Japanese farmers seek to ¢nebreve
available technologyhat does not rely only inatural pat The importance of single
seedavailability and the resulting oysters of higbality level havebeen discussed in
recent aquaculture meetingsRecently, farmer forums and technical cooperation
exchange between international farmers were held by the World Oyster Saciety t
discuss the singlseed importance for uniformly shaped outghtst could suit upscale

new restaurastand bargSuizanKeizai, 2014).
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Stocking density

Stocking density refers to the number of individuals placed iauléure
apparatus at the same tin@verstockings widespreadbelievedto causecropmortality,
lower.grewth-and, in relation to sheitregularshape, clusteraith possiblefusion of
one or mere.oyster shelim addition tooysters withinhibited growth and low condition
index --/a ratio between dry soft tissue weight addy shell weight(Galtsoff, 1964;
Quayle, 1988; Marshall & Dunham, 2013hysical compression attributed to fast
growth land high density of bivalvesas arguedio elongate formswhereas low
physicaleempressiorculminated in triangular shaped shells (Seed, 196Bgrefore,
allowing.enougtfree spacevhen stockingculture apparatus impotant. Most studies
focus on“relationships between stocking densities and shellfish overall growth and
mortality“(exg:: Bishop & Hooper, 2005 foC. virginica and C. ariakensis(Fujita,
1913); Roncaratt al., 2017 foC. gigag, butspace favourguality of shell as it allows
externally triggerednovementof individuals, which enables the trimming thie shell
edgewhenyreared shellfish kno&gainsteach otherpromotingthe develomentof a
cupped=shapef-or example, in an experiment comparing shape of juvetalefic
oysterscultured in suspension in tragtockedat different typical commercial densities
of 226,453 and 679 indduals.n??, it was found that botlV/L and D/L shellindices
decrease@tshigher stockinglensities but density did nobhave a significaneffect on
occurrence_of clustering, namely percentage of individual oystersentetl to other
oysters @during grovout (Marshdl & Dunham, 2013)Davis (2013) found that stocking
density=(following commercial standards of 75, 90, 105 ogsper basket) was
negatively related to oyster cup abcbader width and meat content, but had no effects
on survival, biofouling control ashell robustnessSuprisingly, shell length was higher
the higher the stocking density, but at a cost of shell shape because oyste@swere

aforementioned, significantly less cupped and fanned.

Stocking density effecta/ere also investigated father less popular spesidén
hatchery cultures of the Cortez oyster sgatagsostrea corteziensisiertlein, 1951)
growth in shell length, total volume and wet weight significantly decreased with

progressiveljhigher stocking density (low = 5714 , medium = 11428, and high = 17142
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626  specimens)n upwelling cylinders used for culture and kepttla same conditions
627 (MazonSuastegui et al., 20p8Interestingly higher densities alloweidr the bestshell
628 length performances inmangrove oysteseeds(Crassostrea rizophoraeGuilding,
629  1828) cultured insuspendedanterns (400mm in diameter)although the authors did
630 not hypothesize on possibéxplanationdor their resultsThe oysterseeds stocked at
631 high density (2000 seeds/ lantern levél achieved higher shell length than the low
632 density treatment after 5 monthed cleaning management of 14 dag®pposed to 7

633  days, with growth of 9.9 mm/ month (Maccacchero et al., 2007).

634 Nevertheless, the negative effectd overstocking seems to bsuch a
635 mainstreanperception among farmers thammay have triggerednderexploited leases
636 in CanadaBasedupon surveysComeau (2013) estimated stocking densisiesyster
637  farms(0:5s%:0:1kg oysterm™ for floating cages and 1.0 @1 kg oystem™ for direct
638  bottom culture areagompared to natural reefs 2.2 + 1.1 kgoyster.nf) and found
639 densities ardelow thecapacity indicated in related farmiggidelines a fact that was
640 exacerbatethy the size of leagifarm areaqlargerleases tended to Isggnificantly less

641 densely stocked than smalleasesand viceversa.
642

643  Tumbling
644

645 Tumbling consists of rolling psters over and over, to and fir end over end.

646  Oystes 'are routinely tumbled as part of the farming protesacreaseshell strength

647 by makingitsthicker ando prune shell extremities to makenibre cupped, increasing

648  shell depthsand widtin relation to lengthPeriodic tumbling of oysters leads teaks

649 in the'shells'extremitiesnd increaseglycogen strage to repair the broken extremities,
650 thus alsoimproving oyster flavour (Cheney, 2010The revolving actiorreportedy

651 thickensshell (Rokert et al., 1993; Toba, 2002), however, oyster growth, measured as

652  shell length, islowed followingsuccessive breake of shell.

