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Abstract

Collective behaviors are observed throughout nature, from bacterial colonies to human societies.
Important theoretical breakthrouigs have recently been made in understanding why animals
produce group behaviors and how they coordinate their activities, build collective structures, and
make decisions. However, standardized experimental methods to test these findings are lacking.
Notably, easily and unambiguously determining the membership of a group and the responses of an
individual within that group is still a challendgéhe radial arm maze is presented here as a new
standardized method to investigate collective exploration and deeisiaking in animal groups. This
paradigm gives individuals within animal groups the opportunity to make choices among a set of
discrete alternatives, and these choices can be easily tracked over long periods ai/eme.
demonstrate the usefulness of thimradigm by performing a set of refugée selection

experiments with groups of fish. Using an ogaurce, robust custom image processing algorithm,

we automatically count the number of animals in each arm of the maze to identify the majority
choice. Waalso propose a new index to quantify the degree of group cohesion in this coritixt.

radial arm maz@aradigm provides an easy way to categorize and quantify the choices made by the
animals.It makes it possible to readily applyet traditional uses athe radial arm maze with single
animalsto the study of animal groups. Moreover, it opens up the possibility of studying questions

specifically related to collective behaviors.
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Introduction

Akeyquestion in the study of collective behavior is that of understanding how multiple, possibly
unrelated, individuals can make efficient consensus decisions despite often possessing incomplete
conflicting informaion. While important theoretical breakthroughs have occurred during the last 15
years (e.g., CouziKrause, franks, & Levin, 20@guzin, loannou, Demirel, Gross et 2011;

Leonard Shen, Nabet, Scardovi, et &012; WardSumpter, Couzin, Hart, Rrause 2008), there is

still a lack of standardized experimental methadgh whichto empiricallytest these findings.

Occurringacross avide range ofspeciesand ecological contexts, fish schooling is a phenomenon of
longlasting interest in ethologgind ecology which has also attracted interest from the fields of
statistical physics and theoretical biology &isexampleof selforganized behavior (Lopg@autrais,
Couzin, & Theraula2p12). In order to study these dynamic collective processesnidégssary to
identify groups and subgroups, as well as to take into accounpaissible effects of environmental
heterogeneityon the outcome of the collective behavioFhoughshoals and d$wols have qualitative
(Pitcher 1983) and quantitative definitias (Delcourt & Poncin2012), determining membership a
group,especially using quantitative method, is stilinder debategMiller & Gerlai, 20082011,

Quera, Beltran, & Dolado, 201Quera, Beltran, Givoni, & Dolad@013). For instance, in the study
fisson-fusion processes, it is necessary to determine whether an individual belongs to one group or
another, or is isolated. We therefore need an approach in which each individual must ntiara

choice to join, stayith, or leave a group, so thahe delimitation of the group isnambiguous

In order toachievethese objectives, we propogbe useof the radial arm maze as a new
standardized tool to investigate collective exploration and decisiaking.A radial arm maze
consists of a number @rms radiating away from a central zone (seelfiduring a typical
experimental trial, a single animal is introducetbithe central zondor one of the arms depending

on the experimental protocol), anallowed tomove freely into one of the arms, tBumaking an
easyto-classify categorical choice. After each choice, the tested animal can return to the central
zone and select a new arm from the available alternatives (again, depending on the experimental
protocol and question). This experimental sealfpws the animal to samplepossibly with
replacementg from a known set of welllefinedalternatives (Olton & Samuelspi976 Olton

Collison, & WerZ1977).

Ourfirst contributionin this article is tallustrate how theradial arm maz@aradigm can be usddr
the study of collective behavisfor the first time,asit has been previousHpr single subjectéOlton
& Samuelsonl976; Hodgesl996; Vorhees &Villiam, 2014).0Our paradigm permitslaserving an

animal group foextendeddurations, during whichthe individuals can make numerous successive
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individual and collective choices witholb&vingto be removed from the mazeor interact with the
experimenterin any way potentially generating large amount ofletaileddata. The adial am
maze caralsobe uedto explore classic themepreviously stuged with solitary animals (spatial
learning, discrimination of cues, exploratory strgitss, or algorithmic behavits), butcannow also

becomea convenient tool to study other phenomettzat arespecific b social and collective

behavia (consensus decisiamaking, fissioffusion dynamics, etc.)

Figure 1Left The garm radial maze seen from above, W|th zones denoted arms 1 to 6 and the central zone.
Middle: Example of automatic coung of the number of fish in each zone. Right: the same image with each
arm labelled relative to the arm M containing the majority of the fishY). L1, L2, R1, R2, and Op are,
respectively, the 1st and 2nd arms to the left (L) or to the right (R), cosifsoto M.

As an alternativeo video multitracking,our secondpurposeis to suggest a simplified way to
investigate collective exploration and decisimraking in animal group&Ve propose taharacterie
group behavior by observing the dynamical dizition of the individualsicrossa structured
discretespace We describe how tsimplydeterminethe 3 N2 dzLJQ & @&uitiBgsha rfuyiberd &
of fish in each section of the ma2é&/eusemajority transitions between arms to characterize
collective dynamics and introduce a new indexjuantify the degree of group cohesiamthe
discrete structure of theadial arm mazefinally, we demonstrate the use of this methodology b

performing sinple refugesite selection experiments with groups of fish

The proposed approadipoes beyond simply reusing an existing paradiged almost exclusively
with isolatedanimals It introduces quantification and analysis methods specifically craftegréap

behavior, and therefore offers a new and standardized way to study collective behavior.
Methodology

