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Abstract

Collective movements are reported for many spdoi@s microorganisms to humans. But except for a $ew
inhabiting species, intra-specific interactionsail are poorly studied. Some intra-specific intti@s occur in
earthworms. Most of them are negative, concernargpeters like the rate of survival, maturatiomdfo
ingestion or growth. Virtually nothing is known alicollective movement in earthworms that repretemt
dominant biomass of the soil. This study, the fins¢ on annelids, highlights a consensual decigi@momenon
based only on contact between followers. Usingltatmmeter set-up and modelling, we show thatwastms
Eisenia fetidanfluence each other to select a common directioing their migration. Experiments in a binary
choice test showed that contacts between individars responsible for collective movement. Thisdimation
in movement could allow earthworms to benefit frimmming clusters. The resulting local higher dessit
enhancing individual survival and favouring the gemtion, may be at the origin of Allee effectsaded for
these species.

Introduction

Unlike inter-specific interactions (Bonkowski et 2000; Salmon & Ponge 2001; Pizl & Novakova 2003;
Rasmann et al. 2005), intra-specific interactiondifferent spheres of soil like drilosphere anttitiesphere are
less studied, except for ants and termites (Jougfuat 2003; Mikheyev & Tschinkel 2004; TschinR€05).
Here, we have explored the influence of intra-digeiiteractions in a particular soil-inhabitingogip: the
earthworms. Indeed, earthworms represent up to af086il biomass (Lee 1985) and are major repretigas
of drilosphere and detritusphere (Brown et al. 3008e drilosphere is the soil area directly influed by
earthworms whereas detritusphere corresponds fdtdresystem at soil surface (Brown et al. 2000yecent
review shows that intra-specific interactions hbeen studied in 15 lumbricid species. Intra-specéactions
are strongly associated with density and in mos¢santra-specific interactions associated wittn liignsity
have a negative influence on conspecifics likenaimlition in rates of growth and maturation, surViva
reproduction. Frequently, the growth rate of a paton declines with increasing density (Uvarov 200
Moreover, density seems to be an important parart@tegulate population dynamicskhisenia fetida
(Kammenga et al. 2003).

Eisenia fetidabelongs to the epigeic earthworms group (Bouch&19his ecological category lives on or near
the soil surface, typically in the litter layersfofest soils and does not burrow (Lee 1985; Edw& @ohlen
1996; Rombke et al. 2005). Due to their surfaceipnity, this ecological category of earthworms igler high
predation and so has a short life cycle dependimgipally on population density and environmental
temperature (Lee 1985; Edwards & Bohlen 1996). Tifa<ycle (at 25°C) is characterized by the prctéhn of
one or more cocoons after mating, 20 d later cosdaitch and 2-10 hatchlings born. These hatchbegeme
mature (with clitellum) 4-6 wk later (Lee 1985).ifgics feed on litter and/or the attached micrafland ingest
little soil. A few species, best known among thenfetidaandEisenia andreiare specialists in places with high
organic matter content (Lee 1985).

Like some other lumbricid§. fetidalives in patchy distribution (Reinecke & Viljoen 4@; Boag et al. 1994;
Uvarov 2009). The spatial heterogeneity of the patmn depends on food distribution and abioticapaeters
also on intra-specific interactions, including imggtraction. Like in other animal species, intéraction could
generate an Allee effect (Courchamp et al. 2008)caflective movement (Krause & Ruxton 2002). It is
recognized that individuals of many species mayefiefiom the presence of conspecifics. The Alldect is
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defined as a positive relationship between any amapt of individual fithess and either numbers dedsity of
conspecifics (Stephens et al. 1999).

