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Abstract

Informativeness (defined as reduction of uncertainty) is central in human communication. In

the present study, we investigate baboons' sensitivity to informativeness by manipulating

the informativity of a cue relative to a response display and by allowing participants to antici-

pate their answers or to wait for a revealed answer (with variable delays). Our hypotheses

were that anticipations would increase with informativity, while response times to revealed

trials would decrease with informativity. These predictions were verified in Experiment 1. In

Experiments 2 and 3, we manipulated rewards (rewarding anticipation responses at 70%

only) to see whether reward tracking alone could account for the results in Experiment 1.

We observed that the link between anticipations and informativeness disappeared, but not

the link between informativeness and decreased RTs for revealed trials. Additionally, in all

three experiments, the number of correct answers in revealed trials with fast reaction times

(�� 250ms) increased with informativeness. We conclude that baboons are sensitive to infor-

mativeness as an ecologically sound means to tracking reward.

Introduction
Humanlinguisticcommunicationrecruitsanarrayof cognitiveabilities.While manyof them
arenot specificto language,theyarenonethelesscruciallyinvolvedin linguisticproduction
andlinguisticinterpretation.Investigatingwhichof theseabilitiesarepresentin otherspecies,
andnotablyin otherprimatespeciesiscentralto anyapproachto languageevolution.Thetar-
getof thepresentstudyis informativeness,acentralfactorin humanlinguisticcommunica-
tion. A signalA ismoreinformativethananothersignalB if A reducesuncertaintymorethan
doesB.To takeasimpleexample,supposeyouarefacedwith anarrayof mugs,someof which
areyellowandonly oneisyellowwith achippedhandle.Your friend Paulasksyouto passhim
hismug.Giventhatyoudon't knowwhichmugit is,hisdemandwill bemoreinformativeif
hesaysªPlease,passmemy mug:it's theyellowonewith achippedhandleº,ratherthanif he
saysªPlease,passmemy mug:it's theyellowoneº.
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Theconceptof informativenessiscentralto humanlinguisticcommunicationbecauseit
is animportant factorin interpretingutterancesbeyondtheir literal meaning,aprocess
known as��������� 	
�����	
�. To takeasimpleexample,if youaskwhocameyesterday
andtheansweris ªPaulcameº,youwill interpret it asmeaningthat �
� Paul(andno one
else)came.Yet,theutterance,in itself,doesnot excludethatotherpeople,amongasetof
peoplewhocouldhavecome(e.g.,Paul,Peter,andMary), came.Theprocessthroughwhich
thestrengthenedor enrichedinterpretationis reachedis called	��������������
. It corre-
spondsto theexclusionof alternativesmoreinformativethantheutteranceused.Giventhat
theutterancewasnot ªPeter,Paul,andMary cameº(or ªPeterandPaulcameºor ªPauland
Mary cameº),thepossibilitythatPaulwasaccompaniedby eitherPeterandMary or bothof
themis excluded.HencetheutteranceªPaulcameºcanbeinterpretedasª�
� Paulcameº.
Exhaustificationthussupposesasensitivityto degreesof informativeness.To excludethe
moreinformativealternatives,theaddresseemustrank thedifferentalternativeson ascaleof
informativeness.Exhaustivityinterpretationsarerife in humanlinguisticcommunication
(andin humancommunicationin general),includingsuchconstructionsasfocus,cleft-sen-
tences,andscalarimplicatures,amongothers(for anoverview,see[1]). Suchmechanisms
arecoherentwith theviewthat interpretationis guidedby assumptionsaboutthecognitive
utility of thecommunicatedinformation,wherecognitiveutility is cashedout in termsof
cognitivecost(howdifficult it is to reachtheinterpretation)andcognitivebenefit(how
informativetheinterpretationis,whenit hasbeenaccessed).While SperberandWilson [2]
haveformulatedthis ideaexplicitly,it wasalreadyoutlinedin Grice[3], andhasbeendevel-
opedandformalizedmorerecentlyby Frank[4] andDegenandTanenhaus[5], amongoth-
ers.An important point is thatwhilesomeof thesetheoreticalapproachesto interpretation
appealto higherlevelprocesses,involvingmind readingaboutthecommunicator'sinten-
tions(e.g.,[3]), mostothersareperfectlycompatiblewith moreor lessautomatic,relatively
low-levelprocesses,involvingno form of consciousreasoning.

