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“If we use excessively elaborate apparatus to examine simple natural phenomena nature

herself may escape us."

Karl von Frisch (1886-1982)

“Il est facile de développer d’abord une théorie et de 'appuyer ensuite par des exemples,
car la nature est si riche et si variée qu’en cherchant bien, on trouve toujours des exemples

apparemment convaincants, méme pour une théorie complétement aberrante.”

Konrad Lorenz (1903-1989)

“In the course of thirty years devoted to ethological studies I have become increasingly
convinced that the fairest characterisation of Ethology is "the biological study of beha-
viour”. By this I mean that the science is characterised by an observable phenomenon
(behaviour, or movement), and by a type of approach, a method of study (the biological
method). "

Nikolaas Tinbergen (1907-1988)






Résumé

ETUDE DU COMPORTEMENT D’AGREGATION DES LARVES NECROPHAGES DE

DIPTERES : DE L'INDIVIDUEL AU COLLECTIF

Le comportement d’agrégation est considéré comme le premier pas vers des niveaux de
socialité supérieurs. La compréhension des facteurs clés permettant I’émergence des dé-
cisions collectives chez les groupes composés d’individus simples (ayant une connaissance
limitée de leur environnement) est donc fondamentale pour étudier I’évolution de la so-
cialité. A I'heure actuelle, la majorité des études se sont focalisées sur les espéces les
plus sociales, et notamment celles formant des groupes monospécifiques. A contrario,
les larves nécrophages de Dipteéres (asticots) forment sur un méme cadavre des agrégats
hétérospécifiques pouvant contenir des milliers d’individus, leur offrant divers bénéfices
(production de chaleur, d’enzymes). De part ces observations in natura, ces insectes
apparaissent étre un bon modéle biologique dans un contexte évolutif d’étude des com-
portements collectifs. Ce travail de thése s’attache & mettre en évidence et quantifier
les phénomeénes d’agrégations des larves de Lucilia sericata (Diptera : Calliphoridae) et
les mécanismes qui sous-tendent ces regroupements. Aprés une description introductive
des groupes hétérospécifiques chez les arthropodes, nous présentons pour la premiére
fois la démonstration expérimentale d’'un comportement d’agrégation actif des larves.
Nous avons également démontré 'effet d’attraction/rétention sur les larves d’un com-
posé cuticulaire déposé au sol par les individus et reconnu par leurs congénéres. Cette
reconnaissance se fait probablement via 'utilisation d’'un comportement exploratoire
caractéristique que nous avons décrit et quantifié : le scanning. Puis, nous avons mis
en évidence la capacité des larves de deux espéces proches phylogénétiquement et éco-
logiquement, L. sericata et Calliphora vomitoria, & faire un choix collectif en groupe
monospécifique comme en hétérospécifique. Ces résultats suggérent ’existence d’une re-
connaissance interspécifique de vecteurs d’agrégation (e.g. le signal larvaire). Enfin, nous
avons mis en évidence l'existence de préférendums thermiques chez ces espéces, et la
capacité des larves a sélectionner collectivement cette température préférentielle. Dans
son ensemble, ce travail offre des connaissances inédites sur la vie de ces groupes. Il ouvre
des perspectives d’étude prometteuses sur les comportements collectifs interspécifiques

et les bénéfices évolutifs liés & I'agrégation.



Abstract

AGGREGATION BEHAVIOUR OF NECROPHAGOUS DIPTERA LARVAE :

FROM INDIVIDUAL TO COLLECTIVE

Aggregation behaviour is considered as the first step toward higher level of sociality. The
understanding of the key factors that permit the emergence of a collective decision in a
large group composed of simple individuals (having a limited knowledge of their close
environment) is fundamental to deciphering the evolution of sociality. To date, a large
majority of the publications are focused on eusocial species, especially those forming
monospecific groups. Conversely, necrophagous Diptera larvae (maggot) form large he-
terospecific groups that can contain thousands individuals on a same decaying carrion,
which offer several benefits (heat production, enzymes). Regarding these observations,
such insects appear as a good biological model in the evolutionary context of the study
of collective behaviour. This thesis work aim to highlight and quantify aggregation phe-
nomenon in Lucilia sericata larvae (Diptera : Calliphoridae) and mechanisms underlying
such grouping. After a descriptive introduction about mixed-species groups in arthro-
pods, we demonstrated, for the first time, an active aggregation behaviour of larvae. We
also highlighted an attractive/retentive effect on larvae of cuticular signal deposit on the
ground by individuals and recognize by congeners. Such chemical recognition was proba-
bly due to the utilization of a characteristic exploratory behaviour which we described
and quantified : the scanning. Then, we highlighted the ability of two phylogenetically
and ecologically close related species, L. sericata and Calliphora vomitoria, to collectively
choose in monospecific and heterospecific groups. These results suggested the existence
of an interspecific recognition of aggregation cues (e.g. larval signal). Finally, we high-
lighted specific thermal preferendum, and the ability of larvae to collectively choose such
temperature. As a whole, this thesis work offer original knowledges about social life of
such groups. It opens up promising perspectives on the study of interspecific collective

behaviour and evolutionary benefits of aggregation.
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Introduction

“When you have seen one ant, one bird, one tree, you have not seen them all."

Edward O. Wilson (1929-.)
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0.1 La vie en groupe

0.1.1 Définition

Les individus d’une méme espéce, ou non, peuvent se réunir et former des groupes so-
ciaux [1]. Il faut distinguer les foules, caractérisées par le rassemblement d’individus re-
cherchant les mémes conditions écologiques mais n’ayant aucune affinité 1], des groupes
sociaux, caractérisés par la présence de relations privilégiées entre les individus au-dela
de la reproduction [1]. On peut ainsi utiliser le terme de social dés lors qu'un individu
appartient a un groupe social de fagon temporaire ou permanente |1, 2|.

La socialité est présente dans de nombreux taxons animaux (Figure 1), puisqu’il peut
s’agir d’amphibiens, de mammiféres ou encore d’arthropodes [1, 2|. Ce phénomeéne po-
lyphylétique est expliquée par cette diversité extréme de taxons. En effet, 'apparition
de la vie sociale a, selon Le Masne [3], un caractére sporadique et polyphylétique. Ceci
suggérant que les divers types de regroupements sociaux actuels se sont formés d'une
maniére indépendante, & partir de formes non sociales, au sein de phyla bien distincts.
Ce phénoméne indique par ailleurs que la socialité offre aux individus un avantage évo-
lutif indéniable. Elle constitue une méme réponse adaptée d’espéces différentes a des

contraintes environnementales.

FicURE 1: Exemples de regroupements sociaux chez différents taxons animaux. A.
Flamants roses, Kenya. B. Raies mantas, Golfe de Californie (photo : F. Schulz). C.
Criquets, Madagascar. D. Eléphants, Tchad.
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0.1.2 Valeur adaptative et cotuts

A premiére vue, la vie en groupe apporte des inconvénients. Parmi les plus évidents,
on peut citer une transmission facilitée des pathogénes entre les individus ou encore le
partage inégal d’une ressource entre les membres d’un groupe social [4]. Malgré tout,
ce mode de vie offre de nombreux bénéfices (recensés par Krause et Ruxton [5]). L'un
des plus documenté et étudié dans la littérature est une diminution du risque de préda-
tion [6]. Des effets de dilution/confusion sont notamment impliqués et sont caractérisés
par une augmentation soudaine de proies pouvant effrayer le prédateur ou diminuer ses
chances de capture. Il y a également une augmentation de la vigilance, 'hypothése de
Ieffet many-eyes. Plus il y a d’individus, plus il y a d’individus-détecteurs diminuant de
fait le temps de détection d’un prédateur. Le regroupement d’individus offre également
un rapprochement des partenaires sexuels amenant a une augmentation du taux d’ac-
croissement et de reproduction de la population [7]. Cette liste, bien que non exhaustive,
montre certains avantages liés a la vie en groupe. Ces avantages vont étre pérennisés par

le maintien de la cohésion sociale [5].

0.1.3 Classification

Plusieurs auteurs se sont essayés & classer les différents niveaux d’organisation sociale.
Wheeler [8] fut I'un des précurseurs, et c’est a partir de ses observations sur les insectes
qu’il classa les niveaux de socialité sur la base du lien entre la mére et sa progéniture.
C’est a partir des travaux de Wheeler que Michener, aidé par Wilson, établit une clas-
sification hiérarchique des niveaux de socialité (Tableau 1). Cette classification, appelée
classification de Michener-Wilson, reste a ce jour la plus communément utilisée, et no-
tamment en entomologie. Michener et Wilson considérent une espéce dite sociale, comme
toute espéce présentant une communication réciproque de nature coopérative [9, 10]. Par
communication est entendue ici toute action individuelle qui influence la probabilité d’ap-
parition d’un comportement chez un autre individu. Pour résumer, ’eusocialité caracté-
rise le niveau le plus élevé, que l'on retrouve trés majoritairement chez les arthropods
et notamment les fourmis, les abeilles ou les termites. Ce stade est défini par un che-
vauchement des générations d’adultes, une coopération pour les soins aux jeunes et une

spécialisation d’individus pour la reproduction (Tableau 1)

Bien que critiquée par plusieurs auteurs (critiques résumées par Costa [13]), la classi-
fication de Michener-Wilson est largement utilisée dans la littérature scientifique. Une
critique fréquente est que ces auteurs se sont basés sur des espéces d’arthropodes, et qu’il
était donc difficile de transposer cette classification aux sociétés de vertébrés. Une autre

classification tirée de I'observation des groupes de vertébrés a été proposée (Tableau 2;
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TABLE 1: Classification des différents niveaux de socialité selon Michener et Wilson
(cité dans Lihoreau [11] et modifié d’aprés Aron et Passera [2]).

Solitaire

Absence de tout trait caractéristique des niveaux de

socialité supérieurs

Présocial Grégarisme
Subsocial

Parasocial Communal

Quasisocial

Semisocial

Interattraction

Soins parentaux non coopératifs

Vie commune des individus de la méme génération

Soins parentaux non coopératifs

Vie commune des individus de |la méme génération

Coopération pour les soins parentaux

Vie commune des individus de la méme génération

Coopération pour les soins parentaux
Spécialisation d’individus dans la reproduction

Eusocial

Chevauchement des générations d’adultes
Coopération pour les soins parentaux
Spécialisation d’individus dans la reproduction

TABLE 2: Classification des différents niveaux de socialité suite & ’observation des
sociétés de vertébrés (tiré de Kerth [12]).

Agrégation Rassemblement d'individus anonymes,
généralement moins stable que les
animaux vivant en société.

Société Groupe d'individus présentant des liens

sociaux, s’engageant dans des
comportements coopératifs, se
reconnaissant mutuellement, soit en tant
gu’individu soit en tant que membre du
groupe, pouvant mener a des conflits
d'intérét liés au sexe, au statut
reproducteur, a 'age, a la dominance.

Sociéteé fission/fusion

Groupe d'individus ayant les mémes
caractéristiques que la société (liens
sociaux, reconnaissance, coopération)
mais se divisant réguliérement en sous
groupe (fission) pour plus tard, se réunir
de nouveau (fusion).
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[12]). Avec cette derniére, les groupes de blattes, les volées d’oiseaux ou encore les larves
nécrophages de Diptéres sont considérées comme grégaires. Des exemples de sociétés de

type fission/fusion sont retrouvés chez les éléphants (Figure 1) ou les dauphins.

Afin d’éviter toute confusion, les termes de grégaire, social et eusocial seront ici utilisés

pour définir les niveaux de socialité, en accord avec la classification de Michener-Wilson.

0.2 L’agrégation

Le comportement d’agrégation, ou grégarisme, est considéré d’un point de vu évolutif
comme le premiers pas vers des niveaux de socialité supérieurs [1, 2]. Ce comportement
d’inter-attraction entre les individus est indépendant de ’attraction sexuelle. Si on se
référe a la distribution spatiale des organismes, Camazine et al. [14| définissent une agré-
gation comme un assemblage d’individus qui entraine une forte densité de ceux-ci dans
les environs. Ces groupes trouvent leur origine et leur cohésion par l'inter-attraction de
leurs membres, d’ou la nécessité qu'il y ait un transfert d’information (i.e. communi-
cation) entre les individus constituant ce groupe [14, 15|. L’agrégation est généralisée
aux sociétés d’'invertébrés (Figure 2) et peut apparaitre comme une réponse a des hété-
rogénéités environnementales (agrégation non sociale) ou a lattraction entre individus
(agrégation sociale [13]). Le grégarisme est l'un des phénomeénes sociaux les plus pri-
maires, et beaucoup d’activités d’insectes sociaux lui sont liées, comme les déplacements

ou le fourragement [16-18].

0.2.1 Les différents types d’agrégation

Deux types d’agrégation sont classiquement connus et admis dans la littérature : I’agré-

gation dite non sociale et celle dite sociale.

L’agrégation non sociale, ou agrégation résultant de ’habitat selon Danchin et Wagner
[19], n’est qu’apparente car elle est dépendante des facteurs abiotiques. Les individus
vont répondre positivement & des hétérogénéités environnementales. Imaginons un habi-
tat ol on observe un grand nombre de parcelles pauvres et quelques parcelles riches, et
qu’une population répartie de maniére libre idéale s’y trouve. Libre étant défini par le fait
que les individus se déplacent entre les diverses parcelles sans aucun cofit ni contraintes
et idéale mentionne qu’ils connaissent parfaitement l’environnement. Bien qu’il y ait un
rassemblement sur les parcelles riches, cette observation ne fait que refléter la variation
de la qualité de I’environnement. Il résulte de la somme des réponses individuelles aux
hétérogénéités du milieu. Ces caractéristiques du milieu peuvent jouer un roéle de tem-

plate, un modéle, permettant de prédire le pattern agrégatif final observeé [14]. Un second
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exemple d’agrégation non sociale apparait lorsque les facteurs abiotiques vont déplacer et
restreindre les individus dans une zone. Les agrégats de méduses en sont un bon exemple.
Par la force des courants marins et des vents en surface, des mouvements de convection

aménent a la formation d’agrégats contenant de nombreux individus |20].

L’agrégation sociale, qui nous intéresse plus particuliérement dans ce travail, est définie
par Evans et Schmidt [6] comme étant la tendance qu’a un animal & s’agréger avec
d’autres de fagon a ce qu’il soit en contact l'un de l'autre, ou proche, et que la distribution
de ces animaux dans l’environnement local soit extrémement inégale’. La constitution de
ces groupes implique la présence d’interactions sociales [21] & plus ou moins longue portée
et basées sur des signaux chimiques, visuels, tactiles ou sonores. Ces agrégations sont
variables en terme de durées et de compositions. Des espéces peuvent étre regroupées
durant toute leur vie, comme les fourmis ou les abeilles, ou seulement & un moment
de leur développement comme les larves de Diptéres. D’autres exemples de grégarisme
chez les arthropodes sont présentés dans l'article de vulgarisation paru dans Especes (cf.

Annexe B) co-écrit avec Pierre BROLY (Unité d’Ecologie Sociale, ULB).

FIGURE 2: Exemples d’agrégation chez différents taxons d’arthropodes. A. Bernard

Phermite fraise (Oenobita perlatus ; photo : K. Marks). B. Cloportes (Porcelio scaber ;

photo : S. Reekie). C. Larves nécrophages de Diptéres (Calliphoridae ; photo : J. Bou-

lay). D. Chenilles du papillon Ruby-spotted Swallowtail (Papilio anchisiades ; photo :
V. Ciau). E. Coccinelles (Harmonia azyridis ; photo : J. Goddard).

1. "the tendency of an animal to aggregate with others such that the animals are in contact with one
another, or are nearly so, and that the distribution of the animals in the local environment is extremely
patchy" [6].
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0.3 L’auto-organisation : de I’individuel au collectif

La notion d’auto-organisation est appliquée en éthologie, en particulier aux insectes
sociaux, pour montrer comment un comportement collectif complexe peut émerger a
partir d’interactions simples entre individus (Figure 3; [14]). Bonabeau et Theraulaz
[22] définissent l’auto-organisation comme les phénoménes au cours desquels une cer-
taine structuration spatiale et/ou temporelle s’opére plus ou moins "spontanément”, ou
encore sous l’effet d’un flur énergétique, entropique ou matériel. Cette définition étant
issue de la physique [23], Camazine et al. [14] en distinguent deux grandes différences
avec 'auto-organisation appliquée aux systémes biologiques. La premiére est la grande
complexité des sous-unités des systémes biologiques. Les sous-unités en physique sont
des objets inanimés alors qu’en biologie se sont des organismes vivants complexes. La
seconde concerne la nature des lois qui gouvernent les interactions dans ces deux dis-
ciplines. Dans les systémes physico-chimiques, les patterns créés au travers des interac-
tions obéissent uniquement aux lois de la physique. Les systémes biologiques obéissent
également a ces mémes lois mais les interactions physiologiques et comportementales
sont influencées par les propriétés génétiquement controlées des composants. Bonabeau
et Theraulaz |22] précisent cette définition dans le cadre des comportements collectifs
comme tout processus au cours duquel des structures émergent au niveau collectif, & par-
tir de la multitude des interactions entre individus, sans étre codées explicitement au
niweau individuel. Ces derniers résument l'auto-organisation & trois points essentiels :
(i) Uapparition d’une structure spatio-temporelle ; (ii) cette structure est principalement
produite de l'intérieur du systéme [...[; (iit) enfin, la notion mal définie qu’une struc-

nn

ture "remarquable” "émerge" est traduite par la difficulté voire impossibilité pour un

observateur [...| de prédire Uapparition de la structure et encore moins ses propriétés.

Derriére cette définition, il vient & I’esprit la notion de complexité chére a Edgar Morin
[24]. Sumpter [25] relie cette notion a ’auto-organisation avec cette définition : Le principe
central de ['auto-organisation est que les interactions simples répétées entre les individus
peuvent produire des modeéles adaptatifs complexes au niveau du groupe?. Dans sa thése
d’HDR, Gautrais [26] critique 'idée que les interactions entre les individus doivent étre
stmples tant qu’elles sont répétées. Il liste un certains nombre d’exemples d’interactions,
allant des réactions chimiques d’oxydo-réduction aux comportements individuels lors de
la construction de pistes chez les fourmis, montrant que ces comportements non rien de
"simples". Il avance plutot 'idée que la multitude d’individus présents se comportent de
maniére stochastique et donc non déterministe. Cet élément offre une source de fluctua-

tion qui constitue 'auto-organisation [26|. Gautrais [26] montre également I'importance

2. "The central tenet of self-organization is that simple repeated interactions between individuals can
produce complex adaptive patterns at the level of the group."[25]
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de "amplification des interactions plus que leur répétition. Il donne ainsi sa propre défi-
nition de 'auto-organisation : "Modéle expliquant le comportement d’ensemble d’un sys-
téme stochastique par la possibilité que ses fluctuations aléatoires soient amplifiées. "|26].
Avec cette derniére définition, on voit bien les deux notions essentielles qui constituent
I’auto-organisation : la stochasticité et [’amplification. L'un des exemples les plus expli-
cites traduisant ces deux notions est le suivi de piste chez la fourmi [27]. Si on laisse &
une colonie le choix entre deux branches d’'un méme pont strictement identiques allant
du nid & une ressource alimentaire, les premiéres fourmis vont choisir aléatoirement I'une
des deux branches du pont. Ces fourmis vont laisser un marquage chimique au sol (dé-
pot de piste) incitant leurs congénéres a emprunter cette branche. Ce premier choix de
branche s’est fait de maniére stochastique mais le choix des fourmis suivantes s’est vu
biaisé en faveur du pont marqué. Ces derniéres vont a leur tour marquer de leur passage
cette branche peu marquée augmentant un peu plus les probabilités que d’autres fourmis
empruntent cette branche du pont. Cet exemple refléte trés bien la dynamique de type

amplification d’un systéme stochastique.

FIGURE 3: Exemples de structures collectives. A. Banc de sardines (photo : B. Cole). B.

Entrée d’un nid de fourmis (Myrmecia sp. ; photo : G. Park). C. Mouvement de "Ola"

lors d’un match de basketball (photo : Journal Sud Ouest). D. Déplacement collectifs

de moutons en Irlande (photo : P. Brennan). E. Nid de termites dans le parc national
Litchfield (photo : H. Zaher).
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0.4 L’amplification du systéme

L’agrégation est une source d’amplification. Une augmentation de la densité d’individus
dans une zone accroit de fait la probabilité qu’ont les individus de reproduire une action
donnée. Ces mécanismes amplificateurs jouent un réle déterminant dans 1’élaboration
des agrégations sociales reposant sur des dynamiques non linéaires |14, 16].

L’amplification est régie par des boucles rétroactives positives et/ou négatives, appelées
feedbacks, qui permettent ’accroissement du systéme mais aussi ’empéchent d’exploser.
Un exemple bien connu de feedback positif est le suivi de piste chez les fourmis décrit
précédemment (Figure 4). Une fourrageuse dépose une piste chimique allant de la res-
source au nid. Ses congénéres vont suivre cette piste accroissant sa concentration et ainsi
mécaniquement la probabilité que d’autres fourmis suivent cette piste augmente [28]. Un
autre exemple, toujours chez la fourmi, est la probabilité de déposer un cadavre d’une
congénéres, qui va augmenter avec le nombre de cadavres déja présents [27]|. La proba-
bilité de quitter un groupe, qui décroit avec le nombre de membres, est un exemple de
feedback négatif (Figure 4). A noter qu’avec cet exemple de feedback négatif pairs cela
conduit a Papparition d’un feedback positif (plus d’individus sortent d’un groupe, plus
d’individus rejoignent un second groupe). D’autres exemples de feedbacks sont décrits

par Jeanson et Deneubourg [29].

+ -
Trail intensity Path selection Group size Leaving group
+ -

FIGURE 4: Exemples de boucles rétroactive positives (+) chez les fourmis et négatives
(-) chez les blattes (tiré de Jeanson et Deneubourg [29]).

0.5 La prise de décision collective

La prise de décision collective, collective decision-making, joue un roéle central dans la
vie des animaux sociaux. Les humains en sont un bon exemple avec les élections dans
les démocraties. Selon Conradt et Roper [30] cette décision, souvent appelé abusivement
lintelligence collective par le grand public, peut étre de deux formes. La premiére est la
combined decision, que Conradt et Roper [30] définissent comme un choiz individuel des
membres du groupe (mais pas nécessairement indépendamment) entre deuz ou plusieurs

actions. Ils ne visent pas un consensus mais les résultats combinés de leurs décisions
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affectent généralement le groupe dans son ensemble3. Ces auteurs présentent quelques
exemples de telles décisions comme ['allocation de taches chez les insectes eusociaux
ou des décisions liées a la consommation chez I’humain. L’individu choisit seul sans
chercher un consensus mais son comportement est dépendant de celui du groupe auquel

il appartient.

Le second type de décision collective, celui qui nous intéresse dans ce travail, est la déci-
sion consensuelle, consensus decision, (Figure 5) qui apparait lorsque les membres d’un
groupe choisissent entre deur ou plusieurs actions mutuellement exclusives dans le but
spécifique de parvenir d un consensus* [30]. Les exemples avancés par Conradt et Roper
[30] peuvent étre la coordination des prédateurs pour 'attaque d’une proie ou encore le
choix d’une destination lors d’un trajet. Conradt et Roper [30] ont ensuite établi une
classification des décisions consensuelles (Figure 5) selon qu’il y ait, ou non, un conflit
d’intérét puis la présence d’'une communication globale ou locale. Une communication
globale étant définie comme une communication simultanée entre tous les membres du
groupe, a la différence de celle locale, ou seulement les individus proches peuvent com-
muniquer [30]. Dans le cas des larves nécrophages de Diptéres, les individus ont une
perception limitée de leur environnement, laissant penser & l’existence d’une communi-

cation locale des membres au sein du groupe.

Conflict of interest?

Communication Communication
global or local? global or local?

I | Classification of consensus decisions |

Example Example Example Example

Summary of empirical examples

Small navigating groups
Decision makers?
Possibly partially shared in
informed subgroup
Mechanisms?

Not known

Functions?

Indirect empirical evidence
for information pooling

Nest choice in honey bees
and ants; large navigating
groups

Decision makers?
Usually partially shared
within informed subgroup
Mechanisms?
Self-organizing
Functions?

