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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 componentsof nature'scon-
tribution to people(NCP)[1,2].Amongthese,aestheticvalue(or lessformallycalledªbeautyº)
isoneof themostdirectemotionallinks humanscanexperiencewith nature[3,4] andcan
occurthroughdirect(first-handexperience)but alsoindirect mechanisms(for example,social
media,television).It thereforeengagesabroadercross-sectionof thehumanpopulationthan
mostotherNCP,but remainsrelativelypoorlystudied.Theimplicationsof aestheticvaluefor
biodiversityconservationarelikely to besubstantial[5]. This lackof scientificattentionis
probably,at leastin part,associatedwith adifficulty in definingaestheticvalue[6], andan
associateddifficulty in consistentlyandquantitativelymeasuringtheaestheticvalueof biodi-
versity[5,7].While alsoapplicableto communitiesandecosystems,theaestheticvalueof indi-
vidualspeciesis thesimplestandmostintuitive unit of measurementfor understandingthis
form of connectionbetweenhumansandnature.Measuringspecies'aestheticvaluethus
remainsanimportant stepin betterunderstandingandpredictingthewillingnessandmotiva-
tion of societiesto protectspecies,andthereasonsbehindsuccessor failureof conservation
efforts[8,9].

Biasesin researchandconservationeffortshavebeendocumentedfor manytaxa.For
example,vertebratesarefar betterrepresentedthaninvertebratesamongarticlespublishedin
conservationjournals[10,11]andin biodiversitydatasets[12]. More thanhalfof thebillions
of occurrencesreportedin GlobalBiodiversityInformation Facility(GBIF)arefor birds,while
theyrepresentonly 1%of thetotalnumberof speciesin GBIF[12]. Thesebiasesareexplained
byhumanpreferencesfor particulartaxa[13±15],with aestheticvaluebeinganimportant
underlyingfactorin thesepreferences.Forexample,fishesandbirdsdisplayingbright colors
areconsideredmorebeautifulby thegeneralpublic [16,17]andaremorelikely to beidentified
andreportedin databasesof publicobservations.Suchbiasisnot limited to datacollectedby
thepublic;Bellwoodandcolleagues[18] foundevidencefor potentialsubconsciousbias
towardsyellowfishesin thepublishedliteratureon coralreefs.

Previousstudiesworking on aestheticvaluehaveusedeitherexpertknowledgeor public
surveysbasedon photographicdatasets[19]. Suchstudiesareresourceandtime intensive,and
thustheyhavebeenlimited to asmallnumberof species.Alternativeapproachestried to use
visualfeatures(that is,patternanalysis,colordistribution) in imagesknownto positivelyinflu-
enceaestheticvalue[20]. Thesemethodsarepromisingbut assumeprior knowledgeon which
features,amongamyriad,contributeto theaestheticvalueandon their relativeimportance
whenit comesto computeasingleindex.Machinelearningmodels,specificallyconvolutional
neuralnetworks(CNNs),haverecentlybecomeadvancedenoughto accuratelyidentify pat-
terns(classificationtasks)andpredictcontinuousvariableson images[21], openingup anew
avenuefor investigatingthevisualperceptionof our environment,without needingto assume
or defineimportant featuresapriori. CNN havealreadysuccessfullyassessedthebeautyof out-
door places[22] andcoralligenousreefs[23] but havenot yetbeenappliedto specieslevel.

Here,weusedtraditionalphotographicsurveysaugmentedbyaCNN approachto evaluate
theaestheticvalueof theworld'sreefray-finnedfish fauna.Our photographicsurvey,includ-
ing 13,000respondentsfrom thebroadpublic,generatedalearningdatasetfor theCNN that
allowedestimationof theaestheticvaluefor 2,417reeffishspecieswith highpredictiveaccu-
racy,basedon 4,881speciesimages,andwithout apriori knowledgeon thefeatureswhich
contributeto fishbeauty.

Wechoseto evaluatereeffishesbecausethisgroupisemblematicof highlyvaluedreefeco-
systemsandisknown for its exceptionalmorphologicaldiversity[18], which ispresumably
associatedwith alargerangeof aestheticvalues.Reeffishesarealsoessentialto thefunctioning
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of someof themostimportant andendangeredecosystemson Earth[24,25],andareof vital
importancefor alargepartof humanity,including thepoorest[26,27],bysupportingseveral
economicactivitieslike subsistencefishing,recreationalscubadiving,andaquariumtrade
[24,26,28].Weuseddatafrom thewidespreadandstandardizedReefLifeSurvey(RLS)pro-
gram[29] to objectivelyselectfrom all of theworld'sreeffishspeciesto amoremanageable
collectionof thosemostcommonlyencounteredbydivers,providinguswith asubsetof 2,417
species.WethenmappedfishaestheticvalueacrosstheTreeof Life,andconsideredecological
traits,IUCN threatcategories,andimportancefor fisheriesto betterunderstandthepotential
implicationsof humanaestheticbiasfor reeffishconservation.

Results

Building the CNN training dataset
Our first taskwasto build asetof fish imagesfor directevaluationof aestheticvalueby
humansthatcouldbeusedfor training aCNN (Fig1A).Wecombinedasetof 157fish images
previouslyevaluated[16] with anewsetof 345imagesindependentlyevaluatedin anonline
survey(seeMethodsandTextA andB in S1File).Theonlinesurveypresentedimagesin pairs

Fig 1. Evaluationandprediction of fish aestheticvalues.(a)Workflow of theonlinesurveyanddeeplearningpredictionof aesthetic
values.(1) Pairsof imageswerepresentedto thepublicduring theonlinesurveyandscoredusingtheEloalgorithm(seeMethods).Left
����� ����	�� andright 
������� 	������. (2) Oncethe345newimageswereevaluatedonline,thevaluesof the157imagespreviously
evaluated[16] werecorrectedusingthe21imagessharedbetweenthe2surveys.(3) Theresulting481imageswith evaluatedaesthetic
valueswereusedto train aResNet50algorithm(seeTextEandFigL in S1File).Illustration inspiredfrom thePlotNeuralNet[31]. (b)
Left:Ther2 of thelinearrelationshipbetweenthepredictedvaluesaveragedacrossthe5validationsetsandtheevaluatedvaluesis0.79‹
SD0.04(thecolorof pointsindicatesthe5setsusedto performthecrossvalidation). Thisalgorithm wasusedto predicttheaesthetic
valuesof the4,400unevaluatedimagesof our dataset.Right:Distribution of the481evaluatedvaluesin light blueandof the4,400
predictedaestheticvaluesin darkblue.Thedotsat thebottomof theplot indicatethepredictedaestheticvaluesof theimagesshownin
panel(c).Dataandcoderequiredto generatethisFigurecanbefound in https://github.com/nmouquet/RLS_AESTHE.(c) Examplesof
fishesrepresentativeof therangeof predictedaestheticvalues.Decreasingaestheticvaluefrom left to right andtop to bottom:
��	�������� ��	�����, 
������ ������, 
��������� ��������, ���������� ����������, ������ ������, 
��������� ���������,
������	��� �������, ���������� �����������, ���	���� ����	����, ����������� ����, ��������	�� ����, �������� 	������. See
S1Datafor imagecopyright.

https://doi.org/10.1371/journal.pbio.3001640.g001
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to thepublic (hereaftercalledªrespondentsº)andaskedto choosetheimagetheyfound the
mostbeautiful.For theanalyses,wekept13,000respondentswithout self-reportedcolorvision
issues(seeTextC in S1File).WethenestimatedeachfishaestheticvaluethroughEloscores
computation,aratingsystembasedon pairwisecomparison(seeMethods)[30].

