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Abstract

Reef fishes are closely connected to many human populations, yet their contributions to
society are mostly considered through their economic and ecological values. Cultural and
intrinsic values of reef fishes to the public can be critical drivers of conservation investment
and success, but remain challenging to quantify. Aesthetic value represents one of the most
immediate and direct means by which human societies engage with biodiversity, and can be
evaluated from species to ecosystems. Here, we provide the aesthetic value of 2,417 ray-
finned reef fish species by combining intensive evaluation of photographs of fishes by
humans with predicted values from machine learning. We identified important biases in spe-
cies' aesthetic value relating to evolutionary history, ecological traits, and International
Union for Conservation of Nature (IUCN) threat status. The most beautiful fishes are tightly
packed into small parts of both the phylogenetic tree and the ecological trait space. In con-
trast, the less attractive fishes are the most ecologically and evolutionary distinct species
and those recognized as threatened. Our study highlights likely important mismatches
between potential public support for conservation and the species most in need of this sup-
port. It also provides a pathway for scaling-up our understanding of what are both an impor-
tant nonmaterial facet of biodiversity and a key component of nature's contribution to
people, which could help better anticipate consequences of species loss and assist in devel-
oping appropriate communication strategies.
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Introduction

Numerousnonmaterialfacetsof biodiversitycompriseimportant componentf nature'scon-
tribution to people(NCP)[1,2]. Amongtheseaesthetivalue(or lessformally called®beauty®)
is oneof the mostdirectemotionallinks humanscanexperienceavith nature[3,4]andcan
occurthroughdirect (first-hand experienceput alsoindirect mechanismgfor examplesocial
media,television) It thereforeengageabroadercross-sectionf the humanpopulationthan
mostother NCP,but remainsrelativelypoorly studied. Theimplicationsof aesthetiavaluefor
biodiversityconservatiorarelikely to besubstantia[5]. Thislackof scientificattentionis
probably,atleastin part, associatedvith adifficulty in definingaesthetivalue[6], andan
associatedifficulty in consistentlyand quantitativelymeasuringhe aesthetivalueof biodi-
versity[5,7]. While alsoapplicableéo communitiesand ecosystemshe aesthetivalueof indi-
vidualspeciess the simplestand mostintuitive unit of measuremenfor understandinghis
form of connectionbetweerhumansandnature.Measuringspeciesaesthetivaluethus
remainsanimportant stepin betterunderstandingand predictingthe willingnessand motiva-
tion of societieso protectspeciesandthereasondehindsuccessr failure of conservation
efforts[8,9].

Biasesn researclandconservatioreffortshavebeendocumentedor manytaxa.For
exampleyertebrategrefar betterrepresentedhaninvertebratesmongarticlespublishedin
conservatiorjournals[10,11]Jandin biodiversitydataset$12]. More than half of the billions
of occurrenceseportedin GlobalBiodiversityinformation Facility (GBIF) arefor birds,while
theyrepresenbnly 1%of the total numberof speciesnh GBIF[12]. Thesebiaseareexplained
by humanpreferencesor particulartaxa[13+15],with aesthetivaluebeinganimportant
underlyingfactorin thesepreferenced-or examplefishesandbirds displayingbright colors
areconsiderednore beautifulby the generapublic[16,17]andaremorelikely to beidentified
andreportedin databasesf public observationsSuchbiasis not limited to datacollectecby
the public; Bellwoodand colleaguefl 8] found evidencdor potentialsubconscioubias
towardsyellowfishesn the publishediteratureon coralreefs.

Previousstudiesworking on aestheticvaluehaveusedeitherexpertknowledgeor public
surveysasedn photographiadataset§19]. Suchstudiesareresourceandtime intensive and
thustheyhavebeenlimited to asmallnumberof speciesAlternativeapproachetried to use
visualfeatureqthatis, patternanalysiscolor distribution) in imagesknown to positivelyinflu-
enceaesthetivalue[20]. Thesemethodsarepromisingbut assumeprior knowledgeon which
featuresamongamyriad, contributeto the aesthetivalueandon their relativeimportance
whenit comego computea singleindex.Machinelearningmodels specificallyconvolutional
neuralnetworks(CNNs),haverecentlybecomeadvancednoughto accuratelydentify pat-
terns(classificatiortasks)and predictcontinuousvariableson imageq21], openingup anew
avenu€or investigatinghe visualperceptionof our environment,without needingto assume
or defineimportant featuresapriori. CNN havealreadysuccessfullgssessetie beautyof out-
door placeq22] andcoralligenouseefg23] but havenot yetbeenappliedto speciesevel.

Here,weusedtraditional photographicsurveysaugmentedy a CNN approachto evaluate
the aesthetivalueof theworld'sreefray-finnedfish fauna.Our photographicsurveyjnclud-
ing 13,000 espondentfrom the broadpublic,generatedilearningdatasefor the CNN that
allowedestimationof the aestheticvaluefor 2,41 7reeffish speciesvith high predictiveaccu-
racy,basedn 4,881speciegmagesandwithout apriori knowledgeon the featuresvhich
contributeto fish beauty.

We choseo evaluateeeffisheshecausehis groupis emblematiof highly valuedreefeco-
systemandis known for its exceptionamorphologicaldiversity[18], whichis presumably
associatewith alargerangeof aesthetivaluesReeffishesarealsoessentiato the functioning
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of someof the mostimportant andendangere@cosystemsn Earth[24,25],and areof vital
importancefor alargepart of humanity,including the pooresf26,27],by supportingseveral
economicactivitieslike subsistencéshing,recreationakcubadiving, andaquariumtrade
[24,26,28]We useddatafrom thewidespreadnd standardizedReetLife Survey(RLS)pro-
gram[29] to objectivelyselecfrom all of theworld'sreeffish specieso amore manageable
collectionof thosemostcommonlyencounteredy divers,providing uswith asubsebf 2,417
speciesWethenmappediish aesthetivalueacrosshe Treeof Life,andconsideredecological
traits,IUCN threatcategoriesandimportancefor fisherieso betterunderstandhe potential
implicationsof humanaesthetidiasfor reeffish conservation.