Empirical evidence for
effective information
pooling and trade offs
between speed and
accuracy

Synchronization of activity
and travel destination in
small groups

Decision makers?
Evidence equivocal;
sometimes partially shared
within demographic
subgroup

Mechanisms?

Possibly ‘voting’ and vote
‘counting’

Functions?

Shared decisions decrease
consensus costs

Synchronization of activity
and travel destination in
large groups

Decision makers?
Partially shared within
demographic subgroup
Mechanisms?

Likely to be self-organizing
Functions?

Shared decisions decrease
compromise costs

FIGURE 5: Vue schématique de la classification actuelle des décisions consensuelles,

consensus decisions (tiré de Conradt et Roper [30]).

3. Combined decision : members of a group choose individually (but not necessarily independently)
between two or more actions. They do not aim for consensus but the combined results of their decisions
usually affect the group as a whole.

4. Consensus decision : members of a group choose between two or more mutually exclusive actions
with the specific aim of reaching a consensus.
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0.6 Les insectes nécrophages

0.6.1 L’écosystéme cadavre et role des insectes

Par définition, le cadavre est une ressource instable et éphémeére. Ce biotope, & haute
valeur énergétique, apparait de facon imprédictible, d’oli la nécessité pour les espéces né-
crophages, i.e. qui se nourrissent des cadavres, de le détecter et de s’y rendre rapidement.
C’est un environnement hétérogéne avec différentes gammes de températures ainsi que

des spots de nourriture & valeur nutritionnelle inégale (e.g. foie, cerveau etc.) [31].

Les insectes nécrophages sont les principaux artisans de la décomposition d’un cadavre
[32, 33]. En s’alimentant, ils vont contribuer de maniére significative a augmenter la
vitesse de dégradation du cadavre (Figure 6, [33]). On trouve principalement parmi eux

des espéces de Diptéres et de Coléoptéres.
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FIGURE 6: Evolution temporelle de la masse de porcelets (Sus scrofa) en présence A
et en absence B d’insectes nécrophages (tiré de Payne [33]).

0.6.2 Les insectes pionniers : les Diptéres Calliphoridae et Sarcopha-

gidae

Les insectes pionniers que ’on retrouve sur les cadavres en décomposition appartiennent
principalement aux Calliphoridae et Sarcophagidae. Ces insectes sont dotés d’organes
sensoriels trés sensibles leurs permettant de détecter un corps a plusieurs kilométres de
distance [34]. Cette détection se fait dés quelques heures aprés la mort via la perception
des composés volatils relargués par le cadavre [35]. Le cadavre va servir de substrat de

ponte et de ressource alimentaire pour leurs larves, appelées couramment asticots.
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0.6.2.1 Cycle de développement

Les Diptéres nécrophages sont des insectes holométaboles, c’est-a-dire & métamorphose
compléte. Leur cycle de développement est composé de 4 stades : ceuf, larve, pupe et
adulte (Figure 7). La durée de ce cycle est dépendante de deux parameétres : 1’espéce et
la température. Plus la température ambiante est élevée, plus la durée du cycle de déve-
loppement est courte (et inversement). De plus, a température identique, des individus

vont se développer plus ou moins rapidement selon I'espéce a laquelle ils appartiennent.

La femelle pond ses ceufs, préférentiellement au niveau des orifices naturels du corps
(Figure 8). Ces ceufs sont pondus en paquets d’environ 200 et sont généralement agrégés
avec ceux d’autres femelles |36, 37]. Cette agrégation des pontes est la résultante de
signaux attractifs comme la présence d’ceufs, de larves et/ou d’adultes. Les femelles vont
chercher un site de ponte & la fois humide, évitant ainsi la dessiccation des larves, et
permettant pour leur progéniture un accés facile a la nourriture. Aprés I’éclosion, les
larves vont passer par trois stades (L1, L2 et L3) entrecoupés par deux mues. Puis, le
stade pré-pupe, qui est un stade intermédiaire entre L3 et pupe, et qui correspond, chez
la plupart des espéces, a la phase d’éloignement du corps. Ensuite, la larve pré-pupe se

transforme en pupe (i.e. cocon), d’on émergera un imago (Figure 7).

/ % “\ " cEuf

Mue imaginale &
Pupe _ S \
S 1
Qe Larves
Muc nymphale /

\/LZ
0

L3

FIGURE T7: Cycle de développement des Diptéres Calliphoridae (schéma : J. Boulay;
Infographie : Espéces). A 25°C, la durée de ce cycle pour Lucilia sericata est de 13 jours
alors que pour Calliphora vicina elle est de 17 jours [32].
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FIGURE 8: Pontes agrégées de femelles de Diptéres Calliphoridae sur un cadavre de
porcelet (photo : Edward B. Mondor).

0.6.2.2 Importance des Diptéres en entomologie forensique

L’entomologie forensique est 1’étude des insectes dans le contexte d’enquétes judiciaires.
Les bases de cette science ont été posées par Jean-Pierre Mégnin en 1894 dans son ouvrage
La Faune des cadavres. 11 est le premier & avoir décrit les différentes successions d’insectes
nécrophages sur un cadavre, qu’il a appelé escouades. Ces travaux ont montré que les

Dipteéres Calliphoridae font parti des premiers insectes a arriver sur le cadavre.

Ces insectes, dont les durées de développement en fonction de I'espéce et de la tempé-
rature sont bien connues, vont permettre de définir une datation du déces [38|. Cette
datation se fait aprés identification des insectes et connaissant 1’historique thermique du

lieu ol ces espéces se sont développées.

Avec toutes ces informations, 'expert entomologiste va pouvoir établir une chronologie
débutant par Parrivée des insectes jusqu’a la découverte du corps (Figure 9). Il faut
bien garder a I'esprit que 'expert donne un Intervalle Post-Mortem minimum (IPMmin)
et non la date effective de la mort. En effet, suivant I'accessibilité du cadavre et les
conditions climatiques, les insectes vont mettre un certain temps a arriver et & pondre
sur celui-ci. Un corps retrouvé dans les bois sera rapidement colonisé, et donc un IPMmin
proche de la date du décés, en comparaison d’un corps retrouvé dans un coffre de voiture.
De méme, les conditions climatiques comme le froid ou la pluie vont fortement réduire

Pactivité des insectes [39].
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Les insectes nécrophages peuvent aussi étre utilisés comme matrice pour des dosages
toxicologiques, on parle alors d’entomo-tozicologie. On peut également les utiliser pour

détecter des traces de poudre dues a 'utilisation d’une arme & feu.

A Theure actuelle, la physiologie de ces insectes est bien connue alors que les études
comportementales font défaut. L’importance des Diptéres dans le cadre d’expertise ren-
force I'idée qu’il est nécessaire d’étudier le comportement de ces insectes. Ces recherches
comportementales pourraient permettre in fine d’affiner les techniques de datation exis-

tantes.

Découverte du corps

Préléevement des insectes

Date des
pontes

w ) e o

Délai H/—/ Elevage

de colonisation ?

Intervalle Post-Mortem minimum
(IPMmin)

F1GURE 9: Chronologie d’une expertise entomologique du décés. Le délai de colonisation
va étre impacté par 'accessibilité du corps et des conditions climatiques. La partie
élevage se fait en laboratoire en conditions de température et de nourriture controlées.

0.6.3 Description du modéle biologique

Cette thése s’est essentiellement focalisée sur deux espéces de Diptéres Calliphoridae, Lu-
cilia sericata (Meigen, 1826) et Calliphora vomitoria (Linné, 1758) (Figure 10). L’espéce
Calliphora vicina (Robineau-Desvoidy, 1830) a été utilisée seulement pour une étude (cf.
Chapitre 5). Ces espéces sont présentes dans toutes les régions tempérées et tropicales

du monde.

(A) Lucilia sericata  (B) Calliphora vomitoria  (C) Calliphora vicina

FIGURE 10: La mouche verte (A) et les mouches bleues (B et C), les espéces utilisées
lors de ce travail.
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0.6.3.1 Anatomie

Les larves nécrophages de Diptéres disposent de deux crochets buccaux antérieurs utilisés
pour l'alimentation (Figure 11). Dans cette méme région, deux organes sensoriels présents
en paire sont présents : I'organe dorsal (Dorsal Organ (DO)), utilisé pour I'olfaction [40]
et Porgane terminal (Terminal Organ (TO)) utilisé pour la gustation [41] (Figure 11).
Les larves disposent également de 12 photorécepteurs regroupés sous le nom d’organe de
Bolwig [42]. Cet organe détecte la lumiére sur un spectre allant de 400 & 630nm [42].
La Figure 11 a été obtenue en photographiant une larve L3 de Lucilia sericata avec
un Microscope Electronique a Balayage Environnemental (MEBE). Cet appareil permet
de photographier le sujet sans passer par une étape de métallisation des tissus comme
utilisée par Colwell et Kokko [43].

Sur la partie postérieure, des stigmates sont présents permettant aux larves de respirer
(Figure 12). L’emplacement, non intuitif pour un humain, de ces stigmates permet aux
larves de respirer tout en se nourrissant sur le cadavre. Aprés chaque mue, une fente
s’ajoute a celles déja présentes (stade L1, stigmate & une fente; stade L2, stigmates
a deux fentes et stade L3, stigmates a trois fentes). Cette caractéristique permet de

distinguer facilement le stade de développement de la larve observée.
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FIGURE 11: Organes sensoriels d’une larve de Lucilia sericata observés au microscope

électronique & balayage environnemental (MEBE). A. Téte de la larve avec la présence

des crochets buccaux. B. Dorsal organ (DO) utilisé pour Uolfaction. C. Terminal Organ

(TO) utilisé pour la gustation (photos : J. Boulay avec l’aide de Lucile GEANT (Tech-

nicienne au Laboratoire d’Analyses Physiques et de Caractérisation des Matériaux,
Douai)).

FIGURE 12: Vue postérieure d’une larve de Calliphora vicina (Diptera : Calliphoridae)

au stade L3. Les fentes des stigmates postérieurs permettent de déterminer rapidement

le stade de I'individu : 1 fente par stigmate au stade L1, 2 au stade L2 et 3 au stade L3
(photo : B. Bourel).
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0.6.3.2 Comportement

Cette section est issue du Chapitre Comportement et développement des larves nécro-
phages présent dans le livre Insectes, cadavres et scénes de crime (Edition : De Boeck ;
Editeurs : D. CHARABIDZE et M. GOSSELIN) et écrit en collaboration étroite avec Cindy

AUBERNON et Damien CHARABIDZE.

Sur un corps en décomposition, il est fréquent d’observer des masses de larves
de Diptéres pouvant compter plusieurs centaines & plusieurs milliers d’indi-
vidus. Les larves qui composent ces masses vont rester en contact physique

(agrégat) et se nourrir au méme endroit sur le cadavre [44].

Du fait de ce comportement grégaire trés prononcé, les larves sont en constante
bousculade (scramble competition) au sein des agrégats. Cette intense activité
génére un dégagement de chaleur métabolique pouvant atteindre plusieurs di-
zaines de degrés (Figure 13). Plus la quantité de larve est importante, plus
le dégagement de chaleur est élevé [45]. Cette augmentation de température
est propice au développement des larves puisqu’elle permet de diminuer sa
durée et de ce fait, le temps passé sur le cadavre, limitant ainsi les risques de
prédation. Une augmentation trop importante de la température risquerait
cependant de tuer les larves. Il existe donc des feedbacks négatifs qui jouent
le role de régulateurs. Ces régulateurs sont généralement des contraintes phy-
siques et environnementales (Figure 14). Chez L. sericata, il parait probable
que 'accés a la nourriture ainsi que la température locale soient deux facteurs
impliqués dans la régulation de la densité et de la localisation des agrégats

larvaires [45].

Outre le dégagement de chaleur, Rivers et al. [44] mettent en avant plusieurs
bénéfices liés a 1'agrégation (Figure 14). Le premier est une coopération pour
la digestion. En effet, les larves ont une digestion dite extracorporelle : elles
sécrétent une salive riche en antibiotiques et en enzymes protéolytiques qui
permettent de liquéfier les tissus [46, 47|. Plus il y a de larves, plus la quantité
de sécrétions salivaires est importante, aboutissant ainsi & une liquéfaction
facilitée des tissus et donc une meilleure assimilation [44]. Un autre bénéfice
fréquemment cité est la diminution du risque de prédation. Cette stratégie
d’évitement des prédateurs n’a cependant pas été étudiée chez les larves né-
crophages de Dipteéres. Il est enfin probable que 'agrégation limite les pertes

d’eau des individus et les protége contre la dessiccation.
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Parallelement a ces bénéfices, Rivers et al. [44]) avancent trois effets déléteéres
majeurs dus a I'agrégation chez les larves de Diptéres nécrophages (Figure 14.
La production de chaleur au sein de 'agrégat peut aboutir & un stress ther-
mique compromettant le développement normal des larves. Wertheim et al.
[48] ont également mis en évidence une chemoattraction des prédateurs et
des parasitoides, attirés par ’odeur des masses de larves. Enfin, la problé-
matique majeure du grégarisme est la surpopulation au sein des agrégats. La
ponte des femelles étant stimulée par différents signaux attractifs (présence
d’ceufs, de larves), il y a dans un premier temps agrégation des ceufs [49].
Lorsque les jeunes larves écloses, elles sont donc déja agrégées sur certaines
zones du corps, notamment au niveau des orifices naturels. Au fur et 4 me-
sure du développement, la masse larvaire augmente en volume et consomme
les ressources. L’appauvrissement des ressources et I’accumulation des déjec-
tions (ammoniaque) peut alors compromettre le développement des larves.
Kuusela [50] et Prinkkila et Hanski [51] démontrent par exemple un effet
négatif de la compétition (forte densité larvaire) sur le développement des
larves de Lucilia. Cependant l'effet contraire, c¢’est-a-dire une augmentation
de la vitesse de développement lorsque la densité augmente, a été décrit chez
Calliphora vicina [52] et Calliphora vomitoria |31, 53]. Bien que de tels effets
de la densité de larves existent en conditions naturelles et doivent étre gar-
dés a Desprit, il est rare dans un contexte forensique que le cadavre soit une
ressource limitante pour les larves de Diptéres Calliphoridae. La compétition
(hors prédation) est donc généralement faible et n’a alors que peu d’effets sur

le développement des larves et ’estimation de 'intervalle post-mortem.
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(A) Masse larvaire (B) Larval-mass effect

FIGURE 13: A. Masse larvaire sur un cadavre de porc (Sus Scrofa ; photo : J. Boulay).

B. Génération de chaleur au sein d’une masse de larves de Calliphoridae (larval-mass ef-

fect). Cette augmentation locale de la température est positivement corrélée au nombre

d’individus présent au sein de la masse. Cette chaleur accélére le développement des

larves, diminuant ainsi le temps passé sur le cadavre en décomposition (photo : D.
Charabidzé).

Chaleur Contraintes physiques

Signal cuticulaire (¥ 1| Compétition alimentaire

Thigmotactisme interindividuel Perturbations extérieures

Bénéfices I | Colts
Limite la perte en eau Saturation du milieu en ammoniac (déjections)
Production de chaleur Stress thermique
Meilleure assimilation de la nourriture Surpopulation : compétition locale
Protection contre les prédateurs et les parasites Chemoattraction des prédateurs et des parasitoides

I Bénéfices et colits liés a ’agrégation I I Mécanismes de P’agrégation I

FIGURE 14: Schéma récapitulatif des bénéfices et des effets délétéres liés a I’agrégation
ainsi que des mécanismes permettant l'initiation, I’amplification et la régulation du
groupe chez les larves grégaires de Calliphoridae et de Sarcophagidae
(schéma : J. Boulay).



Objectifs et plan de la thése

“Comme symbole d’effronterie et d’impertinence, il faudrait prendre la mouche. Tandis
que tous les animaux, en effet, craignent I’homme au-dessus de tout et le fuient déja de

loin, la mouche, elle, se pose sur son nez.”

Arthur Schopenhauer (1788-1860)
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0.7 Objectifs

Cette thése a pour objectifs de mettre en évidence et de quantifier les dynamiques d’agré-
gation des larves nécrophages de Diptéres et les mécanismes qui sous tendent ces re-
groupements. Elle s’inscrit dans deux contextes bien distincts : un fondamental qui est
I’étude des comportements collectifs et le second, que 'on peut qualifier d’applicatif, qui
est 'entomologie forensique. Bien que le c6té théorique soit le plus présent dans cette
thése, I’éventuel apport applicatif de ce travail en contexte judiciaire ne doit pas étre

négligé.

Comme présentée précédemment dans I'Introduction générale, 1’étude de l'agrégation
existe chez de nombreux taxons animaux, et en particulier chez les insectes. A I’heure
actuelle, aucune étude de ce type n’a cependant été réalisée sur les larves nécrophages
de Diptéres. Ces insectes ont un comportement d’agrégation trés marqué, ayant pour
conséquence une forte modification de leur environnement (e.g. génération de chaleur ou
. ) . . . .
production d’enzymes). Les agrégats formés sont, sur un méme cadavre, composés de

plusieurs espéces.

Les Dipteéres (e.g. les mouches) sont, a I’heure actuelle, les principaux insectes étudiés et
utilisés pour la datation du décés [38]. Les durées de développement de ces insectes ont été
largement étudiées, permettant ainsi d’affiner les techniques de datation utilisées par les
experts. En revanche, le comportement des insectes reste mal connu et peu étudié. Cette
thése a pour objectif d’étudier le comportement des Diptéres, et plus spécifiquement
celui de leurs larves. Ce travail offre une vision comportementale inédite de ces espéces

d’intérét forensique, qui s’ajoutera & une vision physiologique déja bien établie.

De part ces observations in natura, les larves nécrophages sont un modéle d’étude inédit

et pertinent dans ce double contexte d’étude (i.e. comportements collectifs et forensique).

0.8 Plan

Cette thése comporte cing chapitres correspondant chacun a un article publié (cf. Cha-
pitres 2, 3, 4) ou soumis (cf. Chapitres 1, 5) dans une revue internationale a comité de

lecture.

Le premier chapitre est une revue de la littérature (ARTICLE 1) sur les groupes hé-
térospécifiques chez les arthropodes. Cette revue recense les articles ot les auteurs ont
observé, décrit ou étudié des groupes hétérospécifiques d’arthropodes dans le contexte
de I’étude des comportements collectifs. L’écriture de cette revue fait suite a la constata-

tion de I'absence d’une telle synthése chez ce groupe animal. L’existence de tels groupes
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dans la nature remet quelque peu en cause la définition commune de [’agrégation. Ils
posent également des questions sur la frontiére entre les phénoménes de coopération et
de compétition entre les espéces. Ces groupes nous offrent un angle d’étude particu-
liérement intéressant sur ces phénoménes et notamment sur le processus de spéciation

sympatrique.

m ARTICLE 1 - Mixed-species aggregation in arthropods - a review

(soumis & Behavioral Ecology).

Le second chapitre (ARTICLE 2) traite de la mise en évidence du comportement actif
d’agrégation des larves de Lucilia sericata (Diptera : Calliphoridae) sur un milieu nutritif
homogeéne. Cet article démontre 'existence d’un signal déposé au sol par les larves et

reconnu par leurs congénéres.

m ARTICLE 2 - Evidence of active aggregation behaviour in Lucilia sericata larvae

and possible implication of a conspecific mark (publié dans Animal Behaviour).

Le troisiéme chapitre (ARTICLE 3) s’attache a décrire et quantifier un comportement
exploratoire caractéristique des larves nécrophages : le scanning. Ce comportement avait
été jusqu’alors associé & la recherche de nourriture. Cette étude montre que le scanning est
également impliqué dans la recherche de congénéres. De plus, ce travail met en évidence

les capacités de suivi de trace des larves de L. sericata.

m ARTICLE 3 - A first insight in the scanning behaviour of presocial blow fly larvae
(publié dans Physiological Entomology).

Le quatriéme chapitre (ARTICLE 4) met en évidence la prise de décision collective chez
deux espéces de larves, L. sericata et Calliphora vomitoria. Ces espéces sont capables
de choisir collectivement un site d’agrégation et ce, qu’elles appartiennent & un groupe
monospécifique ou hétérospécifique. Cette étude est la premiére, & notre connaissance, a

quantifier la dynamique d’agrégation d’un groupe hétérospécifique d’insectes.

m ARTICLE 4 - Interspecific shared collective decision-making in two forensically

important species (resoumis a Proceedings of the Royal Society of London B).

Le cinquiéme chapitre (ARTICLE 5) démontre le choix collectif des larves pour une tem-
pérature. Nous avons démontré 'existence de préférendum thermique spécifique chez les
larves nécrophages. Sur un gradient de température, les larves sélectionnent collective-

ment une température selon ’espéce a laquelle elles appartiennent.

m ARTICLE 5 - Thermoregulation in gregarious Dipteran larvae : evidence of species-
specific temperature selection (soumis a Entomologia Experimentalis et Appli-

cata).
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Enfin, ce travail s’achéve avec une Discussion, qui s’attache & replacer ces travaux dans
un contexte évolutif plus large. Elle apporte des perspectives de travail sur I’agrégation

des larves nécrophages et la portée plus générale de ces études.

Dans une envie de clarté et de continuité, les références bibliographiques de ce travail
(format numéroté) ont toutes été listées en fin de manuscrit (cf. Bibliographie géné-
rale). Ce choix assigne a une référence bibliographique un numéro unique pour tout le

document.
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1.1 Lay summary

Mixed-species groups are found in a large range of taxa. We reviewed the original re-
search on mixed-species groups and collective behavior in arthropods and highlight the
tools that have been used to study and quantify this type of aggregation. The existence
of such groups raises questions about the evolution of sociality in animals and the mecha-
nisms involved in cross-species recognition. Finally, this review questions how individuals

aggregate with closely related species and the benefits of such groupings.

1.2 Abstract

In nature, mixed-species groups are commonly found in mammals and birds, and they
have been studied in a collective behavior context. Such mixed-species groups are also
observed in a large range of arthropod taxa independent of their level of sociality. Here,
we offer the first synthesis of the research on mixed-species groupings in arthropods
and highlight the behavioral and evolutionary questions raised by such behavior. As
non-mixed (monospecific) groupings provide benefits to individuals, the advantages of-
fered by groupings are described and discussed. These advantages can be attributed to
the increase in group size and could be considered to be identical to those of non-mixed
groupings (e.g., protection against predators). Furthermore, the competition-cooperation
phenomena that might be involved between the species in a group are examined as are
the metrics and models commonly used to study heterospecific groups of animals. Several
examples are presented to highlight the mechanisms underlying such groupings, parti-
cularly the evidence for phylogenetic proximity between members. The study of mixed-
species groups offers biologists an interesting way to explore the frontiers of cooperation-

competition, especially the process of sympatric speciation.

Keywords : complex system, collective behavior, cross-species recognition, self-organization,

sociality.
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1.3 Background

Over the last 40 years, the research on collective behavior has rapidly expanded. In a
milestone book entitled Living in Groups, Krause and Ruxton [5] reviewed the concepts
underlying group living. They focused their work on the mechanisms that govern the
evolution and maintenance of animal groups in several species. In 2010, Sumpter [54] re-
viewed how the mechanisms driving group behavior are intertwined with understanding
its functions; indeed, simple rules may generate very impressive and complex systems,
such as migrating flocks of starlings, schools of fish or wildebeest herds. In this context,
the idea of self-organization has been increasingly applied to the study of collective phe-
nomena. Self-organization successfully explains how simple interactions between indivi-
duals can generate complex collective systems. Furthermore, self-organization is always
associated with the notion of emergence ; a phenomenon is emergent when observers can-
not predict its appearance based only on the knowledge of the behavior of components’
system to which it belongs. More poetically, self-organization is a mess organizer for
Edgar Morin [24]. From unicellular organisms to mammals, this theory has been used to
describe collective phenomena and to explain how individuals can form, amplify, regulate
or divide groups, and many examples of emergent phenomena are described in Camazine

et al. [14]. However, most authors have only focused on monospecific groups |14, 54-56].