Theprocessof exaustificationmight beusedbysomenon-humanprimatespeciesaswell.
Arnold etal.[6] notedthat for Campbell'smonkeysin theTa� forest(wherethereareeagles
andleopards),���� is interpretedasreferringto leopards,whileon theIslandof Tiwa� (where
thereareeaglesbut no leopards),it is interpretedassignalingageneraldanger.Schlenkeretal.
[7] suggestedthat ���� might havethesameªlexicalºmeaningin both locations(ageneral
alarmcall),but that in Ta�,it triggersaprocessof exhaustification,enrichingits meaningto
referto leopards.Basedon thedescriptionof Campbell'smonkeyalarmcallsgivenin [6, 8,9],
Schlenkeretal.[7] haveidentifiedastherelevantsetof alternativealarmcalls<����> and
<���>, where���� signalsthepresenceof danger�
� ��� signalsthepresenceof aneagle.In
thatcase,��� isstrictlymoreinformativethan���� (it isappropriatein asubsetof thesituations
in which���� isappropriate).Accordingto Schlenkeretal.,when���� isused,it is interpreted
asnon-���, whichleadsin Ta� (wherethereareleopards)to aleopardinterpretation,whileon
Tiwa� (which is leopardfree),it is interpretedªliterallyº asreferringto ageneraldanger.This
proposalsupposesthatCampbell'smonkeysaresensitiveto informativeness,areasonable
assumption,giventheecologicalusefulnessof suchanability,not only in communication,but
in decisionmakingin general.Indeed,sensitivityto informativenessmight bewidespread
amongnonhumanprimates,ahypothesisthat thepresentstudyinvestigates,targetingGuinea
baboons(����� �����). In recentyears,baboonshavebeenshownto haveabilitiesdirectlyrele-
vantto languageacquisitionandevolutionin humans,suchasasimilarvocalsystem,associa-
tive learning,statisticallearning,long-termmemoryandculturalevolution(for anoverview,
see[10]). Thismakesthemagoodchoicefor anystudyrelevantto languageevolution.

Informativenesshasbeeninvestigatedin youngchildren(see[11]), showingthat infants
andtoddlersuseinformativenessto guidetheir searchbehaviorsandareableto representfor
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themselvesthespecificpieceof information that theylack.Theyalsouseinformativenessin
communicativecontexts,notablywheninferring themeaningof anewword andadapting
their owncommunicativebehaviorsto beasinformativeaspossibleto their addressees(e.g.,
[12,13]).On theotherhand,to our knowledge,therehasbeenno investigationof sensitivity
to informativenessin monkeys.However,thereisanimportant literatureon metacognitionin
nonhumanprimatesandmetacognition,whiledifferentfrom sensitivityto informativeness,
haslinks with it.

Metacognitiveprocessesmonitor andcontrol theoperationsof theprimary cognitivepro-
cesses.Monitoring expressesitselfin confidencejudgmentsregardingone'sownknowledge,
whilecontrol producesstrategiesto learnwhatonedoesnot know.Bothinformativenessand
metacognitionhaveto do with uncertainty:Confidenceishigherwhenuncertaintyis low
andviceversa.Moreover,choosinglearningstrategiesaimsat reducinguncertaintyandthus
shouldselectthosewith themostinformativepotential.Thus,theexperimentalinvestigation
of metacognitionisof somerelevanceto thatof informativeness.

What is remarkablein themetacognitionliteratureis therobustnessof theresultsthrough-
out thedifferentstudies.First,in studiesthathadonly monkeysasparticipants(usually
macaques,see[14±17]),themonkeysshowedappropriateuseof theUncertaintyresponse
(UR) aswellastransferto newtasksandgeneralization.Second,in all studiescomparing
humansandmonkeys[18±23],theresultswereverysimilarbetweenthetwo groups.There
werestronginter-individual differencesin bothmonkeysandhumans.Bothgroupshadasub-
optimaluseof theUR(usedit lessthantheyshouldhaveto maximizetherewards).Finally,
andmostimportantly,bothgroupsneverthelessmadeappropriateuseof theUR.While these
similaritiesdo not imply thatnonhumanprimatesenjoythefull, consciousabilitiesfor meta-
cognitivereasoningthathumansdo,theyclearlymeanthat theyhavesomemetacognitiveabil-
ities(for afull discussion,see[24]), both relativeto monitoring andto control.Thissuggests
thatsensitivityto informativenessmight alsobefound in nonhumanprimatespecies.The
maingoalof thecurrentresearchwasto assessbaboons'sensitivityto informativeness.

Experiment 1

Materialsandmethods
Participants and living conditions. Participantswere24Guineababoons(����� �����)

belongingto theCNRSPrimateCentrein Rousset-sur-Arc(France),medianage10years,
min = 2,max= 24;7 males).Thebaboonsbelongedto two socialgroups,onecomprisingtwo
adultmalesandthreeadult femalesandthesecondsixmalesandthirteenfemales.Thelarger
groupwashousedin group700m2outdoorenclosureconnectedto two 24m2trailerscontain-
ing thetestsystemsanda16m2indoor enclosure.Thesmallergroupwashousedin a24m2
outdoorenclosureconnectedto an18m2trailer containingthetestsystemsanda9m2indoor
enclosure.Outdoorenclosurescontainedvariouskindsof objectsfor behavioralenrichments,
suchasclimbingstructuresor stonesof varioussizesthat thebaboonscanmanipulate.The
indoor enclosurealsocontainedplatformsfor restingatnight.Baboonsreceivedtheir daily
foodratio at5 pm (fruits, vegetables,andmonkeychows),andwaterwasprovidedadlibitum
within eachenclosure.All baboonswerefamiliar with thematchingprocedure,dueto previ-
oustesting.