RADIAARMMAZE



A radial arm maze is usually composed of 3 to 8 arms radiating away from a central zone, though this
number can be much higher (e.48 arms inCole & Chappebtephenson2003). It is a well

established paradigm in experimental psychology since the piamgersearch offolman Ritchie, &
Kalish(1946) andOlton & Samuelso(L976). It is used in cognitive research to understand

explaatory behaviors (Olton et al1977), algoritimic behaviors (Hughes & Bligti©99), spatial

learning Brown & Giumetti2006), social learning (Brown, Prince, & Doyle(9), the ability to

discriminate different types of often visual cues (ColwiJRaymond, Ferreira, & Escude®05),

learning ability andinderlyingbrain structuresl(opez Bingman, Rodriguez, Gomez, & S&8€0;

Crusio & Schweglg2005, and neurotoxicologWw{alsh & Chrobgkl987 CresonWoodruff, Ferslew,
Rasch, & Monac&003).

Radial arm mazes are used mostly with isolated animals such as rppgiggstsrabbits, édgehogs,
dogs (Wilkie & Slobjri983, LippPleskacheva, Gossweilet,al, 2001, Macpherson &dberts,
2010), a number of bird species (Lipp et 2001;Pleskacheva2009), and reptiliangWilkinson
Coward, & HalR009; MuellerPaul Wilkinson, Hall, & HubeR012). Several fish specieavealso
beentested in these mazes: Siamese fighting B&lita splendengRoitblat Tham, & Golub]1982),
fifteen-spined sticklebackSpinachia spinachi@nd corkwing wrass€renilabrus melopdiughes &
Blight, 1999, 2000), goldfis@arassius auratu@ashizuka & Taniugt2006) and zebrafisBanio

rerio (Washizuka & Taniuct2007;Aklimari & Gerlgi2008; Sison & GerlaR010). However radial arm
mazes havenlyrarelybeenused to test the collective performance of groups of animals Brea/n
et al.2009;Miller, Garnier, Hartnett, & Couzi@013). In Brown et al. (2009), a pair of rats were
tested o study social influence on individual choice. In Miller e24l13), fish schools were tested in
repeatedtrials of short durationrecording only the first choice t¢fie groupamong threeoptions
Herg for the first timewe present astudyof multiple successive choices of a grania radial arm
maze over an extended period of timejithout the animals beingemoved from the maze between

choices

One of the strengths of the radial arm maze paradigm is that it allows the observer to de¢erm
without ambiguity that an animal has made a decision by simply recovdiggher or notthe animal
has entered one of the arms of the ma¥®e can takeadvantage of the simplicity of this measure to

determine the location and size of all the groupshia mazeat any timeduringan experiment.
TRACKING GROUP DYNAMICS

During a collective decisiemaking event, it is important to (1) estimate when tinelividuals in a
grouphavemade a decision, and (2) determine the strength of the consensus amongst the

individuals composing the groupor (1), we propose to simply track the movements ofritegority
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of the groupbetween the different arms of the mazas a way tsignificantlysimplify the collective
dynamicgnote that other thresholds can be chosen, and that individual movements can be tracked
as wel] depending orthe study needs For (2), we introduce a new cohesion index that measures

how dispersed the animals areandiseetely partitioned environment, herthe radial armmaze
Majority transitions

Amajority is reached whehalf of the individualplus oneare located in a single arm of the maze

The central zone isot considered a valid choider this purposeWhen a majority is reached in a
givenarm, we call this arnthe émajority arne. At any given moment, as long as a majority exists, we
can define the position of the other armnslative to the majority arm by counting the number of arm
openings to the lefor right of the majority armFor instance, foa 6-arm radial mazewe labelthe
majority armM, the 1%'and 2 arms to the left (L) or to the right (R) of M1, L2, R1, Rand the arm
directly opposite to MOp(Op only exists in mazes with an evenmer of arms; see Eib. This

classificatiormethod caneasilybe extended tanazes with differenhumbers of arms.

Atransition of majority is defined asraovementof the majorityfrom agivenarm to adifferent one;

a transition period is defined as a period of time between the end of a majority (in an arm) and the
beginning of thenext majority (in the same or another armigSL). The study of majority transition

is typically an analysis tife temporal sequence famajority stateswithout takinginto accountthe
durations of these states (one majorigpisodeis defineal from the beginning to the end of one
majority in an arm). During transition periods, no majority state is obsenk&gican als@analyze
second(or higher)order transitionsto evaluate potential stereotypic motion patterifseeFigs. S &

3 for some theoretical exampl@sA transition ofthe first order is the direct transition of a majority
from one arm toanotherarm; a second order transitioconsists of two sequential majority

transitions and records theecond next majority arm, and so on fagherorders. For instance,

second order transitiomallow usto determine whetherthe majority returns to theoriginal majority

arm after exploring another on@=ig.S3)In some analyses, it could be interesting to filter cases
where transition has aborted, e.g. one or several individuals have motethimcentral zone

inducing the loss of the majority, artden returned rapidly to their initial arm restoring the majority

at that arm. We therefore define a firsorderWY I 2 2 NA G & ( NI y & A,(inwRigh we A K 2 dzii
ignorefirst order transitions betweetthe same armFor higher order transitias) repetitive identical
majorities (i.e., consecutive majorities in the same aam® considered aa singleelement in the

state sequencésee Fig.S2Jor example, the second ordeansition inthe sequence AB-B-C is AC.