Intraspecific collective behavior is actually poorly understood and has essentially only
been studied in arthropods (see the review by Jeanson et al. [57]), although some studies
of heterospecific groups of mammals or birds can be found in the literature |58, 59|.
In fact, a large majority of the publications are focused on eusocial species, especially
ants and bees [5, 10, 54|, which is especially surprising considering the small number of
eusocial insect species. Of 900 000 known insect species, eusocial insects represent only
2% but are the topic of 78% of the scientific publications related to insects [60, 61].
A common example of a mixed colony involves a Temnothorax americanus (the acorn
slave-raiding ant) parasitic queen invading a T. curvispinosus nest to take the place of
the legitimate queen and use her workers to rear the T. americanus offspring. During
this process, both species can be found working and living together in the nest, but
after some time, all of the host workers die leaving only the parasitic ants to occupy the
nest. This temporary association challenges the conventional definition of an interspecific
aggregation and highlights the unstable balance between different species that share the
same ecological niche. True interspecific aggregations can actually be found in species
with low levels of sociality (e.g., gregarious or communal ; see the classification of sociality
in Wilson [10]). A few interspecific associations have also been reported to arise from in
vitro interspecific breeding [62-64] (Table 1.1).
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This review attempts to assemble a comprehensive inventory of mixed-species arthropod
groups through the perspective of collective behavior. We redefine the common notion
of gregariousness as it applies to multi-species groups, and we examine the benefits
offered by such aggregations in comparison to those gained from non-mixed groups.
Then, we examine the frontier between cooperation and competition in the context of
collective behavior and discuss the mechanisms underlying mixed-species groups based
on the evidence for phylogenetic proximity among member species, which permits cross-
species recognition. Finally, we propose future research that will provide biologists with

an interesting way to explore the evolution of mixed-species groups.

1.4 Definition

Several terms are used in the literature for groups composed of individuals of different
species, including mixed-species, multi-species, interspecific, heterospecific or polyspeci-
fic. For the sake of clarity, the term mixed-species will be used throughout this review,
and it can refer to closely related species, species from different taxa or species from
different orders [59]. Two distinct notions can be used to characterize animal species that

form groups : gregariousness and social-tolerance.

If characterized by the underlying mechanisms, gregariousness is an active behavior,
whereas tolerance is passive. Indeed, ’a species’ social tolerance (that) has evolved to fit
its optimal population density and optimal population structure [65], and this definition
implies that individuals do not recognize or use aggregation vectors. In contrast, grega-
riousness is defined by Evans et Schmidt [6] as the tendency of an animal to aggregate with
others such that the animals are in contact with one another, or are nearly so, and that
the distribution of the animals in the local environment is extremely patchy. When consi-
dering this definition, it is also important to include the idea of inter-attraction, which
permits animals to create such groups. In other words, individuals must have a way to
share information between group members. It is also important to separate temporary
groupings of individuals (groups that only form for mating or are created by environ-
mental stimuli) from gregariousness. This review focuses on mixed-species aggregations,
i.e., groups where members of different species actively aggregate and remain together

regardless of environmental heterogeneity or reproductive attraction (Figure 1.1).

The notion of gregariousness often implies cooperation and/or competition, and these
two phenomena are the most fundamental principles that drive the evolution of social
structures. In 1931, Warder C. Allee [66] was the first to observe and to experimentally
test for a positive relationship between a fitness component and population size or density

[7, 67]. Based on this pioneering study, Odum [68] named this idea the Allee principle,
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which is more widely known as the ‘Allee effect’, which mainly impacts survival and
reproduction. Indeed, aggregation offers direct benefits for group members and gathers
reproductive individuals together, thereby facilitating reproduction. However, there are
only a few empirical and theoretical studies of the consequences of the Allee effect for
mixed-species animals groups [69]. In one of the few known cases, Kyogoku and Nishida
[70] observed an Allee effect in female beetles due to the presence of males from a dif-
ferent species because Callosobruchus maculatus females are able to mate with both C.
maculatus and C. chinensis males. Accordingly, the presence of both species offers C.
maculatus females more reproductive partners, thus increasing the probability of repro-
ductive success |70]. Interestingly, this is not a two-way reproductive relationship as C.
chinensis females are not able to mate with C. maculatus males. Such interesting obser-
vations challenge the common definition of a species as related individuals that resemble
one another, are able to breed among themselves, but are not able to breed with members
of another species (Random House Webster’s Dictionary). Moreover, the definition of
aggregation is also complicated as the gathering of these two species is mediated by re-
production, which contradicts the definition presented above. Based on this example, the
study of mixed-species groups offers biologists an interesting way to explore the frontiers

of such concepts, especially the sympatric speciation process.

1.5 Benefits

Aggregation is one of the mechanisms that can explain the coexistence of multiple species
in patchy environments [71|. The advantages of mixed-species groups can be attributed
to the increase in group size, which also occurs in non-mixed groups, and individuals
cooperate to reach an optimal group size so that each individual will gain direct benefits.
However, while it may seem that the benefits of grouping are more or less equally shared
when individuals belong to the same species, this assumption becomes questionable for
groups composed of different species. Surprisingly, even though mixed-species groups are
interesting models to explore such questions, almost no experimental data can be found
in the literature. Some examples of the benefits offered by mixed-species groups include
protection against predators, protection against environmental constraints and foraging

advantages resulting from aggregation behavior [72-74].

1.5.1 Protection against predators

One of the best studied benefits of aggregation is protection against predators, and this
behavior is commonly believed to be one of the main advantages of aggregating in non-

mixed and mixed-species groups [6, 75]. Cooperative defense, or the many eyes and ears
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FIGURE 1.1: A. Large mixed-species group of necrophagous Diptera larvae (Chryso-
mya albiceps (dark maggots) and C. marginalis (light maggots). Species segregation is
observed due to the specific thermal preferences of the larvae (used with permission —
Cameron Richards). B. Lady beetles (Harmonia axyridis) and the spotted cucumber
beetle (Diabrotica undecimpunctata) on grass (used with permission - Nash Turley).
C. Large mixed-species group of woodlice composed of three species (Armadillidium
vulgare (dotted circle), Oniscus asellus (plain circle) and Porcelio scaber (dashed and
dotted circle) ; creative commons - Dave Ingram). D. A mixed-species group of tree-
hoppers composed of adults and nymphs (white) of Membracis elevata (black adults
with a white spot on their back) and M. dorsata (adults without a white spot) found
in Ecuador (use with permission - Robert Oelman).

theory, is one of the few benefits that have been studied in mixed-species groups. This
advantage can be provided more efficiently in a mixed-species group than in a conspecific
one because individuals of each species use their specific attributes to detect predators.
For example, Panulirus guttatus (a reef-obligate lobster) and P. argus (a temporary reef-
dwelling lobster) form mixed-species groups, and the two species are able to both perceive
interspecific aggregation cues as well as each other’s alarm odors [76]. These species share

the same predators |77], which can be better avoided by sharing alarm odors.
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1.5.2 Protection against the environment

Aggregation by woodlice has been shown to offer protection against water loss (Figure
1.1; [78]). Woodlice are fully terrestrial crustaceans that are very sensitive to water
loss, and Hassall et al. [79] demonstrated that two species of woodlice, Porcellio scaber
and Armadillidium wvulgare, clump together. These authors further found that at low
densities, mixed-species groups promote population growth resulting in positive fitness
consequences (higher growth rates and survivorship of group members; [79]). Interestin-
gly, A. vulgare is more resistant to desiccation than P. scaber [79], and Broly et al. [80]
subsequently demonstrated that body shape explains the difference in the mass-specific
water loss rates between A. vulgare and P. scaber. Accordingly, P. scaber aggregates
more than A. vulgare [81], and it can be supposed that P. scaber joins with A. vulgare
to form a larger group that is better able to withstand low relative humidity and/or high
ambient temperatures. Hassall et al. [79] also hypothesized that this type of gathering
offers members an additional food resource ; woodlice are detritivorous and feed on each

other’s feces.

1.5.3 Food assimilation

Living together improves the assimilation of food in some mixed-species groups, and a
good example is the larvae of carrion flies on a decaying cadaver (Figure 1.1; [44]). Mag-
got masses can contain hundreds to thousands of individuals from several species and
instars, and the larvae secrete digestive enzymes (from their salivary glands) and mecha-
nically liquefy muscles to facilitate the assimilation of food (exodigestion). This benefit
is likely a consequence of a simple numerical effect; if more individuals are present in
a group (regardless of the species), more salivary enzymes are produced [82]. Dos Reis
et al. [83] observed a better survival rate in double-species groups composed of Chry-
somya putoria and Cochliomyia macellaria when they increased the larval density of
both species. They also showed that C. macellaria is an inferior competitor in the pre-
sence of Ch. putoria, so coexistence can occur. Obviously, such coexistence depends on
the condition that the cadaver size is not limiting (competition phenomenon). Ives [71]
quantified the strength of larval competition in carrion flies and demonstrated a reduc-
tion in interspecific competition compared to intraspecific competition through resource

partitioning.
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1.6 Species competition

The close proximity of competitors that occupy the same ecological niche decreases food
availability or the accessibility of reproductive partners, so competition can emerge bet-
ween members of mixed-species groups in habitats with insufficient food resources. In-
deed, even if aggregation offers advantages, there may also be unbalanced relationships
or even social parasitism in mixed-species groups, which will engage the competitive
abilities of each species. Moreover, mechanical exclusion of one species by another may
also be observed. At first, individuals of one species cooperate with those of another to
form a group, but once the group is formed and stable, species can mutually separate if
their optimal group size is reached. If the two species have sufficiently different ecological
niches, they can segregate but remain in contact (Figure 1.1; [121]), and it would be

interesting to follow the dynamic of an aggregation at the moment when a group splits.

Kuno [122] modified Volterra’s competition model [123] and the generalized logistic func-
tion by incorporating Lloyd’s indices of intra- and interspecific mean crowding [124].
These upgraded models explain why some allied species coexist on the same resource
patch, and Kuno [122]) showed that (1) any increase in the patchiness of distribution fa-
cilitates intraspecific competition resulting in marked lowering of the equilibrium density
for individual populations; but (2) its effect on the interspecific competition is just the
opposite, relaxing the interaction and enabling different species sharing the same niche,
which would otherwise be incompatible, to coexist stably. Such models have been used to
study competition exclusion in many species, but to our knowledge, these species did not

form mixed groups.

In social foraging groups, the producer-scrounger game is one of mathematical models
used to describe the individual foraging strategies of group members [125]. This model
highlights the exploitation of a producer’s findings (e.g., resource sites) by scroungers
and predicts how foraging strategies change with food patch size. It also predicts how
individuals can switch between the two strategies, scrounging or producing, until they
reach an evolutionary stable strategy [126]. Such models have been used for many bird
species [54, 125], but to our knowledge, only in non-mixed species groups. This model
could be modified to describe the foraging strategies of mixed-species groups by adding
parameters to quantify the foraging abilities of each species. Such an upgraded model
would be useful for predicting the ways in which species search and compete for resources

in mixed groups.
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1.7 Metrics

Different authors have used specific coefficients to study and quantify mixed-species
groups. For this purpose, Ives 71| proposed the quantity Ca g to measure mixed-species

aggregations in carrion flies.

Cova,p
NaANp

CaB= (1.1)
where Cova g is the covariance between species A and species B, and N and Ny are the
number of ovipositing females on the same carcass or the number of emergent species
A and B from individual breeding sites [99]. A value of 0.5 means a 50% increase in
the expected number of heterospecific competitors in the same patch (i.e., if species A
and species B are distributed independently) [71]. Using this parameter, Ives showed
that aggregation behavior plays a major role in the coexistence of carrion fly species;
he observed a 57% reduction in the average larval competition among pairs of species.
Everaerts et al. [92] used a cohabitation-coefficient (CC) in their study of cockroaches

(binary choice test between 2 resting sites) :

nanp

cC = H)Z(NANB) (1.2)
where na and np are the respective numbers of species A and B under each shelter,
and Na and Ny are the total number of individuals of species A and B, respectively.
A value of zero for CC indicates interspecific avoidance; a value of 0.33 represents a
random distribution, and values higher than 0.33 indicate true interspecific aggregative
behavior. An interesting feature of this relationship is that this coefficient can distinguish
between avoidance of gregariousness and tolerance as the limit between these two be-
haviors (Figure 1.2). However, this method of quantifying mixed-species aggregations is
restricted to experiments with two aggregation sites and is thus not useable under most

field conditions.

Veech et al. [127] modified the coefficient C of Ives [71] to measure the tendency for
individuals of a species to aggregate with the individuals of other species (i.e., beetles

and butterflies) :

C= { ZXZU;;” - H} % (1.3)

where x; is the number of individuals at site j; X is the mean number of individuals per

site; N is the number of sites; h; is the number of heterospecific individuals at site j;
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FIGURE 1.2: The daily evolution of the cohabitation coefficient (mean and range ; equa-
tion 1.2) when two cockroach species (Nauphoeta cinerea and Leucophaea maderae)
were maintained in heterospecific colonies (used with the permission of C. Everaerts).

and H is the mean of all of the sites. A positive increase in C indicates an increase in the
mixed-species aggregation, whereas an increasingly negative value represents interspecific
repulsion. In their study, Veech et al. [127] clearly showed that intraspecific aggregation

decreases local species diversity, but interspecific aggregation promotes it.

1.8 Examples

Some mixed-species aggregations have been reported in arthropods, from aphids to but-
terflies and woodlice to ants (Figure 1.1, Table 1.1; [13]), and they have been observed in
terrestrial, aquatic and flying arthropods (Table 1.1). These groups can be composed of
juveniles, adults or, in the majority of cases, both stages. We have listed four categories
of mixed-species aggregations : frequent (F), punctual (P), rare (R) and artificial (A)
(Table 1.1).

A frequently reported example is the mixed-species aggregation of nymph and adult
treehoppers, or Aconophora species (Figures 1.1 and 1.3), but this aggregation involves
both the mixed-species aggregation of the nymphs and a mutualism with ants. [117]
hypothesized that this type of mixed-species aggregation could result from transport by

ants, and indeed, the ants collect sugar secreted from the nymphs and protect them from
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predators. Female treehoppers also aggregate their eggs in response to resource limitation
(food or oviposition sites ; [128]), but ant attacks can occur if the nymph aggregations are
disturbed by the rapid movement of adult treehoppers [117]. In such cases, aggregation is
supposed to allow for more efficient communication among treechopper females to prevent
the attacks. Depending on the context, this mixed-species interaction can turn into either

cooperation [116] or conflict [117].

Rapid
movement of
adults
(Wood 1993)

Transport
(Wood 1993)

MIXED-SPECIES
GROUPS
OF NYMPHS

Resource
limitation
(Wood 1979)

Sugar
secretion

Eggs
grouping

Protection
against
predators

Stochastic
phenomenon
(Wood 1993)

Attack
(Wood 1993)

FIGURE 1.3: Schematic overview of the mechanisms underlying mixed-species groups

in treehoppers. Blue lines correspond to positive feedbacks that promote the formation

of mixed-species groups, and red lines indicate negative feedbacks (based on Wood
[117, 128)).

Punctual mixed-species groups often appear at a given time each year. Ladybeetles, or la-
dybugs, form large, mixed-species aggregations inside buildings during winter [101, 102],
and by forming such groups, ladybeetles can conserve heat and reduce their mortality
due to cold [103]. Durieux et al. [129] highlighted the role of cuticular hydrocarbons
in non-mixed Harmonia axyridis groups and identified chemical compounds, principally
saturated hydrocarbons, with the capacity for heat retention on individuals [129]. It
could be interesting to perform behavioral tests on mixed-species groups to observe the
possible interspecific recognition of these hydrocarbons. Such experiments have not been
performed, but they could provide interesting information about inter-specific recognition

mechanisms in mixed-species groups.

Mixed-species groups have also been observed in some lobster species, such as Panulirus
guttatus and P. argus |76, 77| (Table 1.1). This type of gathering forms due to stochastic
phenomena (by chance) rather the intention of individuals to aggregate [76]. Panulirus

guttatus and P. argus randomly share the same shelters [77]; the former tends to cling
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to the walls while the latter occupies the floor. Briones-Fourzan et al. [76] suggested that
such rarely observed mixed-species groups could be chemically mediated. Each species
uses the shelter space differently, which promotes coexistence, and the aggregation allows
P. argus to share the alarm odors of P. guttatus, enhancing protection against predators.
The mechanisms underlying the avoidance behavior of P. argus to the alarm odors of
P. guttatus remain unknown. However, Briones-Fourzan et al. [76] supposed that the
sedentary and defensive behavior of P. guttatus (to go deeply into the shelter) could be

sufficiently adaptive to avoid the need to recognize the alarm odors of P. argus.

Lastly, some artificial groups have been observed but only under laboratory conditions
and often in highly social species, such as ants or termites (Table 1.1). In 1994, Errard
[63] reared Manica rubida and Formica selysi, two ant species, in a mixed-species colony
during different time periods and observed a gradual increase in the tolerance behavior of
both species over time. Furthermore, the individual hydrocarbon profiles of both species
gradually acquired the chemical profile of the mixed colony [63]. The establishment of the
social group occurred in the early adult stage and was maintained through the imprint
of mixed-colony cuticular hydrocarbons (imprinting-like phenomena). Interestingly, the
individuals reared in the mixed-species colony were not attacked by allospecific indivi-
duals reared with non-mixed nestmates, suggesting that there is a minimal quantity of
allospecific hydrocarbon compounds necessary for allospecific recognition [63]. Such ob-
servations support the fact that mixed-species groups are composed of phylogenetically
related species, which has been verified by the examples listed in Table 1.1. Phylogenetic
proximity likely facilitates cross-species recognition, a mechanisms needed to initiate and
maintain mixed-species groups. Aggregates are less likely to be formed by species that
relatively different phylogenetically, e.g., the ant and treehopper relationship (Figure 1.3 ;

[128]) ; the term mutualism is used to characterize such interspecific interactions.

1.9 Cross-species recognition

To create groups, animals use their ability to recognize and remain with conspecifics. Kin
recognition has been well documented in several arthropod species [13, 130-134]. This
recognition is mostly based on the perception of chemical cues (e.g., cuticular hydrocar-
bons) [135, 136], and once aggregated, individuals must share information to stabilize,
shape, reassemble or even split the group [137]|. This can be achieved using a range of
vectors including chemical signals as well as visual recognition, and such vectors can also
be used by individuals for cross-species recognition. These mechanisms imply that the
aggregation vectors involved in intraspecific groups are alike, such as the similar chemical

profiles of aggregation pheromones.
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1.9.1 Chemical recognition

Wertheim [100] highlighted three types of interspecific interactions that are influenced
by aggregation pheromones in Diptera and beetle species. The first is that aggregation
pheromones are associated with microorganisms (bacteria or fungi). On plants or fruits,
microbial infestation is directly associated with feeding by insects; microorganisms faci-
litate attack because healthy plants cannot be penetrated by larvae. For example, droso-
philid females preferentially lay their eggs on host plants that have already been infested.
Aggregation pheromones can also be associated with natural enemies; parasitoids that
target Diptera can respond to the aggregation pheromones of their hosts [100]. Lastly,
aggregation pheromones can be associated with community ecology. Wertheim [100] des-
cribed examples of cross-attraction in bark beetles. The composition of the aggregation
pheromones of closely related species are similar, and this chemical similarity promotes

mixed-species groups.

Another well-known example of sharing information in mixed-species groups is cockroaches.
Everaerts et al. [92] reared two species of cockroaches together, namely, Nauphoeta cinera
and Leucophae maderae, in the same environment. Far from expressing simple tolerance
behavior (Figure 1.2), the individuals aggregated together, increasing the size of the group
[92]. The authors also observed a change in the chemical profile of the hydrocarbons in
both species. Under natural conditions, these chemical profiles are highly species-specific
and used by cockroach species to aggregate [133|, but when reared together, these two
species established interspecific chemical communication. Everaerts et al. [92] hypothesi-
zed that this hydrocarbon transfer occurred during the frequent physical contact among
group members. Such processes require relative phylogenetic proximity among species,
and moreover, species likely need to be in long, cumulative physical contact to allow for
chemical transfer. This contact occurs in the early life stages of individuals and persists

over time.

1.9.2 Visual recognition

Mizell I1I et al. [138] described evidence of visual responses to conspecific and heteros-
pecific congeners in two leafhopper species, Homalodisca vitripennis and Oncometopia
nigricans. The authors used visual baits, such as leathopper cadavers or colored models,
to attract individuals, and the presence of conspecifics or heterospecific congeners was
used to estimate the quality of the host plant. Using this information, leathoppers chose

to rejoin the heterospecific congeners or not. Similarly, Lecchini et al. [94] showed that
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postlarval crustaceans preferentially used visual cues over chemical cues to detect hete-
rospecific individuals and thus select their habitat. The presence of heterospecific crus-
tacean congeners informs individuals about habitat quality and promotes mixed-species

aggregation.

1.10 Conclusion

Based on this review of the literature on mixed-species groups, mixed-species aggrega-
tions are found in a wide range of arthropod taxa (Table 1.1). Such groups are not
restricted by the degree of sociality of the species; they were observed in species ranging
from presocial to eusocial. However, mixed-species grouping is restricted to species that
live together or at least have the same habits. In other words, species that form stable
social groups are more likely to accept individuals from other species, but mixed-species
groups are usually composed of phylogenetically related species. This is likely due to the
cross-species recognition process, which is essential for initiation and maintenance of a
group. Closely related species are likely to share similar aggregation vectors (e.g., related
chemical compounds), which facilitates their detection by heterospecific individuals and
thus the formation of mixed-species groups. Chemical compounds are the most common
aggregation cues used by arthropods in nature, and this communication can be olfactive,
as in bark beetles [100], or tactile, as in cockroaches [92]. The study of cross-species de-
tection of chemical signals is an interesting starting point to understand the mechanisms

driving mixed-species aggregation, especially in the context self-organization.

Compared to mixed-species groups, our understanding of intraspecific groups is more
comprehensive (see the review by Jeanson et al. [57]). Many of the experimental designs
used to study monospecific groups, such as the binary choice test used by Leoncini and Ri-
vault [139], can be applied to mixed-species groups of arthropods. Several marking tech-
niques also exist to follow individuals, facilitating monitoring during experiments [140].
Such experimental backgrounds provide a good working basis for further experimentation
on mixed-species groups. Moreover, mathematical models have been developed to quan-
tify mixed-species groups, but to our knowledge, models of the cooperation-competition

phenomenon need to be established for mixed-species groups.

Mixed-species groups of arthropods provide similar benefits to members as intraspecific
groups as well as those observed in mixed-species groups of mammals [59]. These benefits
essentially include enhancing protection against predators and shared foraging strategies
(Table 1.1). Mixed-species groups can be stable, and the benefits can be shared among

species if they do not have the same ecological niche or if resources are not limiting.
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However, interspecific competition can quickly turn the benefits toward one species at

the expense of the other.
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2.1 Highlights

The aggregation took place quickly and increased with time.

m Our results suggest that thigmotaxis affects larval distribution.
m Our results suggest that larvae deposit a mark that is detected by the other larvae.
m Larvae are able to detect and to stay in the zone where this signal is deposited.

m This mark is a potential vector of aggregation in this species.

2.2 Abstract

Vectors of aggregation are well known for some arthropod species, but not for many
others. We aimed to describe larval aggregation (experiment 1) in the carrion fly, Lucilia
sericata (Diptera : Calliphoridae), and to investigate the effect of food and conspecifics
on larval behaviour (experiment 2). In experiment 1, 40 larvae were placed in a petri dish
with a homogeneous diet for 30min, 1h, 3h, 5h or 24h. This experiment demonstrated for
the first time under controlled conditions the active aggregation of L. sericata larvae. The
results indicate that the aggregation took place quickly and was reinforced with time.
After only 3h, one main aggregate comprising a majority of individuals was observed.
These results also highlight the likely use by necrophagous larvae of a signal left by
conspecifics as an aggregation vector. In experiment 2, we used a video-tracking system to
investigate whether such an aggregative signal exists. Fed and starved larvae were tracked
for 5 min in a circular area with each half marked with a different signal combination. The
time spent in the signal zones, the distance travelled, the velocity, the time at the stop and
the number of stops in each zone were measured. The larvae were significantly retained
by a signal (mark) left by conspecifics. Together, the results of this study demonstrate
the existence of a contact and/or odour-mediated signal involved in the aggregative

behaviour of necrophagous larvae.