Wetestedthepotentialeffectof respondents'socioculturalbackgroundandgeographicori-
ginson their selections(seeTextC in S1File)usingabackwardsequentialselectionprocedure
with ageneralizedlinearmodel(seeMethods).Wefoundno significanteffectof anyof the
consideredvariableson selections;wethuscomputedtheEloscoresbypoolingacrossthe
13,000respondents.Amongthe345imagesevaluatedin thenewsurvey,21weredeliberate
duplicationsfrom aprevioussurvey[16], includedto testfor consistencywith previousresults
andincreaseour learningdataset.For these21images,wefoundastrongcorrelationbetween
the2 evaluations(r2 = 0.89,�-value < 0.001,TextD in S1File)andusedthis relationshipto
correctthescoresof the157imagespreviouslyevaluated[16] andpool the2 datasets.This
resultedin acombineddatasetof 481imageswith empiricallyevaluatedaestheticscoresrang-
ing from 1,085to 1,910,whichwasusedasthelearningdatasetfor aCNN (Fig1A).

Predicting the aestheticvalueswith the CNN
WetrainedaCNN to estimatetheaestheticvalueof newfish imagesandeventuallypredict
valuesfor theremaining4,400imagesin our collection(Fig1A).WeusedaResNet50model
pretrainedon ImageNet[32], apopularCNN usedfor imageclassification.Wereplacedthe
lastclassificationlayerbyaregressionlayer,andperformeda5-foldcross-validationto fine-
tunethis layerandthelastconvolutionalblock(seeMethodsandTextE in S1File).Ther2 of
thelinearregressionbetweenthevaluespredictedby theCNN andtheevaluatedvaluesfrom
thevalidationset(averagedoverthe5 foldsof thecross-validation)was0.79� SD0.04(Fig
1B).Applyingthetrainedmodelto the4,400unevaluatedfish images,thepredictedvaluesran-
gedfrom 1,153to 1,980(Fig1Band1C).Theremaininganalysesof our studywerebasedon
thevaluesof 4,881images:the481evaluatedduring theonlinesurveysandthe4,400with pre-
dictionsfrom theCNN. Weusedseveralimagesperspeciesto accountfor intraspecificmor-
phologicaldifferencesandusedthehighestpredictedvaluefor eachspecies(S2Data),thereby
assumingthathumanstendto focuson themostattractiverepresentationof aspecies(see
Discussion).

Determinantsof aestheticvalue
Foreachof the4,881imagesin our collection,weextracted17imagefeaturespotentially
linked to theaestheticvalue,regroupedinto 4 classes:(a) thecolorheterogeneity;(b) the
geometryof colorpatterns;(c) theperceptuallightnessandsaturation;and(d) theshapeof the
fishoutline(seeMethodsandTextA in S1File).After eliminatingnonsignificantfeatures
usingabackwardselectionprocedure,weendedup with 9 featuresthatexplainedasubstantial
amountof variationin aestheticvaluewith alinearmodel(r2 = 0.64,�-value < 0.001,Fig2A,
TextF in S1File).Themostsignificantfeatureswerecolorheterogeneity,colorsaturation,and
elongatedness(seeFig2A;TextA, F,andFigD in S1File).Theprojectionof fishaestheticval-
ueson the2 first axesof theprincipalcomponentanalysis(PCA)performedon theselected
features(Fig2B)confirmsthat fisheswith thehighestaestheticvaluesarethosewith highcolor
heterogeneityandsaturationaswellasmorecircularbodyshapes(low elongatedness).Fishes
with ahighstandarddeviationin perceptuallightnessandpresenceof severalrepeatedpat-
ternsalsohavehighaestheticvalues.At theoppositeof thegradient,drabfisheswith elongated
bodyshapeandno clearlydelineatedcolorpatternshavelow aestheticvalues(Fig2B).
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Phylogeneticsignalin aestheticvalue
Wethenexploredthelink betweenfishaestheticvalueandevolutionaryhistory[33±35].The
meanage(over100trees)of speciesrangedfrom 0.41to 165.53My. Wefound that theyoun-
gestspecieshavethehighestaestheticvalue(Fig3A) andasignificantnegativerelationship
betweentheaestheticvalueandthemeanEvolutionaryDistinctiveness(FigN in S1File):spe-
cieswith long,isolatedbranchesin thephylogenetictreetendto haveloweraestheticvalue
thanlessphylogeneticallyisolatedspecies.Theseresultsidentify membersof themostrecently
diversifiedfamiliesasaesthetichotspotsin thetree(Fig4,TextG andFigO in S1File).For
example,thefamilies������������ and
����������, respectively,haveameanaesthetic
valueof 1,719� SD176(� = 42species)and1,590� SD150(� = 67),whereastheoldestfami-
lies��������� and��������� haverespectivemeanaestheticvaluesof 1,228� SD54,
(� = 18)and1,278� SD86(� = 49).Pagel's�� estimatedon theentiretreeconfirmsthisstrong
phylogeneticsignal(�� = 0.74� SD0.01,�-value < 0.001).At afiner phylogeneticresolution,
wealsofoundsignificantphylogeneticsignalswithin 9 families:
����������,  �	������, ���!
������, ������������, ����	���, ��	��������, ������������, ��������, and����!
������ (�� � 0.50,�-values< 0.05,TextG andTableB in S1File),indicatingthat the
clusteringof aestheticvaluealsooperatesat thegenuslevelwithin somefamilies.