A new cohesion index for the radial maze



We proposea newcohesion indexl,, that measures the ability of animals to form cohesive graaps

a radial mazeWe created, for radial arm mazes, but it can also be applied to other types of mazes
or arenas divided o discretezones. This index is an alterivat to traditional methoddor

measuring group cohesion based on tiedativetopological or metric locatiosiof the individuals
composing the group (reviewed in Delcourt & Poncin, 20IR&gse traditional measusare well

adapted to homogenous opeiield arenas but make little sense in more structured environment

such as radial mazes. For instance, two individuals located in two contiguousfaamedial maze

can be close to each other without being ableditectly perceiveor interact with each otherMany
natural environments contain barriers or other impediments to movement which impose a structure
(that the radial mazenay simulate), making our method potentially more useful than traditional

measures even in the wild.

We defne D, asthe Euclidean distance (norm of the resultant vector) in a multidimensional space
between the number$; of individuals in each zoref the mazeg(arms + central zonepll variables

(dimensions) are considered independirftom each other.
re Bl Qo (1)

D. varies as a function of the partition of the number of fish. This partition is dependethtectotal
number of individualsN, and the number of zoneZ (seeSupplementary Tableih appendix S|L

Partition, compositionandthe number of possible partitions are described in detai\ppendix 3.

Dninis the value oD, for the least cohesive configuration possihle (the mosthomogeneous
distribution ofthe animalsacross the possibleones). For instance, for teindividuals withten zones,
Dmin =VIp THowever, if the number of zones is less tharDi, is larger. Foinstance, fotten
individuals in 7 zone§), =Vp dor the partition 2/2/2/1/1/1/1, whichcorresponds tdhe most

homogeneous distribution of the animafsthis case
The cohesion indelgis computed as follows:

.,O lLE =k B (2)
o

I varies between 0 and 1, increasing as the number of occuigmadsdecreasesndthe groups are
larger. For instancel. =0.46for the partition6/3/1 whereasl, =0.44for the partition 6/2/2.When
all individuals are located in one zoi®=N, sol.= 1 I.= 0 when the group is as dispersed as

possiblel; cannot be calculated if there is just one zone.



The R codéetails and more examplde calculatepartitions, D;, Dyin, and|. are presentedin

Appendix 3.
CASE STUDY
Study species

We performeda series of simple restirgjte selection experiments in order to demonstrate the
usefulness of the radial arm maze paradigm for the studgnahal groupsFor these experiments,
we usedgolden shines (Notemigonus crysoleuca€yprinidae)a highly gregarioufish species
(Couzin et al., 201Katz loannou, Tunstrom, Huepe, & CouzZ011; Berdah] Torney, loannou,
Faria, & Couzirg013;Tunstrom Katz, loannou, Huepe, Lutz, & Cou2idl3)native to the
freshwaters of eastern North America. This fish is regularly used in collective be$tadiesto
investigatecollective decisiomnmaking processe@Reebs 2000, 2001, Leblond & Re&®®6, Couzin

et al.2011, Berdahl et al., 2013¥liller et al.2013). Juvenile shineraverage length approximately 5
cm) were purchased from I. F. Anderson Farms (www.andersonminnows.com) and housed in an
environmentally controlled laboratory for over 2 mitis before the start of the experiment. The fish
lived in75-liter tanks at adensity of approximately 150 fish per tank in dechlorinated, conditioned,
oxygenated, and continuously filtered and recycled fresh water. Ambient temperatase
maintained at 16C and the photoperiod waBA[10 lightilark. The fish were fed three times a day
libitum with crushed flake food and experiments were conductdw@rsafter feeding.All
experimental procedures were approved by the Princeton University Institutfomahal Care and

Use Committee.
Experimental setup

Weused a éarmradialmaze with a regular hexagonal central zone (see Fig.1). The side length of this
hexagon was 23 cm; the dimensions of each arm were 28 20cm(length width height).
Thewallswere made of 1.5cm thick white PVC boardilote that other designs are possible, with
different dimensions and a different number of arms that would depend on the research question.
Themazewasplaced inside a larger tank (2.11.2m) partially filledwith water (10cm deep)and

weighted down with bags of gravel attached outsitle end of each armA 1 cmthick layer of gravel

was deposited at the bottom of the ma2&/hen no trial was running, water in the tank was

constantly filtered by four aquariumpumps and filters. The pumps were turned off during trials to
prevent water movements from influencing the behavior of the fistater temperature and pH

were adjusted before each trial to match those of the housing tafks this simple experiment



aimedat demonstrating the usefulness of radial arm mazes for studying collective behaviors, all the

arms were kept open and empty at all times.

Trials were recorded usingsony XDCAM EX ldBmera i{mage resolution: 1920 1080 pixels)
whosefield of view coveed the entirety of themaze At the beginning of each trial, the fish were
placed inside an opaque, movable ring in the central zone to prevent them from visually exploring
the maze before the start of a trial. They were left in theyrin habituate for a period df0 minutes.

A trial started when the opaque ring was slowdysedand removed from the tank using a system of

transparent fishing lines and pulleys.