Keywords : binary choice - blow fly larva - gregariousness - individual distribution - larval

mass - Lucilia sericata - retentive signal - self-organization - thigmotaxis - video tracking.
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2.3 Introduction

Blow flies (Diptera : Calliphoridae) are mostly oviparous. Females lay their eggs on car-
casses, and the hatched larvae feed on the decaying meat. Blow flies are usually found
in large masses of hundreds to thousands of larvae |71, 141|. One of the most impressive
consequences of these aggregations of necrophagous dipteran larvae is the elevation of
temperature inside the aggregation [45, 141]. This local increase in temperature can reach
25°C above ambient temperature and is strongly correlated with the number of larvae
[45]. Furthermore, temperature inside larval masses appears to be regulated by several
feedback loops, such as the evaporation of humidity from the individuals towards the
surface, which could accentuate the cooling phenomenon [44, 141, 142|. Because the de-
velopment of blow fly larvae is temperature dependent [143], their gregarious behaviour
may be an efficient mechanism to reduce development time and thus increase larval survi-
val. Furthermore, aggregation prevents larval desiccation, decreases the risk of predation
[144] and allows insects to exploit resources better [145]. Thus, aggregation behaviour
appears to be fundamental for the survival of necrophagous larvae [141, 142]. Gregarious-
ness in necrophagous larvae is consistent with the Allee effect theory [67], which asserts
that the presence of many congeners in a single place confers benefits on all individuals
[67, 89, 146, 147].

In such cases, self-organization theory is often invoked to explain how complex collective
behaviour, such as aggregation, can emerge from simple individual interactions [14, 22,
23, 27, 54]. In this context, the aggregation behaviour exhibits positive feedback on insect
behaviour at the individual level [22]. This positive feedback allows an amplification of
the system and generates a particular structure (e.g. the aggregation). This feedback is

possible only if communication exists between group members [16].

The aggregation signals used by necrophagous dipteran larvae have been little studied
and are poorly understood. To our knowledge, no experimental study has yet considered
the signal underlying the aggregation behaviour of necrophagous calliphorid larvae. Be-
cause larvae are aggregated upon hatching (females lay clusters of hundreds of eggs on
carcasses, which possibly plays a role in the aggregation), one can ask whether a signal
is used to initiate and/or stabilize the aggregation. In this context, we focused on testing
two points : (1) whether carrion fly, Lucilia sericata, larvae have an efficient gregarious
behaviour under controlled conditions and (2) whether the previous presence of larvae is

a retentive signal for subsequent conspecifics.
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2.4 Material and Methods

2.4.1 Insect rearing

The experiments were performed on L. sericata larvae that were obtained from rearing
colonies bred at the Forensic Institute of Lille (Nord, France). Adults were reared at
ambient temperatures (25 £2°C) and natural light. Flies were fed ad libitum with caster
sugar and water. Beginning with the adult fly emergence (day 0), minced beef liver was
added for 7 days (day 7) to provide the proteins necessary for vitellogenesis. After 5
days with no food, liver was again provided to trigger egg laying (day 12). Eggs were
placed on the breeding substrate (100g of fresh minced liver), and the temperature was
set to 17 £0.5°C (day 13). Only those larvae aged between 5 and 6 days (day 18-19,
corresponding to young third instars, 10 £2mm long) were used for experiments [148].

At this age, larvae have the same sensory responses as second-instar larvae [149].

2.4.2 Experiment 1 : Larval Aggregation Over Time

Forty larvae were randomly introduced into a glass petri dish (diameter = 17cm) filled
to lem depth with a homogeneous diet. The diet was made of 20g of agar, 50g of yeast
and 20% pig’s blood diluted in 1 litre of water [150]. The temperature of the dishes
was maintained at 25°C during time t (Oh, 0.5h, 1h, 3h, 5h and 24h). After time t, the
dishes were instantaneously divided into 4cm? squares using a plastic lattice, creating
a total of 54 quadrats. The number of larvae present in each quadrat was counted. An
aggregation was defined as a peak number of individuals in a single quadrat. Because we
had to destroy their environment to count the larvae that were present in each quadrat,

we performed only five replicates for each observation time.

The distribution index I was calculated for each replicate r to estimate the intensity of
aggregation. The index is given by Ir = STDQ where p is the mean percentage of individuals
observed among all quadrats, and SD is the standard deviation [151]. In some replicates,
a few larvae were lost during the counting. To homogenize the data, we used the mean

percentage of individuals in the calculation of I instead of the mean number.

The radial distribution of the individuals was obtained by dividing the arena into three
concentric circles with radii of r; = 3cm, ro = 6cm and r3 = 8.5cm. The percentage of
individuals present in each circle was noted and compared to a theoretical distribution.

This method is described in detail in Sempo et al. [152].
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2.4.3 Experiment 2 : Effects of Signals on Behaviour

Prior to the experiments, the larvae were removed from the breeding substrate, placed
in wet pine sawdust and isolated in the dark at 25 +1°C. This isolation time starved the
larvae and decreased their stress, while the sawdust removed traces of food from their
cuticle. Two groups of larvae were tested : (1) larvae that had been isolated from the
breeding substrate for 30min (fed larvae) and (2) larvae that had been isolated for 240min
(starved larvae without food in their crop ; according to data we collected by dissecting 10
crops, this amount of time is sufficient to starve the larvae ; the mean surface area of crops
was 3.4 +1.8mm? for fed larvae and 0.5 +0.2mm? for starved larvae ; Mann—Whitney U
test : U = 117.5, P < 0.001). Larvae of the two tested groups (i.e. fed and starved larvae)
were individually tracked for 5min in a binary choice test. Preliminary tests indicated

that 5min was sufficient time for larvae to make a choice.

The experimental set-up consisted of a 2 cm tall cellulose Petri dish (diameter = 9cm)
with a glass cover. This arena was lit from below by a dark light tube at a distance
of 15cm (15W; A = 320-380nm). The wavelength was not perceivable by larvae [153]
and thus prevented any stress from light [42]. During the experiments, the temperature
of the set-up was maintained at 25 £1°C in a thermostatic chamber. Because circadian
activity does not affect larval locomotion behaviour [154|, experiments were performed
daily from 0900 to 1800 hours. After each trial, the arena and the glass cover were cleaned
in a methanol bath for 2min at 20°C in an ultrasonic cleaner (Bioblock Scientific 86484)

and washed with water.

The arena was virtually divided in half (equal zones) using the video-tracking software
Ethovision 8.5XT (Noldus Information Technology, Wageningen, The Netherlands). The
two zones corresponded to areas in which test signals were deposited. For each trial,
a clean, wet, absorbent sheet of paper lined the bottom of the dish. The signals were
deposited directly onto the absorbent paper. Larvae were then placed at the centre of
the arena and followed by the video-tracking system. A digital camera (Bosch Dinion
LTC0355 ; resolution : 752 x 582) was used to record larval displacement. The data were
analysed using the video-tracking system. The time spent in the signal zones, distance

travelled, velocity, time of each stop and number of stops in each zone were measured.

One control and two signals, Food and Larvae, were tested. In the Control trials, no test
signals were deposited. The Food trials consisted of 100ul of a solution containing 3g
of beef liver diluted in 50ml of distilled water. The test signal was deposited such that
the signal spread over the entire zone (half of the arena). The Larvae trials included the
marks created by five ‘signal’ larvae. Prior to depositing the test signals, signal larvae

were starved and cleaned for 1h in wet sawdust to eliminate any food odours acquired
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in the breeding substrate. The signal larvae were then confined to one half of the petri
dish and were free to crawl for 10 min. These larvae were removed before the start of the
trials. Observations of the movement of the signal larvae indicated that their markings
were homogeneously distributed on the entire half of the petri dish surface to which they
were confined. One control and three binary choice combinations of these signals were
tested : Control, Control versus Larvae (C versus L), Control versus Food (C versus F)

and Larvae versus Food (L versus F).

2.4.4 Statistical Analysis

The 7Z test was used to test individual distribution during experiment 1. The random
distribution hypothesis can be rejected if the absolute value of Z is greater than 1.96 [151].
If the index of distribution I is less than 2.5, the distribution is regarded as homogeneous.

If I > 2.5, the distribution is considered aggregative.

The data were not normally distributed (Kolgomorov—Smirnov test), and the assumption
of variance homogeneity was true (Bartlett’s test). Following Zar [155], the Wilcoxon
signed-ranks test was used to compare the amount of time spent in either zone during each
experimental trial. The total distance travelled, distance travelled in each zone, velocity in
each zone, time of each stop and number of stops were analysed using nonparametric tests
(Kruskal-Wallis, Wilcoxon and Mann—Whitney). Tests were performed using XLSTAT
version 2011.1.03 (Addinsoft, New York, U.S.A.) and GraphPad InStat version 3.06 for
Windows. All analyses used a significance level of o = 0.05, unless otherwise stated. For
the Dunn’s multiple paired comparison tests, the significance level a was adjusted using

the Bonferroni method.

2.5 Results

2.5.1 Experiment 1 : Larval Aggregation Over Time

At the start of each trial, larvae were randomly distributed in the petri dish ; the index
mean at t = 0 was not significantly different from L.qndom (Lrandom = 2.5; Li=o = 3 £0.5,
NS). All values of I were significantly higher than that for random distribution (I,4ndom
= 2.5; Figure 2.1), which indicated that individuals were aggregated. Aggregation was
observed after 0.5h (I;—g 5, = 11.9 £2.1, Z = 25.3, P < 0.001) ; however, the number of
isolated individuals at t = 0.5h remained high (80% of the larvae; Figure 2.1). Aggre-
gations were mainly located at the periphery of the Petri dish, in contact with the wall

(Figure 2.1). The number of larvae in the largest aggregation increased with time. After
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3h, more than 60% of the larvae were gathered in a single aggregation (I;—15 = 14.1 £7.7,
Z =285, P <0.001; I;—3, = 35.2 £23.2, Z = 50.9, P < 0.001 ; Figure 2.1). After 5h, a
main aggregation containing more than 70% of the larvae was observed in each trial (I;—5p
=45.5 +18.4,7Z = 59.2, P < 0.001; 2.1). After 24h, only a few minor aggregations remai-
ned, and they were mainly located in the quadrats neighbouring the main aggregation
(Tg=oqp, = 46.3 £24.9, Z = 59.9, P < 0.001 ; Figure 2.1). The mean index increased with
time, which indicated that larvae were increasingly aggregated (Kruskal-Wallis test : T
= 14.6, P < 0.01; Dunn’s test : Li—osn # Li=sn, li=0.5n # li=24n, li=1in # Li=sn, li=1n #
I;—24p, P < 0.01). The results of the radial distribution experiment indicated that the
majority of the individuals at each observation time were located near the arena’s edge,

except after 24 h (Figure 2.2).

05h

1=12.2 1=15.3 I=11.3 1=9.8 =11

1h

1=8.2 1=8.2 1=13.2 1=13.6 1=27.1 Individuals
o 1(2.5%)
o 4(10%)
3h
® 12(30%
1=61.2 1=58.1 1=27.9 1=10.3 1=18.4 @ 36 (90%)
a . . . .
1=78.2 1=38.6 1=33.7 1=36.9 1=40
- . . . .
1=18.1 1=30.6 1=71 =38 1=73.7

FIGURE 2.1: Number of larvae aggregated in relation to time. Each large circle corres-

ponds to one independent experiment. The sizes of black circles are proportional to the

number of larvae present (40 larvae were used in each replicate). I : index of distribution

corresponding to (SD)2?/mean. The I for a random distribution is 2.5 and the I,,cq, at
t =0is 3 £0.5.



Chapitre 2. Fvidence of active aggregation behaviour of larvae and possible implication
of a conspecific mark 57

100

—a— Theoretical
—— 0.5 h

80 —=—=1h
—3h
—&—5h
60F ——24h

Individuals ("%5)

Oecr=3 3<r<h 6er<8.5

FIGURE 2.2: Spatial localization of the larvae in the arena (virtually divided into three
concentric circles) in relation to time (0.5, 1, 3, 5 and 24h). The theoretical distribution
corresponds to a homogeneous distribution of individuals in the three concentric circles.
Asterisks indicate significant differences from the theoretical distribution
(chi-square test : N = 40 individuals).

2.5.2 Experiment 2 : Effect of Signals on Behaviour

Control trials

In the Control trials, fed and starved larvae spent the same amount of time in both
halves of the arena, indicating an unbiased experimental set-up (Table 2.1, Figure 2.3).
The distances travelled by fed and starved larvae and their velocities in each zone did
not differ (Figures 2.4 and 2.5).

Control versus Signal trials

Regardless of whether they were fed or starved, the larvae spent significantly more time
in the Signal zone than in the Control zone (Table 2.1, Figure 2.3). Both fed and starved
larvae also traveled significantly greater distances in the Signal zone than in the Control

zone (Figure 2.4) but moved at the same speed in each zone (Figure 2.5).

In the Control versus Food trials, fed and starved larvae spent more time stationary and
stopped more frequently in the Food zone than in the Control zone (Figures 2.6 and 2.7).
In contrast, in the Control versus Larvae trials, fed larvae spent the same amount of time
stationary and stopped the same number of times in the two zones (Figures 2.6 and 2.7).
Starved larvae spent the same amount of time stationary in the two zones (Figure 2.6),
but they stopped more frequently in the Larvae zone than in the Control zone (Figure
2.7).
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Signal versus Signal trials

In the Larvae versus Food trials, larvae spent significantly more time in the Food zone.
This result was observed regardless of whether the larvae were fed or starved (Table 2.1,
Figure 2.3). However, fed larvae travelled greater distances in the Food zone, whereas
starved larvae travelled the same total distance in each zone (Figure 2.4). Unpaired
comparisons of mean velocity in each zone between fed and starved larvae revealed that
fed larvae moved more quickly than starved larvae in the Food zone (Figure 2.5). In
contrast, starved larvae spent more time and stopped more frequently in the Food zone
(Figures 2.6 and 2.7).
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TABLE 2.1: Mean times +SD (s) spent by the fed and starved larvae in the two zones
of the arena for each combination of signals

C versus C C versus L C versus F L wversus F
Fed larvae 144.4£78 156.6£78 83.9£55 217.2+55 69.6+62 231.5£62 91.7460 209.3+60
Wilcoxon's test NS; W=74 P<0.001; W=170 P<0.001; W=162 P<0.001; W=118

Starved larvae 161.2453  139.9£53 112.5#54 188.5+54 61.7#65 239.3:65 822457 218.9+57

Wilcoxon's test NS; W=101 P<0.01; W=173 P<0.001; W=173 P<0.001; W=184

Mann-Whitney's test NS; U=175 NS; U=133 NS; U=166 NS; U=193

B Starved larvae
O Fed larvae

i

Control ‘i Control
r— P

Control -—' X Larvae
L — ®

CU‘“*TOI . FDDd
premeee—
— Food

parvac —

=300 =200 =100 O 100 200 300 400
Mean difference £5D in time (s)

FIGURE 2.3: Mean difference £SD in time (s) spent between signals (half zones) for fed

and starved L. sericata larvae. The mean difference was obtained by subtracting the

time spent by larvae in the signal zone on the right-hand side from the time spent in

the signal zone on the left-hand side. If positive, more time was spent in the former and

if negative, more time was spent in the latter. Asterisks indicate significant differences

between zones (Wilcoxon test : N = 20). No differences between fed and starved larvae
were observed whatever the experimental condition.
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FIGURE 2.4: Mean distances +SD (cm) travelled by fed and starved larvae in each zone

of each experimental condition. Asterisks indicate significant difference between the

mean distance travelled by larvae in the signal zone on the left-hand side and the mean

distance travelled by larvae in the signal zone on the right-hand side (Wilcoxon test :

N = 20). Dagger indicates significant difference between the mean distance travelled by

fed larvae and the mean distance travelled by starved larvae in the same zone during
the same condition (Mann—Whitney test : N = 20).
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FIGURE 2.5: Mean velocities +SD (cm/s) recorded for fed and starved larvae in each
zone of each experimental condition. Asterisks indicate significant difference between
the mean velocity of larvae in the signal zone on the left-hand side and the mean velocity
of larvae in the signal zone on the right-hand side (Wilcoxon test : N = 20). Dagger
indicates significant difference between the mean velocity of fed larvae and the mean
velocity of starved larvae in the same zone during the same condition
(Mann—Whitney test : N = 20).
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FIGURE 2.6: Mean time at the stop +SD (s) recorded for fed and starved larvae in each

zone of each experimental condition. Asterisks indicate significant difference between

the mean time at the stop of larvae in the signal zone on the left-hand side and the

mean time at the stop of larvae in the signal zone on the right-hand side (Wilcoxon

test : N = 20). Dagger indicates significant difference between the mean time at the

stop of fed larvae and the mean time at the stop of starved larvae in the same zone
during the same condition (Mann-Whitney test : N = 20).
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FI1GURE 2.7: Mean number of stops +SD recorded for fed and starved larvae in each

zone of each experimental condition. Asterisks indicate significant difference between

the mean number of stops of larvae in the signal zone on the left-hand side and the

mean number of stops of larvae in the signal zone on the right-hand side (Wilcoxon

test : N = 20). Dagger indicates significant difference between the mean number of

stops of fed larvae and the mean number of stops of starved larvae in the same zone
during the same condition (Mann-Whitney test : N = 20).
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2.6 Discussion

The gregariousness of necrophagous blow fly larvae has been extensively reported, es-
pecially in the context of forensic entomology, but rarely is the phenomenon studied
under controlled conditions. In necrophagous species, aggregation behaviour is very well
developed, and larvae aggregate in large masses of hundreds to thousands of congeners
[71, 141]. This behaviour is assumed to have many benefits [44, 45, 67, 141, 156], but the

mechanisms of the process need to be clarified.

Our experiments showed that small aggregations appear over short timescales (0.5h) and
gain more individuals over time. In other arthropod species, such as woodlice [157, 15§]
and cockroaches [159], the aggregations are formed more quickly, in approximately 5 min.
Because cockroaches and woodlice move more quickly than L. sericata larvae, the average
velocity of these animals could explain the different timescales of their aggregations. The
blow fly aggregations were located near the arena edge, except after 24h. These results
illustrate the positive thigmotactic behaviour of blow fly larvae. Such observations have
been reported in many arthropod species [157, 160]. The large number of individuals
present in the aggregation could explain the exception observed at 24h. After 24h, the
aggregations included 30—40 larvae; the crawling effect, scramble competition and food
consumption probably caused aggregations to move [161]. Given this observation, the
movement of the aggregation would be regulated by thigmotaxis for a small number of
the larvae. In larger aggregations, the thigmotaxis between congeners is more important,
as contact between congeners occurs more frequently than contact with the environment.
To our knowledge, no studies have demonstrated whether such global movements are
guided by a few individuals, as in human crowds [162], primates [163] and the quorum
effect [164]. Furthermore, such displacement of an aggregation may simply result from
mechanical phenomena (e.g. the crawling effect) and/or behavioural mechanisms (e.g.

thermoregulation in the aggregation).

In mycophagous Drosophila larvae, larval aggregation has been demonstrated to result
from egg aggregation [99]. However, our results clearly showed that the aggregations
of calliphorid larvae result from larval behaviour and are not solely attributable to the
clustering of egg batches. Another common hypothesis regarding aggregation emphasizes
the role of environmental heterogeneity [157, 158, 160|. However, L. sericata larvae that
were randomly introduced into a homogeneous environment rapidly aggregated, and this
aggregation increased with time. We conclude that the necrophagous fly larvae actively
aggregate. This conclusion implies that the larvae used one or several mechanisms to

gather, stabilize the aggregations and possibly move together [160, 165].
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The video-tracking experiments clearly demonstrated, for the first time, the existence of
a conspecific signal that can attract dipteran larvae to a given area. Our results suggest
that L. sericata larvae deposit a signal that is detected by other larvae. This signal had a
movement-retentive effect and increased the amount of time that conspecifics remained
in areas in which the signal was deposited. This result clearly showed not only that
larvae can detect where conspecifics have been but also that they preferentially stay in
those places. During the video-tracking experiments, we observed a mean velocity of 0.2
cm/s (Control trials), consistent with Charabidze et al. [166]. However, the presence of
Food (signal) in the arena tended to decrease the mean velocity of starved larvae. Our
observations indicated that starved larvae stopped and tried to eat the Food signal. This
behaviour explains the decrease in the average velocity and the increase in the amount of
time spent in the Food zone. The feeding behaviour is obviously related to the presence
of food, but it also seems linked to the presence of other L. sericata larvae. Indeed, in the
Larvae versus Food trials, starved larvae spent more time stationary and stopped more
frequently on the Food signal than the fed larvae in the Control versus Food trials. This
behaviour suggests that the simultaneous presence of the two signals, although separate,
influence the feeding behaviour of starved larvae. Larvae may be able to detect the larval
signal from a distance, which would encourage them to feed [167]. Some previous studies
have focused on the response of dipteran larvae to food signals [149, 168, 169]|, but no

studies have addressed a possible interaction with signals deposited by conspecifics.

Lastly, both fed and starved larvae spent more time on the Food signal than on the
Larvae signal (Larvae versus Food trials). Based on this result, we conclude that foraging
behaviour prevails over aggregation behaviour in this species. However, the Larvae versus
Food trial was a forced set-up; under natural conditions, larvae live on carcasses and
thus never encounter such a choice. Furthermore, signals are deposited by larvae that
have direct contact with the food source. To highlight the response of larvae to the
signals deposited by congeners in an environment completely impregnated with food
(seminatural conditions), experiments combining the signal larvae with the signal food
are currently underway based on the same binary choice test set-up; however, these

experiments combine the signal larvae with the signal food.

In addition, the young third-instar larvae used for these experiments may behave dif-
ferently from one-instar or two-instar larvae. In contrast to third-instar larvae, young
larvae have undeveloped mouth hooks. Because aggregation enhances the local liquefac-
tion of tissues [145], younger larvae probably tend to aggregate to increase their access
to soft food. This consideration is less important for older larvae, which can feed on solid

tissues.
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Our study addresses the question of aggregation mechanism at the collective level. Our
experiments indicate that the aggregation of L. sericata is an active, quick and efficient
mechanism, probably mediated by larval signals. Thus, the gregarious behaviour of L.
sericata larvae probably results from dynamic processes that are mediated by attrac-
tive /retentive signals, and not only from thigmotaxis or environmental heterogeneity
[157, 158, 160]. Our observations at the scale of the individual also demonstrate that
larvae deposit a signal that is perceived by conspecifics and has a movement-retentive
effect. Together, these results strongly support the hypothesis that gregarious behaviour

is mediated by a movement-retentive signal, which is deposited locally by conspecifics.

Further experiments should investigate the potential role of the larval signal on aggre-
gation dynamics. Such data would facilitate models of larval mass over time in this
and other insect species [170-172]. Under natural conditions, larval aggregation can be
interspecific [173] and it would be worth conducting studies of interspecific gregarious

behaviour.
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3.1 Abstract

Aggregation of necrophagous larvae has several benefits : the sharing of salivary enzymes
(exodigestion), temperature regulation, protection from predators and parasites, etc. and
is well developed in blow flies (Diptera : Calliphoridae). This study focuses on the ag-
gregation mechanism used by the necrophagous larvae of Lucilia sericata Meigen, the
common green bottle fly. The ability of single larva to detect and follow a signal (trail)
created by conspecifics is investigated initially. A circular ring is drawn in a Petri dish
where twenty starved larvae have crawled for a period of 30 min. A naive (test) larva is
then placed in the dish and video-tracked. Naive larvae are able to detect the boundaries
of the larvae-crawled area and stay preferentially within this conspecific-marked zone. In
a second step, the orientation of larvae by scanning, a dedicated, ground-signal detec-
tion behaviour of dipteran larvae, is analysed. Four experimental conditions are tested :
control, presence of food, conspecifics, and food + conspecifics. When conspecifics have
been previously present in a given area, the scanning behaviour by naive larvae in this
area decreases (both in number and frequency of scans). Accordingly, scanning by necro-
phagous larvae of L. sericata should be considered not only as locomotion behaviour but
also as a potential way to detect signals from conspecifics for the purpose of aggregation.
The chemical composition of the attractant(s), the behavioural effects (attraction or re-
tention) and the implication of larval signalling in the aggregation process are new fields

to explore.