Fig 2. Imagefeaturesanalysis.(a)Regressioncoefficients(with standarderrors)from thefinal modelbetweentheaestheticvalueandthe9
significantimagefeatures(seeTextA in S1Filefor acompletedescription of theimagefeatures).Thevariableshavebeenscaledto visualize
howthemagnitudeof theeffectsdiffersbetweenthem.Most importantvariableswere:colorheterogeneity, colorsaturation, standard
deviationin lightness(SDlightness),patternrepetition,andbodyelongatedness.(b) PrincipalComponent Analysis(PC1andPC2)
performedwith the9significantimagesfeatures(seeFig2A,TextA, F in S1Filefor adescription of theimagefeatures).Points(fishes)are
coloredby their aestheticvalues,andimagefeaturevectorsareprojectedon the2axes.Examplesof fishes(chosenon theperimeterof the
distribution) areprovidedfor illustration.Clockwiseorder:��		��	����� �	��"	��, ������	�� �����, #������� "��������, ������	��
�����, $�%����� 	����������, ���		������� �	�������	���,  	�� �	��, ����������� ��������, ��&������� �"���, �������������
���������, ����������� �������, ���������� ����"�����, ����������� ������	����, ����������� ��"������, 
������ ������,
����������� ����������. SeeS1Datafor imagecopyright. Dataandcoderequiredto generatethisFigurecanbefound in https://github.
com/nmouquet/RLS_AESTHE.

https://doi.org/10.1371/journal.pbio.3001640.g002
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Aestheticsvalueacrossecologicaltrait space
To characterizeecologicaloriginality of fishspecies(hereaftercalledfunctionaldistinc-
tiveness),weused8 ecologicaltraits thatdescribebodysize,diet,behavior,andhabitatuse
[37]. WecomputedGower'spairwisedistancesbetweenspeciesto estimatetheir functional
distinctiveness[38], andfound that themostuniquespecies,with respectto their trait combi-
nation,haveloweraestheticvaluesthanmoreecologicallyredundantspecies(Fig3B).A closer
look at thedistribution of aestheticvalueswithin eachtrait category(TextH andFigPin S1
File)showsthatmostattractivefishesareassociatedwith hardsubstrates(asopposedto sandy
patcheswithin or alongtheedgesof thereef),aredemersal(hoverabovebut nearthebottom),
activeduring theday,feedon coralsor byexcavatingthereefsurface,of intermediatebody
size,andpreferwarmerwaters.Theleastattractivefishestendto bepelagic,nocturnal,eat
otherfishesor plankton,haveeithersmallor largebodysize,andprefercoolerwaters.

Conservationstatusandaestheticvalue
Wecategorizedfish IUCN statusinto 3 groups:190speciesin our datasetareThreatened(TH:
Critically Endangered,Endangered,or Vulnerable),1,602speciesareLeastConcern(LC:Least
Concernor NearThreatened),and556areNot Evaluated(NE).Wefoundsignificantdiffer-
encesbetweenthemeanaestheticvalueof speciesin these3 groups(1-wayANOVA, �-
value< 0.001).Tukey'sposthoctestsshowthatThreatenedfisheshavethelowestaesthetic
valueson average,andLeastConcernfishesthehighest(Fig5A),althoughvariabilitywithin
thesegroupswashigh.Further,wegroupedtheLeastConcernandThreatenedfishesinto an
Evaluatedcategoryandfound that theyhadahighermeanaestheticvaluethantheNot Evalu-
atedcategory(1-wayANOVA, �-value < 0.001).

Wealsocomparedspeciesaestheticvaluewith their importanceto fisheries.Accordingto
FishBase,594of our speciesareclassifiedasªNon commercial,º83asªSubsistencefisheries,º
368asªCommercial,ºand43asªHighly commercial.ºTheremaining1,329speciesareªData

Fig 3. Phylogenetic history andecologicaloriginali ty. (a)Relationship betweentheaestheticvalueandtheageof thespecies
(log transformed)in millions of years(averagedover100trees)without (plain line) andafter(dashedline) accountingfor
phylogenetic relatedness.Bothmodelsshowsignificantnegativeslopes(considering phylogeneticrelatedness:slope= �78.4,
�-value < 0.001;not consideringphylogenetic relatedness: slope= �14.1 � SD1.7,�-value < 0.005,overthe100random
trees).(b) Relationship betweentheaestheticvalueandthefunctionaldistinctivenessof specieswithout (plain line) andafter
(dashedline) accounting for phylogenetic relatedness.Bothmodelsshowsignificantnegativeslopes(considering
phylogenetic relatedness:slope= �1,154.2,�-value < 0.001;not consideringphylogenetic relatedness: slope= �383.3 � SD
26.5,�-value < 0.001,overthe100randomtrees).On bothpanels,species'EvolutionaryDistinctiveness(averagedover100
treesandlogtransformed) havebeenusedto color thepointsfrom low (darkred) to high(darkblue)values.Dataandcode
requiredto generatethisFigurecanbefound in https://github.com/nmouquet/RLS_AESTHE.

https://doi.org/10.1371/journal.pbio.3001640.g003
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deficient.ºOne-wayANOVA (�-values< 0.001)andTukey'sposthoctests(all �-
values< 0.002)showedthatspeciesfor whichno dataisavailable,speciesof no fisheryinterest,
andspeciesimportant for subsistencefisherieshavesimilaraestheticvalue.Thedifferences
betweenthemeanaestheticvalueof theothercategoriesarestatisticallysignificant,with the
Highly commercialspecieshavingtheloweraestheticvalues(Fig5B).

Discussion
Our studyprovidesaglobalpictureof variationin aestheticvalue,animportant but under-
studiedfacetof biodiversity,of reeffishes.It revealssomepredictabledifferencesamongspe-
ciesandpotentialmismatcheswith conservationpriorities.Theaestheticvaluesof reeffishes
arehighlyheterogeneous,with themostbeautifulfishesbeingtightly packedinto smallregions
of both thephylogenetictreeandtheecologicaltrait spaceof theworld'sreeffish fauna.In
contrast,themostecologicallyandevolutionarydistinctspeciesandthoserecognizedas
threatenedtendto beconsideredlessattractive.

Thesetof 481imagesevaluatedthroughour onlinesurveyallowedusto train adeeplearn-
ing algorithmto predicttheaestheticvalueof 4,400fish imageswithout havingto arbitrarily
predefineanyvisualfeatures.Thepredictivepowerof our algorithm(r2 = 0.79)washigh

Fig 4. Aesthetic valuesacrossthe treeof life. Phylogenetic treeof the2,417fishes.Aestheticvaluesaremappedovertheentirephylogeny
with acolorgradientobtainedbyestimating statesat internalnodeswith maximum likelihood [36].For illustration,wehavehighlighted20
familieswith contrastedaestheticvaluesusinggrayarcsandshowexamplesof fishesfor eachfamily.Clockwiseorder:����������
���������, �������	���� ����������, 
������ ��������, ������ ������,  ������� �������	����, ����������� '������, (����������
��������, ���������� ���������	��, ��������� '��%����, 
��������� ���������, 
������� ����	����, ������� �	���, ����������
�����������, )��������� ��������, 
����� ���������, ����� ������	��, ������ ��	�, 
����������� ��		����, 
��	���������� �����, ���*��	�
�	���������, ����������� ��"������, �������� �	�"��������, ���	���� �����&&�, 
��������� �������. SeeS1Datafor imagecopyright.Data
andcoderequiredto generatethephylogenetictreecanbefound in https://github.com/nmouquet/RLS_AESTHE.

https://doi.org/10.1371/journal.pbio.3001640.g004
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despitetherelativelysmallsizeof our learningdatasetandthecross-validation.This is largely
dueto thetransferlearningprocedurethat takesadvantageof pretrainedCNNsandwhere
only theweightsof thelastfewlayersneededto bespecificallytunedto thenewtask.Thehigh