Animal welfare
Our researchusedautomatedlearningdeviceswhichhavebeendescribedin detailin Fagot&
BonteÂ, (2010)[25]. Thisprocedureusesanautomatedradio-frequencyidentificationof the
subjectswithin eachtestsystem,makingit possibleto testtheindividualswithout removing
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themfrom their socialgroup.Useof thisprocedureisknown to reducethestresslevelof the
monkeysduring theexperiment,asdemonstratedbyreducedcortisollevelsandareduced
numberof behavioralstereotypies(Fagotetal.2014)[26]. Daily observationsof thebaboons
byethologistsandtheanimalcarestaffof theCNRSprimatologystationguarantiedanimal
welfareduring theexperiment.Any signof discomfort,injury of sicknesswouldhavetriggered
anhealthcheckby theanimalcarestaff,but noneof thebaboonsshowedsuchsignsduring the
research.Our experimentinvolvedno anesthesia,analgesia,or euthanasia.All our subjects
stayedin their homesocialgroupsduring theresearch,andremainedin their homegroup
aftercompletionof theexperiment.

Apparatus
Thetwo outdoorenclosureswherethebaboonslivedwereconnectedto atotalof 14(n = 10
for thelargegroup,n = 4 for thesmallergroup)AutomatedLearningdevicesfor monkeys
(ALDM) whichhavebeendescribedin detailin [25]. EachALDM comprised(1) aRFID
readerfor theidentificationof thesubject,(2) a19-inchtouchscreenfor stimuluspresentation
andtherecordingof thebehavioralresponses,and(3) afooddispenserdeliveringadrop of
dry wheatwithin theALDM cubiclewhenacorrectresponseismade.Thebaboonswere
implantedwith two biocompatible1.2by0.2cmRFIDmicrochipsinjectedinto eachforearm
andwereautomaticallyidentifiedby thetestsystemwhenevertheyenteredanALDM test
chamber.Thanksto anetworkserverconnectingall ALDMs, theidentity of thesubjectserved
to resumethetrial list at theplaceatwhichthesubjectleft it at its previousvisit in thesameor
adifferentALDM. In short,thissystemallowedindependenttestregimenfor eachbaboon
whowasmaintainedin its socialgroup,in absenceof capture,andthebaboonsweretestedat
their ownpaceirrespectiveof ALDM theydecidedto use.Theexperimentwascontrolledbya
softwaretestingprogramwritten byJFusingE-prime(Version2.0professional,Psychology
SoftwareTools,Pittsburgh,PA,USA).Thevoluntaryparticipationof thesubjectsreduces
stresslevels,asinferredfrom thesignificantdecreasein salivarycortisollevelsaswellasthefre-
quencyof stereotypies[26].

Testprocedure
Generaltestprocedure. Our researchusedanexperimentalparadigmwhichis illustrated

in Fig1.At theonsetof thetrials,thebaboonperceivedacuestimuluswhichwaspresentedat
thebottomof thescreen.It thenhadto touchthecueto triggerthepresentationof thesecond
displaycorrespondingto theanticipationperiod.Dependingon thetestcondition,the

Fig 1. Experimental display.

https://doi.org/10.1371/journal.pone.0270502.g001
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anticipationdisplaycontainedeither1,2,3,or 4duplicationsof thecuealongwith respectively
4,3,2or 1 replicationsof thedistractor,for atotalof fivestimuli on thescreen.Whenthe
displaycontainedmorethanoneinstanceof thecuestimulus,oneof themwasrandomly
assignedastheS+.In otherwords,amongthestimuli matchingthecue,only one,theS+,
wasreinforced.Theothermatchingstimuli werenot reinforced.Bycontrast,whenonly one
instanceof thecuewasdisplayed,S+correspondedto thatuniquestimulus.Thetaskfor the
subjectwasto find S+andto touchit on thescreen.Informativenessin thisprocedureis
definedrelativeto thenumberof possiblechoices:themorematchingstimuli thereareon the
responsescreen,thelessinformativethecue,andviceversa.Asthelikelihoodof finding S+
decreasedwith thenumberof cuerepetitions,theinformativenessof thecuedecreasedaccord-
ingly.Thus,theinformativenessof thecueis in inverseratio to thenumberof matchingsti-
muli: displayswith 4-3-2-1matchingstimuli meansthat theinformativenessof thecuewill be
rated1-2-3-4respectively.A correctselectionof S+during theanticipationdisplaytriggered
thedeliveryof afoodrewardandfinishedthetrial. An incorrectchoice(i.e.,thebabooneither
chooseaduplicationof thecueotherthanS+or adistractor)during theanticipationperiod
gaveriseto a3 sectime-out indicatingthatanerror hasbeenmade.However,thesubjecthad
alsotheoption of not respondingduring theanticipationperiod.In thatcase,theanticipation
displaywasreplacedafteravariabledelay(seebelow)byanotherresponsedisplaysimilar to
thepreviousone,with theonly differencethatS+wasnowrevealedbyayellowcolour.Touch-
ing S+providedafoodrewardat thatstageandendedthetrial. Touchinganotherstimulus
(evenif it matchedthecue)wasconsideredanerror whichtriggereda3sec-time out with a
greenscreen.All error trials(whetheranticipatedor not) werefollowedbyanewrandomly
generatedtrial. A maximumof 5 secwasallowedto touchthescreenon thefirst (cuedisplay)
or third (revealed)display.A failureto touchthescreenduring thesedelaysabortedthetrial.
Abortedtrialswerenot recordedandwererepresentedagainat thenextidentificationof the
subject.All stimuli measured180X180pixels.Theywerepresentedon a760X1024pixels
blackbackground.All thedataandmetadatafor theexperimentscanbefoundathttps://osf.
io/uqxsz/.