Results
Building the CNN training dataset

Ouir first taskwasto build a setof fishimagedor directevaluationof aestheticvalueby
humansthat couldbeusedfor training aCNN (Fig 1A). We combineda setof 157fishimages
previouslyevaluated16] with anewsetof 345imagesndependentlyevaluatedn anonline
survey(seeMethodsand TextA andBin S1File). Theonline surveypresentedmagesn pairs

Fig 1. Evaluationand prediction of fish aestheticvalues.(a) Workflow of the online surveyanddeeplearningpredictionof aesthetic
values(1) Pairsof imagesverepresentedo the publicduring the online surveyandscoredusingthe Elo algorithm(seeMethods) Left
andright . (2) Oncethe 345newimagesvereevaluatednline, the valuesof the 157imagesreviously
evaluated16] werecorrectedusingthe 21imagessharedbetweerthe 2 surveys(3) Theresulting48limageswith evaluatechesthetic
valueswvereusedto train aResNet5@lgorithm(seeTextE andFigL in S1File).lllustration inspiredfrom the PlotNeurlNet[31]. (b)
Left: Ther? of thelinearrelatiorshipbetweerthe predictedvaluesaveragedcrosgshe 5 validationsetsand the evaluated/aluess 0.79«
SD0.04(the color of pointsindicateshe 5 setsusedto performthe crossvalidation) This algorithm wasusedto predictthe aesthetic
valueof the4,400unevaluatedmageof our datasetRight: Distribution of the481evaluatedialuesn light blueandof the 4,400
predictedaesthetiwvaluesn dark blue.Thedotsatthe bottom of the plot indicatethe predictedaesthetivaluesof theimageshownin
panel(c). Dataand coderequiredto generatehis Figurecanbefoundin https://github.com/mouquet/RLSAESTHE(c) Example®f
fishegepresentatie of the rangeof predictedaesthetivaluesDecreasingesthetizvaluefrom left to right andtop to bottom:
, See
S1Datafor imagecopyrigh.

https://da.org/10.1371¢urnal.pbic8001640.g001
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to the public (hereaftercalled?respondents®andaskedo choosaheimagetheyfound the
mostbeautiful.For the analysesyekept 13,000espondentsvithout self-reportectolor vision
issuegseelTextCin S1File). We thenestimatedeachfish aesthetivaluethroughElo scores
computation,arating systenrbasedn pairwisecomparison(seeMethods)[30].

We testedthe potentialeffectof respondentssocioculturabackgroundand geographiori-
ginson their selectiongseeTextC in S1File)usingabackwardsequentiaselectiorprocedure
with ageneralizedinear model(seeMethods).We found no significanteffectof anyof the
consideredrariablen selectionsyvethuscomputedthe Elo scoresy poolingacrosghe
13,000 espondentsAmongthe 345imagesevaluatedn the newsurvey21weredeliberate
duplicationsfrom aprevioussurvey{16], includedto testfor consistencyvith previousresults
andincreaseur learningdatasetfFor these?1imageswefound astrongcorrelationbetween
the2 evaluationgr? = 0.89, -value < 0.001TextD in S1File)andusedthis relationshipto
correctthescore®of the 157imagegreviouslyevaluated16] and pool the 2 datasetsT his
resultedin acombineddatasebf 481limageswith empiricallyevaluatedhesthetiscoresang-
ing from 1,085t0 1,910whichwasusedasthelearningdatasetor aCNN (Fig 1A).

Predicting the aestheticvalueswith the CNN

Wetraineda CNN to estimatethe aesthetivalueof newfishimagesand eventuallypredict
valuedor theremaining4,400magesn our collection(Fig 1A). We useda ResNet5@nodel
pretrainedon ImageNe{32], apopularCNN usedfor imageclassificationWe replacedhe
lastclassificatiorayerby aregressiorayer,andperformeda5-fold cross-validatioro fine-
tunethis layerandthe lastconvolutionalblock (seeVethodsand TextEin S1File). Ther? of
thelinearregressiorbetweerthe valuegredictedby the CNN andthe evaluatedvaluedrom
thevalidationset(averageaverthe5 foldsof the cross-validationjvas0.79 SDO0.04(Fig
1B).Applyingthetrainedmodelto the 4,400unevaluatedishimagesthe predictedvaluegan-
gedfrom 1,153to 1,980(Fig 1Band 1C).Theremaininganalysesf our studywerebasedn
thevaluef 4,88limagesthe 481evaluatediuring the online surveysandthe 4,400with pre-
dictionsfrom the CNN. We usedseveraimageger specieso accountfor intraspecificmor-
phologicaldifferencesand usedthe highestpredictedvaluefor eachspecie§S2Data),thereby
assuminghat humanstendto focuson the mostattractiverepresentatiorof aspeciegsee
Discussion).

Determinants of aestheticvalue

For eachof the 4,88limagesn our collection,weextractedl 7imagefeaturegpotentially
linked to the aesthetivalue regroupednto 4 classega) the color heterogeneity(b) the
geometryof color patternsjc) the perceptualightnessand saturation;and (d) the shapeof the
fishoutline (seeMethodsand TextA in S1File).After eliminatingnonsignificantfeatures
usingabackwardselectiorprocedureweendedup with 9 featureghat explainedasubstantial
amountof variationin aesthetiovaluewith alinearmodel(r? = 0.64, -value < 0.001Fig 2A,
TextFin S1File). Themostsignificantfeaturesverecolor heterogeneitygolor saturation,and
elongatednegseerig 2A; TextA, F,andFigD in S1File). Theprojectionof fish aesthetival-
ueson the 2 first axesof the principal componentanalysi{PCA) performedon the selected
featureqFig 2B) confirmsthat fisheswith the highestaesthetivaluesarethosewith high color
heterogeneityandsaturationaswell asmore circularbodyshapeglow elongatednessfrishes
with ahigh standarddeviationin perceptualightnessand presenc®f severatepeategat-
ternsalsohavehigh aesthetizvaluesAt the oppositeof the gradient,drabfisheswith elongated
bodyshapeandno clearlydelineatectolor patternshavelow aesthetivalueqFig 2B).
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Fig 2. Imagefeaturesanalysis.(a) Regressiogoefficiens (with standarderrors)from the final modelbetweerthe aesthetizalueandthe 9
significantimagefeaturegseeTextA in S1Filefor acomplde descripton of theimagefeatures)Thevariable havebeenscaledo visualize
howthe magnituce of the effectdiffersbetweerthem.Mostimportant variaeswere:color heterogenéy, color saturation standard
deviationin lightnesgSDlightnes), patternrepetition,andbodyelongaedness(b) Principal Componen AnalysisS(PClandPC2)
performedwith the 9 significantimagegeatureqseerig 2A, TextA, Fin S1Filefor adescripton of theimagefeatures)Points(fishes)are
coloredby their aesthetivaluesandimagefeaturevectorsareprojectedon the 2 axesExample®f fishegchoseron the perimeterof the
distribution) areprovidedfor illustration. Clockwiseorder: ", , # "

., $% , , , , & "

1

SeeS1Datafor imagecopyright. Dataand coderequiredto generatehis Figurecanbefoundin https://github.
com/nmoucuet/RLS_AEBHE.

https://doi.0g/10.1371Hurnal.pbio.301640.9g002

Phylogeneticsignalin aestheticvalue

Wethenexploredthelink betweerfish aesthetizvalueand evolutionaryhistory[33+£35].The
meanage(over 100trees)of speciesangedfrom 0.41to 165.53Vly. We found thatthe youn-
gestspeciehavethe highestaesthetivalue(Fig 3A) andasignificantnegativerelationship
betweerthe aesthetivalueandthe meanEvolutionaryDistinctivenesgFigN in S1File):spe-
cieswith long,isolatedoranchesn the phylogenetidreetendto haveloweraesthetizvalue
thanlessphylogeneticallysolatedspeciesTheseresultsidentify membersof the mostrecently
diversifiedfamiliesasaesthetitotspotsin thetree(Fig 4, TextG andFig O in S1File).For

examplethefamilies and , respectivelyhavea meanaesthetic
valueof 1,719 SD176( =42speciesand1,590 SD150( =67),whereashe oldestfami-
lies and haverespectiveneanaesthetivaluesf 1,228 SD54,

( =18)and1,278 SD86( =49).Pagel's estimatedbn the entiretreeconfirmsthis strong
phylogenetisignal( =0.74 SDO0.01,-value < 0.001)At afiner phylogenetiaesolution,
wealsofound significantphylogenetisignalawvithin 9 families: , , !