Fig 5. Fishaestheticvalueandconservation status.���� : ������ �������
�����
�������
���������������������������
�������	�����������������������
�����
����:�������������������
�	�������������������������
������������������������:(a)Violin plot of theaestheticvalueof reeffishesfor three
groupsof conservation status:TH, NE,andLC.Lettersindicatesignificant differencesbetweenthegroups(Tukey�-
valuesarerespectively� < 0.01betweenTH andNE,� < 0.001betweenLC andTH, and� < 0.001betweenLC and
NE).(b) Violin plot of theaestheticvalueof reeffishesfor the5groupsof fisheryimportance:ªDatadeficientº= no
dataavailable;ªNon commercialº = no interestfor fisheriesor potentialinterestor minor interest;ªSubsistence
fisheriesº= importancefor subsistencefisheries;ªCommercialº = commercialimportancefor fisheries;ªHighly
commercialº = highcommercial importancefor fisheries.Lettersindicatesignificantdifferencesbetweenthegroups
(all Tukey�-valuesare< 0.002).Dataandcoderequiredto generatethisFigurecanbefound in https://github.com/
nmouquet/RLS_AESTHE.LC,LeastConcern;NE,Not Evaluated;TH, Threatened.

https://doi.org/10.1371/journal.pbio.3001640.g005
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predictivepowercanalsowithout doubtbeexplainedbyour imagepreprocessing,including
backgroundremoval,andpositionandsizestandardization.Thispreprocessingrequireda
considerableamountof work but couldbeautomatedin thefuturebyacomputerizedsegmen-
tation andalignmentof fishes[39], allowingfor abroaderuseof imagesand/orvideosfrom
largercollections,including from theinternetor socialmedia.Our studyhighlightsmultiple
mechanismsbywhichrecentadvancesin computerscienceandartificial intelligencecanbe
usedbyecologicalstudiesto improvesamplesizes.Beyondthescopeof our study,our deep
learningalgorithmcouldbeeasilyadaptedto fishesfrom otherecosystemssuchasthosefrom
riversandlakes,andevento othertaxasuchasbirds,mammals,reptiles,or amphibians,for
whichmillions of imagesarenowavailableonline.Our CNN couldprovideavaluabletool for
studyingtheseothertaxain 2 ways:asapretrainednetworkto fine-tunethroughtransfer
learningor without retrainingto investigatethegeneralizationof humanaestheticjudgments
from oneanimaltaxonto others.

Aswedid not needto predefineanyvisualfeaturesfor theautomationof imagescoring,we
couldthenusepost-analysisof imagefeaturesto characterizethevisualcomponentscontribut-
ing mostto theaestheticvalueof reeffishes.Our linearmodelcombining9 featurespotentially
linked to aestheticvalue(seeTextA andF in S1File)explainedasubstantialamountof the
variationin aestheticvalue(r2 = 0.64,Fig2A).Thefeaturesthatexplainedthehighestaesthetic
valueswereheterogeneityin colorandlightness,saturationof colors,thepresenceof well
delineatedandrepeatedpatterns,andthecircularity (versuselongatedness)of thebodyshape.
Theseresultscanbeinterpretedthroughthelensof neuro-aesthetics,whichrelatesaesthetic
propertiesto theactivationof dopamineneurotransmittersystemswithin thehumanbrain
[40], andto theprocessingfluencytheory,whichhypothesizesthataestheticvalueisdeter-
minedby thedynamicsof information processingin thebrain,andthatstimuli thatareeasyto
processarejudgedbeautiful[41]. Forexample,componentsthatcaneasilybeseparatedfrom
thebackground,or visualfeaturesthatcanobviouslybegroupedinto recognizableobjects,
both triggerpleasureandtendto bejudgedbeautiful[42]. Someof thefeaturesexplainingaes-
theticvaluein reeffishescouldsimilarlybeexplainedby fluency.Forexample,highcolorhet-
erogeneityandwell-delineatedpatchesof contrastedlightness,asobservedin angelfishes
(������������) andbutterflyfishes(������������), increasefluencyby facilitatingdetec-
tion andrecognizability[43]. Theelevatedaestheticvalueof fisheswith circularbodyshape
echoesageneralpreferenceof humansfor objectswith curvedoutlines[44,45],whichcanalso
beexplainedby fluencygiventhatcurvedlinesaremorepredictableandthusmoreeasily
encodedby thevisualsystemthanangularlines[41]. Overall,our analysissuggeststhatpre-
dictablevisualfeaturesexplainhumanpreferencesfor fishes,creatingastrongbottleneckin
thediversityof speciesthatarelikely to beconsideredasbeautifulby thegeneralpublic.

Thisaestheticbiastowardparticularcolorandmorphologicalfeaturesleadsto strongclus-
teringof aestheticvalueacrosstheTreeof Lifeandecologicaltrait space.Somefamiliesshow
overallhighaestheticvalue,suchasbutterflyfishes(������������), whilesomeothersshow
overalllow aestheticvalue,suchasjacksandpompanos(���������). Thisstrongphyloge-
neticsignalisprobablyexplainedby therelativelyhighecologicalnicheconservatismwithin
fish families.Forexample,most������������ arefoundamongliving corals,andmost���!
������ live in openwateror abovethereef.Theecologicalnicheplaysaprominentrole in
determiningcolorpatterns,throughits effecton socialbehavior,feedingactivities,andmost
notablycamouflage[46]. Wethussuggestthat low trophic levelspeciesliving on rocksand
coralhavehigheraestheticvaluesthanhighertrophic levelspecies,suchaspiscivores,because
of their needto blendin with morecolor-richhabitats(to our trichromaticcolorvisionand
underwhite light) for camouflagepurposes[47]. Theserock andcoralhabitatsarealsovisually
complex,beinghighly fractal[48]. Byadaptingtheir visualpatternsto thesestructured
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habitats,coralreeffisheswould thusªbenefitºfrom apreferencebiasthatwehumanshavefor
fractalpatterns[49]. On theotherhand,pelagicfishesthathaveto hidewithin apoorlycon-
trastedandhomogeneoushabitatwouldbeconsideredlessattractive[50].

Theecologicalnichecouldalsoinfluenceour perceptionof fishbeautythroughits effecton
locomotion.Mostpelagicfishesaregoodswimmerswith afusiformbodyshapethat reduces
frictional forces,but alsoincreasestheangularityof bodyoutline,whichappearsto beassoci-
atedwith reducedaestheticvalue.Conversely,somedemersalspeciesthat relyon pectoralfins
to swim[51] haveacircularbodyshape,associatedwith higheraestheticvalue.Wealsofound
thatyoungerspecies(in evolutionaryhistory)andmorediversifiedcladesshowhigheraes-
theticvalue(Fig3A),whichcouldbeexplainedby therelativelyªrecentºdiversificationof par-
ticular familiesassociatedwith theexploitationof coralreefniches.Forexample,amongthe
familieswith highaestheticvalues,theangelfishes(������������) appearedduring the
Eocene,with all generain placeby themid-Miocene[52]. Likewise,thebutterflyfishes(���!
���������) movedto coralreefsin theMiocene,with subsequentcladogenesis[53], theorigin
of thetriggerfishes( �	������) isdatedto lateMiocene[54], andtheboxfishes(
��������)
appearedduring thePliocene[55].