Keywords : aggregation - chemo-detection - self-organization - sensory organs - trail-

follwing.
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3.2 Introduction

Aggregation, or interattraction, is a common behaviour that occurs in many biological
systems [5]. With regard to necrophagous species, the costs and benefits of aggregation
by blow fly larvae have been identified and discussed by Ives (1991) and more recently
by Rivers et al. [44]. One main advantage is the capacity of large larval masses to lo-
cally modify some of the biotic and abiotic factors of their ecosystem, leading to faster
larval development. The most well-known benefit of aggregation in necrophagous larvae
is the local elevation of temperature inside aggregates, called the larval-mass effect or
more familiarly maggot-mass effect [44, 45, 141, 143|. This heat generation accelerates
the development of blow flies larvae, and thus decreases the time spent by larvae on car-
rion [174, 175]. Gregarious behaviour also offers protection from predators and parasites,
cooperation for digestion, and an increase in food assimilation (reviewed by Rivers et al.
[44]). Accordingly, gregarization appears to be a key behaviour in these species, which is
especially remarkable because larval masses are self-organized structures : each larva has
only a local perception of its close environment and (re)acts for itself [14]. Such social
organization requires at least a basic communication system between individuals [14].
In many social insect species, such as Lepidoptera or Hymenoptera, larval aggregations
are mediated by tactile and/or chemical cues (see examples in Wertheim et al. [48] and
Costa [13]). However, only a few studies have investigated the mechanisms underlying
the collective behaviour of blow fly larvae [44, 91]. In a recent study, the present research
group [91] highlighted for the first time the existence of a signal deposited or left pas-
sively by Lucilia sericata larvae on the substrate over which they were crawling : these
chemical cues were shown to have an attractive/retentive effect on conspecifics [91]. The
present study focuses on the behavioural response of L. sericata larvae to this signal,

and particularly with regard to orientation mechanisms.

Green et al. [176] describe five elementary behaviours thought to be shared by all cyclor-
rhaphous dipteran larvae (i.e., species where the imago emerges from the pupal case by
pushing a lid or a circular seal). These are, locomotion, turning, burrowing, rearing and
bending. The authors define rearing as the raising and trembling of the head and first
thoracic segments, whereas bending is described as the lateral flexing of the head and
anterior segments [176]. In other words, rearing occurs in a vertical axis and does not
directly affect larval trajectory, whilst bending is laterally oriented. Accordingly, Green
et al. [176] assume that bending is mainly associated with changing direction (i.e., tur-
ning) during locomotion. However, observations made in this laboratory (J. Boulay and
D. Charabidzé, unpublished observations) strongly suggest that larvae may also use ben-

ding to detect the chemical signals around them and to orientate accordingly. Indeed,
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the anterior part of the larva’s body is the location of most of the sensory organs : Calli-
phoridae larvae have twelve photoreceptors (Bolwig’s organ) [42], one olfactory and one
gustatory organ [40, 41, 149] all located in the anterior section. Bending could therefore
be involved in local signal detection and should be regarded as a scanning, i.e., a mecha-
nism by which animals move their receptors, and sometimes their bodies or appendages,
so as to capture information from the environment efficiently [135]. Such a behaviour has
been reported for many insect species during foraging, or when searching for conspecifics,

refugees or mates [135].

To test this hypothesis, the present study first analyses the ability of L. sericata larvae
to detect and follow a track previously crawled by conspecifics (Larval trail experiment).
It then focuses on the scanning behaviour, which is hypothesized to be involved in the
detection of the larval signal. To test the hypothesis, the scanning behaviour of L. sericata
third-instar larvae in analysed under four different experimental conditions : control,
conspecific larval signal, food, and larval signal + food together [91]. According to this
hypothesis, an increase of scanning behaviour should be observed in the absence of larval

signal, demonstrating active searching for the conspecific’s signal (i.e. chemotaxis [177]).

3.3 Material and Methods

3.3.1 Insect rearing

The experiments were performed on L. sericata larvae that were obtained from rearing
colonies (Lille, France). Adults were reared at ambient temperature (25 + 2 °C) under
natural light and fed ad libitum with caster sugar and water. Beginning with the adult
fly emergence (day 0), fresh minced beef liver was added for seven days (day 7) to provide
the proteins necessary for vitellogenesis. After five days with no food, liver was provided
again to trigger egg-laying (day 12). Eggs were placed on breeding substrate (100 g of
fresh minced beef liver) at 17 4+ 0.5 °C (day 13). Five-to-six-day-old larvae (day 18-19,
corresponding to young third instars, 10 + 2 mm long) were used for experiments [148].
During the experiments, the temperature of the set-up was maintained at 25 + 1 °C in

a thermostatic chamber.

3.3.2 Larval trail experiment

This experiment was designed to test the ability of L. sericata larvae to follow a track
created by conspecifics (i.e., a trail). The setup consists of a Petri dish (diameter :

18.5 cm; surface : 268.60 cm?; Figure 3.1) lined with a wet paper towel (humidified
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with distilled water) covering the arena surface. Two smaller Petri dishes were used
to circumscribe a ring (internal diameter : 5 cm, external diameter : 4.75 c¢m; thick :
2 cm, surface : 37.11 ¢cm?; Figure 3.1). Under the ‘Control’ condition, no deposit was
made in this ring. The larval trail condition was obtained with twenty starved larvae
(cleaning and starving took place for 4 h in wet pine-wood dust; a time sufficient to
obtain larvae with empty crops [178]) crawling in the ring area for 30 min to create the
Marked Zone (MZ; Figure 3.1). After 30 min, these twenty larvae and the two small Petri
dishes were removed. A naive (test) larva was placed in the centre of the arena (Centre
Zone (CZ) : 19.63 cm?; Figure 3.1) in the dark and video recorded using an infrared
camera (Kamatec, Kam-HWI-SH-7204). The results were analysed with Ethovision 8.0
XT software (Noldus, Netherlands) : trials started when the test larvae exited the Centre
Zone for the first time and were stopped when individuals were outside the Marked Zone
for at least 1 min or when they had reached the wall of the arena. Twenty replicates were

performed for each condition.

Area (cm?)
Centre Zone (CZ) 19.63
Marked Zone (MZ) 37.11
Outer Zone (0Z) 212.06
Total 268.60

FIGURE 3.1: Apparatus used for analyzing behavioural responses to the attractive

signal from necrophagous larvae of the Green bottle fly, Lucilia sericata (Control and

Marked trials). Third-instar L. sericata larvae were placed in the Centre Zone (CZ).

Trials started when individuals entered in the Marked Zone (MZ) and stopped when
larvae stayed more than 1 min completely in the Outer Zone (OZ).
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3.3.3 Study of the scanning behaviour

This experiment was designed to measure the scanning response according to larval si-
gnal. During scanning, the larva stopped and moved the anterior part of its body back
and forth laterally (described in Green et al. [176]). The experimental set-up was a cir-
cular arena 9 cm in diameter as in Boulay et al. [91]. Test larvae were isolated in wet
pine-wood dust for 30 min prior to the experiments to remove any traces of their former
breeding substrate (beef liver). A disc of clean paper towel covering the whole surface
of the Petri dish was first humidified homogenously with 1.5 mL of distilled water. The
‘Control’ (C) consisted of no deposit on this paper (only the presence of distilled water).
The ‘Food’ condition (F) consisted of 200uL of a solution containing 3 g of mixed beef
liver diluted in 50 mL of distilled water. The solution was deposited using a micropipette
such that the food solution was spread over the entire arena. The ‘Larvae’ condition (L)
consisted of the signal created by ten larvae moving freely within the arena for 10 min
and removed before the start of the trial. These signal-depositing larvae were previously
starved and cleaned for 4 h in wet pine-wood dust (time sufficient to obtain larvae with
empty crops [178] to eliminate food odours acquired from the breeding substrate [91].
The ‘Larvae + Food’ condition (L + F) consisted of the deposition in the arena of both
the larval signal and the food substrate (in that order). Twenty replicates were perfor-
med for each condition and individuals were followed for 5 min. Behavioural observations
were video recorded using a digital camera (Bosch Dinion LTC0355) and analysed with
Ethovision 8.0 XT software (Noldus, The Netherlands). Mean absolute meander/tortuo-
sity, which is defined as the change in direction of movement of an individual relative
to the distance (i.e., the amount of turning per unit distance) was used to describe the
changes in larval orientation [179] (Absolute Meander = |% ; [180]). The en-
coding of scanning behaviour was made from the video recording using sequenceR (a free
interface developed by M. Hervé and available online (http ://www.maximeherve.com /r-
statistiques/sequencer)) implemented in R software [181]. The number of scanning mo-
tions was noted for each experimental condition. Larval path visualisations were obtained
by leaving individuals free to move on wet ground with no deposit for a few minutes.
The paths were photographed using a smartphone (IPhone 5C; 8 Mpx, Apple Inc.), and
edited using Adobe Photoshop CC 14.2 (Adobe Systems). The images illustrated clearly

the environmental exploration of each individual larva.

3.3.4 Statistical analysis

Because the attractive signal experimental data were not normally distributed, non-

parametric statistical tests (Mann-Whitney) were used to compare mean time and mean
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distance travelled in each zone by larvae in Control and Marked conditions. Then, bi-
lateral tests (uy, = 1.96 for d.f. = 1; if u > u, it is considered to be significant) were
used to compare the proportion of time spent in each zone (CZ, MZ and OZ) between
Control and Marked conditions. Also, because directional movement and scanning beha-
viour data were not normally distributed, non-parametric tests (Kruskall-Wallis, Dunn
and Mann-Whitney) were used to compare larvae trajectories in all conditions and to
test the effect of substrates on scanning behaviour [155]. All tests were performed using

GraphPad InStat version 3.06 for Windows. The level of significance o was set at 0.05.

3.4 Results

3.4.1 Setup analysis

This study was designed with regard to previous work from this laboratory focusing
on the larval signal [91] as well as personal observations of larval scanning behaviour.
First, the signal-following ability of larvae (larval trail experiment) was studied. Then,
to test the hypothesis that scanning behaviour may be involved in such signal detection,
the nature and quantification of scanning behaviour were explored under three relevant

(natural) conditions and a blank control.

The larval instars used during the study were young third-instars. With this type of
instar, sensory responses as previously observed did not differ from those of second-
instars [149], and their size (length) was large enough to permit tracking of larvae using
trajectometry software (Ethovision 8.0 XT, Noldus). Individual larvae were followed
under infrared wavelengths, thus avoiding any visible light stress [42]. Larvae were cleaned
using wet pine-wood as in a study by Boulay et al. [91]. This method could be inefficient
in removing all food traces, but has been tested using larval signals on one half vs.
food on the other half. In this experiment, larvae spent significantly more time in the
food zone [91]. In another binary choice experiment between food -+ larval signal vs.
food individuals are observed to stay preferentially in the food + signal zone (J. Boulay,
unpublished observations). These results demonstrate the existence of the "larval signal’
exists, and that its retentive effect differs from signals based on food only. Accordingly,
the cleaning method that was used to remove food traces from the cuticles of larvae

appears to be effective.

The proportion of scanning movements observed during 5 min of recording decreased in
all four conditions between the first minute (mean + SD; Control : 0.3 £+ 0.25; Food :
0.33 £ 0.27; Larvae : 0.21 £ 0.17; Larvae + Food : 0.21 4+ 0.23) and the last minute
(Control : 0.11 + 0.16; Food : 0.08 £ 0.11; Larvae : 0.17 £+ 0.18; Larvae + Food : 0.14
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+ 0.19). Thus, a decision was made to analyse scanning behaviour only during the first
minute of the experiments : as from previous observations and mean larval velocity, this

first minute was sufficient for larvae to explore the entire arena [91, 182].

3.4.2 Larval trail experiment

Larval signals had a retentive effect. When conspecific larvae had been formerly present
in the setup, test larvae spent significantly more time in the marked zone than those in
the Control condition (mean + SD; Control : 16.1 + 13 s; Marked : 108.9 + 125s; U =
29, P < 0.0001). Larval trajectories in Control condition were in straight lines with no
about-turns or visible foraging (Figure 3.2). Accordingly, the mean distance travelled by
individuals in the experimental setup was shorter in the Control condition than in the
Marked condition (mean + SD; Control : 6 + 3 cm; Marked : 22.4 £ 21 s; U =30, P <
0.0001). Furthermore, in the absence of a signal (i.e., the Control condition), larvae never
returned to the Centre Zone (CZ) ; they crawled straight away from centre to the outside
of the arena (Figure 3.2). On the other hand, larvae placed in the setup marked by larval
signal clearly detected the Marked Zone (MZ) and stayed preferentially within it (Fig.
2). Under these conditions, the larval trajectories were more sinuous and many larvae
were able to follow the boundaries of the MZ (Figure 3.2). From a more quantitative
point of view, the proportion of time spent in CZ and MZ during the Marked condition
was significantly higher than in the Control condition (Marked vs. Control : for CZ, u
= 7.58, P < 0.001; for MZ, u = 14.14, P < 0.001 ; Figure 3.3). In the Control condition
assays, larvae spent significantly more time in the Outer Zone (OZ) than during the

Marked condition assays (for OZ, u = 27.98, P < 0.001; Figure 3.3).
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FiGURE 3.2: Tracks of five Lucilia sericata larvae during different attractive signal
experiments (one Control and four Marked trials). The apparatus was comprised of
three zones, a Centre Zone (the circle in the center), a Marked Zone (represented by
the ring ; marked by twenty starved larvae for 30 min ; for Control trials this zone was
unmarked), and an Outer Zone. The start point of each bioassay (trial) is represented
by the arrow and the end-point by the small line. The trajectory pattern that was
observed in the Control trials was the same for all of the other trials.

Control Marked
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0.190.26
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FIGURE 3.3: Mean proportion of time (+SD; n = 20) spent by Lucilia sericata larvae
in each of the behavioural trial zones. The asterisks (*) show significant differences
between Control and Marked trials for each of the zones using bilateral tests
(uq = 1.96 for d.f. = 1).
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3.4.3 Study of the scanning behaviour

The absolute meander was significantly higher in Signal conditions (Larvae, Food and
Larvae + Food conditions) than in Control conditions, meaning that larvae had trajec-
tories that were more tortuous when a signal was present in the arena (KW = 34.5, P <
0.001). No significant differences were observed for the absolute meander between Signal
conditions (Dunn’s tests : Lvs. F: P > 0.05; Lvs. L+ F:P>005;Fvs. L+ F:P
> 0.05).

The mean number of scanning movements varied according to test signals. Larvae scanned
significantly more in the Control and Food conditions than in Larvae and Larvae + Food
conditions (Cvs. L: U=815P <0.01;Cvs. L+ F:U="74P <0.001; Fvs.L:U=
1215, P < 0.05; Fvs. L + F : U = 83, P < 0.01; Figure 3.4). No significant difference
was observed between the Control and Food conditions (C vs. F : U = 163.5, P > 0.1;
Figure 3.4 ) and Larvae and Larvae + Food conditions (L vs. L + F : U = 142.5, P >
0.1; Figure 3.4) again showing that scanning was decreased in the presence of the larval

signal.

The larval signal also increased the time between two successive scannings : this time was
significantly higher in Larvae and Larvae + Food conditions than in Control and Food
conditions (C vs. L : U =1341.5,P < 0.05; Cvs. L+ F: U =1900.5,P < 0.01; F vs. L :
U =1086, P <0.05; Fvs.L + F:U = 728.8, P < 0.01; Figure 3.4). As for the number
of scans, the time between two successive scannings did not differ between Control and
Food conditions (U = 2832.5, P > 0.1; Figure 3.4) and between Larvae and Larvae
+ Food conditions (U = 585.5, P > 0.1; Figure 3.4). The larval path clearly showed
the places where individuals scanned (Figure 3.5). During their exploratory behavioural

movements, larvae have intertwined locomotion and scanning (Figure 3.5).
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FIGURE 3.4: (A) Boxplots of number of scannings performed by Lucilia sericata larvae

in each experimental conditions during the first minute of the experiment (n = 20,

letters show significant differences in Mann-Whitney’s tests). (B) Boxplots of time (s)

between two scannings of L. sericata larvae in each experimental conditions during

the first minute of experiment (n = 20, letters show significant differences in Mann-
Whitney’s tests). Crosses represent the means.

FI1GURE 3.5: A scheme of locomotion and scanning behaviour of Lucilia sericata larva.
During scanning, also named bending [176], the larva is at the stop and successively
turns the anterior third of its body on right and left directions. After few seconds
scanning is over, the larva moves in the chosen direction. In white, the path of one
L. sericata larva in a new environment. The picture (modified from a photo) shows
in white the area of physical contact between the larva and the substrate. The black
arrow point one place where scanning occurred, with successive head position drawing
a tree-like structure. Larva is visible at the left of the picture.
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3.5 Discussion

3.5.1 Limitations of the study

The authors are aware that this study does not definitely prove the implication of larval
signal and scanning in aggregation of presocial larval blow fly. However, from the results
obtained, it is reasonable to assume that the trail-following abilities of the larvae and the
retentive effect of the "larval signal’ are involved in the aggregation process. Furthermore,
although the exact role of scanning is not proven, there is a clear link with the presence

of larval signal strongly implying a role in the aggregation behaviour.

3.5.2 Larval trail

This study was designed to analyse the detection of a conspecific signals (as yet uniden-
tified) by the necrophagous larvae of the Green bottle blow fly L. sericata and to explore
their signal-following abilities. Firstly, the results demonstrate that L. sericata larvae are
able to detect the boundaries of a signal left by conspecifics and their preference to stay
within the prescribed area. In the absence of signal from conspecifics, larval trajectories
are straight with no about-turns. However, the prior presence of conspecifics (i.e., larval
signal) impacts on the larval behaviour (Figure 3.2). Their trajectories are more sinuous,
with numerous turns : larvae explore the arena instead of moving out of it (Figure 3.2).
Accordingly, the L. sericata larvae are able to detect a signal formerly left by conspeci-
fics and alter their locomotion accordingly. A similar behaviour, based on biased running
(very sinuous trajectories), has been observed during chemotaxis in Drosophila larvae
[177, 183, 184|. This strategy is confirmed by regarding the branching tree-like path of
L. sericata larvae during an environment exploration (Figure 3.5). Larvae scan at each
stop, turn slightly and continue their movement. The larvae are acquiring information
about their environment (e.g., chemical gradient detection) by scanning, and are then

moving accordingly.

3.5.3 Scanning behaviour

The results show that L. sericata larvae scan similarly in Control and Food conditions,
but significantly less when a larval signal is present (Figure 3.3). In both Control and
Food conditions, the larval signal is absent : under these conditions, the larvae scan many
times, and their successive scannings are close in time to each other. Such a scanning
pattern is visible in Figure 3.5, which illustrates the result of numerous scans and changes

in orientation. This finding agrees with that of Green et al. [176], who observed no
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difference in the scanning frequency (called ‘bending’ in their study) of larval Drosophila
melanogaster between the food and no-food environments. On the other hand, individuals
tested under Larvae and Larvae 4+ Food conditions in the present study were directly in
contact with the larval signal. They scanned for less time and less often. Accordingly, it
is reasonable to assume that in L. sericata larval scanning is involved in the detection
of the chemical signal deposited by conspecifics on or in the substrate (i.e. klinotaxis;
[183, 185]). Further experiments will be required to identify the chemical composition
of the larval signal (using gas-chromatography), and the involvement of the compounds

identified in conspecific recognition (using behavioural tests).

Aggregation of blow fly larvae is maintained by an active behaviour that is likely sup-
ported by a larval signal [91|. The detection of conspecific cues (tactile and chemical)
is essential for larvae to be able to (re)join the group and to benefit from aggregation
advantages [44]. The results presented here suggest that larvae use the scanning beha-
viour not only for turning but also to compare ground signals on either side (klinotaxis)
and to orientate accordingly [185]. Larval masses are self-organized systems. One of the
mechanisms of such social organization is the additive action of a signal that permits
amplification of the system [14]. According to the present observations and results, it is
reasonable to conclude that scanning could be used by individual L. sericata larvae to
follow the trails left by conspecifics and/or to locate the most crowded areas. However,
a precise description of the sensory organs of L. sericata larvae and a demonstration of
a direct linkage between these structures and the larval signal chemodetection are still
needed. Such a linkage has already been explored for larvae of other dipteran species,

such as Musca domestica |41, 186|, Drosophila melanogaster [187] and Hylemia sp. [188].
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4.1 Abstract

To date, the study of collective behaviour has mainly focused on intraspecific situations.
Collective decision-making of mixed-species groups, involving interspecific aggregation-
segregation, have received little attention. The study of such groups provides the opportu-
nity to place the evolution of sociality in ecological and interspecific cooperation contexts.
Here, we show that, in both conspecific and heterospecific groups, two gregarious larvae
species were able to make a clear collective decision for one food spot. We observed similar
dynamics between the two studied species : in both species, the choice was made within a
few minutes and persisted throughout the experiment period. The monitoring of a focal
individual within a group showed that these aggregations were governed by attractive
and retentive effects of the group. The similarity observed between the conspecific and
heterospecific groups suggested the existence of shared aggregation signals. These results
can be characterized in larvae by a positive correlation between group size and heat ge-
neration ; in the present study, the group size was found to have a stronger influence than
the species of necrophagous larvae. This study provides the first experimental evidence
of the dynamics of collective decisions-making in mixed-species groups of invertebrates,
contributing to our understanding of the cooperation-competition phenomenon in animal

social groups.

Keywords : amplification — binary choice — gregariousness — marking — mixed-species

group — tracking
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4.2 Background

To date, the study of collective behaviour has mainly focused on species with a high level
of sociality [13]. As a result, species with a lower level of social organization, such as those
that exhibit gregariousness, have comparatively received little attention [13]. However,
the understanding of the key factors that permit the emergence of a collective decision
in a large group composed of simple individuals (having a limited knowledge of their
close environment) is fundamental to deciphering the evolution of sociality. Gregarism,
which is observed in many species from mammals to unicellular species [5, 13, 54, 72],
can be defined as a gathering (i.e., an inter-attraction) of individuals independent of
reproduction. Several insect species are gregarious at the larval instar and/or adult level
[13, 57]. To find, form, stabilize or split aggregates, insects use various signals or cues
(e.g., chemical, tactile and visual) [5, 13, 14, 54]. In this context, the self-organization
theory, independent of the nature of the interaction, has been successfully used to explain
how simple interactions between individuals having only local information can generate
a diversity of complex patterns at the collective level [14, 16, 27|. It has been shown that
consensus choices, called ’collective decisions’ |30, 57|, are made by various conspecific
groups of insect species; a review on this topic was published by Jeanson et al. [57].
Mixed-species groups are found in a large range of taxons from mammals [59] to birds
[189]. Such groups offer identical benefits to those achieved by non-mixed groups, such
as a protection from predators and efficient foraging behaviour [13]. The existence of
heterospecific groups raises the question of how sociality evolved in animals [10, 13]. |. Tt
also allows a discussion of new perspectives for livestock management to improve breeding
conditions of species living together [190]. Moreover, the existence of such groups suggests
that similar, or close, aggregation cues are used by individuals regardless of species
(cross-species recognition). Fewer studies have investigated heterospecific groups |59,
191, 192], particularly with regard to their collective decision-making abilities [189]. Some
results regarding heterospecific associations in Diptera species have been reported in the
context of species coexistence and competition [83], but no study has yet investigated
the collective decisions of a mixed group from a quantitative point of view.

Aggregations of Diptera larvae, including heterospecific groups, have been extensively
reported in the forensic entomology literature but remain poorly understood [44, 45, 91,
174]. Recently, Boulay et al. [91] demonstrated that these aggregations are active and
associated with chemical cues given by larvae of the blow fly Lucilia sericata. Rivers et al.
[44] identified the benefits of maggot masses, such as heat generation, called the ‘larval-
mass effect’ [45], and cooperation for the assimilation of food and digestion (increasing
the local quantity of enzymes [82]). Regarding these benefits, aggregation behaviour

facilitates cooperation and therefore permits an acceleration of larval development and
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increases in larval survival and carrion decomposition. Such benefits can be regarded as

a source of the Allee effect |7, 82].