, , , , , and !
( 0.50,-values< 0.05,TextG andTableBin S1File),indicatingthatthe
clusteringof aestheticvaluealsooperatest the genudevelwithin somefamilies.
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Fig 3. Phylogenetic history and ecologicaloriginality. (a) Relationgip betweerthe aesthetizvalueandthe ageof the species
(logtransfomed)in millions of yeargaverageaver100trees)without (plain line) andafter(dashedine) accountingor
phylogenet relatedhessBothmodelsshowsignificantnegativeslopegconsidemg phylogereticrelatednesslope= 78.4,
-value < 0.001not considerirg phylogeneti relatednesslope= 14.1 SD1.7, -value < 0.005pverthe 100random
trees)(b) Relationstp betweerthe aesthetivalueandthe functionaldistinctivenessof speciesvithout (plain line) andafter
(dashedine) accountng for phylogenet relatechessBoth modelsshowsignificantnegativeslopegconsideing

phylogenet relatedhessslope= 1,154.2, -value < 0.001not considerirg phylogenet relatednesslope= 383.3 SD
26.5, -value < 0.001pverthe 100randomtrees) On both panelsspeciesEvolutionary Distinctivenesgaveragdover100
treesandlogtransformel) havebeenusedto colorthe pointsfrom low (dark red)to high (dark blue)valuesDataandcode
requiredto generatehis Figurecanbefound in https://github.com/mouquet/RLSAESTHE.

https://doiorg/10.1371furnal.pbio.801640.g003

Aestheticsvalueacrossecologicaltrait space

To characterizecologicabriginality of fish specieghereaftercalledfunctionaldistinc-
tiveness)we useds ecologicatraits that describebodysize diet, behavior and habitatuse
[37]. We computedGower'spairwisedistancedpetweerspecieso estimatetheir functional
distinctivenes$38], andfound thatthe mostuniquespeciesyith respecto their trait combi-
nation, haveloweraestheticzalueghan more ecologicallyedundantspeciegFig 3B).A closer
look atthedistribution of aesthetivalueswithin eachtrait category(TextH andFigPin S1
File) showsgthat mostattractivefishesareassociateith hard substrategasopposedo sandy
patcheswithin or alongthe edgef the reef),aredemersa(hoverabovebut nearthe bottom),
activeduring the day,feedon coralsor by excavatinghe reefsurfacepf intermediatebody
size andpreferwarmerwaters Theleastattractivefishesendto bepelagicnocturnal,eat
otherfishesor plankton,haveeithersmallor largebodysize and prefercoolerwaters.

Conservationstatusand aestheticvalue

We categorizedish IUCN statusinto 3 groups:190speciesn our datasetreThreatened TH:
Critically EndangerediEndangeredor Vulnerable),1,602speciesrelLeastConcern(LC: Least
Concernor NearThreatened)and556areNot EvaluatedNE). We found significantdiffer-
encedetweerthe meanaesthetivalueof speciein these3 groups(1-wayANOVA, -
value< 0.001)Tukey'sposthoctestsshowthat Threatenedisheshavethe lowestaesthetic
valueson averageand LeastConcernfishesthe highest(Fig 5A), althoughvariability within
thesegroupswashigh. Further,wegroupedthe LeastConcernand Threatenedishesinto an
Evaluatectategoryandfound that theyhadahighermeanaestheticvaluethanthe Not Evalu-
atedcategory(1-wayANOVA, -value < 0.001).

We alsocomparedspeciesestheticvaluewith their importanceto fisheriesAccordingto
FishBaseh940f our speciesireclassifiecas®Non commercial,83as®Subsistencésheries,®
368as?Commercial,’and43as?Highly commercial.°Theremainingl,32%peciesre?Data
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Fig 4. Aesthetic valuesacrossthe tree of life. Phylogenet treeof the 2,41 7ishes Aesthetiovaluesaremappedoverthe entire phylogery
with acolor gradientobtainedby estimaing statestinternalnodeswith maximum likelihood [36]. For illustration, wehavehighlighted 20
familieswith contrastedaesthetivaluesusinggrayarcsand showexample®f fishesfor eachfamily. Clockwis order:

: , , , , o

.
, , % , , ,

v) , , , , , .
, " " , &&, . SeeS1Datafor imagecopyright.Data
andcoderequiredto generatehe phylogeretictreecanbefoundin https://github.com/nmowguet/RLSAESTHE.

https://doi.0g/10.1371§urnal.pbio.301640.9g004

deficient.?One-wayANOVA ( -values< 0.001)and Tukey'sposthoctests(all -

values< 0.002)showedhat speciegor whichno datais availablespecie®f no fisheryinterest,
andspeciegmportant for subsistencéisherieshavesimilar aesthetivalue . Thedifferences
betweerthe meanaesthetizvalueof the other categoriesirestatisticallysignificant,with the
Highly commercialspecie$iavingthe loweraesthetivalueqFig 5B).

Discussion

Our studyprovidesaglobalpicture of variationin aesthetivalue animportant but under-
studiedfacetof biodiversity,of reeffisheslt revealsomepredictabledifferenceamongspe-
ciesandpotentialmismatchesvith conservatiorpriorities. The aesthetizvaluef reeffishes
arehighly heterogeneousyith the mostbeautifulfishesbeingtightly packednto smallregions
of boththe phylogenetidreeandthe ecologicatrait spaceof the world'sreeffish fauna.ln
contrastthemostecologicallyand evolutionarydistinct speciesndthoserecognizedhs
threatenedendto beconsideredessattractive.

Thesetof 481limagesevaluatedhroughour online surveyallowedusto train adeeplearn-
ing algorithmto predictthe aestheticvalueof 4,400fish imageswithout havingto arbitrarily
predefineanyvisualfeaturesThe predictivepowerof our algorithm (r? = 0.79)washigh
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Fig 5. Fishaestheticvalueand conservaion status. (a) Violin plot of the aesthetivalueof reeffishesfor three
groupsof conservatin statusTH, NE,andLC. Lettersindicatesignificart differencebetweerthe groups(Tukey -
valuesarerespectively < 0.01betweerTH andNE, < 0.00lbetweerLCandTH, and < 0.00lbetweerlL.Cand
NE). (b) Violin plot of the aesthetizalueof reeffishesfor the 5 groupsof fisheryimportance 2Datadeficient’= no
dataavailable2Non commerciat = no interestfor fisheriesor potentialinterestor minor interest2Subsistence
fisheries®= importancefor subsistencésheries?®Commerdal® = commerciaimportancefor fisheries2Highly
commerdal® = high commerdal importancefor fisheriesLettersindicatesignificantdifferencesbetweerthe groups
(all Tukey -valuesare< 0.002) Dataandcoderequiredto generatéhis Figurecanbefoundin https://gthub.com/
nmouque/RLS_AESTHE.LC, LeastConcern;NE, Not Evaluaed; TH, Threatened.