Together,theseresultshighlighthowour aestheticjudgment,whichis linked to theability
of thehumanbrain to processvisualinformation,couldgeneratestrongbiasin our emotional
engagementwith reeffishes.Thisbiasof perceptionwassuggestedbyapreviousstudyper-
formedon 116coralreeffishes,whichfound that theleastattractivefisheshaveahigherfunc-
tional richnessthanthemostattractiveones[16]. Our studyextendstheseresultsto 2,417reef
fishspeciesandshowsthat thedistribution of aestheticvaluesisstronglyskewedalongboth
ecologicalandevolutionarydimensions.Thefactthathumanvisualaestheticpreferencesare
predictableandnarrowerthanthediversityof reeffish life formsisnot surprisingin itself,but
hasimportant implicationsasour emotionalperceptionof natureisoneof themajordrivers
of our interestin it. Theaestheticbiascouldinfluencedecisionsin reeffish researchandcon-
servation.Forexample,Bellwoodandcolleagues[18] havepreviouslyshownthatscientific
publishedliteratureisbiasedtowardsyellowfisheswhich,givenour results,arelikely to be
amongthemostattractiveones.Likewise,in mammals,themostbeautifulspeciesaresubject
to moreresearcheffort thanlessattractivespecies[13]. Our studyextendstheseresultsto reef
fishconservationaswefoundamismatchbetweentheaestheticvalueof reeffishspeciesand
their conservationstatus.Lessattractivefishesarealsolesswell representedin assessmentsfor
theIUCN RedList,andarethuspayingwhatcouldbeconsideredasaform of ªaesthetic-
relateddebtºin atime wheretheamountof effort devotedto conservationis limited. Thisdebt
isamajorconcerngiventhat,asshownhere,themostthreatenedspecies(asevaluatedfor the
IUCN RedList) arethosewith thelowestaestheticvalue(Fig5A).Wealsofound that theless
attractivefishesarealsomoreat risk of overexploitationby fisheries(Fig5B).Beyondspecies,
thisdebtcouldhaveconsequencesat thewholereefecosystemlevel,aswefound that theless
attractivespecieshavethehighestecologicaldistinctiveness,andthusprovidethehighest
diversityof ecologicalfunctions.Wethussuggestthat theelevatedextinctionrisk of theless
attractivefishspeciesmight alsohavedisproportionateandoverlookedeffectson reefecosys-
temfunctioning.

Our approachhassomelimitationsandconsiderationsthatmayaffecttheaccuracyof indi-
vidualvalues,including theuseof maximumpredictedaestheticvaluesfor eachspeciesand
thepretreatmentof imagesshownto thehumanrespondents.Somereeffishesshowextreme
polymorphismin coloror bodyshape(for example,maleversusfemaleandadultsversusjuve-
niles),but thehighnumberof speciesincludedin our studypreventedthegatheringof an
exhaustivecollectionof all theexistingmorphs.Becauseweaimedatproviding themostgen-
eralizableresultsto theworld'sreeffishes,wedeliberatelychoseto maximizethenumberof
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speciesratherthanfinelycharacterizingintraspecificvariation.Whenseveralimageswereesti-
matedfor aspecies,wekeptonly themaximumaestheticvalueto characterizethisspecies.
Thiswasmotivatedbyour desireto accountfor apossibleªhaloeffect,ºacognitivetendency
of peopleto generalizetheevaluationof themostvalueditem to other,lessvalueditem of the
samecategory[56]. Nevertheless,reproducingtheanalysisusingaveraged,ratherthanmaxi-
mum,aestheticvaluesbyspeciesyieldedsimilar results(TextI in S1File).Wefurther acknowl-
edgethatbackgroundcompositionin imagescouldalsobeimportant,asit hasbeenshownto
influencetheperceptionof beautyin psychologicaltests[57]. Yet,inclusionof thebackground
wouldhavemadeit uncertainhowmuchthevaluesrelatedto thefishversusthebackground.
To maximizecomparability,wealsoscaledall fishesto thesamesize(500� 500pixelsquares),
but if representedproportionallyto realsize,biggerspeciesmayhavehadanªaesthetic
bonus.ºPeopletendto preferbiggerindividuals,independentlyof their intrinsic aesthetic
value[58], asit hasbeenshownfor birds[59]. Thissizeissuehasalsomotivatedour decision
to focusonly on ray-finnedfishesandexcludebiggerfishessuchassharks,for whichthesize
aestheticbonusandcharismaticnaturemakethemattractiveto people,eventhoughtheir
bodyshapeandcolorationwouldsuggestloweraestheticvalue.Finally,weremovedthePleur-
onectiformes(14species)andSyngnathiformes(31species)to helpstandardizethemorpholo-
giesof fisheswithin our dataset.Within theSyngnathiformes,seahorsesmight beconsidered
ashighlyattractive,yetpossessdistinct functionaltraits;acombinationwhichwouldcontra-
dict oneof our main findings.Theyrepresent,however,only 14speciesin theRLSdatasetof
mostcommonreeffishesencounteredbysurveydiversusedfor thisanalysis,whichwouldnot
likely changetheoveralltrendsor tendencieswereport.On theotherhand,thePleuronecti-
formeswouldbemorelikely to bescoredaslessattractive,andhold originalecologicaltraits;a
combinationwhichwouldhavereinforcedour results.All theselimitationsmustbekeptin
mind wheninterpretingour results,but weconsiderthemunlikely to affectthegeneralityof
our study'sconclusionsfor conservationandecology.Weratherseethemasfuture research
opportunitiesandbelievethat theextentof our study(2,417species),thelargetaxonomiccov-
erage(139familiesof reeffishes),andtherangeof predictedaestheticvalue(Fig1B)provide
solidgeneralityandrobustnessto our main findings.