653 There are different ways in which an oyster can be tumbMeghine tmbling
654 of oysters consistin running oysters at different stages, but especiaieniles,
655 through arotatingmeshed cylindeto break the oyster shell end and promote a deeper
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cuppedshell Although efficient, this methot time consuming becau#erequres the

harvesting of the oystefsr processing and followem-stockinginto the sea.

Tide tumbling on the other handjiffers from the previous method because
there is_no machine involved this caseTumbling is perfamedin situwith the use of
differences.in tidal level The tumblingsystem consists of floats attached to endof
farming'bags /while the other endatached tsuspendedohglines in intertidal areas.
When,watelevels varywith the tide oneside ofthe bagswill moveup and down with

thefloatsyin.a,way that oystessesubmitted to sporadishaking(Figure ).

Another method of tumbling isermedflip-floating. In this method floating
buoysare attachetb growing devices, usuallyasketswhich arealigned on botlsides
of surfacelong-ine systemdgo allow the flipping ofone basket on top of the othter
exposethe flipped top baskdb the air. As a resultoysters are trimmedyrowth can
alsobe controlled byfrequent periods ofood deprivationandthe method additionally

allows far biofouling control.

A recent innovatiorwas developed in Australia witlong lengtheneaneshedplastic
baskets(such asSeapa’s BSTs) that arehung from cablesand enjoy free lateral
movementwith water movement{Figure %), being thatcurrents, wavestides. The
technology can be used both in intertidal and subtidal areas. In recent stitbies
Eastern oystersumbled oysters grown imtertidal set ups witlthis system grew at a
quarter 'speed of the oyster in commatertidal rack systems (0.03 miength/day and
0.12 mmidength /day, respectively)but oyster quality improved. The baskets were
shown to, produce deeper cuppeédvirginicathan the conventional floating bags and
rack culturepased on W/L and D/L ratios, with higher soft tissaieg heavier shells
when*eompared to static rack growing systédis3 g and 35.0 gespectively, for 5
cm length oystersleavitt ard Griffin, 2015; Leavitt et al.,, 2017)The movement
provided by the basketslso decreased incidence of blister worms from 100 % (in

conventional static culture) to 30 %.

Conditioning: site alternationuding growout

It has been known that shellfishielit different phenotype when transplanted

to different environments (Seed, 198@&). the farming industry oysters have been

This article is protected by copyright. All rights reserved



687  conditioned for fattening, greening, such as the famous colonead oysters from

688 MarennesOléron Bay in France, and shape (Soletchnick et al., 2001; Thomas,
689  2016).Conditioningoystersfor shell shapeas a finalstage of the cultureusually a time

690 between reaching a suitable shell size and the harvest forssalatinely performed in

691 the Pacifiesecoast of U.Thomas, 2016)Oysters aregrown in two distinct places as
692 subsequent aquacultuphases: first the gw-out is performed in subtidal zones in
693  suspended culture, thaysters ardransferredo the intertidal areéor bottom culture

694 where food isalso usually readily available and wave energy is highabling

695  “hardening’, .cuppingand fattening. In this way, the oysters supposedly devislep

696 aforementionedharacteristic quality traitsf each locality
697

698  Metalrings for,shapé&novation

699

700 Originality has always had a place in coritpdee markes. A new method
701 developediirfarms in Nagasaki Prefecture, Japan, exploremtinaturaoyster market
702 by producingheartshaped oysterfor commemorative daysuch as Valentine’s Day
703  The method.consistsf shapinguvenile oystes using metal ringshat apply pressure to
704  aspecific’point ofthe shellto split the shell extremity to resemble a heart shapthis

705 case oysters are directed to distinguishedles, mostly restaurantsMfzuta &

706  Vlachopailou;"2017. The distinguishedhape islso being used as a market strategy in
707  Leucate region, south of France (Agence Frdh@asse, 2017Although possiblynot a
708 managementthat can be adopteavorldwide, the development of shell shaping
709  technolagyto cover specific demands @hocal markebpportunities is/alid and should

710  be pursued.
711
712 Discussion
713

714 Aquaculture production has been increasing exporinitiethe last decadesnd
715 as demand andompetitionincreasehe qualitylevelsare raised Aggregation of value

716 is considered a goodommercial strategy to improve aompany’s level of
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717  competitivenesgBlackstad, 1995)With the ascensioof the withinshell oyster market
718 shell appearancés an additional attributaelefining oysterquality andis currently
719 commandinghigher prices. Pooshell quality may result imnsuccesful attemptsto
720 enter demanding onternationalseafoodmarketsby farmers.