First, weperformed several hour longtrials using group®f 5, 10 and 2 fish, tocompare our
automated counting systerfsee below) to human coderSecond, to validate the use ofir study
parameters (i.e.majority determination and transitions, indices of cohesianije trials were runfor
a duration of 12 hoursachusing groups ofen fish each(a tenth trial wasunusabledue to a
technical problem during video recordind)l trialswere recorded at a frequency of 1 image per

second.Upon completion of a trial, the fish were returned to their housing tanks.
Automatedimage Processing

Calculating majority transitions and tleehesion indexl. only requiresknowingthe number of

individuals in each section of the matiethe number ofobservations required is small, this can be
easily done manually. However, if the nber of observations is large, considerable speed gains in
data collection can be achieved through automating the counting protfed® individuals are close
enough in space between successive observations (typically if an animal cannot move mordfthan ha
its body length between two observatiogsTurchin, 1998 it is possible to use one of the many
multi-tracking programs available on the markstichas CTRAX(anson, Robie, Bendet al,

2008), idTrackeRé&ezEscuderoVicentePage, Hinz, Argand& de Polavieja2014), or Swidrack

(Correll, Sempo, Lopez de Meneses et28l06) However, this option is often limited to relatively
shortobservation periods (typically no longer than an hour) as the computing time increases rapidly

for the analysi®f high frequency, high definition video recordings.

For the present study, we chose to rely instead on high definition, low frequency recordings (1
observation per second) that allowed us to run observations over several hours and that could be
automatially processed in a matter of minutéd/e developed a simple and robust computer vision
algorithm in order taestimate automaticallghe number of individuals in each section of the radial
maze (the central region and each of the arms). This algorithnmim@lemented using Matlab

R2015a and its associated Image Processing Toolbox (Version 9.2). The code is available under the



open sourcé5NU General Public License va @he following address:

https://github.com/simgarnier/projectRadiaBelow are the different steps of the image

processing algorithm that result in the automated estimation of the number of individuals in each

section of the radial maze:

1. Software setupthe user indicates the tmtion of the video file, as well as the total number
of fish used during the trial, the number of arms of the maze, and the desired sampling rate if
different from the video framerate.

2. Maze detection the user indicates the location of the 4 corners atle arm, starting from
any arm (which will be then labelled arm 1) and mowlagkwisefrom there. The area
between the arms will be automatically labelled as the central (or starting) area.

3. Background imagea background image is generated by averadidg images taken at
regular intervals along the video. In general, using a median image would have resulted in a
better approximation of the background image than by averaging. However, it would have
required a considerably larger amount of memory, andidtnot prove necessary, at least in
our setup.

4. Presence detectionthe background image is subtracted from each image in the video. The
local contrast of the resulting difference image is then adjusted to balance the low contrast
parts of the original irage (e.g.in shaded areas where dark animals are less visible) with the
high contrast parts (e.gin weltlit areas where dark animals are more visible). This is done
by multiplying the difference image by the inverse of the background image raisedser-a
determined power. Noise in the contraatjusted, difference image is reduced using a 3
pixel uniform disk filter. Finally, a usdetermined threshold is applied to the resulting
image. Pixels whose values are higher than the threshold are seatodn{mal is present),
the others are set to 0 (no animal).

5. Blob size and locatiomon! SN LIAESta I NB GKSyYy 3ANRAzZISR Ay 2
zero regions of the image resulting from step 4. The coordinatgs ¢f,the blobs in the
maze aredetermined by their respective centers of mass (iewerage coordinates of all
pixels belonging to a blob). In order to determine the likely nunihef animals represented
in each blol, the numberp of pixels covered by a single fish is estimated as the total
number of nonzero pixels divided by the total numbisrof animals present in the radial
maze (information provided by the user at the beginning of the counting process). The
numberM; of animas in each blolis computed ag; ¢ the number of pixels in each blob
divided byp ¢ rounded down to the closest integer.Bf0 0, the differenced between

eachT,; and eachM; are computed and ordered from highest to lowest. The nunitder
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correspondng to the highemD, is then increased by one unit, and this process repeats for all

subsequent ordered values untiB 0 0.

Note that this algorithm (and the provided Matlab implementation) should work well with other
maze sizes, numbers of arms, aadmal species, provided that (1) the entire maze is visible in the
video, and (2) the floor of the maze has a fairly uniform coloring and contrasts well with the color of

the animals.

A blob was determined to be in a particular zoned of thearms orthe central zone) of the maze if

its centerof mass was located within the polygon delimiting that zone, even if a blob extended across
the demarcation line between the central zone and one of the arms (for instance whenveaish
transitioning from one zone to the otheiffinally, we simply considered thato (or more)

individuals belonged to the same group if they were present in the same zone at a given time. Each

group size was therefore defined as the number of individuésach particular zone of the maze.

Note that this method of determining groupembershipand sizds generally reliable, except when
large groups are transitioning between two zones in the maze, in which case a group can potentially
span several zones siftaneously. Howeveisuch events aresually shodivedand theirunique

signature can actually be used to deteatitomatically when groups are moving between zones.

Note as well that the error rate of the algorithm is likely to increase if the ingilgdin the group

have very different sizes. If this is the case, we recommend using more sophisticated computer vision
algorithms (for instance algorithms trained to detect particular shapes regardless of thei.gize

Qian Cheng & Chen, 201Wang Cheng, Qiaet al, 2016)or tagging the animals with unique

markers that can be detected individuafl.g.Delcourt Ylieff, Bolliet, Poncin & Bardonngf11)

