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Abstract - Resumé

ABSTRACT
Habitat destruction, biological invasions and their interaction are global drivers of
biodiversity loss. The New Caledonian hotspot of biodiversity is threatened by both
anthropogenic fires and invasive ants: it is important to understand their impacts on its
biota. Because biodiversity spans several levels of organisation (from genes to
communities) and relates to different attributes (compositional, structural and functional),
this thesis takes a hierarchical approach to address this issue. Ants are of great ecological
importance, especially in tropical biomes, and their classification into functional groups
provides a global framework for analysing their response to disturbance. My aims were
therefore to investigate the impacts of anthropogenic fires and invasive ants, and their
interaction, on the native New Caledonian ant fauna at different spatial (global, regional,
local) and temporal (short and long term) scales, and at different levels of biological
organisation (community, species, genes). The study contributes to an improved knowledge
of the New Caledonian ants, by revealing the lack of specialised subterranean species, and
by investigating island-scale patterns of ant communities, in relation to habitat and
invasion. The mechanisms by which fire impacts native ants, either as a standalone process
or in association with invasion could be identified. In particular, I show that fire, by creating
macro- and microhabitats favoured by invasive ants, facilitates invasion, which then causes
further diversity declines, either in the short- (post-burning) or long-term (forest
fragmentation). The hierarchical approach used enabled the detection of contrasting traitderived responses at the species and genetic level, in addition to responses measured at
the community level. This study highlights the advantage of a holistic approach to
investigating biodiversity-related issues.

___________________________________________________________________________
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Abstract - Resumé

RESUME
La destruction de l’habitat, les invasions biologiques et leur interaction sont des menaces
majeures pour la biodiversité. La Nouvelle-Calédonie est menacée à la fois par des feux
d’origine humaine, et par des fourmis invasives : il est important de comprendre leur
impact sur ce biotope unique. Pour ce faire, une approche hiérarchique intégrant différents
aspects de la biodiversité (composition, structure et fonction) a été adoptée. Les fourmis
ont une grande importance écologique, en particulier en milieu tropical, et leur
classification en groupes fonctionnels facilite l’interprétation de leur réponse aux
perturbations environnementales. Les objectifs de cette étude étaient donc d’évaluer les
impacts des feux, des fourmis invasives, et de leur interaction, sur les fourmis natives de
Nouvelle-Calédonie, et ce à différentes échelles spatiales (globale, régionale, locale) et
temporelles (court et long terme), ainsi qu’à divers niveaux d’organisation biologique
(communautés, espèces, gènes). L’étude contribue à une meilleure connaissance de la
myrmécofaune calédonienne, en révélant l’absence de fourmis souterraines spécialisées, et
en documentant la distribution et composition des communautés de fourmis à l’échelle de
l’île, en lien avec l’habitat et les fourmis exotiques. Les mécanismes par lesquels les feux
impactent les fourmis natives, y compris en association avec les fourmis invasives, sont
révélés. Le feu, en créant les conditions de micro- et macrohabitat favorisées par les
fourmis invasives, facilite l’invasion, qui cause ensuite d’avantage de perte de diversité, soit
quelques années après un incendie ou dans le contexte de la fragmentation à long terme.
L’approche hiérarchique a permis de détecter des réponses contrastées au niveau des
espèces et de la génétique, liées à différents traits d’histoire de vie, en plus des réponses
mesurées au niveau des communautés. Cette étude souligne l’avantage d’une approche
holistique pour adresser des problèmes liés à la biodiversité.
___________________________________________________________________________
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Introduction
La destruction de l’habitat et les invasions biologiques, principales causes de perte de la
biodiversité
La destruction de l’habitat apparaît souvent comme cause primaire de perte de biodiversité
à l’échelle mondiale. Le recul des habitats naturels sous la pression humaine est souvent la
plus le prononcé dans les zones les plus riches en espèces, et dont la plupart sont aussi
endémiques. Ces zones ont été regroupées en ‘points chauds’ de la biodiversité afin de
concentrer les efforts de conservation. Cependant, la pression croissante et combinée de
l’accroissement de la population, de politiques de gestion mal adaptées, ainsi que de la
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libéralisation du commerce, contribuent à une déforestation massive, principalement en
milieu tropical. Outre les extinctions d’espèces immédiates, la destruction de l’habitat
continue d’impacter la diversité sur le long terme, au fur et à mesure que les espèces
disparaissent des fragments ainsi créés, selon des processus stochastiques et/ou
déterministes. Ces effets sur le long terme sont compliqués par la présence de menaces
additionnelles pesant sur la biodiversité, telles que les espèces invasives.
La globalisation du commerce depuis environ 200 ans a en effet largement profité à
certains organismes, qui, après avoir été déplacés hors de leur aire de dispersion
potentielle par les mouvements humains, ont pu s’établir, dominer et pénétrer des zones
encore non perturbées. Les conséquences de ces espèces, dès lors ‘invasives’, se ressentent
au niveau sanitaire, économique et environnemental. En effet, les populations d’espèces
autochtones se trouvent affectées par compétition indirecte ou d’interférence, par
hybridation, ou encore par la propagation d’épidémies. Certaines espèces invasives ont
même entériné le fonctionnement d’écosystèmes entiers, les affectant à plusieurs niveaux
trophiques. En théorie, les communautés les plus diverses, et donc les plus stables, sont
également les plus résistantes faces aux espèces invasives, mais les exceptions sont
nombreuses. En effet, l’existence de variables biotiques et abiotiques interagissant avec le
processus d’invasion peut avoir des répercussions difficilement prévisibles.
Les causes principales de perte de biodiversité agissent rarement de façon isolée:
leur interaction, et surtout leur synergie, ont les effets les plus importants. L’association
entre espèces invasives et la perturbation de l’habitat est couramment observée, mais leurs
rôles respectifs quant au déclin de la biodiversité restent sujets à controverse. Les
recherches doivent aujourd’hui se tourner vers des approches multi-échelles et multiespèces, afin de mieux appréhender ces ‘nouveaux’ écosystèmes émergeants de notre
empreinte sur la planète. Certains groupes d’organismes peuvent faciliter de telles
approches : leurs caractéristiques en font de véritables ‘outils’ écologiques, adaptés à
l’analyse des causes de l’érosion de la biodiversité.