Collective movement is sometimes observed in eamtthpopulations. They evade unfavourable envirortaden
conditions like flooded soil and low oxygen tens@mrseek new habitats (Edwards & Bohlen 1996).
Occasionally, the number of earthworms migratingsigecially significant (Edwards & Bohlen 1996; Beahal.
2006), suggesting that social cues may be resperfsibcollective movement. Chemical and/or phykica
‘communication’ could occur in earthworms. For epkennoxious stimulation, like the electric shodlaa
earthworm, elicits secretion acting as an alarnrgrhene, i.e. an earthworm contacting such secre@scapes
more rapidly from the area than from a clean aBehifidt 1955; Ressler et al. 1968; Jiang et al9)1.98deed,
metabolites of individual activity perceived by epecifics acting as alarm pheromones have beemteepio
different species of earthworms (Ratner & Boice ILHosenkoetter & Boice 1973)umbricus terrestrignay
often find its partners by a trail-following behaur and use contact to choose a sexual partnergitiré
premating (Nuutinen & Butt 1997). While some stdigvestigate the influence of intra-specific iaigfon on
earthworms' life parameters (survive, growth, repition, cocoons hatchability) (Domiguez et al. 2;99
Uvarov & Scheu 2004; Uvarov 2009), no researchifasstigated collective movement in earthworms ted
underpinning mechanisms.

In this study, we observed earthworms' behavioamimlfactometer set-up in order to establish ggree of
potential collective movement . fetida.Further, we investigated whether chemical (tralllefwing) and
physical (contact) cues are involved in collectivevement in earthworms.

Materials and Methods
Eisenia Fetida Rearing

The earthworm¢k. fetida)used in this study come from vermicomposting Ourobs.a. (Gembloux, Belgium).
They are reared in PVC boxes (42 cm long, 30 cnewiad 10 cm high) filled with universal compost DEM
(De Ceuster Meststoffen s.a., Grobbendonk, Belgidmis compost is changed every 2 mo and cocoaais an
hatchling earthworms are sorted out in order toeiased in a new box with fresh compost. Boxe® Wept at

a temperature of 23 + 1°C. For the experimentsy ovdture earthworms (with a clitellum) were used.

Binary Choice Experiments

Binary choice experiments remain one of the easiags to study collective decision making and talgse the
relation between individual behaviour and colleetiliecision making (Jeanson & Deneubourg 2009). The
distribution of the number of individuals among telternatives may be different according to thecgseand
situation: it can vary from an equidistributionastrong difference between the number of indiviislahoosing
either direction. Two experimental set-ups weraluse binary choice experiments: (1) olfactometesagys and
(2) contact assays.

Olfactometer assays

The behaviour of earthworms was tested in a two@fattometer consisting of a central PVC chamBOrdm
x 20 cm x 20 cm) with two equally distributed satens (9 cm in diameter, 18 cm long) (Fig. 1a). Ehasns
were connected to the central chamber and 25 lgeadame food source (sheep manure) was placed in th
extremity of each arm. For each experiment, thizeesystem was filled with moist universal compb&M®
(76% humidity content). An approximately 25 g saenpf moist compost was dried at 105°C for 48 h to
determine the moisture content (15 repetitions weatized). Forty earthwormk, fetidg were released in the
centre of the central chamber. Twenty-four houtsrdfeing released, the arms of each olfactometee w
disassembled from the central chamber, the confpmateach arm was placed in containers and théwarins
were counted. Thirty repetitions were conducted,dlfiactometer was washed with distilled water eochpost
was replaced between each repetition.

Contact/trail assays

A diamond-shaped set-up (15 cm long, 10 cm widem5igh) with start and end point (3 cm long, Inbwide,

5 cm high) (Fig. 1b) was used to study contacttaaitifollowing for E. fetidamature earthworms. This set-up
was filled with 56.25 crhof moist universal compost DCM76% humidity content). Observations were made
under red light in order to not to disturb the baxdrms (Lee 1985).
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This experimental set-up was emptied, washed wtilldd water and compost was replaced betweeh eac
repetition.

In the trail-following assays, two experiments wpegformed. In the first experiment, one earthwevas
placed on the start point set-up and was free dosh a branch. It was then removed when it reattteednd
point with a food source (2 g of sheep manure)etihat, a second earthworm was released at ttigostat
and its choice was observed. This experiment waesated 45 times. The two possibilities for earthmevere
to move in the same direction or not. In the seaaqkriment, five earthworms (one after the othene forced
to move on the same branch set-up by blocking tiherdranch with a PVC piece and the choice obtkih
one was recorded. The experiment was repeatedn®g.ti

In contact trial tests, two earthworms were sirmétausly placed at the start point of the set-uphaoit selected
directions were observed and recorded when thesheebthe end point filled with food resources @ gheep
manure). This experimentation was repeated 45 tias results could be observed: (1) both earthvgoom
the same direction (right or left) and (2) one leadrm on the left and one on the right.