For the purpose of this studywhich is to demonstrate how radial arm mazes can be usetutlys
collective behavior and not demonstrating a new tracking metQed used fish of approximately

the same size.
Validation of the automated counting system

In order to evaluate the precision of our automated counting algorithm, we selected 10 test images
at random from each of the 18 videos of the exploration experiments we performed (180 images in
total). Approximately 15 human countegssincecountswere performed using an anonymous web
application, it was not possible to accurately track the identity of each human cogmtere asked

to count the number of fish in each zone of the radial arm maze. The human counters were aware of
the total number of fistin the maze in each cagdetails of the instructions given to the human

counters can be found iAppendix 8). Images shown to the human counters were selected pseudo
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randomly from the pool of 180 test images: images that bhadn scored more ofteby chance were
subsequentlyess likely to be displayed again, whereas images thabkad scored less oftewere
more likely to be displayed again. Each human counter performed different numbeesiofs and a
given human counter may potentially haperformed countsfor the same image several timdsut
without being informed othis. All images were manually counted a minimum of 8 times and a
maximum of 20, with a median count number of (58e Fig¥4). For each maze zone in each image,
we considered that bman counters reached a consensus if at least 75% of them agreed on the

number of fish presenin that zone
DATA ANALYSIS

Statisticsand graphsvere performed inR(version 3.3.3ywww.r-project.org) An accompanying R

package fgrojectRadiglhttps://github.com/sjmgarnier/projectRadiallvas developed to facilitate

the calculation of, (see Appendix S1 for details on the installation of the packagelatais on the
calculation process)his package depends tme partitionspackaggversion 1.918; R.K.S. Hankijn
2006, 2007)Flux diagramsvere realized in Risingthe qgraphpackage\(ersion 1.4.2Epskamp
Cramer, Waldorp, Schmittmann, & Borsbod12).

Results
VALIDATION OF THE AUTOMATED COUNTING SYSTEM

Figure 2a shows the proportion of timethe human counters reaed a consensugor each zoneas

well as for all the zone@ a given image. Overadlconsensusvas observed in more than 95% of

casesNo significantifferencewasobserved betweenarmé . v I non T TwitRE I pT LI
consensus in 989%of casesHowever, in the central zonbuman countersvere lesslikely to reach
consensug90%) Thisis dueto the organization of thenaze human counteravere most likely to

disagree with each other if 1 or more figlere situatedon the demarcationline between two zones.
Therefore, theywere 6 times more likely to disagree on the number of fish indéetral zoneas it is

directly connected to 6 other zonéthe 6 arms of the mazgeyvhile each arm is only connected to

oneother zone (the central zonepverall, human counters agrden all zones at the same time in

89% of the cases.

Taking into accourcases with full consensus oniigire 2b shows a comparison die performance
of the automatedcountingalgorithmandthe consensus counts obtained by human counters. The
proportion of times where the computer counts are in agreement with the consecmuists for

each zone is always superiora6% forthe mazearms.Theagreement islightlyless strong for the
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central zong94.4%Yor the reasons explaineabove The proportion of times where they agree for

all zones at once is 89.4%.
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Figure 2. (aProportlon of times a 75% consensus was reached between the human counters for each zone in
the radial arm maze (first 7 bars) and the proportion of times a 75% consensus was reached for all the locations
at once (final bar).l{) Propotion of times the automated counting software was in agreement with the

consensus counts reached by human counters for each location in the radial arm maze (first 7 bars) and the
proportion of times it was in agreement for all the locations at once (fiaa). Broken lines indicate the

threshold value of 0.95.

MAJORITY TRACKING AND

Figure 3 showsa typicalexample of a 1hourtrial with a group of ten fishPeriods of time where a
majority is achieved in one of the zones are highlightesing adifferent color for each arm)he
two zoomedin time sequencesletail the relatiorshipbetween he size of the largest group (in an

arm)and the periods with or withoua majority.

From this examplésee also Fig.S5) seems that majority transitions @amore frequent between
adjacent arms. This is clearly illustrdte the flow diagram in Fige 4awhich shows that first order
transitions are more likely to occlbetween adjacent arms. kige 4c shows the same informatign
normalized to the position of the majority arm before the transition occhigure 4aconfirms that
the groupmajority explored all the available arms during the 12 hours of the trial and that all
possible first and second order majority transitiomsre observed at leasbnce during that period.
Figure 4cconfirms that the more frequent direct majority transitions are between an andone of
the two adjacentarms Transitiors between an arm and itdf arealsofrequent. Finally, Figres4b
and4d showthat second order transitiosare usuallythe consequence dfvo successive first order
transitions toward the adjacent armshe mast frequently observed transitions aedther a direct
return to the previous majority arnM to L1/R1 toM) orto the second next armd to L1 toL2 orM
to R1 toR2)
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Figure 3 (a) Complete trial example of majority transitions with details of two periods within the trial. The

group size was ten fish, and the sequence lasts 12 hours. (a) Example of a sequenceucs lRistoating

periods with and without majority. Each vertical colored bar shows a period during which there was a majority
inaspecificarmnx c 0T GKS 02t 2NJ AYRAOF({iSa 6KAOK I N¥z o6aSyoSs
an arm.(b) Details of two sequences of two hours each (top, the first two hours; bottom, hours 8 to 10 of the
experimental trial), with the relationship between maximal group size observed in the maze arms (the central

zone is not included) and periods with and with@ogjority.

2
8

# max in an arm
onsam B,

8-10 hours

Figure 4 Upper panels: Examples of majority
transition diagrams for a group of ten fish
during 12 hours(a) Majority transitions of the
first order f1 = 186);(b) majority transitions of
the second orderr(= 185).Lower panels:
Diagrams of majority transitions between
relative arms (relative to the current majority
arm, M) for the same video sequendce)
transitions of the first orderr(=186);(d)
transitions of the second order without
repetition (i.e., excludingeaving and returning
to the same arm during first order transitions;
=147). The thickness of the arrows is
proportional to the maximum observed value in
each diagram.