The present study aimed to highlight the communal collective decision-making process of
mixed-species groups leading to the choice of one food-spot. This study used L. sericata
and Calliphora vomitoria larvae, two key species in forensic entomology that often feed
simultaneously on carrion [193]. For this purpose, binary choice tests were performed
between two identical food spots. The binary choice test has been used in several studies
to highlight collective decision-making (see review in Jeanson et al. [57]) and is also
relevant to study necrophagous larvae (supplementary material, Figure 4.6). Indeed, these
species are often observed on symmetric cadavers, such as large mammals or rodents,

which offer several identical spots for larvae to form groups on.

4.3 Methods

4.3.1 Insect rearing

Larvae (maggots) were obtained from colonies bred at the Forensic Institute of Lille
(Nord, France). Adult Lucilia sericata and Calliphora vomitoria were reared in separate
cages at ambient temperature (20 £2°C) under daylight (12 :12 h). The flies were fed
caster sugar and water ad libitum. Upon the emergence of adult flies (day 0), minced
beef liver was added for seven days (i.e., until day 7) to provide the protein required
for vitellogenesis. After five days with no food, liver was again provided for use as an
oviposition medium (day 12). After 24 h (day 13), eggs of L. sericata and C. vomitoria
were separately placed on the breeding substrate (100 g of fresh minced beef liver).
Larvae of L. sericata were bred at 174+0.5°C, and after 5 to 6 days (day 18-19), young
3rd-instar larvae (10 £2mm in length) were sampled for the experiments [148]. Larvae of
C. vomitoria were bred at 20+0.5°C, and after 11 to 12 days (days 24-25), young 3rd-
instar larvae (11 £2mm in length) were sampled for the experiments [194]. The number
of larvae used in each experiment (40) was sufficiently low to avoid autogenous heat

emission (i.e., the larval-mass effect) [45, 174].

4.3.2 Experimental setup

The experimental arena consisted of an 18.5-cm-diameter Pyrex® glass Petri dish. The
dish was filled to a height of 1 cm with agar-agar (7 g/250 ml) with two diametrically
opposed food spots (5.5 cm in diameter), each situated 2 cm from the edge of the arena.

These spots were designated as the west and east spots. Each spot consisted of a solution
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of liver (mean nutritional composition : 15.4% proteins, 7.3% carbohydrates and 4.1%
fats (National Sanitary Security Agency)) and water (6 g/50 ml) mixed with agar. This
food solution attracted a sufficient number of individuals and permitted clear counts of
the number of individuals within each food spot, and each spot was sufficiently large to
accommodate all of the larvae used in the trial (pers. obs.). Both food spots were strictly
identical in size, composition and distance from the edge of the arena. The arena was

placed in a climatic chamber (Firlabo) at 254+1°C and monitored by video.

4.3.3 Experimental procedure

Before each trial, the larvae were removed from the feeding substrate, placed in wet
pine-wood dust and isolated in the dark at 254+1°C for 1 h. This isolation time starved
the larvae while the sawdust removed traces of food from their cuticles [178]|. Three
conditions, including two conspecific conditions and one heterospecific condition, were
tested : (1) 40 Lucilia sericata larvae (N=30; conspecific condition), (2) 40 Calliphora
vomitoria larvae (N=30; conspecific condition) and (3) 20 L. sericata + 20 C. vomitoria

larvae (N=30; heterospecific condition).

4.3.4 Conspecific condition and individual tracking

For each condition, forty larvae were randomly placed in a fresh arena in a dark room due
to their high photophobic behaviour [42]. The arena was lit from below with a fluorescent
neon light (8 W; Velopex) with a red ROSCO™ filter (ref. Roscolux 19 Fire). This filter
changed the spectrum of light by transmitting predominantly red wavelengths, which are
not perceived by larvae [42]. The aggregation process was video-recorded over 60 min
using a Bosch Dinion LTC0355 camera. The number of larvae in each of the three zones
(the two spots and the area outside of the two spots) was counted visually at 1-min
intervals. To be considered located outside of a spot, the individual had to have its entire
bodies outside of the spot.

In each trial, a single larva was tracked throughout the 60-min trial period. To facilitate
tracking, the selected focal individual was 1 mm longer than the other 39 individuals.
Videos were down-sampled every 5 s (720 frames per video), and the position of the
tracked larva was determined using Avimeca 2.7 freeware. The mid-point of the larval
body was used for tracking. For the individual tracking analysis, we virtually enlarged the
radius of each spot based on our tracking method (mid-point of the body) and the mean
size of the individuals (10 +2mm). Such enlargement was set to 1 cm, corresponding to

one larval body length increasing the radius from 2.25 cm to 3.25 cm.
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4.3.5 Heterospecific condition

Because the larvae of the two species are very similar in appearance, we marked the
individuals according to their species to distinguish them during the heterospecific expe-
riment. Twenty individuals of one species were marked using Lumicyano®™ (Crime Scene
Technology), a cyanoacrylate fluorescent glue that reacts to ultraviolet light [195|. The
marking consisted of a small spot (1 mm?; Figure 4.1) of Lumicyano'™ placed on the
anterior region of the larva’s dorsal surface. We used this glue to create UV-bright spots,
thereby marking individuals according to species [195]. Lumicyano®™ is very powerful
and robust, dries quickly (2-3 s) and is available in several colours. These characteris-
tics are useful for marking larvae with viscous cuticles and fast-moving species on which
marking must be performed rapidly. Maggots are burrowing insects : they secrete a fat
cuticular compound, crawl into cadavers and are often partially covered with decompo-
sed flesh. In large masses composed of thousands of individuals, maggots move rapidly
in a permanent turnover, creating high scramble competition [44]. These traits make it
difficult or impossible to use the standard marking techniques for identifying and tra-
cking insects [140|. In a recent study, Rosati et al. [196] successfully fed larvae with
fluorescent fingerprint powders to obtain marked blowfly larvae. In the present study, in
which the larvae were observed under dark and non-stress conditions, we developed an
innovative, non-invasive marking method that allowed the tracking of larvae under UV
light using a cyanoacrylate glue (Lumicyano'™ [195]). Using this technique, we provide
the first demonstration and quantification of a mixed-species aggregation with collective
interspecific decision-making.

In contrast to the technique used by Rosati et al. [196], our method can be used with all
blowfly larval instars and with other arthropod species (e.g., phytophagous taxa), and re-
searchers can draw patterns or numbers to precisely identify individuals. This technique
can also be used on several individuals simultaneously. Previous observations showed that
the marking did not affect larval movement (test of aggregation with twenty marked in-
dividuals and twenty unmarked individuals in a monospecific condition ; supplementary
material, Figure 4.8), and the marking was alternated between the two species before each
trial. The arena was lit by two ultraviolet lights (2x15 W ; Omnilux) because ultraviolet
wavelengths are not perceived by larvae [42]. The aggregation process was video-recorded
for 60 min using a 5-megapixel camera (GoPro Hero 3+, GoPro Enterprise). No indi-
vidual tracking was performed during the heterospecific experiments due to the marking

method and light conditions.
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Daylight ; UV-light

1cm

FIGURE 4.1: Lucilia sericata larvae, including non-marked larvae and larvae
marked using Lumicyano®™. For marking, a small spot of the cyanoacrylate UV-
bright glue (1 mm?) was placed on the anterior part of an individual (on the larva’s

crop).
4.3.6 Data analysis

Trials resulting in an aggregation of individuals outside of either spot (denoted ‘outside
trials’) were excluded from the analysis (corresponding to two trials of the L. sericata
group, four trials of the C. vomitoria group and six trials of the heterospecific condition
(mean proportion of outside trials : 13 £7%). In total, 28 replicates were analysed for
the L. sericata group, 26 replicates were analysed for the C. vomitoria group, and 24
replicates were analysed for the heterospecific group.

To verify that our setup was not biased for the left or right spot, we performed bino-
mial tests. In support of the non-biased setup hypothesis, no side-related differences were
observed between the two spots (west and east) during either the conspecific or heteros-
pecific experiments (binomial tests for L. sericata : p=0.16; for C. vomitoria : p=0.18;
for the heterospecific condition : p=0.17). Larvae did not choose one side of the arena
more than the other one.

The spot with the largest number of individuals at the end of the experiment was designa-
ted the ‘Winner spot’, whereas the other spot was designated the ‘Loser spot’ (binomial
test at t=60 min) [164, 197|. To verify the neutrality of the setup, binomial tests were
performed with the hypothesis Hy assuming an equal distribution of individuals between
the two spots (west and east). The data were tested for deviance from normality using
the Kolmogorov-Smirnov test. Parametric tests were used if data normality and homo-
geneity of variance were observed ; otherwise, corresponding non-parametric tests were
used. The statistical tests were two-tailed and performed using GraphPad InStat 3.06 for
Windows. All of the analyses assumed a significance level of a = 0.05, unless otherwise
stated. For Dunn’s multiple paired comparison tests, the significance level « was adjusted

using the Bonferroni method [155].
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4.4 Results

4.4.1 Conspecific condition

Of the 28 replicates performed with L. sericata, we observed 20 replicates in which one
food spot was preferentially chosen over the other at the end of the trial (binomial tests :
p=0.01; supplementary material, Video S3). For C. vomitoria, we observed 20 replicates
out of 26 in which one food spot was preferentially chosen over the other (binomial
tests : p=0.004; supplementary material, Video S4). On average, more than 50% of
the individuals were found on the Winner spot (mean+SD; L. sericata : 50.8+18% ;
C. vomitoria : 57.24+14% ; Figure 4.2), whereas the Loser spot attracted less than 20%
of the individuals (L. sericata : 18.9+12% ; C. vomitoria : 19413% ; Figure 4.2). These
percentages reflect a clear trend of collective choice for one spot (i.e., the Winner spot) by
both species. Furthermore, the dynamics of these collective choices were similar between
the two species. Each collective choice was made within 2 min of the start of the trial,
with the majority of the individuals going to one spot (i.e., the Winner spot) (Wilcoxon
tests at t=1 min Winner spot vs. Loser spot; L. sericata, W=160, p=0.04 ;C. vomitoria,
W=189, p=0.003; Figure 4.2). In both conspecific conditions, these collective choices
were made very rapidly and persisted throughout the trial period (Figure 4.2).

4.4.2 Heterospecific condition

In the 24 replicates performed with the two species together, we observed only three
replicates in which no spot was preferentially chosen over the other. Of those trials yiel-
ding a clear choice of one spot, the two species chose the same Winner spot in 100%
of cases (supplementary material, Video S5). The aggregation dynamics of the heteros-
pecific groups were similar to those of the conspecific groups but required more time
to join the plateau value of intraspecific groups (Figure 4.2). Indeed, at t=0 min, no
differences were observed between the three conditions (KW=3.95, p=0.14; Figure 4.2).
At t=2 min, the heterospecific groups were significantly different compared with the two
monospecific groups (KW=14.96, p<0.001 ; Dunn’s test, a=0.017, p<0.001 ; Figure 4.2).
The heterospecific groups rejoined, in terms of the number of individuals, the two mo-
nospecific groups at t=40 min (KW=5.12, p=0.08), and this similarity lasted until the
end of experiment (t=60 min, KW=2.48 p=0.29; Figure 4.2). These results show that
the heterospecific groups aggregated more slowly on both spots than the two conspeci-
fic groups. The Winner spot contained more than 50% of the individuals (53.84+26% ;
Figure 4.2), whereas the Loser spot attracted 8.1+7% of the larvae. On each spot, the

number of larvae was balanced between the two species (e.g., Winner spot, t=30 min : L.
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FIGURE 4.2: Aggregation kinetics of conspecific and heterospecific groups. a,
Mean fraction of individuals in conspecific (Calliphora vomitoria (red, N=26); Lucilia
sericata (blue, N=28)) and heterospecific groups (orange, N=24) on both food-spots
over time. The horizontal line corresponds to a random distribution of individuals on
the surface, which was calculated according to Canonge et al. [198]. No differences were
observed at t=0 min between a random distribution and the three observed distribu-
tions (bilateral tests : C. vomitoria : u=1.37, p>0.05; L. sericata : u=0.69, p>0.05;
heterospecific group : u=0.42, p>0.05 ; Ua1pha=1.96). Significant differences from a ran-
dom distribution were observed 2 min after trial initiation for the L. sericata groups,
1 min after trial initiation for the C. vomitoria groups and 4 min after trial initia-
tion for the heterospecific groups (using bilateral tests). The two monospecific kinetics
presented no differences from t=0 min to t=60 min (Mann-Whitney tests). Multiple
comparisons among the three conditions showed no significant differences from t=40
min (KW=5.12, p=0.08) to t=60 min (KW=2.48, p=0.29). Such comparisons showed
that heterospecific groups aggregate more slowly than the two monospecific groups on
both spots. b, Aggregation dynamics of 40 larvae in conspecific (C. vomitoria, N=26;
L. sericata, N=28) and heterospecific groups (24 replicates; 20 individuals of each spe-
cies). Mean fraction of individuals (+£SD) found on the Winner spot (W ; represented
by circles) and the Loser spot (L ; represented by squares). No differences were observed
at t=60 min between the three conditions with respect to the Winner spot
(KW=3.72, p=0.16) or the Loser spot (Dunn’s test, «=0.017, p>0.05).

sericata : 10.145.6, C. vomitoria : 10.1£5.5, t=0.72, p<0.001 ; Winner spot, t=60 min :
L. sericata : 12.0+5; C. vomitoria : 11.54+5.1, t=15.2, p<0.001 ; Loser spot, t=30 min :
L. sericata : 1.4+1.6; C. vomitoria : 1.7+£1.7, t=4.3, p<0.001 ; Loser spot, t=60 min :

L. sericata : 1.1+1.3; C. vomitoria : 1.942, t=3.7, p<0.001 ; supplementary material,

Figure 4.8). This result demonstrates that aggregation on the Winner spot was equally

composed of both species over time, as determined based on the numbers of individuals.

4.4.3 Individual tracking

The individual tracking of one larva during each trial was useful for understanding indivi-

dual behaviour and how collective choice arises from larval displacements. The individual
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tracks showed that the larvae did not always remain on the Winner spot throughout the
trials (Figure 4.3). The larvae were highly mobile, moving back and forth on the Winner
spot as well as exploring the Loser spot (Figure 4.3). This observation was confirmed by
analysing the mean duration of time spent on the Winner spot : larvae remained on it
for only a short period of time (L. sericata : 84.6+£112 s; C. vomitoria : 137.6+£246 s;
U=47308, p=0.03). However, foraging behaviour was clearly oriented toward the Winner
spot ; although this spot represented only 5.9% of the total test area, the mean time spent
by the larvae on the Winner spot was 1616+750 s for L. sericata and 1953.5+782 s for
C. vomitoria, representing 44% and 55% of the total experiment duration, respectively
(bilateral test : u=0.63, Ualpha=1.96, p=0.49). Conversely, the larvae also remained on the
Loser spot for a short period of time (L. sericata : 46.4+76 s; C. vomitoria : 84.44209 s ;
U=11581, p=0.2). Individuals of L. sericata spent 12% of the total experiment duration
on the Loser spot (447.54+351 s), and C. vomitoria individuals spent 15% of their time
on this spot (552.8+808 s) (u=0.28, Ualpha=1.96, p=0.14). Positive relationships were
observed between the time spent on the spots by the tracked individuals and the number
of individuals present on the spot at this time (Figure 4.4). The larvae tended to stay
longer on the Winner spot if the number of individuals already on the spot was high,
suggesting a retentive effect of the group (Figures 4.4 and 4.5). Moreover, the time spent
in the two other zones of the arena (Outside + Loser spot) tended to decrease as the
number of larvae on the Winner spot increased (Figure 4.5). Such results suggest the

existence of an attractive effect of the group.

Additionally, the probability of returning to the Winner spot was higher than the pro-
bability of returning to the Loser spot for both species (the number of transitions from
Winner-to-Winner was higher than that from Loser-to-Loser for both species; supple-
mentary material, Figure 4.1). Moreover, the mean time to exit one spot and return to
the same spot was shorter than that found for changing spots (supplementary material,
Figure 4.1). These results are in agreement with the observation that larvae of the two
species mostly moved near the edge of the Winner spot (Figure 4.3) and reinforce the

hypothesis of the existence of a retention effect of the group on the larvae (Figure 4.5).
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F1GURE 4.3: Individual behaviour of larvae. a, Tracks of eight larvae followed for
60 min during the conspecific experiment. The green circles represent the Winner spots,
and the dotted red circles represent the Loser spots (diameter : 3.25 cm). b, Relative
density of tracked larvae according to the distance (cm) from the centre of the Winner
spot (conspecific experiments, N=20 for each species). The centre of the Winner spot
was used as the reference coordinate (the Winner spot is represented by green, and the
Loser spot is shown in red; diameter : 3.25 ¢cm). The sum of the number of elements
(distance to the centre of the Winner spot) divided by the ring area (see the illustration)
is shown along the Y-ordinate axis.
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FIGURE 4.4: Time spent by tracked individuals on each spot according to the
number of individuals present. The trial duration was divided into three time per-
iods. For each time period, the fraction of resting time on both spots (Winner and Loser)
was plotted as a function of the fraction of individuals present on the corresponding
spots. All of the linear regression slopes differed significantly from zero.
The dotted lines correspond to the 95% Cls.
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FiGURE 4.5: Evidence of attractive and retentive effects of the group on
individual larval behaviour. Resting time (s) of tracked Lucilia sericata larvae on the
Winner spot (a) and Outside + Loser spot (c) as a function of the number of individuals
on the Winner spot. Resting time (s) of tracked Calliphora vomitoria larvae on the
Winner spot (b) and Outside + Loser spot (d) as a function of the number of individuals
on the Winner spot. For all boxplots, the first ten minutes were removed to reach a
plateau regarding the accumulation of individuals on the Winner spot (Figure 4.2). No
significant differences were observed in all boxplots according to the species (Kruskall-
Wallis tests : ba, KW=4.99, p=0.17; 5b, KW=4.77, p=0.17; 5¢, KW=6.19, p=0.19;
5d (KW=13.73, p=0.003, Dunn’s test, p>0.05 for all multiple paired comparisons).
The red crosses represent the means. N represents the number of elements. For trials in
which aggregations were observed outside of either spot (L. sericata, N=2; C. vomitoria,
N=4), the mean resting times of the individuals on the Winner spot were 75+112 s for
L. sericata and 17.9+13 s for C. vomitoria. On the Loser spot, the corresponding times
were 30+22 s for L. sericata and 18.6+10 s for C. vomitoria. The larvae spent less time
on a spot when the number of individuals on the spot was low (means =SD throughout
the experiment : Winner spot : L. sericata : 6.8+£3.5; C. vomitoria : 24+1.5; Loser
spot : L. sericata : 3.7+4; C. vomitoria : 2.4+2) (for comparison, see values in the text
regarding trials yielding a collective choice for one spot).
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4.5 Discussion

During the conspecific experiment, the majority of the larvae gathered on the food spots,
and this distribution clearly differed from a random distribution (Figure 4.2). The collec-
tive choice of one spot, the Winner spot, out of the two spots occurred rapidly, within 5
min. The larval choice of one aggregation site is a consensus or collective decision [16, 30].
The mechanisms underlying such collective decisions are self-organization and the use of
local communication [14|. Our individual tracking results showed that two mechanisms
may be involved in this type of collective choice : the attraction and retention of the
group (Figures 4.4 and 4.5). In blowfly larvae, this local communication likely involves
a ground-marking signal that is passively left by crawling individuals ; this larval signal
has been shown to have an attractive/retentive effect on conspecifics [91]. The chemical
profile of this cuticular signal has not yet been identified, but a recent study analysing
the trail-following behaviour of blowfly larvae confirmed its existence [199]. Preliminary
gas-chromatography results suggest that cholesterol could be one of the common signal
for both species (Boulay, unpublished). According to the aggregation model presented by
Amé et al. [15], it is likely that the larvae first explore the arena more or less at random
but preferentially remain on food spots. Due to random asymmetry, the ground signal
on one spot rapidly became stronger over time, which then created a Winner spot due to
the progressive increase in the number of larvae on this spot. To support the hypothesis
of the existence of this type of social amplification, simulation models, similar to those
that have been used to investigate the self-organized collective decision-making process
of cockroaches, will be constructed [15]. The dynamics of aggregation was slower for the
heterospecific group than for the conspecific group (Figure 4.2). Moreover, the mean
number of individuals in the heterospecific group present outside the spots was greater
than that found in the conspecific groups, whereas the mean number on the Winner spot
was the same between the different groups, and the mean number on the Loser spot was
lower in the heterospecific group (Figure 4.2). These results suggest the presence of a
common retentive signal combined with a more species-specific attractive signal ; moreo-
ver, these results suggest that the aggregation cues given by these two species are very
similar and that at least one of the two species can detect and recognize the aggregation
cues given by the other. However, a symmetric relationship in which the two species are

able to recognize each other’s aggregation cues is possible.

In field conditions, various calliphorids larvae species are often observed in large aggre-
gates composed of thousands of individuals of different instars and species. This strong
aggregation behaviour is associated with an emerging property observed in large aggre-
gates and commonly named the larval-mass effect [45, 141]. The gathering of numerous

larvae in dense masses can create a local increase in temperature that can reach 20°C
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above ambient. This modification of the thermal environment by larval groups decreases
the duration of larval dependency on carrion (development time depends on tempera-
ture) and is considered one of the main benefits of gregarism in these species [44]. The
cooperation observed between the two studied species is consistent with the Allee effect
principle [7]. Aggregation behaviour allows larvae to reach a sufficiently large group size
to receive benefits, such as heat generation and enzyme production [44]. Accordingly, he-
terospecific aggregation will allow larvae to reach this sufficient group size, particularly if
the monospecific population is low. Such benefits can lead to an interspecific Allee effect.
Our study highlights the importance of cooperative effects in blowfly larvae through the
demonstration of active aggregation behaviour in conspecific and heterospecific groups.
In natural conditions, full competition between larvae does not exist because each larval
species has its own thermal preferences [121]|. Conversely, segregation of two gathering
species due to different thermal preferences has also been reported for closely related
species [121]. Similar experiments should be conducted with more individuals, which
will result in heat generation [174], and to study species segregation due to the specific
thermal preferences of the larvae [121]. The notion of gregariousness often implies coope-
ration and/or competition. These two behaviours are the most fundamental principles
that drive the evolution of social structures. The study of mixed-species groups offers
biologists an interesting approach for exploring the frontiers between cooperation and
competition in animal groups. Moreover, our results highlight that forensic entomolo-
gists should take into account the social behaviour of Diptera larvae, particularly the

group size of larval masses, when estimating time of death.
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4.9 Supplementary materials

FIGURE 4.6: Aggregation of necrophagous Diptera larvae on a pig cadaver
(Sus scrofa). This aggregation was composed of Calliphoridae larvae and was located
in a nostril (photo : J. Boulay).
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FIGURE 4.7: Test of the effect of the marking technique on the aggregation of
Lucilia sericata and Calliphora vomitoria larvae. a, In this series of experiments,
20 larvae were marked using Lumicyanot™ (filled dots) and 20 were not marked (white
dots) ; an experiment was performed for each tested species, and collective choice for
one spot was observed (Winner spot (W, blue lines); Loser spot (L, red lines)). For
L. sericata, the Winner spot sheltered 18 larvae, and the Loser spot had 9 individuals
(binomial test : p=0.03). For C. vomitoria, the Winner spot sheltered 35 individuals,
and the Loser spot only had 2 (binomial test : p<0.0001). b, Fraction of individuals
on the Winner spot during control experiments (in blue; sheltering marked and non-
marked larvae) and during monospecific conditions (in orange; mean fraction (+£SD)
of non-marked individuals; seen in Figure 4.2). The marking method did not influence
the aggregation dynamics of the intraspecific group composed by marked and non-
marked conspecific individuals. Such results indicate that the marking technique used
is non-invasive.



Chapitre 4. Interspecific shared collective decision-making in two forensically important
species 97

Video S3. Collective choice of a Lucilia sericata larvae group accelerated 20
times. In green : the Winner spot; in red : the Loser spot. The focal individual was

virtually marked by a white circle.