Wealsoanticipatedthat theresultsof our predictivemodelcouldbebiasedbyrespondents
individual factors,giventhataestheticpreferencescanvarywith age,gender[60], socialgroup
[61], or culture[62]. Nevertheless,wefoundno sucheffectwhenanalyzingtherobustnessof
thematchoutcomes(probabilityfor animageto win amatch)to geographicor sociocultural
backgrounds.However,theabsenceof socioculturaleffectsshouldbeinterpretedwith caution
becauseof therelativelylimited diversityof socioculturalbackgroundsamongour respondents
andgeographicalbiases.Forexample,62.4%of therespondentswereFrench,84.9%hada
Bachelor'sdegreeor ahigherdiploma,and52%hadsomeexperiencescubadiving (TextC in
S1File).Despitethesebiases,our resultshighlightsomedegreeof universalityin theaesthetic
valuesof fishesthatprobablyoutweighsocioculturaldifferences.Thisgeneralitymaybe
explainedbyour protocolfor evaluatingtheaestheticvalue.Bypresentingimagesbypairsand
askingpeopleto simplychoosetheimagetheyfound themostbeautiful,weoughtto forcepeo-
pleto makerapidchoicesbasedon abottom-up,stimulus-drivenprocessingof visualinforma-
tion ratherthanacognitive-drivenevaluationbasedon previousknowledge[63]. Althoughwe
believeour generalconclusionsshouldhold,wewouldpresumablyhavefounddifferencesin
individual scoreshadwecomparedrespondentsspanningamuchlargerbreadthof cultural,
social,or demographicbackgrounds,or askedquestionsthatwouldhavetriggeredmorecog-
nitive processing.Addressingthiswouldrequireamorebalancedpoolof respondentsand
opensinterestingperspectivesfor future researchin theframeworkproposedbyªpersonalized
ecologyº[64].
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Overall,our resultsshowthatanonmaterialfacetof NCP,aestheticvalue,mismatcheswith
thematerialandregulatingNCPfacetsprovidedby fishes.Thismismatchstrengthensthecase
for recognizingmultiple aspectsof NCP,but paradoxically,it alsoimpliesthepotentialfor an
aestheticdrivendebtif thelessattractivefishesaremoreexploitedandreceivelessconserva-
tion/researchefforts.Thisshouldmotivatestrengthenedresearcheffortsin evaluatingtheaes-
theticvalueof biodiversitymoregenerally,andtheextentto whichperceptualandemotional
biasestranslateinto biasesin research,awareness,andconservation.Capitalizingon thecapac-
ity of artificial intelligenceto work on extensivedatasets,future researchshouldalsobeableto
expandour aestheticvaluationathigherlevelsof biologicalorganization,suchasassemblages
[65] andwholeecosystems.Investigatingthecommonpatternsin aestheticvaluesacrosstaxa
suchasbirds,mammals,reptiles,or amphibianswouldalsobeanexcitingresearchavenue,
andcouldserveto fuel researchandconservationprograms.Our studyfurther revealedahigh
consensusacrossparticipantsin theaestheticevaluation,althoughweacknowledgethiscould
changethroughtime,education,andwith connectednessto nature[5,66](evenif not captured
in our studythroughaninfluenceof thesocioculturalbackgroundof participants).Wedo not
believethat identifiedaestheticbiaseswill alwaysturn into debts.Thefirst stepin minimizing
theimpactsof thesebiasesfor conservationsuccesswill bebettercommunicationto thepublic,
policy-makers,conservationNGOs,andresearcherson thelinks betweenthenonmaterial
componentsof nature'scontribution to people[1] (hereaestheticvalue),theecologyof species
andtherolestheyperformin ecosystems[5].

Methods
Mostanalyseswerecarriedout usingR".+.,.- (specificfunctionswithin specificpackagesare
indicatedin italic).All relevantcodeanddataareavailablefrom theassociatedGitHub reposi-
tory (seesectionsDataandCodeavailability).

List of species
Fishesarethemostdiverseclassof vertebrates,with morethan30,000speciesandahuge
diversityof shapes,sizes,andcolors[67]. Wesoughtto samplethisdiversityin anecologically
andsociallymeaningfulsubset,focusingon reeffishes.WeusedtheRLSdatabase[29] to iden-
tify asubsetthatcouldberepresentativeof thosespecieslikely to bedirectlyencounteredand
seenbypeople,but still spanningall majoroceanbasinsandreefareas.TheRLSdatabaseonly
includesrecordsfrom standardized,quantitativevisualsurveysbyscubadiverson rockyand
coralreefhabitatsin shallowwaters(mostly0 to 20m depth).It is thelargestsingle-method
datasetavailablefor reeffishes(134,759abundancerecordsfrom 1,879sites,representing
2,397species)andhasanassociatedtrait database[37]. Wedecidedto focusonly on ray-
finnedfishes(
������������), andexcludedfrom thiscladetheorders�	������������ (14
species)and�������������� (31species)to removetheveryunusualmorphologiesthat
wouldhavebeenharderto presentin thestandardizedquestionnaireandto characterizefur-
ther in our imagefeaturesanalysis(seebelow).Asoneof our foci wason IUCN status,wesup-
plementedtheremaining2,280RLSfishspecieslist with 137reef-associatedspeciesidentified
from FishBasethatareclassifiedasthreatened(critically endangered,endangered,vulnerable),
but not observedin theRLSdatabase,sothatour final list coveredmostof thethreatened
fisheslistedon theIUCN redlist thatarealsoconsideredªreef-associatedº(accordingto Fish-
Base).Weendedup with alist of 2,417reeffishspeciesbelongingto 139families(S2Data).
TaxonomicnameswerecheckedusingtheWorld Registerof MarineSpeciesdatabase
WoRMS[68,69].

PLOS BIOLOGY Aesthetic value of reef fishes

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001640 June 7, 2022 12 / 22



Photographicmaterial
Imageswerecollectedon theinternet,focusingfirst on particularsourcesconsideredasreli-
ablefor speciesidentity.Mostof thematerial(3,198images)wascollectedfrom RLSªReefSpe-
ciesof theWorldº webpages(https://reeflifesurvey.com/species/search.php),FishBase
(https://www.fishbase.se/),EOL(https://eol.org),andFishesof Australia(https://
fishesofaustralia.net.au/).Wealsocollectedmaterialfrom GoogleImages(1,683images;see
TextB in S1FileandS4Data),but only whenthespeciescouldbeunambiguouslyidentified.
Whenavailable,severalimageswerecollectedfor specieswith colorpolymorphism,or with
morphologicaldifferencesbetweenmalesandfemales,or betweenadultsandjuveniles.The
final datasetincluded4,881images.Notethat for 8specieswecouldnot find imagesandwe
removedthemfrom our analysis(seeS2Data).Foreachimage,weremovedthenaturalback-
groundusingClippingMagic(https://fr.clippingmagic.com/)andstandardizedthepositionof
thefishwith photoshop.Correctionof colorsaturation(in theblueandthegreenessentially)
andluminositywasalsoperformedwhenneededusingPhotoshop.Final imagesrepresenta
singleindividual,horizontallyaligned(mouth on theleft, tail on theright), anddisplayed
againstawhitebackground.All imageswereresizedto 500� 500pixelsat96dpi (Fig1A).

Direct evaluationof fish aestheticvalues
Our first objectivewasto build thelearningdatasetfor our deeplearningalgorithm.That is,a
datasetof imagesthatarerepresentativeof therangein differentvisualfeaturesfoundamong
the4,881imagesof our wholecollection,andfor which individual aestheticvalueswouldbe
evaluatedby thepublic.To ensuretherobustnessof themethod,thesurveyedphotographic
materialmustberepresentativeof thetaxaconsideredandevaluatedbyasufficientlylarge
panelof humanswith contrastedsocioculturalbackground,whichcanbeachievedbyusing
onlinesurveys[14,16].