Figure 5ashowsl. as a function of time in gypical trial with a group of tefish. Cohesiorwaslow at
the beginning of the trial when the fidgladjust been released from the central zone and stdrt
exploring the mazdt then increased during the first hour and remained high for the rest of the trial,

dropping momentarily every time the group changed location in the maze.

Figure 5b showsthe mean value of, based on ningroups often fish each,as a function of timeAs
exemplifiedin Figire 5a, meanl. values are very low in the beginningasfexperiment, andyrow

and stabilizeafter the first hour.Figure 5¢c shows this progressioduringjust the first hourof the
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experiment with a rapid increassin cohesion during the first 12 minutes (fish assdoigtapidly

with one or two partners)followed by a slower increase corresponding to the buijidof a majority
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Figure 5.(a) Example of our cohesion inddy,as a functiorof time in agroup of ten fish during a 12 hour
session. The orange dotted line is the minimal valuk @f 0.39) where a majority can be observed
(corresponding to a partition of 6/1/1/1/1) and the green dotted line is the maximal vallgsf0.51)where

no majority can be observed (a partition of 5/5). Whenever the data are situated between these two values a
transition of majority can be observed; each time the data fall under the orange line, a transition of majority is
observed with certainty(b, ¢ Mean value of;as a function of time based on nine groups of ten fish eézh.
During the 12 hours of the experiment, note the lower values during the first lfoLiRetail of the first hour of

the experiment; note two different profiles in thednease i, before (very rapid increase) and after 12

minutes (moderate increase). The broken vertical line indicates 12 minutes from the start of the session.

Figure 6a shows that a group majority in one of the arms is less likely to be reached during the first
30 minutes of a trial andvhen achievedit changes arm more frequently during the first hour than
during the rest othe trial. The number of majority transitits is alsomuchmore frequent during the
first hour (Fig.8). These observationgsdicate thatthe first hour is anore unstable period with

more exploration taking place in small grou@soup cohesion is more stable during the rest of the

12-hour period However, exploration does not stop and is instead performedahasivegroup.
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Discussion
USING RADIAL ARM MAZES TO STUDY COLLECTIVE BEHAVIOR

Radial arm mazdsave beertraditionally used forresearch on individual cognition. In this paper, we
proposeusingthem to studysocial cognition and collective behavioWeillustrate our proposal

with a proofof-concept experimentooking at the collective exploration behaviorfigh shoals. With

the exception of Brown et al. (20Q%9yhere two ratswere placed together in a radial mazeje do

not know of any case where the radial arm maze paradigm was used to study collective behaviors, in

particular in large groups

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period of 30 minutes

(@)

~
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o o
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14)]

0“iliiillliiilliﬁllii“

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 6. (aMean (+SE) percentage of time when a majority was observed in any arm, binned into periods of
30 minutes for an entire 12 hour session for nine groups of ten fish éarklean (+SE) frequencies of
majority transitions as a function of time.

The centraprinciple of this paradigns to allow tested animals to sample multiglsscreteoptions,

with or without replacementAfter each visito an arm of the maze (i.ea discretechoice) the

animals are not disturbed by experimenters; they can retorthe central zoneandmakea new
choice.Because the options are discrete, it is easy to categorize and quantify the choices made by

the animals.
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All the traditionalusesof the radial arm mazg@aradigm with singl@animalscan beapplied tostudy
animal groupsTable 1).For instance, & can use this paradigm to tegtouppreferences and the
way individual preferences may be modified in a group context. These are likely to be different from
the preferences of isolated individuakss grougiving is known to modify individual patterns of
exploration and exploitation of the environme(®Bumpter, 2010).In a group, an individual may be
able to react sooner amore strondy to subtle differences in the environment thanks to the many
eyes effectit might also be more likely to find the best resourd@srflahlet al, 2013). The radial
arm maze paradigm is also used to study how isolated individuals resolve conflicts béfitgeain
information they possess about the different parts of the malzds can be extended to study
conflicts during collective decisiemaking, whergroup members possess different informatjdor
example(Couzin et a).2011;Miller et al, 2013). Spatial exploratory behaviors, notably stereotypic
motion schems(i.e., algorithmic behaviors), cassobe studied at the group levelsingthis

paradigm

Table 1 Some applications of radial mazes to study group behaviors. Moreover, testing a group
allows the investigation of a series of new questions.

Traditional applicatins but now at the group scale New applications

exploratory behaviors fission/fusion processes

algorithmic behaviors selforganization processes

choice experiments interactions between the individual and group levels

discrimination of cues collectivedecisionmaking processes

spatial learning interactions between individuand social information
group memory phenomena
social learning
impacts of social status

The radial arm maze can also be used to study questions that are specific tcogtmapors(Table
1).¢ KS RAAONBGS yI {dzNIhth® FetuBriakeKit easy th assigh Eah adia2td & S &
specificgroup. This makes the radial arm maze paradigm ideastudying fissionfusion dynamics in
animal groupsn the context of constrained physiaahvironments for instance. It can alsoe used

to study most typicasocial phenomenasuchas collective decisiemaking, sharing or transmission
of information, collaborationcompetition, social statusstablishnent, and social learningn

addition, the contens of each arntan be modified independently of the other arpmsaking it
possible to study the effesbf environmentalheterogeneities on the behavior of the group aoid

its members Suchheterogeneitiesaare known to have major impact on animal decisignakingand