Video S4. Collective choice of a Calliphora vomitoria larvae group accelerated
20 times. In green : the Winner spot ; in red : the Loser spot. The focal individual was

virtually marked by a white circle.

Video S5. Collective choice of a heterospecific group accelerated 20 times.
Twenty Calliphora vomitoria larvae were marked using the Lumicyano® and twenty Lu-

cilia sericata larvae were non-marked.

a T=30min T=60min
0.8 0.8

0.6 0.6

0.4 0.4

8

=

L

E 0.2 0.2 { Nb of experiments

)

> 1

's" 0 . . . . . 0 . . . . .

-g_ 0 0.2 0.4 0.6 0.8 1 [ 0.2 0.4 0.6 0.8 1 2
b 8 0.4 - 0.4 - 4

=

o

c

o

;3 0.3 0.3

©

=

w

0.3 0.4 9 0.1 0.2 0.3 0.4

Fraction of Lucilia sericata

FIGURE 4.8: Repartition of the two studied species in heterospecific groups.
a, Fraction of individuals of each species on the Winner spot during the heterospe-
cific condition experiment (N=24) at t=30 min (linear regression : R?=0.44; t=12.7,
p<0.001) and t=60 min (R?=0.44; t=15.2, p<0.001). No differences were observed
between the mean fractions of Lucilia sericata and Calliphora vomitoria at t=30 min
(W=-26, p>0.5) and at t=60 min (W=50, p>0.1). b Fraction of individuals of each spe-
cies on the Loser spot during the heterospecific condition experiment (N=24) at t=30
min (linear regression : R?=-0.1; t=4.3, p<0.001) and t=60 min (R?*=-0.26; t=3.7,
p<0.001). No differences were observed between the mean fractions of L. sericata and
C. vomitoria at t=30 min (W=-58, p>0.1) and t=60 min (W=-66, p>0.1).
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5.1 Abstract

There is a clear recognition that local temperature controls the development time of
blowfly larvae (Diptera Calliphoridae). In this context, it has been supposed that each
species has an optimal development temperature characterized by a short development
time and high survival rate. Accordingly, the temperature felt by larvae during their de-
velopment on a corpse appears to be strongly dependent on behavioural regulation. We
hypothesized that the temperature selected by larvae may not only minimize their deve-
lopment time on the cadaver but also may result from a trade-off between development
quality and duration. According to this hypothesis, larvae of each species should select
the warmest temperature that allows them to develop normally. Consequently, the use
of ambient temperature or maximum maggot-mass temperature to estimate the develop-
ment time of larvae on a corpse would be meaningless. We designed the Thermograde,
which is an 80 cm long linear thermal gradient setup, to determine species-specific pre-
ferential temperatures. This experiment was performed using 3 different species : Lucilia
sericata (Meigen, 1826), Calliphora vomitoria (Robineau-Desvoidy, 1830) and Calliphora
vicina (Linnaeus, 1758). Eighty young third instars were homogeneously placed on the
Thermograde along with 500 g of mixed beef liver. The location of larvae in the thermal
gradient was observed after 19 h. Fifteen replications were performed for each species.
The larvae formed masses that were always located at the same species-specific tem-
peratures, which were 33.3+1.52°C for L. sericata, 29.614+1.63°C for C. vomitoria and
22.43£1.55°C for C. vicina. These innovative results reveal for the first time important
information concerning larval displacement and thermoregulation strategies. Our experi-
ments raise questions regarding the way larvae moved on the gradient and located their
preferential temperatures. Further studies need to be conducted on individual larva dis-
placement and thermoregulation strategies, which are also important for Post-Mortem

Interval (PMI) estimation in forensic entomology.

Keywords : Calliphora vicina - Calliphora vomitoria - Calliphoridae - collective choice -

develoment time - forensic entomology - Lucilia sericata - trade-off.
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5.2 Introduction

Necrophagous blowfly larvae (Diptera Calliphoridae) feed on decomposing remains, mostly
on vertebrate cadavers [200|. Like all poikilothermic species, the internal temperature
of larvae depends on the environmental temperature [136]; in other words, their phy-
siological processes are directly controlled by external heat. This is especially true for
development speed, which is directly linked to local temperature. Developmental curves
generally show a sigmoidal relationship : the development rate is close to zero at low
values, increases linearly over a medium range of temperatures, and then slows down at
higher temperatures until reaching a lethal point [201]|. For necrophagous blowflies, the
relationship between temperature and development time has been well-documented in
the context of forensic entomology [148, 202|. Restricting the development-time of necro-
phagous larvae on the cadaver seems to be essential to prevent food shortages because
of the ephemeral duration of animal carcasses in the field [33]. Furthermore, because the
probability of being predated or parasitized increases along with feeding duration on the
cadaver, faster development should limit predation or parasitism and increase the larval
survival rate [203]. Accordingly, we theorized that larvae would prefer temperatures that

speed up their development, thus minimizing the time they must spend on the carcass.

Various thermoregulation behaviours exist among insects. Because of their poikilothermic
physiology, insects select and move between specific micro-climates to adapt their body
temperatures [204]. For necrophagous larvae, a preferential choice for warm areas was
reported for larvae growing on carcasses that had both sunny and shady sides [205].

Conversely, larval escape from too-hot locations was also observed [45, 206].

This study was designed 1) to test the ability of necrophagous larvae to orientate in a
heterogeneous thermal environment and 2) to compare the temperatures selected by the
larvae of 3 common blowfly species. For this purpose, we designed an original setup we
named Thermograde. This setup consists of a food-supplied linear thermal gradient that
allows larvae to move, feed and grow in close-to-real conditions and to choose to stay
and feed at a given temperature (i.e., a location in the Thermograde). Three common
species of forensic importance were tested using this setup : Lucilia sericata (Meigen,
1826), Calliphora vicina (Robineau-Desvoidy, 1830) and Calliphora vomitoria (Linnaeus,
1758).
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5.3 Materials and methods

5.3.1 Thermograde

Larvae of three Diptera Calliphoridae species were used in this study; Lucilia sericata,
Calliphora vomitoria and Calliphora vicina. The first two strains originated from the
north of France, while the C. vicina strain originated from Belgium. Insects were reared
in tulle cages (50x50x50 cm). Inbreeding was controlled by introducing 50% wild-type
individuals. Adult flies (250+£100) from a single emergence pool were maintained at
2042°C with a daylight photoperiod and for a maximum of 30 days. Flies were fed ad
libitum with caster sugar and water. To allow egg-laying, 2045 g of mixed beef liver
was placed in a pill-box inside the insectariums. After egg-laying, the eggs were removed
and placed at 19°C in a climatic chamber (SANYO MIR, 554) in closed plastic boxes
(143x105x59 mm) with 100+5 g of mixed beef liver until reaching the third instar.
Corresponding development times for each species at 19°C were found on the ForenSeek
database (https ://www.forenseek.org) [148, 207, 208].

Experiments were performed under controlled conditions using the Thermograde, an
apparatus we designed to provide a linear thermal gradient (Figures 5.1 and 5.2). The
Thermograde is composed of a heating shelf and a gutter-like galvanized steel bar (5x5x80
cm). Fresh mixed beef liver (500 g) was spread inside the bar to create a 2 cm high food
layer. The heating shelf was placed underneath the bar to spread the heat along the bar
and obtain a linear thermal gradient inside the beef liver. The shape of this gradient was
controlled by changing ambient (i.e., outside the bar) temperature. I-button temperature
recorders (DS1921G Thermochron i-Button, £0.5°C) were placed every 5 cm (from 2.5

to 77.5 cm) to monitor the local temperature.

For each experiment, 80 young third instars were sampled from the rearing box and
starved in a pill-box for 4 hours at 19°C [178|. This number of insects was previously
shown to be sufficient to allow aggregation [91] yet small enough to prevent larval-mass
effect and thus heat emission [45, 174]. After starvation, larvae were spread on the beef
liver inside the bar in a homogeneous manner (one larva every centimetre). Finally, the

bar was closed with an opaque black plastic cap (5.5x3x80 cm).

Experiments were stopped after 19 hours; according to developmental data for the 3
species, this duration was short enough to prevent larvae reaching the wandering stage
[148, 207, 208|. The cover was removed, and the Thermograde was divided into 5 cm
sections. The beef liver inside each section was removed, and the larvae inside were
counted. The temperature values recorded during the experiment were extracted from

the temperature recorders. Fifteen replicates were performed for each species.



Chapitre 5. Thermoregulation in gregarious Dipteran larvae : evidence of
species-specific temperature selection 104

In addition, 2 control experiments were performed on L. sericata. The first control ex-
periment used the Thermograde without heating (Control 1) (i.e., homogeneous tempe-
rature, 20+£1°C) to test the distribution of the larvae inside the Thermograde (6 repli-
cations). The second control (Control 2) was designed to ensure that heating had not
affected the beef liver’s nutritional value [209]. Indeed, it can be supposed that larvae
might select a given heated area according to the effect of temperature on the nutrient
quality of food. For this purpose, 'cooked’ liver (37°C over 19 h) was used instead of
fresh beef liver to create the thermal gradient. By doing this, we obtained the same ther-
mal gradient created during the regular (non-control) experiments, but with previously

heat-exposed meat. Fifteen replications were performed.

Thermal gradient for each species
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FIGURE 5.1: The 3 thermal gradients used to test thermal preferences of the species.
Points represent the mean temperature (£SD) inside the food substrate (beef liver)
according to their locations inside the Thermograde and the species studied
(N=15 for each species).
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FIGURE 5.2: Thermic photography of the Thermograde for L. sericata in Celcius
degrees (Camera FLIR T425, 320x240 pixels).
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5.3.2 Binary choice

The purpose of this experiment was to test whether the larvae in the Thermograde
selected an area based on local temperature or because of food quality resulting from

heating.

The setup was composed of two translucent pill-boxes (150 ml, diam. x h : 57x73 mm)
closed with a screw cap drilled with 1 mm holes and connected with a 40 mm long
translucent plastic pipe (Figure 5.3). Forty grams of unfrozen beef liver, previously heated
for 19 hours at either 33°C or 37°C, were placed in each pill-box. The quantity of food
in the pill-boxes was selected to expect a 100% survival rate according to Ireland and
Turner [31]. Twenty larvae previously starved for 4 h at 19°C [178] were deposited inside
each of these two pill-boxes for a total of 40 larvae per setup. The entire setup was
placed in a climatic chamber (SANYO MIR, 554) at 19°C for 19 h. The pill-boxes and
tube were then disassembled, and the larvae inside each of the 3 compartments (the right
and left pill-boxes and the tube) were counted. The setup was kept at 19°C during all
experiments, but the liver was heated to varying temperatures before the experiments
began. Three liver-temperature conditions were tested : 33°C vs. 33°C (i.e., 33°C control,
N=15), 37°C vs. 37°C (i.e., 37°C control, N=15) and 33°C vs. 37°C (N=15).

57 mm 40 mm 57 mm

A
Y

A
v
A
v

73 mm

Fy
10 mm

Beef liver Beef liver
A\ %4 K o

FIGURE 5.3: Scheme of the binary-choice setup. Beef liver was heated at 33°C or 37°C
for 19 h before experiments. After the beef liver had cooled to 19°C, twenty L. sericata
larvae were placed in each side, and the setup was kept at 19°C for 19 hours.

5.3.3 Statistical analysis

Statistical tests with a significance threshold at 0.05 were used to analyse the results,
using XLStat (Addinsoft) software. A chi-square test was used for the larval distribution,
and Fisher’s test was used for the distribution of the aggregates. A Shapiro-Wilk’s test
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and a Bartlett’s test were performed to analyse the mean selected temperature’s distribu-
tion and homoscedasticity. An ANOVA and post-hoc Tukey’s and Dunnett’s tests were
performed to compare the mean survival rate and the mean selected temperature between
species. Finally, a z test was performed to analyse binary choice for each replication, and

Student’s t-test was used to compare the mean number of individuals.

5.4 Results

Our setup was designed to allow larval thermal choice under non-stressing rearing condi-
tions. The repartition of L. sericata larvae in the Control 1 condition significantly differed
from a homogeneous distribution (X? test : p<0.0001). During each replication, most lar-
vae were observed aggregated together in a single mass. The location of this mass in the
setup differed between replicates, but did not statistically differ to a random location (Fi-
sher’s test : p=0.82). In other words, without heating (i.e., homogeneous temperature),
larvae aggregated together inside the Thermograde, but the location of the aggregate va-
ried between experiments and was not preferentially located in a given area (Figure 5.4).
When heating was turned on, the thermal gradient inside the Thermograde was close to
linear, with a loss of temperature equal to 1.77°C, 1.77°C and 1.65°C per centimeter for,

respectively, L. sericata, C. vomitoria and C. vicina (Figure 5.1).

Replication

1 55
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Distance(cm) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

FIGURE 5.4: Percentage of larvae in each section of the Thermograde according to
replication (Control 1). In pale gray, low density of larvae, in dark, high density.

Only a few larvae died during experiments. The mean survival rate was 78.42+14.41%
for L. sericata, 87.33+9.40% for C. vomitoria and 87+6.57 for C. vicina. No difference
existed between the survival rates of the tested species and the L. sericata survival rate in
Control 2 (ANOVA : F=2.12, p=0.11; Tukey’s procedure : L. sericata vs. C. vomitoria :

p=0.16, L. sericata vs. C. vicina : p=0.14, C. vomitoria vs. C. vicina : p=1).
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The results showed that L. sericata, C. vomitoria and C. vicina’s aggregates (X2 test :
p<<0.0001) were not randomly located on the thermal gradient (Fisher’s test : L. sericata :
p=0.01; C. vomitoria : p=0.002, C. vicina : p<0.0001). Larvae of each species were pre-
ferentially observed in a species-specific location corresponding to a given temperature
(Figure 5.5). L. sericata larvae were found located at 33.3+£1.52°C while C. vomitoria
larvae were found at 29.61+1.63°C and C. vicina larvae at 22.584+1.55°C. These tempe-
rature values differed significantly between the 3 species (ANOVA : F=144.60, p<0.0001 ;
Tukey’s procedure : L. sericata vs. C. vomitoria : p<<0.0001, L. sericata vs. C. vicina :
p<0.0001, C. vomitoria vs. C. vicina : p=0.0001).

C. vicina cona| +
C. vomitoria es oo os o mo} + Y
L. sericata | o mess secsccs ' + i
1 1 f f 1 f f f i
10 15 20 25 30 35 40 45 50 55

Temperature (°C)

FIGURE 5.5: Box plots representing the location of the larvae according to the tem-

perature gradient inside the Thermograde. The vertical bar inside the box represents

the median, the cross represents the mean, and the dots represent outliers, i.e., isolated
individuals not located in the aggregate.

The larval distributions were normal (Shapiro-Wilk’s test : L. sericata : W=0.96, p=0.45;
C. vomitoria : W=0.96, p=0.287; C. vicina : W=0.96, p=0.45), and the variance around
the mean did not differ according to species (Bartlett’s test : p=0.88) (Figure 5.6).

Finally, the repartition of L. sericata larvae in Control 2 differed significantly from a
homogeneous distribution (X2 test : p<0.0001). Larvae were observed aggregated at a
mean temperature of 33£1.56°C (Fisher’s test : p=0.01), which was not different from L.
sericata’s selected temperature during the raw meat experiments (Dunnett’s procedure :
p=0.91). Last, we observed a survival rate of 83.2546.88%, which was also no different

from the raw meat experiments (Dunnett’s procedure : p=0.65).

Each replicate was divided into one 'winner’ pill-box (the one with more larvae inside)

and one ’loser’ pill-box (Figure 5.7). We determined the winner and loser pill-boxes
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FIGURE 5.6: Distributions of larvae as density inside the Thermograde for each species
according to temperature.

according to the number of individuals in each pill-box for each replication by comparing
the single proportion with a z test. Three replications (out of 15) were not significant
for the 33°C control, four for the 37°C control and four 33 vs. 37°C experiments. These

not-significant choices were removed from statistical analysis.

In the 33°C control, the 37°C control and the 33 vs. 37°C experiments, we noticed that
the mean percentage of individuals was higher in winner pill-boxes, with 80.59% vs.
19.41% for 33°C control (Student’s test : p<0.0001), 86.21% vs. 13.79% for 37°C control
(Student’s test : p<<0.0001) and 83.58% vs. 16.42% for 33 vs. 37°C experiment. Finally,
we noticed that for the 33 vs. 37°C experiment, the 33°C pill-box won 49.12% of the
time, while the 37°C pill-box won 50.88% of the time — that is, 33°C was the winner
5 times and 37°C was the winner 6 times. This did not differ from an equal (fifty-fifty)
repartition (z test : p=0.76; X2 test : p=0.90). Last, the mean percentage of individuals
was the same in both 33°C and 37°C pill-boxes (Student’s test : p=0.939) and did not

show larval preference for a given food substrate.
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FIGURE 5.7: Mean percentage of individuals (£SD) according to experimental condi-
tions. A. Controls (33 vs. 33 and 37 vs. 37) and experiment (33 vs. 37) facing winner
(white) and loser (black) pill box. B. 33 vs. 37°C.

5.5 Discussion

This study is the first observation of collective preferential temperature selection by 3
species of necrophagous larvae of forensic importance. The highlight of this study was
that the larvae of each species were able to locate and select a preferred species-specific
temperature. These values were 33.3+1.52°C for L. sericata, 29.6+1.63°C for C. vomitoria
and 22.43+1.55°C for C. wvicina. Such a clear result raises interesting questions regarding

developmental physiology and trade-off selection in necrophagous larvae.

It is known from the literature that a measurable increase in temperature can arise inside
aggregates (larval-mass effect) [45, 141]. Such local heating begins with an aggregate of
approximately 1000 third instar individuals and increases with the quantity of larvae
[174]. During our experiments, the number of larvae was kept low enough to prevent
this phenomenon, and thermometers inside the bar did not record any local increase of
temperature in the places where larvae were aggregated. Accordingly, any maggot-mass
effect in our experiment can be excluded. One might also object that the larvae did not
select a given temperature but instead selected a food quality. According to this view, the
nutritional value of the beef liver should change depending on its temperature and ac-
cording to species. However, considering L. sericata, no preference was observed between
experiments with raw or 37°C-incubated food (Control 2). Furthermore, binary-choice
test experiments did not show any larval preference between 33°C- or 37°C-incubated
food ; larvae were gathered at both temperatures and at the same mean percentage. We
concluded from these experiments that larval distribution in the Thermograde was due

not to differences in food quality, but to preferential temperature selection.
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Larvae were able to aggregate and gather themselves into a single group inside the
Thermograde [44, 91]. Under Control 1’s conditions (204+1°C homogeneous temperature,
no heating), these aggregates were located randomly throughout the apparatus. This
control demonstrates that the distributions observed in the gradient experiments were
not due to setup bias or increased probability to cross and aggregate in the middle of
the Thermograde. On the contrary, for the 3 tested species, aggregates clearly occurred
in different areas of the Thermograde at given species-specific temperature values. In
addition to the well-known larval aggregation behaviour [91], our results demonstrate
for the first time the search and collective choice behaviour of necrophagous larvae for
a given temperature. A key point is that this temperature differed between the three
studied species; the selected temperature was highly species-specific. Indeed, while L.
sericata larvae were always found strongly grouped at approximately 33.3+1.52°C, C.
vomitoria larvae aggregated in the 29.61+1.63°C part of the Thermograde, and C. vicina
larvae were found located at 22.434+1.55°C.

In a recent study, Johnson et al. [210] studied larval temperature selection of two necro-
phagous species, C. vicina and Chrysomya rufifacies (Macquart, 1842). Using a thermal
gradient created with a heating spot and a cold bath, the authors observed three times
the selection of third instar larvae placed in the setup. The larval-selected temperature
was defined as the value where larvae stopped and stayed after 2 hours ; the temperature
at this point was then measured. According to this protocol, Johnson et al. [210] ob-
served that C. vicina larvae selected 'temperature approximately 24.5°C’. This value is
2°C above the one we measured (22.43°C). This difference may be explained by the few
replicates performed (only 3 with 3" instar), the exactness of the thermal gradient used
(the temperature was known each 10 cm in a range of 23°C to 54°C) or by differences
between the two studied insect populations. Indeed, the Calliphora vicina larvae studied
by Johnson et al. [210] came from Australia, while those used for this study came from
Belgium. It is known from the literature that local fly populations are morphologically
and physiologically adapted to their environment [211-213]. For example, differences
exist in the diapause and low-temperature survival rates between Scottish, Finnish and
Italian populations of C. vicina [52]. C. vicina from Switzerland have even been shown
to develop in extremely cold environments that are usually not suitable for this species
[214].

The reasons behind the temperature choices by each species are still unknown. Larvae
feeding and growing on carrion face high selection pressure [215]. This is noticeably true
during feeding stages; decomposition processes can alter flesh within a few days, and
quick drying of the tissues can make cadavers inedible for blowfly larvae [216]. Last but
not least, numerous opportunistic scavengers, such as wild boars, foxes or crows, can

eat small cadavers or deflesh larger ones in a few minutes [217]. Bearing this in mind,
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it appears that larvae should tend to minimize their development duration and thus
the time spent on the cadaver. This can be achieved by individuals moving to high-
temperature areas and thus increasing their development rate [148]. According to this
assumption, larvae of each species should select the warmest temperature allowing their
development. However, developmental data currently available from the literature do not
validate this hypothesis. Indeed, published developmental data are mostly restricted to
low- or medium-temperature ranges ; only a few values are available for high temperature.
Reiter [218] noticed that when constant temperatures were beyond 30°C, C. vicina larvae
were deformed and or died. Donovan et al. [211] reported a larval lethal temperature for
C. vicina of 35°C, more than 10°C above the value larvae selected in the Thermograde.
However, we hypothesized that the temperature preferred by larvae would not be selected
solely to minimize development time on the cadaver, but instead may result from a
trade-off between development quality and duration. Indeed, temperature controls not
only the physiology of the larvae and their development rate [136] but also the quality
of their growth and thus their fitness. Larvae growing under too-warm temperatures
could be malformed or too small [218], and physiological parameters, such as respiration
or eggs, may also be impacted [219]|. Such effects are even transmitted to the second
generation : Zamudio et al. [220] demonstrated that Drosophila melanogaster (Meigen,
1830) fitness depends on parental rearing temperature. Detailed developmental data
(duration, survival rate, length and weight) at high temperature would thus be necessary
to verify our developmental trade-off hypothesis; breeding experiments are currently
being performed in our laboratory to gather developmental data at high temperature for

the 3 species targeted by this study.

Finally, our experiments raise questions regarding the way larvae moved on the gradient
and located their preferential temperature. From our results, it is not possible to deter-
mine whether the aggregate was created by the sum of individual thermal preferences,
or whether larvae first aggregate and then move together. Previous studies of maggot
masses noticed a turnover of larvae inside masses, a behaviour that supposedly allows lar-
vae cooling and prevents overheating of the aggregates [178, 221]. Further studies need to
be conducted on individual larvae displacement and thermoregulation strategies, which

are also important for post-mortem interval (PMI) estimation in forensic entomology.
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“L’égalité, la seule égalité en ce monde, ’égalité devant l’asticot.”

Jean-Henri Fabre (1823-1915)
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6.7 Les larves nécrophages : un nouveau modéle d’étude

Les larves nécrophages de Diptéres étaient jusqu’a présent étudiées principalement en
entomologie forensique, un cadre scientifique & visée applicative immédiate. En effet,
ces insectes sont d’importance en entomologie forensique car ils arrivent trés tot sur
un cadavre et sont donc utilisés par les experts pour effectuer une datation du décés
(calcul de 'Intervalle Post-Mortem minimum (IPMmin); cf. Introduction 0.6.2.2). Des
études physiologiques sur le développement des larves ont été nécessaires pour affiner ces
techniques de datation. Ces études ont permis, entre autres, de connaitre les durées de
développement en fonction de la température [148|, I'impact de la qualité nutritive d’une
ressource sur les larves [31] ou encore les effets des produits chimiques sur leur dévelop-
pement [222|. La physiologie des larves est donc bien connue, mais leur comportement

reste encore peu étudié, comme le souligne Rivers et al. [44] dans leur revue.