Fig. 1. Experimental set-ups. (a) Two-arm olfactometezdcthworms' cooperation assays. A = central
chamber, B = arms of the olfactometer. (b) Behardbset-up to trail-following and contact bioassayart
point = point where earthworms were placed at tegibning of the experiments, food source = destinabf
earthworms.

Statistical Analyses

A chi-square Goodness-of-fit test (Minifal15.0, State College, PA, USA; n = 305 5%, 1 df) was used to
compare distribution of the number of earthwormbath arms (vs. the central chamber) of the two-arm
olfactometer and a binomial distribution.
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Statistical differences in direction selection laytbworms were determined by fitting a constanbpiwlity
generalized linear model to the data. The genedlimear model was used to take into account ¢éimeconstant
number of earthworms in both arms for the 30 réipes of the test. Under the assumption of indepand of
choices of the individual worms, the residual dee@of this model should follow a chi-square disttion with
29 df (Faraway 2006). An overdispersion test was tfealized to check this assumption (R 2.7.1). To
graphically display the results of this test, thase&rved proportions of earthworms on the left bihamere
reduced by their mean and scaled by their stardizwition, allowing for comparison. Under the hyyasis of
independence of movements, this reduced distribuimuld tend to a reduced normal distribution hyivke's
theorem. So the figure obtained superimposes thsityeof reduced observed earthworms' proportiarihé

left arm on the corresponding reduced normal digtion.

For trail-following assays and contact trial testghi-square Goodness-of-fit test (Minitab® v1$06; 45,0 =
5%, 1 df) was used to compare theoretical distidiourespectively, 50%-50% for each possibilityflan
observed distribution.

Simulation

Simulation was used to determine whether behawibaerved between two earthworms in contact/trahgs
could explain behaviour observed between 40 eartinadn the two-arm olfactometer.

At the start of a simulation, all the individual$)(are assumed to be in the central chamber. Fabr sienulation,

N earthworms were given the choice of leaving #etial chamber and choosing between two identical
branches. The individual probability of leaving ttentral chamber (P) was calculated to be 0.84Ksselts
section for details) using the results of two-alfaciometer assays. The individual decision of iegthe

chamber was checked and depends on the compagseadn P and a random number sampled from a uniform
distribution between 0 and 1. If its value<iB, the individual leaves the chamber and its selecif direction is
tested. Pand R are, respectively, the probability of choosing léde or right branch. If the value of a second
random number isP, the individual chooses the left branch. If notakes the opposite direction. For the first
individual leaving the chamber, B Pz = 0.5 (the two branches of the experimental sedregdentical).

For the others, P= Q (R = Q) if its predecessor chooses the left (righénoh, Q being the probability of
following its predecessor and choosing the samextion. Q = 0.5 corresponds to a random choices¢ueal
influence). In case of social interaction, Q > €dfresponds to a social attraction and Q < 0.%esponds to the
situation where the earthworm prefers to take fiygosite direction to its predecessor. The contadttest
where two earthworms were simultaneously placdtierset-up provided the Q experimental value.

The percentage of earthworms that chose the winnagrch was counted at the end of the simulationbBth
hypotheses (with or without social interactiong fiossible outcome of the average from 30 expetsramd
their distribution was calculated 1000 times.

The simulation was also used to estimate the mearbar of earthworms selecting the winner branch as
function of the number of earthworms choosing oinection and of the value of Q.