721 To satisfynew quality standard$armers can chase amonggenetically selected
722  seed, appropriate sitewith respect teenvironmental conditiongnd groweut methods
723  summarized«in Table Evenso, these choices ate some extertinked to each other
724  asthe characteristics of a farming site accommodate only specific types of husbandry
725 methods and\vicgersa, andvhen mariculture sites are more than often defined by
726  regulatorstinstead dfeely chosen by farmeréWalton et al., 2013)Furthermore, as
727  geneticimprovement functions toomplement aquaculture managemactivities, it is

728 uncommenste:bemployed ashe onlymethod to achieve successtyistershell quality

729  improvementConsidering alsthe fact that trimming oyster shells seems tessential

730 to producea satisfactory oyster, presumably, “shelping, in some casedranslats

731 into additional management efforts as well as longer groivperiodsbefore harvest
732 even in/cases when selected breeding has been perforiresaidded value to the final
733 product, as well as thepositive competitiveness in a niche businessiggests
734  advantageous tradeffs. Notably, ecenly-available technologyuch as the floating
735 cages.that allowin situ air exposureso there is no need to bring cages to shore for
736  desccation, orflip-floating bags, which tumble aratlow air exposire independentlpf

737  water levels contribute tominimise therequired labour and time devoted gbaping

738  oystersBecauseaquaculture technology is expectedivelop andonstantly improve

739  as the activity expands, shell-shaping tends to become simpleraadeasible

740 In‘addition tothe added market value derived from shell shapimgpractice is

741 rewarding because Hrings additional benefitgo the finalproduct, such as improved

742  perception=ofs the meaprotection against predatoysease duringgrading and even

743 longer shekHlife. For instance, ystergrown into the ‘right’ shapbas cupped shells that

744  allow meatto set in perfectly, thus conveying a plump visual aspect of the meat when
745  shucked(Garry Thompson, Seapa, 2@ktsonal communicatignBesides, shell shape

746  caninfluencethe ability of bivalvego protect against predators that bore into the shell
747  to access internal oyster tissue, as curvature of the shell (described as depdna/as

748  to bepositively related to the compressive sg#nnecessary to produce a crack on the

749  shell (Lombardi et al., 2013). The revolving action of in culture apparatus that allows
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oyster shell tumbling were also found to promote fast recovery of oysters, & aérm
meat content, aftathe spawning periodwhich is a critical time with major mortality
events (Robert et al., 1993)heaton& Hall (2007)and Kube et al. (2018Iso noted

that the high variability ithe shape of oystersvhich is exacerbated by foulinignited

the development and widespread application of automated shucking machines that
would produce oysters on the half sheMlthough progress has been made in
performance of‘automated grading machines (see Xiong et al., 2010), singlddaed,
uniformly-shaped bivalves would allowetter machine-shuckingsaving time and on
work that is tedious, demandirand dangerous tshuckers”’(Wheaton & Hall, 2007).

In relation to/oyster marketing the shifé is very important and increased by oyster
shelf thicknesss it can stand higher impacts during handling and transportation. The
addition of final stage ofarming, essentiallythe conditioning orhardening ofbysters,

can provide 'such aforementioned results and additionally has the potential of
strengthening the adductor muspleventingshellgape, whictalsoincreases shelife
(Toba, 2002).

The possibility of combining a variety of methods would expectedly produce
better resultsbut methods should be chosen in accordanteetmain shell targets and
experimental trials should ideally be conducted for each selected farming area to assure
expected objectiveare able to benet. Sincethe adoption of one method over the other
may result in different costs and profits, future economic studies comparing expected
methods, for shell manipulation can also assist in aguaculture management decisions.
Neverthelessfarmers can also cbee to atisfy both shelled and shucked masket
using forthedatter thenderperforming, suboptimahaped oysters or even a parcel of

the crop'that was purposely not at any stage managed for improved shape.