to directly affect the dynamics of group formation (Bode & Delco2@tl3, Delcourt, Bode, & Denoél,
2016).
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If the studied species is not highly gregarious and/or if the number of arms (or zones) is large, it is
possible thamajority in any zone will be rarer. The quantification of majority states, majority
transitions and cohesion indesare useful infornation aboutthe degree of gregariousness of the
individuals, notably to test how different factors (e ghysiological states, ratio of bold and shy
individuals speciesor time of day) influenceohesionin the maze. Moreover, such studies could be
usedto explore in weakly cohesive or mesocial speciesvhether each individual moves completely
independently of others, or tends to avoid them. The distribution of individuals across different
discrete zones can be informative in this respect. Individigaiding to avoid others will be more
homogeneously spread than is predicted by chance. Individuals that are simply ignoring others in
their individual choices will be dispersed across different zones following a probability distribution of
combination lawgwhich can be modified to take into account individual preferences, if necessary). A
social species will be significantly less dispersed than predicted by combination laws. The comparison
of these predicted distributions to the observed distribution canused as a test to demonstrate the

degree of social tendency in a species.

The radial arm maze paradigm preseséveral other advantages for the study of collective behavior
1) it is easy to set up; 2) it can be appliedrtost sociabpecies, aquaticraot; 3) guillotine doors

can be placedt the entlanceto each arm taemporarily or permanentlyestrictthe number of
options(Miller et al, 2013) 4) long periods of experimentation can be carried out without having to
remove individuals from tharena between choices, thereby minimizing manipuladiaduced

stress.
LIMITATIONOF THE METHOD

In a radial arm maze, two fish located in different zones are not necessary completely disconnected
from each otherpr unableto interact. For example, fish might be able tgerceive by olfaction tha
another individual was present inparticulararm recently(Sorensen & Wisendef014).Such
detections in addition toother cues (e.gthe presence dieces), can influence the probabilityat

an individualwill stay or leavehat arm. More direct interactios are also possible. Fish can perceive
conspecificdy vision and byheir lateral line (Pitcher & Partridge, 1980). Vision is most important
for longdistance interactionfor maintaininggroupcohesionby attraction (for instancéor joininga
group or avoithg being isolatedrom a group). The lateral line is most important for repulsion in
short-distance interactionto avoid collisiosand to provide information about the speed and
direction ofnearneighbors (Partridgel 982). In our experimental setup, a fish located in an arm can
visuallyperceivea fish in the opposite arm, but this is ldié®ly for other armswherethe walls of

the maze will generally interferdf the lateral line sense isare adapted for shortlistance
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perception (Yang et aR006, Mogdans & Bleckman2012), perception of vibration or infrasound
produced by another individuahight be transmitted at some distance as an imprecise cue.
Reflectionby the wallsof the mazeand the attenuation of tlis signal with the cube of the distance
(Pitcher & Partridgel 980) make this mode of interaction probalojyite inefficient at hrger
distances. Nevertheless, some of these sensory modalities can be blocked byrtictuse of the
maze, some nqbffering an opportunity to explore theespectiverole of different percepual
modalitiesin the individual decision to join or leave a group or a zéme.example, it is possible to
construct a radial maze from transparent plastic, in Whiase visual cues would not prevent

detection of conspecifics in adjacent arms, but mechanosensory cues would still be blocked.

Thedesignof a radial maze must taknto account the body size and number of individusded
Trivially it is important for fish to have sufficient space to makdividual andcollective choice We
suggest that the experimental setupust be at least large enougiothat the entire group can

comfortably fitin one arm.
MEASURING COLLECTIVE BEHAVIOURRNDKL ARM MAZE

Measuring the collective dynamics of animal groups is made simpler by the discretization of space
offered by the radial arm mazés we demonstrated in our pro@f-concept experimentit is not
necessary in this setup to extract each¥ahi t Q& ((Ddic@uB, OénaeNXlieff, & Poncin, 2013

or to determine the identity of each dividual (Pére£scudereet al, 2014) in order to identify
dynamic social processes at the scaléhefgroup. Instead we resorted to sinyatounting the

number of individuals in each section of the maze, a process that can easily be autpasated
demonstrated by the image processing software provided with this papenduich wevalidated
against human counters. Therefore, it is possible Witk paradignto run andanalyze very long
experimentgthe experimentsn our studylasted12 hoursand were recorded at 1 frame per secdnd
without requiringexceptionalcomputing resourcesObviously, not havingccess tandividual
identitiesof eachmember of the group will limithis counting method to answering questions about
the collective dynamics of the group. However, in cases where individual identities are necessary,
more advanced tracking tools (e.g., PéEscudero et al2014) can be conibed with the radial arm

maze setup to determine where each individual is exactly located in the maze.

The counting data that we collected allowed us to determine the distribution of group sizes as a

function of time as well as the presence of majority choices at any point during each expersent.

illustrated in Figre 4, it is easy t@nalye and visualie the sequence of choices made by the group

o0& OFfOdzA FdAy3a (GKS GNIyaAdGAz2y YFGNRAE FyR RAIFAINIY
arms.This is @&onvenientway to detectthe existence oélgorithmic behaviorgstereotyped
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movement patternsgenerally dependnt on only themmediatelyprevious choiceRoitblat et al,
1982;Hughes & Blightt999 and tohave a metriagainst whictio comparepredictions é models

andcomputer simulatios, for instance

Group cohesiort, one of the most important characteristics of group behavja usually evaluated
based on the relative locatiorf the group memberge.g, usingnearestneighbour distancethe
ClarkEvans Index, dispersion indexes, G functimmompatness see Delcourt & Poncji2012 for a
review). These metriceannot be used easilp structured spaces, such # radialarm mazeor

many natural environmentsvhere individuals can be close to each otbeat unable to interact