Training procedure. Thisprocedurepursuedtwo differentgoals.First,wewantedto
havethebaboonsdiscoveringthat theyhadto matchthestimuli consideringtheir identity.
Second,wewantedto havethebaboonsdiscoveringthat theycouldproduceanticipation
responsesduring theanticipationdisplay.Training proceededin 6 consecutivestepseach
involvingblocksof 100-trialscomprising65matchingtrialsrandomlyintermixedwith 35
revealedtrials.Eachblockwasrepeatedin arandomorderuntil thebaboonreached80%cor-
rect,reinforcedresponseswithin ablock,for bothmatchingandrevealedtrials.Training in
block1 only involvedthreeitemsin theresponsedisplay.In matchingtrials,theyweretheS+,
identicalto thecue,andtwo distractorsdifferentfrom thematch.In revealedtrials,thethree
responsestimuli wereall differentfrom thecue(andhencetherewasno matchpresentin the
display),andS+turnedinto ayellowcolorafterananticipationperiodof 100ms.Training in
blocks2 to 6 followedthesameprocedureasin block1,exceptthat theanticipationperiod
wasexpandedto 200,300,500,700and1000msrespectively.

Testphases. Threeconsecutivetestphaseswereproposedoncethesubjectsreachedthe
learningcriterion in training block6 (80%of correct,reinforcedresponses).In testphase1,
thesubjectswereexposedto 30repetitionsof 40-trial testblocks,whichwereonly composed
of randomlyorderedtrials.Trialswithin ablockinvolvedthepresentationof thecuestimulus
whichwaseitheracircle(50%of thetrials)or asquare(50%),followedby theresponsedisplay
containing5 responseitemsmadeup with either1,2,3or 4 repetitionsof thecuein addition
to 4,3,2or 1 repetitionof thedistractor.Thedistractorsweresquareswhenthecuewasacir-
cle,or ���	 �	���. In testphase1,thedurationof theanticipationperiodwassetto 1000ms.
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Testphases2 and3 usedtheexactsameprocedureasfor testphase1,exceptthat theduration
of theanticipationperiodwasincreasedfrom 1000msto 1500ms(testphase2) and2000ms
(testphase3), respectively.Weexpectedthat thelengtheningof theanticipationperiodwould
enhancethenumberof anticipationresponses.

Ethicsstatement. Thisresearchon baboonswascarriedout in accordancewith French
andEU standardsandreceivedapprovalfrom theFrenchMinist�re del'EducationNationale
etdelaRecherche(approval# APAFIS-2717-2015111708173794-V3).Proceduresusedin
Experiment1 andthefollowingwerealsoconsistentwith theguidelinesof theAssociationfor
theStudyof Animal Behavior.

Statisticalanalysis
Theaimof our analysiswasto determinewhetherbaboonscouldusetheinformativenessof
thecueto respondto thetestdisplay.Wereasonedthat if thatwerethecase,thenwecould(1)
expectthenumberof anticipationtrials to increasewith informativenessand/or (2) seeshorter
reactiontimesfor informativecuesfor revealedtrials.Anticipationswerecodedasabinary
variable(1 if therewasanticipation,0 if not) for eachtrial.

Whenanalyzingrevealedtrials,wefoundabi-modaldistribution of reactiontimeswith a
first smallpeakataround150msandasecondonearound500ms(seeS1Figin S1File).We
reasonedthat thefirst peakreflectedfastresponsesthatwerepreparedby thebaboonsin antic-
ipationof thesignalandthat their numbershouldincreasewith informativeness.Therefore,
wedecidedto analyzeseparatelyfastresponses(RT< 250ms)from otherslowerresponses.

Weran mixed-effectsregressionmodelsusingthelme4packagedevelopedin R[27,28]
andcalculatedp-valuesusinglmerTest[29]. All modelscontainedafixedeffectof Informa-
tivenessandrandomeffectsto control for thenon-independenceof repeatedmeasureswith
interceptsfor Subjectsaswellasby-Subjectslopesfor theeffectof Delaywhenseveraldelays
werepresent.Weusednegativebinomialmodelswhenthedependentvariablewasthenumber
of anticipationsandgaussianmodelswhenanalyzingreactiontimes.Non-parametrictests
wereusedto analyzefastresponses,giventheir smallnumber.