Our learningdatasetwasobtainedfrom combiningresultsfrom apreviousstudywherewe
empiricallyevaluatedtheaestheticvaluesof 157imagesof reeffishspecies[16] andanew
onlineevaluationof 324images.The324imagesweresubsampledfrom our 4,881imagescol-
lectionto maximizevariationwithin visualfeatures.Fordoingso,weperformedaPCAof the
visualfeaturesmeasuredon all of the4,881images(seebelowandTextA andB in S1File).
The5 first dimensionsof thePCA(representing77%of thetotalexplainedvariance)were
usedto constructaconvex5 dimensionalvolume.The162imageswerethenrandomlydrawn
neartheverticesof thisvolume,andtheother162imageswererandomlydrawnwithin the
remainingvolume.Weadded21further imagesfrom the157imagespreviouslyevaluated[16]
sothatwecouldquantifyanydifferencesbetweenthe2surveys(seebelow)andmergethe2
datasets.Therobustnessof our procedurecanbevisualizedon FigE in S1File(seealsoTextB
in S1File),whichshowsthehighoverlapbetweenthe2ellipses(on thefirst 2axesof thePCA)
representingthe99%confidenceintervalsof both the345selectedimagesandthewhole
imageset(seeFigE in S1File).

Thepubliconlinesurveyincluded2sections:(a) theaestheticquestionnaireitselfduring
whicheachparticipant(hereaftercalledªrespondentº)hadto choosetheimagetheyfound the
mostbeautifulfor 30pairs(hereaftercalledªmatchesº)randomlysampledwithout replace-
mentamongthe345images;and(b) aquestionnaire(TextC in S1File) to gatherinformation
on thesocioculturalbackgroundof respondents(gender,age,education,experiencewith div-
ing andspearfishing,fishkeeping,placeof living, distancefrom thesea,exposureto natural
space,andknowledgeaboutcoralreeffishes).Thesurveywasanonymousandavailablein
FrenchandEnglishto thepublicon adedicatedwebsite(https://www.biodiful.org/) between
FebruaryandJune2019.Thewebsitecontainedanintroduction thatstatedtheobjectiveof the
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researchandanethicalstatementto guaranteeanonymityto therespondents(seeTextC in S1
File).Thesurveywasdistributedthroughmassiveemailingto authors'contacts,variousmail-
ing listsin Franceandabroad(scientificsocieties,universities,aquariums,NGOs,etc.)and
socialmedia(FacebookandTwitter) askingtherespondentsto sharethesurveyto their fami-
liesandfriends.Theanswersof 13,000respondentswithout colorperceptionissueswere
pooledandwecomputedtheaestheticvaluesof the345imageswith theEloalgorithm[30]
usingthe�	������ "-../.0 Rpackage[70] with 1,000bootstrapings(TextD in S1File).

Finally,wecomputedlinearregressionbetweentheaestheticvaluesof the21imagescom-
mon to theprevious[16] andthenewonlinesurveys,andusedtheinterceptandslopeof this
regressionto mergethe2datasets(TextD in S1File).Thefinal setusedto train thedeeplearn-
ing algorithmthusincluded481imageswith continuousaestheticvalues.

Predictivemodelof fish aestheticvalues
To predicttheaestheticvalueof thewholesetof imagesof our collection,weusedadeeplearn-
ing algorithmtrainedwith the481evaluatedimages.Deeplearningalgorithmsaremostpopu-
lar for their applicationto identificationor classificationtasks,but theyarealsosuitedfor
predictingcontinuousvariables[71]. Forcomputervisiontaskslike theregressionbetween
theinformation of animageandacontinuousvariable,CNNsareconsideredto performbest
[71]. Weappliedatransferlearningprocedureby fine-tuningaResNetmodel,oneof themost
populararchitecturesin artificial intelligence[72], pretrainedon ImageNet[32]. Preliminary
testsshowedthat thecommonlyusedimagesizeof 224� 224pixelsprovidedthebestresults
(TextE in S1File).

Wetested2differentarchitectures,ResNet18andResNet50,whichdiffer by thenumberof
layersandthusthenumberof learnableparameters.After thehyperparameterconfiguration
wasoptimizedfor botharchitectures,ResNet50performedbestandwasthusretainedasthe
predictivemodel.Weperformed5-foldscross-validationsuchthat thelearningdatasetof 481
imageswasdividedinto 5 partsof similarsizewith all theimagesof agivenspeciesin thesame
part.ResNet50wasthustrainedon 4parts(training set)andevaluatedon thefifth one(evalua-
tion set),repeatingtheprocedure5 times(eachtime changingtheevaluationset).To limit the
risk of overfitting,thetraining setwasartificially augmentedateachiterationbyapplyingran-
domrotation (�5; 5degrees).Weusedther2 of thelinearregressionbetweenthevaluespre-
dictedby themodelandtheevaluatedvaluesof thelearningsetto estimatetheaccuracyof the
model.Furtherdetailson theparametersof themodelandthelearningprocedurecanbe
found in TextE in S1File.Oncetheaccuracyof themodelon the5 foldsof thecross-validation
wassatisfying,wetrainedthemodelonelasttime on the481imagesandusedtheweightsof
thismodelto predicttheaestheticvaluesof theremaining4,400unevaluatedimages.Dataaug-
mentation,fine-tuningof themodels,andpredictionof theaestheticvalueswerecarriedout
usingPython3.7,Pytorch1.4.0,andtorchvision0.5.0.

Assomespecieswith intraspecificmorphologicaldifferenceswererepresentedbyseveral
imagesin our collection(seesectionªPhotographicmaterialº),wedecidedto characterizespe-
cieslevelaestheticwith thehighestaestheticvaluesobtainedamongimagesof thesame
species.

Visual featuresanalysis
Thechoiceof thevisualfeaturesanalyzedin thepostpredictionanalysiswasbasedon literature
reviewof previousworkswhichstudiedtheaestheticvalueof biodiversity(TextA in S1File).
Wechose4 differentclassesof features:(a) thecolorheterogeneity;(b) thegeometryof color
patterns;(c) theperceptuallightnessandsaturation;and(d) theshapeof thefishbodyoutline.
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Theheterogeneityof colorsandthegeometryof colorpatternsweremeasuredafterusingaK-
meansclusteringalgorithmto separatecolorsin theCIELABcolorspace.Thelightness,that
is,howcloseto white(high values)or black(low values)acolor is,andcolorsaturationwere
measuredusingtheHSVcolorspace.Featuresdescribingthefishshapewerecomputedusing
morphometricanalysisrelyingon ellipticalFouriertransformation.Altogether,weobtained
17differentvisualfeatures(seeTextA in S1Filefor acompletedescription).Weestimatedthe
individual contribution of eachvisualfeatureto theaestheticvalueobtainedfor the4,881
imagesusingamultiple regressionapproach(seesectionStatisticalanalysis).A PCAwasper-
formedwith thescaledselectedfeatures(����.��� function in the�� ".1.231,Rpackage),and
theimagecoordinates(coloredby their aestheticvalues)wereprojectedon thefirst 2axesof
thePCA.