Results

Figure 2a shows the distribution of the total numiifeearthworms leaving the central chamber of the
olfactometer. This distribution was compared tareptmial theoretical distribution which should besebved
when no interaction exists between individuals. Agnthe 1200 tested earthworms (40 earthworms x 30
replicates), 1005 left the central chamber. Thertigcal binomial distribution was then generatethan
estimated probability of leaving of 0.84 (1005/1p@tat an individual leaves the central chambethis case,
experimental distribution was not different frone tineoretical distribution (chi-square Goodnes§itdést, y,
= 4.09, p =0.394). The results were not biaseddpgemental set-up: at the end of 30 repetitions,rtumber
of earthworms was not significantly different intb@rms of the olfactometer (right = 521, left 438

The generalized linear model showed that the Higion of the choice of one arm (number on thedeft) was
significantly different (Deviance tests” = 71.05, p < 0.001) from the binomial distributiwith a trend towards
statistical overdispersion. These results strongply dependence between the choices of earthw(ffigs 2b).
These results show that earthworms moving outettntral chamber influence the directional choicether
earthworms, but not their propensity to leave teti@al chamber.
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Fig. 2: Experimental results. (a) Observed (grey) and tbtoal (white) distributions of Eisenia fetida
earthworms in both olfactometer arms. NS indicai@significant difference between observed andagpe
distribution. (b) The comparison of theoreticalggntinuous stroke) and experimental distributi@mtinuous
stroke) of the proportion of earthworms on the tdfactometer arm shows an excess of off-centrpgtmns
which indicate non-independent choice in earthwommvements. Bars at the bottom of the chart repres
reduced observed proportions that were used toutate the density of probability. ***Significantffitrence
between observed and expected distributions ad81.
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To determine whether earthworms follow a conspetifiil, two behavioural trial tests were usedtha first
trail-following test, oneE. fetida(n = 45) earthworm was placed at the starting paat was free to choose a
direction (right or left). In this assay, 46.7%thé earthworms chose the same direction as théopieene and
53.3% did not. The results were not significanifjedent from 50%-50% (chi-square Goodness-ofefitfy,> =
0.2, p = 0.655). The trail-following test was conthd in the same conditions as previously. Howefixez E.
fetidaearthworms (n = 10) were forced to move in the sdimextion (right or left) and the direction of thixth
earthworm was recorded. In this case, five earthvgdollowed their predecessors and five earthwatidsot.
These results indicate that the earthworms didallmw a conspecific trail by olfactory orientation

To establish whether or not contact betwEefetidaearthworms influences. fetidainteraction, two
earthworms (n = 45) were simultaneously placeti@starting point (Fig. 1b). In this experiment 68%ved
together while 31% of the pairs did not selectdhme direction. There was a significant differefote-square
Goodness-of-fit tesf,? = 7.53, p = 0.006) between the experimental and tiieat (i.e. absence of any
interaction) distributions (Fig. 3). The contactween earthworms strongly influences the directichaice of
the follower. Indeed, the probability of followirige predecessor (Q) is estimated to be 0.7.
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Fig. 3: Observed (dark grey) and theoretical (light grdigtributions of the proportion of earthworms which
select a direction together in behavioural bioassahen two earthworms were in contact at the sthtihe
experiment. *Significant difference between obsttared theoretical distributions at p < 0.05.
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Fig. 4: Simulation results. (a) Results for parameter ealp = 0.84, Q = 0.5 and Q = 0.7. These distribos®f
the mean number of earthworms in the winner brasfahe two-arm olfactometer are generated after@Qfhs
of 30 replications. (b) The curves show the averagmber of earthworms in the winner branch foredight
earthworm numbers and for different probabilitiedollow its predecessor. In this case, the prolighio leave
the central chamber was equalto 1 (p = 1).
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A simple model shows that such probability of fallog generates the earthworm distribution among bot
branches when groups of 40 individuals were tesstéke two-arm olfactometer. The number of earthm®r
selecting the winner branch was counted at theoéttie simulation. The mean distribution of 30 expents
average was calculated (Fig. 4a). The probabifityttaining an equivalent average number of earthvgoon
the chosen branch from experimental dx:a(20.27) was maximal with the Q value resultingnfrcontact trial
tests (Q = 0.7). With weaker social interaction<(Q.6), the probability of obtaining an equivalentrage
number of earthworms on the chosen branch fromrerpetal data was <0.05 and without social intéoacthe
probability was slight (= 0.002). Our simulatiorstghown that contact explains collective moveméstoved
betweerE. fetidaearthworms. We have also shown that the averaggdneof earthworms on the winner
branch decreases as the number of earthworms sesréar each Q value (Fig. 4b) (See Supportinginddion
for equation development). This diminution was abfor groups of 15 earthworms, but was more grhftwa
larger number of tested earthworms. So the higleentimber of tested earthworms in the olfactométer,
greater the symmetry between the two olfactometasaThese results highlight the fact that the raadm
worked best for small numbers of earthworms.