Results
Fourteenmonkeyspassedtraining andcompletedthefull setof testtrials(medianage10
years,min = 4,max= 22;3 males).

Do monkeysuseinformativenessto anticipate their response?
Increasein the number of anticipations. Aspredicted,wefoundastrongandsignificant

increasein thenumberof anticipationswith informativeness(�� = 0.20,SE= 0.02,z= 10.8,
p < 0.001,seeFig2),confirming that themonkeysusedtheinformativenessof thecueto
respondto thetask(notethat theeffectof informativenessissimilar in ananalysiswith the
first threelevelsof informativenessonly, �� = 0.09,SE= 0.02,z= 3.7,p < 0.001).

Ascanbeseenin Fig3,thenumberof anticipationssignificantlyincreasedwith thedelay
(themodelwith delaywassignificantlybetter,� 2 = 9.2,df = 2,p = 0.01)but this increasewas
uniform acrosslevelsof informativeness(themodelwith aninteractionbetweendelayand
condition wasnot significantlybetterthanthemodelwithout theinteraction,� 2 = 0.49,df = 2,
p = 0.78).

Notethat in thepreviousanalysesweconsideredthetotalnumberof anticipations,includ-
ing anticipationsin whichthecueandtheimagetoucheddid not match.If wefocuson `cor-
rect' (reinforced)anticipationswith amatchbetweenthecueandthestimuli touched,the
effectof informativenessisevenstronger(GLMM, �� = 0.35,SE= 0.02,z= 18.2,p < 0.001;also
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seeS2Figin S1File)becausethebaboonstendedto anticipateandtouchtheincorrectstimu-
lus(adistractor)whenit waspresentedon its own(i.e.,whenthelevelof informativenessis1).
This iscertainlyaconsequenceof thefactthat thesameconfigurationwith adifferentcue
would leadto immediateandcertainreward(informativenessof 4).

Wealsoexploredif arelationexistsbetweenscoreandnumberof anticipationsobtainedin
eachcondition of informativeness.Fig3 revealsthat thescoreincreasedwith thelevelof infor-
mativenessof anticipationtrials(GLMM, �� = 1.46,SE= 0.03,z= 49.2,p < 0.001).This finding
suggeststhat thebaboonsconsideredinformativenessfor selectingthemostoptimal response
strategyin eachtrial andproducedanticipationresponsesasameansto optimizereward
delivery.

Decreasein reaction time for successfulrevealedtrials. Fig4presentstheeffectof infor-
mativenesson reactiontimesfor all successfulrevealedtrials.Wefoundasmallandsignificant
decreasein reactiontime with informativenessfor slowerresponses(LMM, �� = -5.6,SE= 0.83,
df = 40.8e+3,t = -6.6,p < 0.001),with no cleareffectof delay.

Whenanalyzingfastresponses(seeFig5,wefoundanincreasein thenumberof fast
responseswith informativeness(SpearmanS= 14919,p = 0.001,� = 0.49).Onemonkey,
ARIELLE,hadmanymorefastresponsesthanothers.Whenexcludingthis individual, thecor-
relationispreserved(S= 10049,p < 0.001,� = 0.57).

To summarize,Experiment1 showedthatbaboonsusedinformativenessthroughthreedif-
ferentmeasures,anincreasednumberof anticipations,decreasedRTsfor longresponsesand
anincreasednumberof fastresponses.Importantly, thescorealsoincreasedwith informative-
nesson anticipatedtrials(Fig3).

Fig 2. Thenumber of anticipations increaseswith informativeness.Individual responses(light grey)with groupaverage(error
barsrepresentstandarderror).

https://doi.org/10.1371/journal.pone.0270502.g002
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Discussion
In Experiment1, theinformativenessof thecuewasmodulatedbymanipulatingthenumber
of stimuli similar to thecuein theresponsedisplay(from 1 to 4). Importantly monkeys
couldrespondimmediatelyor wait for adelay(1000,1500,2000ms)until thetargetwas
revealed.All correcttrials (i.e.,choosingtheS+)wererewardedregardlessof whetherthey
wereanticipatedor revealed.Wehadtwo hypotheses:anticipationsshouldincreasewith
informativeness;reactiontimesfor revealedtrialsshoulddecreasewith informativeness.
This isexactlywhatwefound.Additionally, fastresponsesto revealedtrials (< 250ms)
increasedwith informativeness.

Theresultsof Experiment1suggestthat thebaboonsproducedmoreanticipationresponses
andprocessedinformativenessasameansto optimizefoodreinforcement.In Experiment2,
wewantedto checkwhethertheresponsesin anticipatedtrialsdependedon informativeness
alone,on rewardtrackingalone,or on acombinationof both.To addressthatquestion,in
Experiment2 all anticipationresponsesin whichthesubjectselectedthesamestimulusasthe
samplewereevenlyrewarded,independentlyof thelevelof informativenessof thedisplay.