Evolutionary history
Weextractedthetaxonomyof the2,417speciesfrom theWoRMSdatabaseviathe����&
"-././1./1 Rpackage[73]. Wethenusedthe������ "-.+.. Rpackage[33,74] to computethe
phylogenetictree.Thistreeincludesgraftedspeciesfor whichthegeneticinformation isnot
directlyavailable,but whichareknownfrom otherpublishedphylogeniesor inferredfrom tax-
onomicpositions.Hence,morethanonebranchdescendsfrom asinglenodein somepartsof
thetree,whereasaphylogenetictreeshouldhavedichotomousdivisionsfrom commonances-
tors.To bypassthesepolytomies,100realizationsof astochasticpolytomyresolverplacing
missingspeciationeventswereused[75]. Weextractedtheageof thespeciesasthelengthof
thebranchesfrom thefirst nodeof thetreeto thespecies'leaf.Wetestedfor aphylogeneticsig-
nalof theaestheticvalueswith Pagel's�� coefficient[35] (seesectionStatisticalanalysis).
Finally,wecomputedtheEvolutionaryDistinctiveness(ED;whichreflectsthephylogenetic
isolationof agivenspecies[34] of eachspeciesusingthefunction "�	.�������� from the������
"1.4.1Rpackage[76]. ED ishighwhenthespeciesisphylogeneticallyisolated,that is,it hasa
longunsharedbranchin thephylogenetictree.The3 indices,speciesage,Pagel's��, andED
werecomputedon the100randomlyresolvedtreesandaveraged.

Ecologicaltraits
WeusedtheRLStrait database[37] thatcoversbodysize(maximumlength),feedingecology
(trophic group,trophic breadth),behavior(watercolumnposition,diel activitypattern),and
habitatuse(preferredtemperature,habitatcomplexity).SeeTextH in S1Filefor details.A
totalof 129specieshadmorethan50%missingtrait values,while107specieshadlessthan
50%missingtraits,andweusedtheRpackage��������� "1.0[77] to imputethem(TextH in
S1File)to completeall ecologicaltraits for 2,288species(94.7%of thedataset).To characterize
speciesecologicaloriginality,wecomputedfunctionaldistinctiveness(� �), whichmeasuresthe
averagefunctionaldistanceof afocalspeciesto theotherspecies[38]. Wefirst computeda
matrix of Gowerdistancesof normalizedspeciesecologicaltraitsusingthefunction ����.%���
of the��0 "1.231+Rpackage[78] andthenusedthe������ "1.0.1Rpackage[79] to compute
functionaldistinctiveness.Aestheticvalueswerealsocomparedamongcategoriesor alongval-
uesof ecologicalcontinuoustraits(TextH in S1File).

Conservationstatusand importancefor fisheries
Weusedthe�������� "+.1.1Rpackage[80] to obtaintheupdatedIUCN statusof the2,417
fishes[81] andtheir importancefor fisheries.To simplify interpretation,wegroupedspecies
into 3categoriesaccordingto their IUCN status:ªThreatenedº(TH) refersto Critically Endan-
gered,Endangered,andVulnerablespecies;ªLeastConcernº(LC) refersto LeastConcernand
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NearThreatenedspeciesandªNot Evaluatedº(NE) refersto Not Evaluatedspecies.The69
specieshadDataDeficientstatusandwereremovedfrom theanalysis.Wealsogroupedspe-
ciesinto 5 categoriesaccordingto their importancefor fisheries:ªHighly commercial,ºªCom-
mercial,ºªSubsistencefisheries,ºªNon commercial,ºandªDatadeficient.ºTheªNon
commercialºcategoryrefersto speciesindicatedasªMinor commercial,ºªOf no interest,ºor
ªOf potentialinterest.º

Statisticalanalysis
To testfor therobustnessof thematches'outcome(probabilityfor animageto win or not a
match)to socioculturalbackground,wecomputedageneralizedlinearmixedmodel(GLMM)
with abinomialerror structure(usingthe�	�� function from the	�0 " 1.13., Rpackage)in
whichtheimagewasconsideredasarandomeffectvariableto orderthesocioculturalvariables
accordingto their individual effecton theresponsevariable(seealsoTextC in S1File).

To estimatetheindividual contribution of eachvisualfeatureto theaestheticvalueobtained
for the4,881images,weusedamultiple regressionapproach(seeTextF in S1Filefor acom-
pletedescription).Wefirst computedacorrelationmatrix betweenall features(usingPearson
correlationcoefficients):when2 or morefeatureswerecorrelated(thresholdr < 0.7),wekept
only thefeaturewith thehighestcorrelationwith theaestheticvalue.Wethencreatedalinear
model(with Gaussianresponse)explainingaestheticvalueswhereeachfeaturewasorderedin
themodelaccordingto its independentcontribution to thetotal variationin theresponsevari-
able.Weeliminatednon-significanttermsusingabackwardsselectionprocedure,to derivea
minimal adequatemodelandusedthecoefficients(scaled)of thefinal modelto measurethe
contribution of eachselectedfeatureto theaestheticvalue.

To testfor aphylogeneticsignalof theaestheticvalues,weusedPagel's�� coefficient[35].
Pagel's�� characterizestherelationbetweenthesimilarity of agiventrait (heretheaesthetic
value)andthephylogeneticdistancebetweenspecies.It representsthepossibilityto recon-
structthetreewith thestudiedtrait only.A null �� leadsto asinglepolytomyfor thebasalnode
whileavalueof 1givestheexacttree.A �-value iscomputedbyrandomizingthedatain order
to identify thefamiliesfor whichaninner signalisdetected[82]. Thisanalysiswasundertaken
on theentiretreeandonly for thefamiliesfor whichwehadmorethan5speciesin our dataset.
Weusedthe���	���� function of the������	� " 1.-31Rpackage.

To testtherelationshipbetweenaestheticvalueswith both theageof thespecies(in millions
of years)andthefunctionaldistinctiveness,weusedboth linearmodelsandlinearmodels
accountingfor phylogeneticrelatednessusingthe���	�	� function of the���	�	� " ..,.. R
packageoverthedistribution of 100resolvedphylogenetictrees(the100�-valueswerecom-
binedusingthe���.���� function of the������������ " +.- Rpackage).

To compareaestheticvaluesrespectivelyacrossthe3 IUCN categoriesandthefisheries
importancecategories,weperformeda1-wayANOVA andTukeymultiple pairwisecompari-
sonsusingthe��" and5�%���� functionsof thebase-attached����� Rpackage.

Data andmaterialsavailability
Mostof thedatausedin thispaperarefreelyavailableanddownloadablefrom theweb.Data
on IUCN threatstatusareavailablein theIUCN RedList database(https://www.iucnredlist.
org/). RLSdatafor specieslistsandsometrait information areavailablethroughanonlinepor-
tal accessiblethrough(http://www.reeflifesurvey.com),with additionaltrait dataavailableon
requestbyusingthecontactform. Foreachspecies,weprovideaestheticvaluespredictedin
thepresentstudy(S3Data)andweblinks to originalphotographicmaterial(S4Data).Images
freeof copyrightcanbeprovidedon request.Otherdatasetsusedin thisstudy(extraction
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from theonlinesurveyandimagesfeaturesanalysis)andall codeusedfor theanalysisandfig-
uresareavailablefrom theGitHub Repository:https://github.com/nmouquet/RLS_AESTHE.
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