Discussion

Individual earthworm propensity to leave the cdnttamber was not dependent upon the number dfvearn
that already left the central chamber. However gtkgerimental distribution (see Fig. 2a) was slightmodal
due to peaks at 25 and 27, suggesting that thievearin probability of leaving the central chambeiswaeakly
influenced by the departure of conspecifics (Seetpa. 2009).

We have demonstrated tke fetidaearthworms' cooperative capacity to select diradtiwough contact among
individuals. To our knowledge this is the first exale of collective orientation in animals basedyam contact
between followers and also the first one of coilectnovement in annelids. It is well known thattBarorms
use tactile receptors on the surface body for tbigetic responses (Lee 1985). Moreover, earthwarams
chemoreceptors principally on the prostonium ottenbuccal epithelium (Edwards & Bohlen 1996). Gont
with surface secretion of earthworms has a quietifigence on other earthworms of the same speiceesyhen
one or more earthworms settled down anywhere theresstopped more readily in that place (Loeb 1973)
EarthwormsE. fetidawere able to perceived pheromone, such as alarnoploae (Ressler et al. 1968;
Rosenkoetter & Boice 1975; Jiang et al. 1989), hav@heromone following did not seem to be a meisihan
used byE. fetidato move together. Trail-following could have aneetfon earthworms' behaviour if the number
of earthworms forced to move in the same directvas increased. This possibility should be explduether in
future experimental research. Nevertheless, ihigely that, in natural environment, more tharefiearthworms
follow. Collective movement mediated by chemicadl/an physical contact has been observed in a large
diversity of invertebrates (Costa 2006; Simpsoal €2006; Huang et al. 200'Bisenia fetidaseems to use the
contact strategy to collectively move with consfiesi In our experimental conditions, only the preessor
influenced the follower choice. So any amplificatjorocess was observed. However, we did not ex@duade
amplification process if the flow of earthwormsrieased.

Intra-specific interactions have been observe®imesother ecological group of earthworms. Positive
interactions exist between hatchlings and consigeaifults during the development in anecic spetiese &
Butt 2002; Grigoropoulou et al. 2008). Physicaltegits occur and influence the burrowing behaviawariecic
species, but not in endogeic species (Capowiez)2@ observations showed that intra-specificratéons
were also present in epigeic species. But somedgxperiments are necessary to confirm collectiseement
in other ecological categories.

The collective movement could also be a mechangsihg earthworms to cluster. The enhancement of
chemical defences could be one advantage of clagtéNertheim et al. 2005). For the earthwdenfetida,the
defensive line comprises cells floating in coeloffhigd and humoral effector proteins secreted thi® coelomic
fluid. This body fluid is known to contain a vasatf cytolytic and bacterial activities to combatential soil
pathogens (Bruhn et al. 200&)isenia fetidaare also the prey of terrestrial flatworri$senia fetidesecretes
yellow coelomic fluid in response to flatworBipalium adventitiumattack producing an aversive response by
the flatworm thus increasing the survival rateto$ earthworm species (Fiore et al. 2004). Aggiliegatof
earthworms could produce greater amounts of dafercgimpounds thus providing better resistanceito so
pathogens and predators. Such cooperative defemaiour would be particularly vital when only some
earthworms are under high predation pressure. d$istance to bad environmental conditions (flocgtsl dry
soil) could be a second advantage of clusteringvéieds & Bohlen 1996).
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These results strongly suggest a positive relatiprisetween individual fitness and density and mgylain that
an Allee effect is present in earthworms (Courchaingl. 2008).
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