https://cbi.org/10.1371djurnal.pbic3001640.g005
despiteherelativelysmallsizeof our learningdatasetindthe cross-validationThisis largely

dueto thetransferlearningprocedurethattakesadvantagef pretrainedCNNsandwhere
only the weightsof the lastfewlayersneededo bespecificalljtunedto the newtask.The high
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predictivepowercanalsowithout doubtbeexplainedby our imagepreprocessingncluding
backgroundremoval,andpositionandsizestandardizationThis preprocessingequireda
considerablemountof work but couldbeautomatedn thefuture by acomputerizedsegmen-
tation andalignmentof fisheq39], allowingfor abroaderuseof imagesand/or videosfrom
largercollectionsjncluding from theinternetor socialmedia.Our studyhighlightsmultiple
mechanismsby which recentadvancefn computerscienceandartificial intelligencecanbe
usedby ecologicaktudiesto improve samplesizesBeyondthe scopeof our study,our deep
learningalgorithm could beeasilyadaptedo fishesfrom otherecosystemsuchasthosefrom
riversandlakesandevento othertaxasuchasbirds,mammalsyeptiles,or amphibiansfor
whichmillions of imagesarenow availableonline. Our CNN could provideavaluabletool for
studyingtheseothertaxain 2 waysasa pretrainednetworkto fine-tunethroughtransfer
learningor without retrainingto investigatehe generalizatiorof humanaesthetigudgments
from oneanimaltaxonto others.

Aswedid not needto predefineanyvisualfeaturedor the automationof imagescoring,we
couldthenusepost-analysisfimagefeaturedo characterizéhe visualcomponentsontribut-
ing mostto the aesthetivalueof reeffishesOur linearmodelcombining 9 featuregpotentially
linked to aesthetivalue(seeTextA andFin S1File)explainedasubstantiahmountof the
variationin aesthetivalue(r? = 0.64,Fig 2A). Thefeatureshat explainedhe highestaesthetic
valuesvereheterogeneityn color andlightnesssaturationof colors the presencef well
delineatecandrepeategatterns andthecircularity (versusslongatednessjf the body shape.
Theseesultscanbeinterpretedthroughthelensof neuro-aestheticsyhich relatesaesthetic
propertiesto the activationof dopamineneurotransmittersystemsvithin the humanbrain
[40], andto the processindluencytheory,which hypothesizethat aesthetivalueis deter-
mined by the dynamicsof information processingn the brain, andthat stimuli thatareeasyto
processarejudgedbeautiful[41]. For examplecomponentghat caneasilybe separatedrom
thebackgroundpr visualfeatureghat canobviouslybegroupedinto recognizabl®bjects,
bothtriggerpleasureandtendto bejudgedbeautiful[42]. Someof the featureexplainingaes-
theticvaluein reeffishescould similarly beexplainedby fluency.For examplehigh color het-
erogeneityandwell-delineategbatchef contrastedightnessasobservedn angelfishes
( ) andbutterflyfisheg ), increasdluencyby facilitatingdetec-
tion andrecognizability43]. The elevatedesthetivalueof fisheswith circularbodyshape
echoesgenerapreferencenf humansfor objectswith curvedoutlines[44,45],which canalso
beexplainedby fluencygiventhat curvedlinesaremore predictableandthusmore easily
encodedyy the visualsystenthanangularlines[41]. Overall,our analysisuggestthat pre-
dictablevisualfeaturesexplainhumanpreferencefor fishesgcreatingastrongbottleneckin
thediversityof specieshat arelikely to beconsideredasbeautifulby the generapublic.

This aesthetidbiastoward particularcolorandmorphologicaffeaturedeadso strongclus-
tering of aesthetivalueacrosghe Treeof Life andecologicatrait spaceSomefamiliesshow
overallhigh aesthetiwvalue suchasbutterflyfisheg ), while someothersshow
overalllow aesthetivalue suchasjacksand pompanog ). This strongphyloge-
neticsignalis probablyexplainedoy the relativelyhigh ecologicahicheconservatisnwithin
fishfamilies.For examplemost arefound amongliving coralsandmost !

live in openwateror abovethereef.Theecologicahicheplaysaprominentrolein
determiningcolor patternsthroughits effecton socialbehavior feedingactivities and most
notablycamouflagg46]. We thussuggesthatlow trophic levelspeciediving on rocksand
coralhavehigheraesthetizvalueghanhighertrophic levelspeciessuchaspiscivoreshbecause
of their needto blendin with more color-rich habitats(to our trichromatic color visionand
underwhite light) for camouflageurposeg47]. Theseaock andcoralhabitatsarealsovisually
complexbeinghighly fractal[48]. By adaptingtheir visualpatternsto thesestructured
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habitats coralreeffisheswvould thus@benefit®from apreferenceéiasthat wehumanshavefor
fractalpatterng[49]. On the otherhand,pelagidishesthat haveto hidewithin apoorly con-
trastedandhomogeneoubfabitatwould beconsideredessattractive[50].

Theecologicahichecouldalsoinfluenceour perceptionof fish beautythroughits effecton
locomotion.Most pelagidishesaregoodswimmerswith afusiform bodyshapehatreduces
frictional forces put alsoincreaseshe angularityof bodyoutline, which appeargo beassoci-
atedwith reducedaesthetivalue.Converselysomedemersakpecieshatrely on pectoralfins
to swim[51] haveacircularbodyshapeassociatewith higheraesthetizvalue We alsofound
thatyoungerspeciegin evolutionaryhistory) and morediversifiedcladeshowhigheraes-
theticvalue(Fig 3A), which couldbeexplainedy therelatively?recentdiversificationof par-
ticular familiesassociatedith the exploitationof coralreefniches For exampleamongthe
familieswith high aesthetizvaluesthe angelfisheg ) appearedluring the
Eocenewith all generan placeby the mid-Miocene[52]. Likewise the butterflyfisheq !

) movedto coralreefsin the Miocene with subsequentladogenesig3], the origin
of thetriggerfisheg ) isdatedto lateMiocene[54], andthe boxfisheg )
appearedluring the Plioceng55].