Experiment 2

Material andmethods
Participants. TwentyGuineababoonsbelongingto thesamefacility asin Experiment1

participatedin thisstudy(medianage11years,min = 3,max= 25;5 males).
Training and testprocedure. Subjectswereretrainedprior to thetestsessions,using

thesamegeneraltraining procedureasfor Experiment1,with theonly exceptionthat the

Fig 3. Averagescore(rewarded responses)for anticipatedtrials. Individual responses(light grey)with groupaverage(error bars
representstandarderror).

https://doi.org/10.1371/journal.pone.0270502.g003
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responsestimuli couldbedisplayedin 6,ratherthan5 possiblelocationson thescreen.Test-
ing wasproposedafterthebaboonsreached80%correctfor both thematchingandrevealed
trialswith ananticipationdelayof 1000ms.Threetestphaseswerethenproposedto the
baboonsafterretraining,usinganticipationdelaysof 1000ms,1500msand2000ms.Thetest-
ing procedurewassimilar to Experiment1 but involvedfour main changes.First,thesetest
phasesemployedaªOº andaªTº shapeasstimuli, ratherthanacircleandasquare.Second,
all responsedisplayscontained6 shapes,insteadof 5 asin Experiment1.Third, thecue
couldbereplicated2,3 or 4 timesin theresponsedisplay,resultingin only threelevelsof
informativeness.Fourthandmostimportantly,all anticipationsresponsesin whichthesub-
jectselectedthesameresponsestimulusasthecuewerenon-differentiallyreinforcedon
a70%rate,independentlyof thecondition of informativeness.Incorrectanticipation
responseswereby contrastnot reinforced.Responsesoccurringaftertheanticipationperiod
weredifferentiallyreinforcedwith foodrewardsbeingdeliveredin thetestcageaftereach
correctresponse.

Experiment2:Results
Fourteenmonkeyspassedtraining andcompletedthefull setof testtrials(medianage11
years,min = 4,max= 23;3 males).

Increasein number of anticipation trials. Comparedto Experiment1,wefoundno
increasein thenumberof anticipationswith informativeness(�� = 0.04,SE= 0.08,z= 0.49,
p = 0.63,Fig6).

Fig 4. Changein reactiontime with informativ eness,whenthe target wasrevealedandthe monkeywassuccessful.The
reactiontime is thetime it took theindividual to respondafterthetargetturnedyellow(in millisecond). Individual responses(light
grey)with groupaverage(error barsrepresentstandarderror).Datafrom all thetrialsarerepresented in this figurebut fastand
slowresponseswereanalyzedseparately(seemethods).

https://doi.org/10.1371/journal.pone.0270502.g004
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Fig 5. Number of fast responses(RT < 250ms)with informativ eness.Individual responses(light grey)with groupaverage(error
barsrepresentstandarderror).

https://doi.org/10.1371/journal.pone.0270502.g005

Fig 6. Number of anticipations depending on informat ivenessanddelay.Individual responses(light grey)with groupaverage
(error barsrepresentstandarderror).

https://doi.org/10.1371/journal.pone.0270502.g006
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Decreasein reaction time for revealedtrials. Wealsofoundasmalldecreasein reaction
time with informativeness(�� = -1.49,SE= 0.76,df = 39997,t = -1.95,p = 0.052;Fig7).

Increasein the number of rapid responsesin revealedtrials. Thenumberof successful
trialswith arapid response(RT<250ms)increasedwith informativeness(Spearmanrank,
S= 7364,p-value= 0.008,� = 0.40;Fig8).

Discussion
Experiment2 followedasimilarprocedureto Experiment1,but importantly differedfrom
thepreviousexperimentregardingreinforcementcontingenciesof anticipationtrials:In
Experiment2,anticipationswerenon differentiallyrewardedat70%whilecorrectrevealed
responseswererewardedat100%.Themain effectof this rewardpatternwasthat,though
anticipationsincreasedwith delay,theydid not increasewith informativeness,in contrast
with theresultsin Experiment1.On theotherhand,therewasstill adecreasein reaction
timesfor revealedtrialswith informativeness.Therewasalsoanincreasein rapidcorrect
revealedresponseswith informativeness.Thus,themain effectof thenewrewardpattern
wasto extinguishtheeffectof informativenesson anticipations,suggestingthat theproduc-
tion of informativeness-dependentanticipationtrials in Experiment1 wascontrolledby a
rewardincentiveto anticipate.

In Experiment3,wewantedto seewhetherwecouldrestoretheeffectof informativeness
on anticipations.Wereasonedthat if themonkeysexperiencedonecondition in whichantici-
pationswerealwayssuccessfulthismight prompt themto anticipatemorein theothercondi-
tions.Therefore,wedecidedto reintroducethecondition in whichtheresponsedisplay
containedasinglerepetitionof thecue.