Notre approche éthologique améne une vision nouvelle de la vie de ces insectes, et aborde
notamment des questions fondamentales. 1.’étude des comportements collectifs des larves
nécrophages s’ajoute a celle faite sur d’autres espéces sociales comme les blattes [223],
les fourmis [28], les poissons [224] ou encore les oiseaux [189]. Les larves nécrophages sont
un modéle biologique inédit offrant des perspectives intéressantes dans ce cadre d’étude.
En effet, 'observation quasi systématique de groupes hétérospécifiques et la capacité
des larves & modifier leur environnement de maniére significative permettent I’étude de
plusieurs phénoménes comportementaux et évolutifs. Parmi ces phénoménes, on peut
notamment citer les phénoménes de coopération-compétition qui peuvent exister entre

deux espéces appartenant & un méme groupe social (cf. Chapitre 1).

6.8 L’individu

Nos études réalisées sur le comportement individuel offrent un apercu des mécanismes qui
sous-tendent la formation et le maintien des groupes de larves. L’un de ces mécanismes
étant le signal déposé au sol passivement par les larves et reconnu par les congénéres. Ce
type de marquage chimique tactile a été décrit chez plusieurs espéces d’insectes comme
les fourmis [225] ou encore les coccinelles [129]. Les molécules responsables de cette

reconnaissance sont généralement des hydrocarbures cuticulaires.

6.8.1 Attraction/rétention du signal larvaire

Nos tests de choix binaire ont mis en évidence le dépdt au sol passif d'un composé chi-

mique (cf. Chapitre 2). Ce dépot a un effet d’attraction et de rétention sur les congénéres
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[91]. De plus, les larves sont capables, via le scanning, de détecter ce signal et de le suivre
(cf. Chapitre 3). Ces observations suggérent que ce signal larvaire serait impliqué dans
I’agrégation de ces espéces. Cette attraction a trés courte distance nécessite d’étre testée
& plus grande distance & ’aide d’olfactométres, comme ce qui a été fait chez le lombric
[226]. Zirbes et al. [226] ont observé une capacité des lombrics a détecter a distance et a

rejoindre les signaux volatils émis par des congénéres.

Des tests complémentaires de choix binaires (cf. Annexe A, expérience 2 du Chapitre
2) ont montré que des larves de Calliphora vomitoria passent significativement plus du
temps dans une zone ou 10 larves de Lucilia sericata avaient été laissées pendant 10min
(comparativement a une zone vierge de dépot). Ce résultat suggére une reconnaissance
interspécifique du signal ainsi que la conservation de son effet attractif/rétentif chez une
espéce proche. Une telle reconnaissance est nécessaire pour 1’établissement et le maintien
des groupes contenant plusieurs espéces (cf. Chapitre 1). La proximité anatomique des
organes sensorielles des larves entre les espéces (cf. Introduction 0.6.3.1, [41]) et 'observa-
tion d’un méme comportement exploratoire caractéristique (scanning) laissent & penser
que la reconnaissance du signal larvaire seraient sous tendue par les mémes mécanismes
physiologiques et comportementaux, favorisant ainsi I’existence de vecteurs d’agrégation

interspécifiques.

6.8.2 Identification du marquage chimique

Une premiére analyse chromatographique du signal larvaire a été entreprise chez Lucilia
sericata avec I'équipe du Pr. Georges LOGNAY (Départ. Chimie Analytique, Agro-Bio-
Tech Gembloux). Les résultats ont montré une composition largement dominée par le
cholestérol (Cholest-5-en-3-0l(33); cf. Annexe A). Les tests comportementaux prélimi-
naires n’ont pas mis en évidence d’attraction/rétention significative des larves pour ce
composé (protocole basé sur expérience 2 du Chapitre 2). Des tests plus approfondis
seraient nécessaires pour identifier précisément chaque composé chimique et les tester
sur les individus. Des études d’identification des hydrocarbures cuticulaires ont déja été
réalisées chez les larves nécrophages de Diptéres [227, 228|, mais, & I’heure actuelle, la

composition chimique du dépo6t laissé par les individus n’est pas connue.

Dans un premier temps les composés lourds seraient identifiés via une chromatographie
en phase gazeuse. Puis dans une seconde étape, les composés volatils seraient analysés
suivant le protocole de Frederickx et al. [229]. En effet, si l'effet rétentif du signal est

vraisemblablement porté par des molécules lourdes (i.e. longues chaines carbonnées qui
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restent au sol), nous pouvons penser que l'effet attractif serait supporté par les molé-
cules volatiles. Des tests comportementaux d’attraction et de rétention avec les composés

identifiés permettraient ainsi de mettre en évidence les molécules impliquées.

D’apreés nos observations en individuel et en collectif d’une reconnaissance interspécifique
des vecteurs d’agrégation (cf. Chapitre 4), une analyse comparative des profils chroma-
tographiques des signaux déposés par L. sericata et C. vomitoria est une approche a
privilégier. En effet, elle permettrait d’identifier les composés en communs et de les tes-

ter en priorité sur les individus des deux espéces dans des tests de choix.

6.9 Le groupe

Le comportement d’agrégation des larves semble étre une réponse adaptative efficace
face aux contraintes liées & cet environnement particulier qu’est le cadavre. En effet,
un cadavre est un milieu instable, & haute valeur nutritionnelle donc compétitif mais
éphémére. A I'heure actuelle, deux bénéfices de I'agrégation sont bien connus et étudiés
dans la littérature : la génération de chaleur [45, 141] et la production accrue par le
nombre de liquides d’excrétion/sécrétion riches en enzymes et en antibiotiques [46, 82].
Rivers et al. [44] avancent d’autres bénéfices liés a I’agrégation, notamment une protection
contre les prédateurs, une limitation de la dessiccation et une meilleure assimilation de la
nourriture. Bien que ces avantages soient, au regard d’autres études sur les agrégations
d’arthropodes [57], intuitifs, ils n’ont pas été mis en évidence expérimentalement. Tout
comme ces bénéfices, les mécanismes qui sous-tendent la stabilisation des masses larvaires

sont méconnus et peu étudiés.

Nous avons vu que le comportement d’agrégation des larves est trés marqué et que la
formation des groupes est rapide (cf. Chapitres 2 et 4). Nos résultats ont démontré que
I’agrégation des larves était active et n’était pas seulement la résultante de ’agrégation
des pontes par les femelles [36]. Dans nos expériences, un comportement de thigmo-
tactisme positif a été observé (cf. Chapitre 2), comportement également présent chez
d’autres espéces d’arthropodes (e.g. cloportes [157] ou acariens [160]). Ce comportement
peut expliquer la localisation proche des parois de 'aréne de ’agrégat observé en début
d’expérience (cf. Chapitre 2). En revanche, aprés 24h, 'agrégat s’était déplacé, suggérant
un thigmotactisme interindividuel plus important dii fait d’'un nombre d’individus accru
présents au sein du groupe. Ce mouvement régit par le contact entre individus est égale-
ment observé chez les criquets grégaires [17]. Ces insectes forment d’immenses agrégats
pouvant contenir des milliers d’individus ravageant les cultures [230, 231|. Ces bancs de

criquets peuvent prendre différent patterns : I'espéce Chortoicetes terminifera (présente
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en Australie) forme un groupe avec un front dense alors que 'espéce Locustana parda-
lina (présente dans le sud de I’Afrique) est observée en bancs formés par des colonnes
d’individus. Les mécanismes aboutissant & ces patterns restent méconnus (e.g. impact
de la végétation, comportement individuel) mais la démarche de ces auteurs alliant mo-
délisation mathématique et observations en laboratoire/terrain est intéressante. Cette
démarche offre une piste de recherche supplémentaire pour 1’étude du comportement

d’agrégation des larves nécrophages.

6.9.1 Dynamique d’agrégation

Les dynamiques de choix observées avec des groupes monospécifiques (cf. Chapitre 4)
sont comparables a celles retrouvées chez les blattes [159, 232] ou les cloportes [157].
Un choix clair pour un site d’agrégation est fait en quelques minutes par les larves (en
moins de 5min, 50% des individus ont sélectionné un spot) et ce choix est maintenu dans
le temps. Cette prise de décision collective peut étre définie comme étant une décision
consensuelle selon Conradt et Roper [30]. En effet, aucun conflit intérét! n’est observé et
au vu des organes sensoriels des larves et de leur sensitivité (cf. Introduction 0.6.3.1), une
communication au niveau local? est & privilégier. Ces caractéristiques aboutissent, selon
Conradt et Roper [30], & une décision collective classée de consensuelle. Les mécanismes
régissant ce type de décision sont ceux de I'auto-organisation (cf. Introduction 0.3). Des
études comportementales restent cependant a réaliser pour étayer I'idée d’un systéme
auto-organisé. Par exemple, 'existence d’un éventuel quorum?® pourrait étre analysée en
faisant varier le nombre d’individus placés dans I'aréne (e.g. 10, 20 ou 30 individus). Les
études sur les blattes sont un bon exemple de ce phénoméne et un modéle de comparaison

intéressant [159, 164].

Notre travail a mis en évidence la dynamique d’agrégation d’un groupe composé de deux
espéces (cf. Chapitre 4). Un choix collectif pour un site est observé, mais ce choix se fait
plus lentement qu’avec un groupe composé par une seule espéce (cf. Chapitre 4). Ces
observations laissent sous entendre que les deux espéces de larves partagent les mémes
mécanismes d’agrégation, ou du moins une partie. Une reconnaissance interspécifique du
signal déposé par les larves est notamment suggérée (cf. Chapitre 2). Cette reconnaissance
interspécifique serait moins efficace qu’une reconnaissance intraspécifique, créant une
dynamique d’agrégation du groupe plus lente (comme observée). Cela laisse également a

penser que ces 2 espéces pourraient, en conditions naturelles, coopérer pour aboutir a des

1. Conflit d’intérét : apparait quand un individu ou une organisation est impliquée dans de multiples
intéréts, I'un d’eux pouvant corrompre la motivation & agir sur les autres

2. Communication locale : les membres d’un groupe ne peuvent communiquer qu’avec leur plus proche
voisin [30].

3. Quorum : nombre minimum d’individus nécessaire pour prendre ou favoriser une action particuliére
influencant ’ensemble du groupe a adopter cette action.
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tailles de groupe suffisamment importante, probablement dans le but ultime d’obtenir les
bénéfices liés a I'agrégation (effet Allee). Des études similaires réalisées en faisant varier la
quantité de ressources et le nombre d’individus de chaque espéce permettraient d’étudier
une éventuelle limite entre coopération et compétition. De plus, ce type d’études offrirait
une vision des phénoménes d’exclusion/ségrégation entre les espéces observées dans la

nature (cf. Chapitre 1).

Une telle ségrégation peut étre impactée par la température locale. Nous avons observé
que chaque espéce avait un préférendum thermique (cf. Chapitre 5). Comme prochaine
étape, il serait intéressant d’observer deux populations de larves d’espéces différentes
placées sur le gradient thermique utilisé dans I’étude du Chapitre 5 (Thermograde).
Ce type d’expérience, actuellement en cours au laboratoire (thése de C. AUBERNON),
permettra d’étudier la place du comportement social face aux préférences thermiques
des larves. Est-ce qu'une ségrégation du groupe va étre observée avec chaque espéce
présente au niveau de sa température préférentielle? Ou a l'inverse un groupe mixte
formé a une température intermédiaire? Si une ségrégation est observée, la recherche
d’une température préférée passerait en priorité sur la formation d’un groupe mixte.
La température serait un vecteur d’agrégation lié a ’espéce. A contrario, si un groupe
interspécifique est formé cela supposerait que les larves cherchent dans un premier temps
a s’agréger avec des congénéres méme si la température recherchée est & proximité. Cette
derniére observation supposerait que les vecteurs d’agrégations interspécifiques, autre que
la chaleur, seraient prédominants sur la température. Ce compromis entre agrégation et
température est une piste de recherche intéressante et novatrice qui permettra de mieux

comprendre les avantages recherchés par les larves.

6.9.2 Attraction/rétention du groupe

Les phénomeénes d’attraction/rétention que peut avoir un groupe sur un individu sont &
la base de I’émergence des systémes complexes. Ils sont observés chez les blattes [223,
233], les cloportes [157] ou encore les chenilles [87]. Ces phénomeénes conduisent a des
amplifications du systéme (cf. Introduction 0.4), ces mécanismes étant liés aux structures

auto-organisées.

L’effet attractif permet a la larve de localiser, plus ou moins a distance, le groupe. Dans
notre systéme larves/sites de nourriture (cf. Chapitre 4), le suivi d’un individu met en
évidence a la fois une attraction et une rétention du groupe. Des tests préliminaires
ont montré qu'une larve de Lucilia sericata était également attirée par un groupe de
congénéres présent a distance. Dans un olfactométre & deux branches avec pour choix

un groupe de 40 individus et un témoin (vide), les larves ont choisi dans 100% des essais
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la branche contenant le groupe (cf. Annexe A). Ce résultat préliminaire sous-tend une
attraction & distance du groupe sur l'individu. Ce type d’effet a été mis en évidence chez

les groupes de blattes [234] ou encore les lombrics [226].

L’effet rétentif va maintenir la cohésion sociale entre les membres du groupe. Basés sur le
modele blatte [223], des tests comportementaux ou la taille du groupe va varier vont nous
permettre de complémenter notre observation d’un tel effet chez les groupes de larves (cf.
Chapitre 4). Associés a leffet attractif du groupe (recherche de congénéres), ces effets ré-
tentifs amplifient le systéme et aboutissent & la formation des structures auto-organisées.
Il convient, cependant, de garder & ’esprit que des phénoménes d’encombrement peuvent
étre observés au sein des agrégats, se traduisant par une bousculade permanente pour

laccés a la nourriture (scramble competition [44]).

6.10 La modélisation comme prochaine étape

Notre étude est la premiére étape vers une compréhension plus globale des groupes inter-
spécifiques. En effet, dans leur ouvrage de référence, Camazine et al. [14] proposent une
méthodologie & adopter lors de I'étude des comportements collectifs (appelée bottom-up ;
Figure 6.8). Ils présentent 4 étapes : (i) la description du phénomeéne collectif et notam-
ment sa dynamique, (ii) I'identification des comportements individuels et des interactions
interindividuelles qui permettent d’expliquer la dynamique collective, (iii) la formulation
d’un modéle sur la base des régles comportementales caractérisées précédemment, et
enfin (iv) la comparaison entre la dynamique collective obtenue avec le modéle et celle
acquise expérimentalement. Cette démarche montre bien le va-et-vient nécessaire entre
les observations expérimentales et la modélisation mathématique. Ce cycle de travail

ameéne a une meilleure compréhension du systéme collectif étudié.

La modélisation mathématique a ceci d’avantageux qu’elle permet de caractériser 1'or-
ganisation et la structure d’'un groupe composé d’une multitude d’individus avec un
nombre d’événements (e.g. interactions sociales) important. Elle offre plusieurs avan-
tages a 'utilisateur une fois celle-ci fidéle aux observations expérimentales. Elle permet
d’avoir un nombre de réplications bien plus important qu’en conditions expérimentales
et de faire varier les parameétres aisément (e.g. taille du groupe ou nombre d’abris). Outre
ces avantages, la modélisation mathématique, couplée & la simulation, permet de déter-
miner les vecteurs nécessaires et suffisants pour produire les phénomeénes observés. Cette
démarche simplifie la compréhension des systémes complexes. Des premiéres réflexions
sur cette étape ont été entamées avec G. SEMPO et A. CAMPO (Unité d’Ecologie Sociale,

ULB), et offriront une base de travail pour une étude de modélisation.
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Observations et

expériences
Phénomeéne Identification
collectif des éléments du systéme
et des interactions

Comparaison Hypotheses sur
expérience/modéle les mécanismes

Prédictions Formulation

des hypothéses des hypothéses
et du modéle et du modéle

Tests expérimentaux
et résolution du modéle

FIGURE 6.8: Schéma présentant les différentes étapes lors de I’étude des comportements
collectifs (tiré de Camazine et al. [14]).

6.11 Perspectives en entomologie forensique

Ce travail de thése a mis en évidence l'aspect fondamental de la vie sociale chez les
larves nécrophages de Diptéres, des espéces d’importance en entomologie forensique.
Ces groupes sociaux impactent de maniére significative le développement des larves.
Lors d’une expertise judiciaire, il est primordial pour I'expert entomologiste de connaitre
les conditions dans lesquelles se sont développées les insectes retrouvés sur un corps
(e.g. température, présence de substances toxiques, etc.). Ces conditions de vie vont
directement affecter les durées de développement des insectes et donc la datation du
déceés. A I'heure actuelle, 'impact des conditions locales et du comportement larvaire ne

sont que trop rarement pris en compte.

Il est facile d’imaginer qu’'une larve de Diptéres prélevée sur un cadavre au sein d’'un
groupe de quelques individus n’aura pas eu accés aux mémes bénéfices liés au groupe
qu’une larve extraite au milieu de milliers. Cette derniére aura bénéficié, entre autres,
du dégagement de chaleur (i.e. génération significative observée avec des groupes au-

dela de 1000 individus [175]) accélérant son développement. Il est donc nécessaire de
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mettre en place des outils, qualitatifs dans un premier temps, permettant d’intégrer la
variabilité due au comportement social des larves nécrophages lors d’une découverte de
cadavre. Une fois nos connaissances approfondies sur 'impact de la taille du groupe
sur le développement des larves, des outils quantitatifs viendront s’ajouter. Ces outils
permettront, in fine, d’affiner les techniques actuelles de datation entomologique du décés

en tenant compte du comportement social des larves nécrophages.

6.12 Conclusion

Pour conclure, ce travail a mis en évidence les dynamiques de formation des groupes et
les mécanismes qui sous-tendent ces regroupements des larves nécrophages de Diptéres.
Ce grégarisme impacte de maniére significative la vie de ces insectes. La démarche expé-
rimentale de va-et-vient entre le comportement individuel et collectif des larves adoptée

dans ce travail ouvre & des études éthologiques et de modélisation futures.

Un agrégat de plusieurs milliers de larves sur un cadavre peut étre vu comme un im-
mense estomac (une idée avancée par D. CHARABIDZE). En effet, un groupe de larves
nécrophages va produire des enzymes [82], générer de la chaleur [45], modifier localement
le pH et les populations bactériennes, et avoir une action mécanique. Ces différents élé-
ments sont également retrouvés dans nos estomacs lors de la digestion. En s’agrégeant en
immenses groupes interspécifiques, les larves recréent donc des conditions propices a la
liquéfaction des chairs et & leur assimilation, favorisant ainsi le développement de chaque
individu et l'exploitation rapide d’une ressource complexe. Si on se référe a la défini-
tion de l’auto-organisation de Sumpter [54] : Le principe central de [’auto-organisation
est que les interactions simples répétées entre les individus peuvent produire des modéles
adaptatifs compleres au niveau du groupe, le modéle adaptatif complexe d’un immense
estomac semble pertinent. Avec 'apport de la modélisation mathématique et de la si-
mulation, cette théorie laisse entrevoir des avancées significatives et inédites sur notre

compréhension actuelle des comportements collectifs comme stratégies adaptatives.
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Annexe A

Résultats complémentaires

A.1 Tests de choix binaires
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F1cURE A.1: Combinaisons de choix binaires additionnelles & I’étude de Boulay et al.
[91] (cf. Chapitre 2). Différence du temps (moyenne +SD) passé les larves de Lucilia
sericata & jetn (gris) et nourries (blanc) sur les signaux (moitié¢ d’une zone) dans un
test de choix binaire en individuel. La différence moyenne a été obtenue en soustrayant
le temps passé sur le signal placé a droite de la figure a celui passé sur le signal placé a
gauche. Si la différence est positive, les individus ont passé en moyenne plus de temps
sur le signal placé a droite et inversement si la valeur est négative. Plus de détails
sur le protocole sont a retrouver dans Boulay et al. [91]. Les astérisques indiquent les
différences significatives entre les zones (tests de Wilcoxon, N=20).
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Ca k i J Lu
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FIGURE A.2: Différence du temps (moyenne £SD) passé les larves de Lucilia sericata
(en noir) et Calliphora vomitoria (en blanc) sur les signaux (moitié d’une zone) dans un
test de choix binaire en individuel. La différence moyenne a été obtenue en soustrayant
le temps passé sur le signal placé a droite de la figure & celui passé sur le signal placé a
gauche. Si la différence est positive, les individus ont passé en moyenne plus de temps
sur le signal placé a droite et inversement si la valeur est négative. Lu correspond & une
zone marquée par 10 larves a jeun de L. sericata pendant 10min, Ca correspond & une
zone marquée par 10 larves de C. vomitoria, et Control était une zone vierge de dépot.
Plus de détails sur le protocole sont a retrouver dans Boulay et al. [91]. Les astérisques
indiquent les différences significatives entre les zones (tests de Wilcoxon, N=20).
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A.2 Profil chromatographique du signal larvaire

Un séjour d’une semaine a été fait au sein du Laboratoire de Chimie Analytique dans le
Département Analyse Qualité et Risque dirigé par le Pr. G. LOGNAY (site de Gembloux
Agro-Bio-Tech, Univ. de Liége) et en collaboration étroite avec F. VERHEGGEN (Unité
d’Entomologie fonctionnelle et évolutive, Gembloux Agro-Bio-Tech). Cette semaine a
permis d’établir un protocole expérimental d’extraction du signal larvaire. Le solvant
retenu a été une solution de chloroforme/méthanol reconcentré dans un mélange de
dichlorométhane et d’héxane (50 :50). Un premier profil chromatographique a été obtenu

(Figure A.3) mettant en évidence une domination du cholestérol en terme d’abondance.
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FIGURE A.3: Profil chromatographique (GC-MS) du signal déposé par 20 larves de
Lucilia sericata durant 24h. Le composé majoritaire (pic a 29.42) a été identifié comme
étant du cholestérol (Cholest-5-en-3-0l(35)).
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A.3 Attraction a distance du groupe

Des tests préliminaires en olfactométre ont été réalisés avec un groupe de 40 larves
de Lucilia sericata versus un témoin (zone vide; cf. Figure A.4). Les larves, testées
individuellement, ont choisi dans 100% des cas la branche amenant au groupe. Le temps
moyen de choix (+EcT) était de 258.2 +124s (N=10). Cette expérience préliminaire
met en évidence l'existence d’un effet attractif & distance d’un groupe de larves sur les
congénéres. Cette attraction est vraisemblablement supportée par le signal larvaire. Des

tests supplémentaires seront & réaliser pour affirmer ou infirmer cette hypothése.

(SN
- >y . ?
[ —‘ ’7
+—p
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FI1GURE A.4: Dispositif d’olfactométrie utilisé pour tester l'effet attractif a distance
d’un groupe de 40 larves de Lucilia sericata sur des congénéres.
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Publications et communications

B.1 Publications

B.1.1 Articles dans des revues a comité de lecture

Boulay, J., Hédouin, V. and Charabidzé, D. Submitted. Mixed-species aggregation in

arthropods - a review. Behavioral Ecology.

Aubernon, C., Boulay, J., Hédouin, V. and Charabidzé, D. Submitted. Thermoregu-
lation in gregarious Dipteran larvae : evidence of species-specific temperature selection.

Entomologia Experimentalis et Applicata.

Boulay, J., Deneubourg, J.-L., Hédouin, V. and Charabidzé, D. Resubmitted. Interspe-
cific shared collective decision-making in two forensically important species. Proceedings

of the Royal Society of London B.

Boulay, J., Betremieux, C., Hédouin, V. and Charabidzé, D. 2015. A first insight in
the scanning behaviour of presocial blow fly larvae. Physiological Entomology, DOI :
10.1111/phen.12117 (B journal, IF 1.416).

Boulay, J., Devigne, C., Gosset, D. and Charabidzé, D. 2013. Evidence of active ag-
gregation behaviour in Lucilia sericata larvae and possible implication of a conspecific
mark. Animal Behaviour, 85, 1191-1197 (B journal, IF 3.137).

Boulay, J., Chaillou, E., Bertin, A., Constantin, P., Arnould, C., Leterrier, C. and
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Research, 237, 124-128 (B journal, IF 3.028).
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B.1.2 Chapitre de livre
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