Togethertheseresultshighlighthow our aesthetigudgment,whichis linked to the ability
of the humanbrain to proceswisualinformation, could generatestrongbiasin our emotional
engagemenwith reeffishesThis biasof perceptionwassuggestetly a previousstudyper-
formedon 116coralreeffisheswhich found that the leastattractivefisheshaveahigherfunc-
tional richnesghanthe mostattractiveones[16]. Our studyextendsheseresultsto 2,41 7reef
fish specieand showghat the distribution of aesthetivalueds stronglyskewedalongboth
ecologicahndevolutionarydimensionsThefactthathumanvisualaesthetipreferenceare
predictableand narrowerthanthe diversityof reeffish life formsis not surprisingin itself,but
hasimportantimplicationsasour emotionalperceptionof natureis one of the major drivers
of our interestin it. Theaesthetibdiascouldinfluencedecisionsn reeffish researctandcon-
servationFor exampleBellwoodand colleaguefl 8] havepreviouslyshownthat scientific
publishediteratureis biasedowardsyellowfisheswhich, givenour results arelikely to be
amongthe mostattractiveones Likewisejn mammalsthe mostbeautifulspeciesresubject
to moreresearcteffortthanlessattractivespecie$l3]. Our studyextendgsheseresultsto reef
fish conservatioraswefound amismatchbetweerthe aesthetizvalueof reeffish speciesnd
their conservatiorstatusLessattractivefishesarealsolesswell representedh assessmentsr
thelUCN RedList,andarethuspayingwhatcouldbeconsideredasaform of 2aesthetic-
relateddebt®in atime wherethe amountof effort devotedto conservations limited. This debt
isamajor concerngiventhat,asshownhere the mostthreatenedspeciegasevaluatedor the
IUCN RedList) arethosewith thelowestaesthetivalue(Fig 5A). We alsofound thattheless
attractivefishesarealsomoreatrisk of overexploitatiorby fisherieqFig 5B).Beyondspecies,
this debtcould haveconsequenceat the wholereefecosystentevel,aswefound thatthe less
attractivespeciefiavethe highestecologicadistinctivenessandthusprovidethe highest
diversityof ecologicafunctions.We thussuggesthat the elevatedxtinctionrisk of theless
attractivefish speciesnight alsohavedisproportionateand overlookedeffectson reefecosys-
temfunctioning.

Our approachhassomelimitations and considerationshat mayaffectthe accuracyof indi-
vidualvaluesincluding the useof maximumpredictedaestheticvaluedor eachspeciesnd
the pretreatmenbf imageshownto the humanrespondentsSomereeffishesshowextreme
polymorphismin color or bodyshapgfor examplemaleversu§emaleand adultsversuguve-
niles),but the high numberof speciegncludedin our studypreventedhe gatheringof an
exhaustivesollectionof all the existingmorphs.Becaus&eaimedat providing the mostgen-
eralizableesultsto theworld'sreeffisheswedeliberately}choseto maximizethe numberof
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speciesatherthanfinely characterizingntraspecificvariation.When severaimageswvereesti-
matedfor aspeciesyekeptonly the maximumaesthetiovalueto characterizehis species.
Thiswasmotivatedby our desireto accountfor apossibléthalo effect,’acognitivetendency
of peopleto generalizeéhe evaluationof the mostvalueditem to other, lessvalueditem of the
samecategony56]. Neverthelesgeproducingthe analysisisingaveragedsatherthan maxi-
mum, aestheticvaluedy specieyieldedsimilarresults(Textl in S1File). Wefurther acknowl-
edgethat backgroundcompositionin imagescouldalsobeimportant, asit hasheenshownto
influencethe perceptionof beautyin psychologicalestg57]. Yet,inclusionof the background
would havemadeit uncertainhow muchthevaluegelatedto thefish versughe background.
To maximizecomparability we alsoscaledall fishesto the samesize(500 500pixelsquares),
but if representegbroportionallyto realsize biggerspeciesnayhavehadan®aesthetic
bonus.°Peoplaendto preferbiggerindividuals,independentlyof their intrinsic aesthetic
value[58], asit hasbeenshownfor birds[59]. This sizeissuehasalsomotivatedour decision
to focusonly on ray-finnedfishesand excludebiggerfishessuchassharksfor whichthe size
aesthetibonusand charismaticnaturemakethemattractiveto people gventhoughtheir
bodyshapeand colorationwould suggesioweraesthetivalue Finally,weremovedthe Pleur-
onectiformeq14 speciesand Syngnathiforme$31 speciesjo helpstandardizeéhe morpholo-
giesof fisheswithin our datasetWithin the Syngnathiformesseahorsesiight beconsidered
ashighly attractive yetpossesdistinct functionaltraits;acombinationwhich would contra-
dict oneof our mainfindings. Theyrepresenthoweverpnly 14 speciein the RLSdatasebf
mostcommonreeffishesencounteredy surveydiversusedfor this analysisywhichwould not
likely changehe overalltrendsor tendenciesvereport.On the otherhand,the Pleuronecti-
formeswould bemorelikely to bescoredaslessattractive andhold original ecologicatraits; a
combinationwhichwould havereinforcedour results All thesdimitations mustbekeptin
mind wheninterpretingour results put we considerthemunlikely to affectthe generalityof
our study'sconclusiondor conservatiorand ecologyWe ratherseethemasfuture research
opportunitiesandbelievethat the extentof our study(2,417species)thelargetaxonomiccov-
eragg139familiesof reeffishes) andthe rangeof predictedaesthetivalue(Fig 1B) provide
solidgeneralityandrobustnesso our main findings.

We alsoanticipatedthat the resultsof our predictivemodelcould bebiasedoy respondents
individual factors giventhat aesthetipreferencesanvarywith age gender{60], socialgroup
[61], or culture[62]. Neverthelessyefound no sucheffectwhenanalyzinghe robustnessf
the matchoutcomegprobability for animageto win amatch)to geographior sociocultural
backgroundsHowever the absencef socioculturakffectsshouldbeinterpretedwith caution
becausef therelativelylimited diversityof socioculturabackgroundamongour respondents
andgeographicabiasesFor example62.4%of therespondentsvereFrench,84.9%hada
Bachelor'slegreeor ahigherdiploma,and52%hadsomeexperiencecubadiving (TextC in
S1File).Despitethesebiasespur resultshighlight somedegreeof universalityin the aesthetic
valuef fishesthat probablyoutweighsocioculturaldifferencesThis generalitymaybe
explaineday our protocolfor evaluatinghe aesthetivalue By presentingmagedy pairsand
askingpeopleto simplychoosaheimagetheyfound the mostbeautiful we oughtto forcepeo-
pleto makerapid choicesasen abottom-up, stimulus-drivenprocessingf visualinforma-
tion ratherthanacognitive-drivenevaluatiorbasecdn previousknowledgg63]. Althoughwe
believeour generakonclusionshouldhold, wewould presumablyhavefound differencesn
individual scoreshadwe comparedrespondentspanninga muchlargerbreadthof cultural,
social,or demographidackgroundspr askedjuestionghat would havetriggeredmore cog-
nitive processingAddressinghis would requireamore balancegool of respondentand
opensinterestingperspectivefor future researctin the frameworkproposedy @personalized
ecologyq64].
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Overall,our resultsshowthatanonmaterialfacetof NCP,aesthetizvalue mismatchesvith
the materialandregulatingNCP facetgrovidedby fishes This mismatchstrengthenshe case
for recognizingmultiple aspect®f NCP,but paradoxicallyit alsoimpliesthe potentialfor an
aesthetidriven debtif thelessattractivefishesaremore exploitedandreceivdessconserva-
tion/researclefforts.This shouldmotivatestrengthenedesearctleffortsin evaluatinghe aes-
theticvalueof biodiversitymore generallyandthe extentto which perceptuahndemotional
biasedranslateinto biasesn researchawarenessndconservationCapitalizingon the capac-
ity of artificial intelligenceto work on extensivelatasetsuture researctshouldalsobeableto
expandour aesthetivaluationat higherlevelsof biologicalorganization suchasassemblages
[65] andwholeecosystemsnvestigatinghe commonpatternsin aesthetivaluesacrosgaxa
suchasbirds,mammalsyeptiles,or amphibiansvould alsobean excitingresearctavenue,
andcouldserveto fuelresearctand conservatiorprograms Our studyfurther revealedahigh
consensuacrosarticipantsin the aesthetievaluationalthoughwe acknowledgéhis could
changehroughtime, educationandwith connectednes® nature[5,66](evenif not captured
in our studythroughaninfluenceof the socioculturabackgroundof participants) We do not
believehatidentified aesthetibiasewill alwaygurn into debts.Thefirst stepin minimizing
theimpactsof thesebiasegor conservatiorsucceswill bebettercommunicationto the public,
policy-makersgonservatiorNGOs,andresearchersn the links betweerthe nonmaterial
componentf nature'scontribution to people[1] (hereaesthetizvalue) the ecologyof species
andtherolestheyperformin ecosystemg].