Fig 7. Reactiontimes for successfulrevealedtrials. Individual responses(light grey)with groupaverage(error barsrepresent
standarderror).

https://doi.org/10.1371/journal.pone.0270502.g007
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Experiment 3

Material andmethods
Participants. Thesubjectswerefrom thesamegroupasabove.
Training and testprocedure. Baboonswereall retrainedprior to testing,usingthesame

training procedureasin Experiment2.Testinginvolvedtwo newvisualobjectsasstimulus(a
reversedªLº shapeandapentagon)and32repetitionsof atestblockof 56trialswhichwas
repeatedin arandomorder.Thetesttrialshad4 possibleconditionsof informativeness,corre-
spondingto 1,2,3 or 4 repetitionsof thecuewithin theresponsedisplayof 6-items.Thedura-
tion of theanticipationdisplaywassetto 2000msin thatcase.All anticipationresponsesto the
first condition of informativeness(onematchingstimulus,informativeness= 5) weredifferen-
tially reinforcedwith correctresponsesrewardedat100%.Anticipation responsesin the
remainingconditionsof informativenesswerenon-differentiallyreinforcedon a70%basis
whenthebaboonstouchedashapeidenticalto thecue.Bycontrast,touchingadistractorby
anticipationwascodedasanerror andwasnot reinforced.Non anticipationresponses,after
thestimulushadturnedyellow,wereall differentiallyreinforced.

Results
FourteenGuineababoonsbelongingpassedthetraining phasein Experiment3 (medianage
10years,min = 3,max= 23;2males).

Increasein number of anticipation trials. Thesamestatisticalanalysesasaboverevealed
no evidenceof aneffectof informativenesson thenumberof anticipations(�� = -0.01,SE= 0.01,
z= -1.15,p = 0.25;Fig9).

Fig 8. Number of correct revealedtrials with RT<250ms.Individual responses(light grey)with groupaverage(error bars
representstandarderror).

https://doi.org/10.1371/journal.pone.0270502.g008
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Decreasein reaction time for revealedtrials. Wealsofoundasmalldecreasein reaction
time with informativeness(�� = -4.62,SE= 1.78,df = 13972,t = -2.60,p = 0.009;Fig10).

Increasein the number of rapid responsesin revealedtrials. Thenumberof successful
trialswith arapid response(RT<250ms)increasedwith informativeness(Spearmanrank,
S= 6746,p-value= 0.002,� = 0.45;Fig11,weexcludedthecondition with informativeness
equalto fiveto makethecomparisonwith thepreviousexperimentvalid).

Discussion
Experiment3 hadthreedifferenceswith Experiment2, in addition to theuseof newstimuli:
(1) On theresponsedisplayof 6 items,1,2,3,or 4 itemscouldbesimilar to thecue.(2) The
delaywasuniformly 2000ms,and(3) correctanticipationsin themaximallyinformativecon-
dition (whereasingleitem on theresponsedisplaywassimilar to thecue)weredifferentially
rewardedat100%,whileall othercorrectanticipationswereonly rewardedat70%.

In Experiment3,therewasno effectof informativenesson thenumberof anticipations,as
in Experiment2 andin contrastwith Experiment1.On theotherhand,therewasadecreasein
reactiontimesfor correctrevealedtrialswith informativeness.Aswell,therewasanincrease
in correctfastresponsesto revealedtrialswith informativeness.Thus,theresultsof Experi-
ment3 wereverysimilar to thoseof Experiment2,despitethereintroductionof amaximally
informativeanddifferentiallyrewardedcondition.

General discussion
Our findingssuggestseveralcomments.

Fig 9. Effectof informativ enesson the number of anticipations.Individual responses(light grey)with groupaverage(error bars
representstandarderrors).In thisexperiment therewasonly onedelayof 2000ms.

https://doi.org/10.1371/journal.pone.0270502.g009
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Fig 10. Reactiontimesfor successfulrevealedtrials. Individual responses(light grey)with groupaverage(error barsrepresent
standarderror). In thisexperimenttherewasonly onedelayof 2000ms.

https://doi.org/10.1371/journal.pone.0270502.g010

Fig 11. Increasein the number of correct revealedtrials with RT<250ms.Individual responses(light grey)with groupaverage
(error barsrepresentstandarderror).

https://doi.org/10.1371/journal.pone.0270502.g011
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First,in experiment1,thenumberof anticipationsincreasedwith thecue'sinformative-
ness.Thus,thebaboonswaitedlessfor additionalevidenceÐprovidedhereby thecolor
changeÐwhenthecuewasmoreinformative.Importantly, in Experiment1,theprobability
thatananticipationwouldberewardedwaspositivelycorrelatedwith thecue'sinformative-
ness(Fig4).Subsequently,in experiments2±3,weequalizedrewardsfor correctanticipations
acrossseverallevelsof informativeness.In thesetwo experiments,theeffectof informativeness
on theparticipants'numberof anticipationsdisappearedcompletely.Thissetof resultsreveals
that rewardtrackingmight beoneroutesupportingbaboons'capacityto adjusttheir behavior
to acue'sinformativeness.Indeed,in experiments2±3,weartificially dissociatedrewardpat-
ternsfrom theinformativenessof thecue.However,in ecologicalcontexts,informativeness
andpatternsof rewardareintrinsically tied:Learningfrom cuesthataremore(ratherthan
less)informativeaboutthelocationof arewardmakesonemorelikely to find it. Thus,track-
ing rewards(or successes)might allowbaboonsto performacomplexfunctionÐadjusting
one'sbehaviorto theinformativenessof cuesÐatarelativelylow cognitivecost.