directly because dbarriersbetween them Weproposea new index to measure group cohesiorain
structured spaceDenotedl,, this indexquantifiesthe degree ottohesiontakinginto accountthe

number of groupstheir respective sizeand their distribution in theariouszones of the spac®©ur
cohesion indexariesbetween 0 and Bnd isbased on the number of individuals in each zongy,
without takinginto accountthe relative positiors of the individua. This parameter is also corrected

to normalize the effect of ta total number of individuad and zonesin the space and so could be

used to compare the cohesion of groups of different simatifferentspacesWe have not

conducted here experiments to study the impact of heterogeneity and cannot know what effect its
variation might have on behavior. We can speculate that, in a heterogeneous environment, cohesion
could be affected in two opposite ways. In morddregeneous environments, individuals may be
more likely to lose sight of conspecifics, which might increase group fissidpcandd decrease.
However, groups may choose to spend longer in zones with more in them (such as plants that offer
shelterfor instancg, which might also be reinforced by social facilitation. This would serve to

increase the cohesion arid
Conclusions

We have proposed aew standardized tool to investigate collective exploration and decisiaking
which makest possible to study group cohesicin¢ degree of aggregation) and the motion of the
majority, twoof the most important characteristics in collective behavior. As classical parameters
dedicated to the measurement of degree of cohesion are not well addptettie radial maze, a new
cohesion index was develop&hich takes intaccount the number of groups and their respective
size. This cohesion index is normalizgtbwingfor comparisos betweengroups of different size,
andallowsfor the comparison otohesion between mazes with different numberf arms or zones.
In a proofof-concept experiment witlisolden shinerswe demonstrated the potential of this new
method (radial maze + animal group + counting system), without the faadgging the fish

tracking, or identifying individuals simply byautomatically counting the number of individuals in
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each defined zonelheperformanceof our counting systencompares well tdhumanscorers The
possibility for @aimalgroupsto makea large number of succease choiceseach timeviathe central
part of the maze makes possibllngduration experimenswithout the intervention ofthe
experimenter, eliminating a significant source of stress which could affecetts. InAppendix $,

we presenttools tocalculate partition, combination of partiti@ynumber of partitiors, D, andlc.
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Supplementary Figures

Fgure SL

I
>

Transition period between two majority period time

lllustration of transitions of majority. (a) Transition of the majority between arm 1 and arm 3. A

majority is observed until time in arm 1, a new majority group is observed in arm 3 from tigne

Between the timeg; andts, no majority is observed in any arm (the central zone is not considered).

The period of transition between two successive majority periods (and its duratidejined as

being betweert; andts. (b) Theoretical case where, after a majority period (here in arm 1 inttjne

individuals move into different arms without achieving a new majority state (at tyrethis

example). A new majority is achieved at titgafter reunification of two small groups coming from

arms 3 and 4. Note, in this example, that the new majority does not involve all the individuals of the
LINBGA2dza Yl 22NAGES 2yS AYRAGARdAzZEf NBYFAYicry3d Ay |
definition of arm number and majority arm.
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Fgure

Arm A Eo_f'l; Arm B ﬂ Arm B Periodof Transiton ~ Arm C
NM M1 NM M2 NM M3 NM
| |
State sequence of observed majority: A— B — B —
First order of majority transition: A— B-— B — C
Second order of majority transition: A B — 8 C
First ordgr of maJorltlyltran5|t|on A - B B > C
(without repetition):
Second order of majority transition A C

(without repetition):

Theoretical example illustrating the concept of different types of majority transitilmper panel: a
timeline with periods of majority, M (indicated by color blocks; each color corresponds to a specific
arm), alternating with periods of no majority, NM (uncolored blocks). The state sequence of
observed majority is the sequence of arm idées (indicated by uppecase letters) where a

majority is successively observed. The duration of the majority state is not taken into account. This
sequence constitutes the first order transitions of majority. Second order transitions of majority
indicate the sequence of transitions between a majority and the seawext majority achieved (in
time). Majority transition without repetition is defined to filter cases where transition has aborted,
and is based on only the first order transition: the first@rdransitions between two successive
identical arms are ignored. For higher order transition, repetitive identical majority are considered as
only one element in the state sequence.
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Fgure 3

(a)
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transition of 133 133

majority @ @ @ @ @, / V133 ‘@ @ @

Several theoretical examples of stereotypic motion patgefalgorithmic behaviors) with

corresponding majority transition diagrams for first and second order transitions. The numbers are

the expected percentage of choice of the majority for each majority transition (and underlined also

by the thickness of theransition arrows). (a) case where the majority of the group always chooses

the next arm to the left; (b) case where the majority oscillates between only two arms; (c) case of a

Gadl NE LI GGSNY 6KSNB (KS YIF22NAdemwutigeihs TNRY 2y S
immediately afterwards to the initial majority arm; (d) case in which the majority moves only into the
adjacent left or right arm.
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Fgure 4
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Distribution of the number of scorings performed by human counters on each of the 18thtagts.
The dotted line is the median of the distribution.
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Fgure &

Example of a sequence of 30 minutes, illustrating the relationship between maximal group size

observed in the maze arms (the central zone is not included) and periods with and without majority.

The group size was ten fish. Each vertical colored bar shows a period during which there was a

majority in a specific arm; the color indicates which aretwen each period of majority is a period

of transition during which there was no majority in any arm (n < 6; uncolored gaps). The dotted line is

GKS YAYAYdzYy INRdzZL) aAT S NBIJANBR (2 200GFAY | Yl 22
zone.
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