Methods

Mostanalysesverecarriedout usingR".+.,.- (specificfunctionswithin specificpackageare
indicatedin italic). All relevantcodeand dataareavailablédrom the associateGitHub reposi-
tory (seesectiondDataand Codeavailability).

List of species

Fishesarethe mostdiverseclasof vertebratesyith morethan 30,00Gpeciesndahuge
diversityof shapessizesandcolors[67]. We soughtto samplethis diversityin anecologically
andsociallymeaningfulsubsetfocusingon reeffishesWe usedthe RLSdatabas¢?9] to iden-
tify asubsethat couldberepresentativef thosespeciedikely to bedirectlyencounterecand
seenby peopleput still spanningall major ocearbasinsandreefareasThe RLSdatabasenly
includesrecordsfrom standardizedguantitativevisualsurveydy scubadiverson rocky and
coralreefhabitatsin shallomwvaters(mostly0to 20m depth).It isthelargestsingle-method
datasetvailabldor reeffishes(134,75%bundanceecordsfrom 1,879%itesrepresenting
2,397speciesand hasanassociatettait databas§37]. We decidecdto focusonly on ray-
finnedfisheg ), andexcludedrom this cladethe orders (14
speciesand (31 species)o removethe veryunusualmorphologieghat
would havebeenharderto presentin the standardizedjuestionnaireandto characterizéur-
therin our imagefeaturesanalysigseebelow).As oneof our fociwason IUCN statuswesup-
plementedheremaining2,280RLSfish speciedist with 137reef-associatespeciegdentified
from FishBas¢hat areclassifiecasthreatened_critically endangeredendangeredyulnerable),
but not observedn the RLSdatabasesothat our final list coveredmostof the threatened
fishedistedon the IUCN red ist thatarealsoconsideredreef-associatedaccordingto Fish-
Base)We endedup with alist of 2,41 7reeffish speciedelongingto 139families(S2Data).
Taxonomicnameswverecheckedusingthe World Registeof Marine Specieslatabase
WoRMSJ[68,69].
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Photographicmaterial

Imageswerecollectedon theinternet,focusingfirst on particularsourcesonsideredasreli-
ablefor speciesdentity. Most of the material(3,198mages)vascollectedrom RLS*ReefSpe-
ciesof the World® webpageghttps://reeflifesurve.com/species/search.phfjshBase
(https://www.fishbase.seBOL (https://eol.org) and Fisheof Australia(https://
fishesofaustralia.net.aul)e alsocollectednaterialfrom Googlelmageq1,683magessee
TextBin S1Fileand S4Data),but only whenthe speciesouldbeunambiguouslydentified.
Whenavailableseveraimageswerecollectedor speciesvith color polymorphism,or with
morphologicaldifferencedetweermmalesandfemalespr betweeradultsandjuvenilesThe
final datasetncluded4,88limagesNotethatfor 8 speciesvecould not find imagesandwe
removedthemfrom our analysigseeS2Data).For eachimage weremovedthe naturalback-
groundusingClipping Magic(https:/fr.clippingmayic.com/)andstandardizedhe position of
thefishwith photoshopCorrectionof color saturation(in the blueandthe greenessentially)
andluminosity wasalsoperformedwhenneededisingPhotoshopFinalimagesepresenta
singleindividual, horizontallyaligned(mouth on theleft, tail on theright), anddisplayed
againstwhite background All imageswvereresizedo 500 500pixelsat 96dpi (Fig 1A).

Direct evaluationof fish aestheticvalues

Ouir first objectivewasto build the learningdatasefor our deeplearningalgorithm.Thatis, a
datasebfimagedhatarerepresentativef therangein differentvisualfeaturefound among
the4,88limagesf our wholecollection,andfor which individual aesthetiovaluesvould be
evaluatedy the public. To ensurethe robustnes®f the method,the surveyeghotographic
materialmustberepresentativef thetaxaconsiderecand evaluatedy a sufficientlylarge
panelof humanswith contrastedsocioculturabackgroundwhich canbeachievedy using
online surveyg14,16].

Our learningdatasetvasobtainedfrom combiningresultsfrom apreviousstudywherewe
empiricallyevaluatedhe aestheticvaluesof 157imagesf reeffish specie$l 6] andanew
online evaluationof 324imagesThe 324imagesveresubsampledrom our 4,88limage<col-
lectionto maximizevariationwithin visualfeaturesFor doing so,weperformeda PCAof the
visualfeaturesneasuredn all of the 4,88limageqseebelowand TextA andBin S1File).
The5first dimensionsof the PCA (representing’ 7%of the total explainedvariance)were
usedto constructaconvexs dimensionalvolume.The 162imagesverethenrandomlydrawn
nearthe verticesof this volume,andthe other 162imagesvererandomlydrawnwithin the
remainingvolume.We added21further imagedrom the 157imagegreviouslyevaluated16]
sothatwecouldquantifyanydifferencedbetweerthe 2 surveygseebelow)and mergethe 2
datasetsTherobustnes®f our procedurecanbevisualizedn Fig Ein S1File (seealsoTextB
in S1File),which showsghehigh overlapbetweerthe 2 ellipseqon thefirst 2 axesofthe PCA)
representinghe 99%confidencentervalsof both the 345selectedmagesandthe whole
imageset(seeFigEin S1File).