Second,theparticipants'reactiontimesduring therevealedtrialsdecreasedwith thecue's
informativeness.Thus,thespeedof baboons'responsesoncethecorrectcomparisonstimulus
(S+)changedcolor increasedwith thequalityof evidencethat theyreceivedduring theantici-
pationperiod.Moreover,thenumberof fastresponses(< 250mspostcolorchange)increased
with thecue'sinformativeness.Giventheir speed,thesefastresponsesweremostprobablypre-
paredbeforethecolorchange.Thesetwo findingsareadditionalevidencesupportingtheidea
thatbaboonshaveasensitivityto informativeness.Importantly, theeffectsof informativeness
on both reactiontimesandon thenumberof fastresponseswereobservedin all threeexperi-
ments,evenafterequalizingrewardsfor correctanticipationsacrosslevelsof informativeness
(Experiments2±3).Thus,thissecondsetof resultsrevealsthatbaboons'sensitivityto informa-
tivenesscannotbeexplainedentirelyby rewardtracking,althoughrewardtrackingcontrib-
utedto it.

Two typesof cognitivemechanismsmayexplaintheeffectof informativenesson thespeed
of theparticipants'responses.A first possibilityis thatbaboons'sensitivityto informativeness
wasunderpinnedbymetacognitiveabilitiessuchasuncertaintymonitoring. Under this rich
interpretation,beforethecolorchange,thebaboonsrepresentedthepossiblealternativeloca-
tionsof S+,alongwith anestimateof their ownuncertaintyoverthesealternatives.Under-
standably,moreuncertaintyaboutthereward'slocationwouldresultin slowerresponsesfrom
theparticipants.

A secondÐarguablyleanerÐaccountis thatduring theanticipationperiod,thepartici-
pantsadjustedtheir behaviorsto thecue'sinformativenesswithout monitoring their uncer-
tainty.For instance,during theanticipationperiod,theparticipantsmight haveprepared
their responsebydividing their attentionovertherepetitionsof thecue.Whenthenumber
of thecuedshape'srepetitionwaslarger,theparticipantsneededto monitor morestimuli,
thusslowingdowntheir detectionof thecolorchange,andsubsequently,their reaction
times.Notethat this interpretationstill impliesthatduring theanticipationperiod,the
participantshaveabeliefdistribution aboutwhichstimuli in theresponsedisplaycouldbe
thetarget.Thewider thedistribution of probability,thelesscertaintheparticipantcanbe,
thoughthis uncertaintydoesnot haveto berepresentedassuch.Suchamechanismwould
becomputationallyefficient,sinceit wouldallowbaboonsto slowdowntheir responses
whentheevidenceat their disposalwasof lesserqualityÐyet it wouldnot requirethat
baboonsmonitor their uncertainty.

Theseresultsarestronglyreminiscentof Hyman'sremark[30], basedon Hick (1952)[31]:
ªWhenastimulusischosento whichSmustmakeadiscriminatoryresponse,hisreaction
time seemsto beamonotonicallyincreasingfunction of thenumberof possiblestimuli from
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whichthestimuluscanbechosenº(1953,188).Hymanalsonotesthat this typeof experimen-
tal set-upªcanbelookeduponasamodelof acommunicationsystemº(1953,188).Indeed,
themechanismsevidencedherein baboonsfulfill two desideratathatarecrucialfor manythe-
oriesof contextuallysensitiveformsof communication(e.g.,[2, 4]). First,theyallowbaboons
to adjusttheir behaviorsto thecontextuallydependentinformativenessof cues.Indeed,in our
study,therewasnothingaboutthecuedshapeitselfthatmadeit intrinsically informative.
Rather,thecue'sinformativenessdependedentirelyon context,i.e.,thedistribution of shapes
that theparticipantshadto choosefrom. Second,asarguedabove,baboons'sensitivityto
informativenessmayrelyon relativelyleanmechanismsthatarenonethelesscomputationally
efficient(e.g.,[24]). Fromamoreevolutionarystandpoint,our datavindicatetheviewthata
sensitivityto informativenessisalreadypresentin non-humanprimates,andshapestheway
theyusecues[7]. It canthereforebeconcludedthat thecognitiveability to processinforma-
tivenesspre-existedtheemergenceof languagein theprimatelineage.
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