Despite) of the aforementioned, first and foremost, the adoption of standard
thresholdssferthe evaluation of oyster shape and assessments of consumers’ preferences
would fagilitate the shellfish grower'sompliance withrequirementsof the shelled
market The lack of ideal shape threshelMas already exmed by Brake et al. (2003)
and more:than ten years later the problem still persists, making it diffauthe
farmers and consumers to agree in a common shape classifiaatiegional and

international levels.
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781 Althoughit is unlikely that some of #htopics in this review, such as predator
782 influence, could be used as a means of manipulating oyster cétaghicteristics to
783  satisfy market requirement it is important to acknowledge and pulsicithe wide-
784  range of possible mechanisms that could hinder expected shell resultsorfedigitthe
785  compiledinfermation may lead to new observations and formulatiohypbtheses by
786  both industry (farmers) and science (researchers) that cacidrgifically investigated
787  and proved or-disproved in the future, helping develop knowladdepracticesn the

788  field.

789  Until the presentmuchof the reported knowledge on oyster simedinipulation through

790 aquacultureand related secondary effedsll lacked solid scientific validation, as

791  evidenced by thaforementionedhell colour importance ancreass in glycogen and

792  wet weightattributedto shell trimming. Therefore, the knowledge reported in this
793  review should be interpreted with cautionfature stdiesare needed ttest reported

794 assumptions on shell manipulati@nd possiblepositive and negativeide effects.

795  Nevertheless; shaping oysterdagitimately feasible andmost techniques are readily
796 available for farmers. Thessontemporary aquaculte practices represeat worth

797  while opportunity for small and large farming enterprises to explore a growing niche
798  market and,build trust witthe exigent seafood aficionado.
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Table 1:_Common employed methods for improvement of oyster shell traits.

Oyster shell trait Applicable method Selectedreerencs

Overall shape Single seeds Toba (2002)Kato-Yoshinaga et al. (2014)

(no deformities)
Selective breeding Wada (1986); Ward et al. (2005);

Length Kube et al. (2011); Kong et al. (2015)
Bishop & Peterson2006);

Dunham & Marshall (2012)

Off-bottom culture

Selective breeding Wada (1986); Ward et al. (2005);

Width Kube et al. (2011); Kong et al. (2015)
Low stockng density Davis (2013); Marshall & Dunham (2013)
Low stock density Davis (2013)Marshall & Dunham(2013

Tumbling (mechanical, tidal) Cheney (2010)Leavitt et al. £017)

Depth _ | _
Selective breeding Wada (1986); Kube et al. (2011);
Walton et al. 2013; Kong et al. (2015)
Ploidy Matson (2010); Dégremont et al. (2012);
Walton et al. (2013)
Cleanliness Culture media Dunham & Marshall (2012);

Marshall & Dunham (2013)
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1111

1112

1113

1114
1115

1116
1117
1118

1119
1120
1121

1122
1123
1124

1125
1126
1127
1128

(biofouling

Freshwater baths Quayle (1988)Nel et al. (1996)
containment)
Salt brine baths MacNair (2001)
Manual cleaning and scraping Quayle, 1988; Toba (2002)
Air exposure Quayle (1988); Handley & Bergquist (1997)

Ward et al. (2005)Evans et al. (2009);
Kang et al(2013; Song et al. (2017)

Colour Selective breeding

. Moderate energy environment Orton, 1936; Toba (2002Fhomas (2016)
Thickness . . )
(intertidal area; wave exposure)

(hardening) Tumbling (mechanical, tidal) Robert et al. (1993); Leavitt et aq17)

Figure Legends

Figure 1. Skell shape in reared oysterdentification ofshell commormmeasurements

shown in oyster frontal and side viewsspectively

Figure 2: Oyster grading schemamployed in Canada f&@rassostrea virginicdbased
on shell length and width (Doiron, 2008; reproduction authorized by the New

Brunswick Department of Agriculture, Aquaculture and Fishgries

Figure 3:UWnappealing shell blister§ndicated by arrowsleft) caused by the oyster
worm Polydora sp. (indicated by the arrowight), that can often leave the holes it
bores in the shell ardrightenri’ shellfish eaters.

Figure 4:'Design of aroyster culture apparatus that allows for temporarnegosure
in situ targeting biofouling control (Authorized use of photos of thgsterGro®

technelogy by the Bouctouche Bay Industyies

Figure 5: Examplesof husbandry practiceand yields in oyster farminga) Oysters
clusters resulting from the greaut usingthe spatn-shell method in Japamnd the
contrastingd) individual oysters resulting from single sedllat aregrown individually
glued toropesin New Zealand(Authorized use of photo from th&@ OPSoyster
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1130
1131
1132
1133

company) c) Floating bags for tumbling in vertical position during low taeOyster
baskets thashakewith water movement and facilitate tumbliriguthorized use of
photo from Seapa company). Bags would horizontally float during high tide
(Authorized use of photo from the Taylor Shellfish Farms company; photo credit:

Kristian Marsden)
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