Thepublic online surveyincluded? sections(a) the aesthetiquestionnairdtselfduring
which eachparticipant(hereaftercalled®respondent®hadto chooseheimagetheyfound the
mostbeautifulfor 30 pairs(hereaftercalled®matches®yandomly sampledwithout replace-
mentamongthe 345imagesand (b) aquestionnairgTextC in S1File)to gatherinformation
on the socioculturabackgroundof respondentggenderage educationexperiencavith div-
ing andspearfishingfishkeepingplaceof living, distancefrom the seagxposureo natural
spaceandknowledgeaboutcoralreeffishes).The surveywasanonymousandavailablen
Frenchand Englishto the public on adedicatedvebsitg(https://www.biodful.org/) between
Februaryand June2019.Thewebsitecontainedanintroduction that statedthe objectiveof the
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researctandan ethicalstatemento guarante@anonymityto therespondentgseelextCin S1
File). The surveywasdistributedthroughmassiveemailingto authors'contactsyariousmail-
ing listsin Franceandabroad(scientificsocietiesyniversitiesaquariumsNGOs,etc.)and
socialmedia(Facebooland Twitter) askingthe respondentso sharethe surveyto their fami-
liesandfriends.Theanswer®f 13,000espondentsvithout color perceptionissuesvere
pooledandwecomputedthe aesthetivaluesof the 345imageswith the Elo algorithm[30]
usingthe "-..1.0 Rpackagg70]with 1,000b00tstrapinggTextD in S1File).

Finally,wecomputedliinearregressiorbetweerthe aesthetivaluesof the 21imagesom-
mon to the previous[16] andthe newonline surveysandusedthe interceptand slopeof this
regressiono mergethe 2 dataset§TextD in S1File). Thefinal setusedto train the deeplearn-
ing algorithmthusincluded48limageswith continuousaesthetivalues.

Predictive model of fish aestheticvalues

To predictthe aesthetivalueof the wholesetof imagesof our collection,weusedadeeplearn-
ing algorithmtrainedwith the 481evaluatedmagesDeeplearningalgorithmsaremostpopu-
lar for their applicationto identificationor classificatiortasks put theyarealsosuitedfor
predictingcontinuousvariableg71]. For computervisiontaskdike theregressiorbetween
theinformation of animageanda continuousvariable CNNsareconsideredo performbest
[71]. We appliedatransferlearningprocedureby fine-tuning aResNemodel,oneof the most
populararchitecturesn artificial intelligence[72], pretrainedon ImageNe{32]. Preliminary
testsshowedhatthe commonlyusedimagesizeof 224 224pixelsprovidedthe bestresults
(TextEin S1File).

Wetested? differentarchitecturesResNet1&nd ResNet50yhich differ by the numberof
layersandthusthe numberof learnableparametersAfter the hyperparameteconfiguration
wasoptimizedfor both architecturesResNets5@erformedbestandwasthusretainedasthe
predictivemodel.We performed5-foldscross-validatiorsuchthatthelearningdatasetf 481
imagesvasdividedinto 5 partsof similar sizewith all theimagesf agivenspeciesn the same
part. ResNet5@vasthustrainedon 4 parts(training set)and evaluatean thefifth one(evalua-
tion set) repeatinghe procedureb times(eachtime changingthe evaluationset).To limit the
risk of overfitting, thetraining setwasartificially augmentedat eachiteration by applyingran-
domrotation ( 5; 5degrees)We usedther2 of thelinearregressiorbetweerthe valuegpre-
dictedby the modelandthe evaluatedraluesof thelearningsetto estimatethe accuracyof the
model.Furtherdetailson the parameter®f the modelandthelearningprocedurecanbe
foundin TextEin S1File.Oncetheaccuracyfthe modelon the5foldsof the cross-validation
wassatisfyingwetrainedthe modelonelasttime on the 481limagesandusedthe weightsof
this modelto predictthe aesthetivalueof the remaining4,400unevaluatedmagesDataaug-
mentation fine-tuning of the models andprediction of the aesthetizvaluesverecarriedout
usingPython3.7,Pytorchl.4.0andtorchvision0.5.0.

As somespeciesvith intraspecificmorphologicaldifferencesvererepresentedby several
imagesn our collection(seesectior®Photographianaterial®),wedecidedto characterizespe-
cieslevelaesthetiavith the highestaesthetivalueobtainedamongimagef the same
species.

Visual featuresanalysis

Thechoiceof the visualfeaturesanalyzedn the postpredictionanalysisvasbasedn literature
reviewof previousworkswhich studiedthe aesthetiwalueof biodiversity(TextA in S1File).
We choset differentclassesf features(a) the color heterogeneity(b) the geometryof color
patternsyc) the perceptualightnessandsaturation;and(d) the shapeof the fish bodyoutline.
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Theheterogeneityf colorsandthe geometryof color patternsweremeasuredfterusinga K-
meansclusteringalgorithmto separateolorsin the CIELAB color spaceThelightnessthat
is, how closeto white (high values)r black(low valuesky coloris,and color saturationwere
measuredisingthe HSV color spaceFeatureslescribingthe fish shapenverecomputedusing
morphometricanalysigelyingon elliptical Fouriertransformation Altogether,we obtained
17differentvisualfeaturegseeTextA in S1Filefor acompletedescription).We estimatedhe
individual contribution of eachvisualfeatureto the aesthetivalueobtainedfor the 4,881
imageausingamultiple regressiorapproach(seesectionStatisticahnalysis)A PCAwasper-
formedwith thescaledselectedeaturey . functioninthe  ".1.231, R package)and
theimagecoordinategcoloredby their aestheticvalues)vereprojectedon thefirst 2 axesof
the PCA.

Evolutionary history

We extractedhetaxonomyof the 2,41 7specie$rom the WoRMSdatabaseiathe &
"-111./1 Rpackagg73]. Wethenusedthe "-.+.. Rpackagg¢33,74]to computethe
phylogenetidree.Thistreeincludesgraftedspeciegor whichthe genetidnformation is not
directlyavailablebut which areknown from otherpublishedphylogenie®r inferredfrom tax-
onomic positions.Hence morethan onebranchdescendérom asinglenodein somepartsof
thetree,whereas phylogenetidreeshouldhavedichotomousdivisionsfrom commonances-
tors. To bypasshesepolytomies 100realizationf a stochastigolytomyresolvemplacing
missingspeciatioreventswvereused[75]. We extractedhe ageof the speciessthelengthof
thebranchegrom thefirst nodeof thetreeto the speciedeaf We testedfor aphylogenetisig-
nal of the aesthetivalueswith Pagel's coefficienf35] (seesectionStatisticahnalysis).
Finally,wecomputedthe EvolutionaryDistinctivenesgED; which reflectsthe phylogenetic
isolationof agivenspecie$34] of eachspeciesisingthe function " . from the
"1.4.1R packagg76]. EDis highwhenthe speciess phylogeneticallysolatedthatis, it hasa
longunsharedbranchin the phylogenetidree.The 3indices,speciesge Pagel's, andED
werecomputedon the 100randomlyresolvedreesandaveraged.

Ecologicaltraits

We usedthe RLStrait databas§37] that coversbodysize(maximumlength),feedingecology
(trophic group,trophic breadth) behavior(watercolumnposition,diel activity pattern),and
habitatuse(preferredtemperaturehabitatcomplexity).SeeTextH in S1Filefor details A
total of 129speciefiad morethan 50%missingtrait valuesyhile 107speciefiadlesshan
50%missingtraits,andweusedthe R package "1.0[77]to imputethem (TextH in
S1File)to completeall ecologicatraits for 2,288specie$94.7%of the dataset)To characterize
speciegcologicabriginality, wecomputedfunctionaldistinctivenes¢ ), which measureshe
averagdunctionaldistanceof afocalspecieso the otherspecie$38]. Wefirst computeda
matrix of Gowerdistance®f normalizedspeciegcologicatraits usingthefunction .%
ofthe 0 "1.231+Rpackagg/8]andthenusedthe "1.0.1R packagg79] to compute
functionaldistinctivenessAestheticvaluesverealsocomparedamongcategorie®r alongval-
uesof ecologicatontinuoustraits (TextH in S1File).

Conservationstatusand importance for fisheries

Weusedthe "+.1.1R packagg80] to obtainthe updatedlUCN statusof the 2,417
fisheqd81] andtheir importancefor fisheriesTo simplify interpretation,wegroupedspecies
into 3 categoriesccordingto their IUCN status®Threatened{TH) refersto Critically Endan-
gered EndangeredandVulnerablespecies’LeastConcern®(LC) refersto LeastConcernand
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NearThreatenedspeciesnd®Not Evaluated{NE) refersto Not EvaluatedpeciesThe 69
speciefiad DataDeficientstatusand wereremovedfrom the analysisWe alsogroupedspe-
ciesinto 5 categoriesiccordingto their importancefor fisheries2Highly commercial,®Com-
mercial,®2Subsistencésheries,2Non commercial,’and@Datadeficient.°The2Non
commercial°categoryrefersto speciesndicatedas®Minor commercial,20f no interest,%r
a0f potentialinterest.°

Statisticalanalysis

To testfor therobustnes®f the matchesbutcome(probability for animageto win or nota
match)to socioculturabackgroundwecomputedageneralizedinear mixedmodel(GLMM)
with abinomial error structure(usingthe functionfromthe 0 " 1.13., Rpackagejn
whichtheimagewasconsideredasarandomeffectvariableto orderthe socioculturalvariables
accordingto their individual effecton the responsevariable(seealsoTextC in S1File).

To estimateheindividual contribution of eachvisualfeatureto the aesthetivalueobtained
for the 4,881limageswe usedamultiple regressiorapproach(seeTextF in S1Filefor acom-
pletedescription).We first computeda correlationmatrix betweerall featurequsingPearson
correlationcoefficients)when?2 or morefeaturesverecorrelatedthresholdr < 0.7),wekept
only thefeaturewith the highestcorrelationwith the aesthetivalue We then createdcalinear
model(with Gaussiamesponsegxplainingaesthetivaluesvhereeachfeaturewasorderedin
themodelaccordingto its independentontribution to thetotal variationin the responsevari-
able We eliminatednon-significanttermsusinga backwardselectiorprocedureto derivea
minimal adequatenodelandusedthe coefficientgscaledpf thefinal modelto measurehe
contribution of eachselectedeatureto the aesthetivalue.

To testfor aphylogeneticsignalof the aesthetivaluesyweusedPagel's coefficienf35].
Pagel's characterizetherelationbetweerthe similarity of agiventrait (herethe aesthetic
value)andthe phylogenetiadistancebetweerspeciedt representshe possibilityto recon-
structthetreewith the studiedtrait only. A null leadsto asinglepolytomyfor the basahode
while avalueof 1 givesthe exactiree.A -value is computedby randomizingthe datain order
to identify the familiesfor which aninner signalis detected82]. This analysisvasundertaken
ontheentiretreeandonly for thefamiliesfor whichwehadmorethan5 speciesn our dataset.
Weusedthe function of the " 1.-31R package.

To testtherelationshipbetweeraesthetivalueswith both the ageof the speciegin millions
of yearsjandthe functionaldistinctivenessyeusedboth linear modelsandlinear models

accountingfor phylogenetigelatednesasingthe function of the ... R
packageverthedistribution of 100resolvedhylogenetidrees(the 100 -valueswerecom-
binedusingthe . function of the " +.- Rpackage).

To compareaesthetivaluesespectivelycrosghe 3IUCN categoriesndthefisheries
importancecategoriesye performeda 1-wayANOVA and Tukeymultiple pairwisecompari-
sonsusingthe " and5 % functionsof thebase-attached R package.

Data and materialsavailability

Most of the datausedin this paperarefreelyavailableand downloadabldrom the web.Data
on IUCN threatstatusareavailablén the[UCN RedList databasénttps://www.iucnredlist.
org/). RLSdatafor speciedistsand sometrait information areavailablehroughanonline por-
tal accessibléhrough (http://www.reeflifesuvey.com)with additionaltrait dataavailableon
requesby usingthe contactform. For eachspeciesyeprovideaesthetivaluegredictedin
the presentstudy(S3Data)andweblinks to original photographiamaterial(S4Data).Images
freeof copyrightcanbe providedon requestOther datasetsisedin this study(extraction
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from the online surveyandimagedeaturesanalysispndall codeusedfor the analysisandfig-
uresareavailablédrom the GitHub Repositoryhttps://github.com/nmouget/RLS _AESTHE.

Supporting information

S1File. Supporting information methodsand analysiswith associatediguresandtables.
TextA. ImagefeaturesanalysisTextB.Imagesamplingstrategy TextC. Socioculturaback-
ground.TextD. EloscoresTextE.Deeplearningalgorithm. TextF. Relationshipbetweerfea-
turesandaesthetivaluesTextG. Phylogeneti@nalysisTextH. Ecologicatraits. Textl.
Meanaesthetivalue Fig A. Representatioof the three-dimensionaCIELABspaceFig B.
Clusteranalysigperformedfor . FigC.HSV colorspaceFigD. lllustration
of theanalysided with the Momocspackagek-ig E. Projectionof the 4,88limagef our col-
lectionon the 2 first axesof the PCA on theimagesfeaturesFig F. Questionnaireon the socio-
culturalbackgroundof thejudgesFig G. Numberof judgesper country. Themapwas
obtainedfrom rworldmapv1.3.6R packagewhich usedNatural Earthasbasdayer(https://
www.naturalearthdata.com/dovaads/10m-physical-vectorsfigH. Summaryof sociocul-
tural backgroundof the 13,00qudgesFig|l. Variation of the Elo scoref theimagesas
matchesaccumulateFigJ.Linearregressiorbetweerthe Elo scoredor the21imagesn com-
mon betweerthe 2 surveysFigK. Effectof the sizeof theinput imageson the performancesf
themodel.FigL. Architectureof ResNet5@nodified to predictthe aesthetizvaluesFig M.
Relationshipbetweerthe EvolutionaryDistinctivenes®f speciegin MY) andtheir aesthetic
value Fig N. Meanaesthetivaluesf familieswith morethan 10speciepresentedn decreas-
ing order.Fig O. Comparisonbetweerthe aesthetivalueof thefish speciesindtheir ecologi-
caltraits. Fig P.Numberof imageger speciesrig Q. Relationshigbetweerthe aesthetic
valuesomputedusingthe maximumandthe meanvaluesFig R. Phylogenetidistory and
ecologicabriginality with meanaesthetivaluesFig S.Conservatiorstatuswith meanaes-
theticvaluesTableA. Analysisof deviancen the generalizedinear mixedmodel.TableB.
Pagel's . TableC. List of the ecologicatraits usedwith their natureand modalities TableD.
valuesf the Tukey'stests.
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