Les fourmis comme ‘bioindicatrices’
Les fourmis comprennent plus de 20'000 espèces estimées et ont colonisé la quasitotalité des habitats terrestres depuis l’ère du Crétacé. Elles dominent particulièrement les
forêts tropicales, dont elles représentent jusqu'à 20% de la biomasse, et où elles occupent
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tous les microhabitats, de la strate hypogée (souterraine) jusqu’à la canopée. Les fourmis
sont associées au bien-être humain de par leur contribution à de nombreux services
écosystémiques. Leur rôle d’‘ingénieurs de l’écosystème’ est particulièrement reconnu : par
leur activité, elles peuvent changer les propriétés physiques et chimiques du sol, préserver
l’ouverture du milieu en repoussant sélectivement certaines espèces végétales, ou encore
favoriser la pollinisation et la dispersion des graines. A ceci s’ajoute leur réponse rapide aux
perturbations environnementales, la facilité d’interprétation de cette réponse grâce à leur
classification en groupes fonctionnels, leur échantillonnage aisé, et enfin la congruence de
leur réponse avec celle d’autres organismes. Pour toutes ces raisons, les fourmis sont
régulièrement utilisées comme indicatrices de différents types de perturbations comme
l’exploitation minière, le pâturage, les invasions biologiques ou le feu, en milieu tropical
comme tempéré.

Un cas d’étude en Nouvelle-Calédonie
La Nouvelle-Calédonie (ci-après NC) a été reconnue très tôt comme un des ‘points chauds’
de la biodiversité mondiale, de par la richesse spécifique et l’endémicité de sa faune et sa
flore. La biogéographie de cette île du Pacifique d’origine Gondwanienne, ainsi que sa
géologie complexe, son relief et son climat, sont autant de facteurs qui ont contribué à la
constitution d’un assemblage contemporain unique. Ce dernier comprend des éléments
archaïques et de nombreuses radiations plus récentes, dont le micro-endemisme
géographique est notable.
La myrmécofaune native (myrmeco- : fourmi) de NC, estimée à 220 espèces,
représente parfaitement cette originalité, avec des éléments primitifs (sous-famille des
Ponerinae) ainsi que plus récents (Myrmecinae), et de spectaculaires radiations à chacune
des strates épigées (au dessus du sol). Cette faune s’apparente, d’un point de vue
structurel, à la myrmécofaune des forêts tropicales australiennes, caractérisée par une
quasi-absence d’espèces dominantes. Le statut taxonomique incertain de la plupart des
espèces, ainsi que l’important micro-endemisme attendu, indiquent que cette faune est
encore méconnue.
Si la NC est reconnue comme ‘point chaud’ de biodiversité, c’est également en
raison des menaces sévères qui pèsent sur celle-ci, en particulier les feux anthropogéniques
et les fourmis invasives. Bien que le feu ait fait partie du biome calédonien bien avant
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l’arrivée des premiers mélanésiens il y a trois mille ans, c’est depuis lors que la fréquence
soutenue des feux, devenus anthropogéniques, qui a contribué à causer le recul progressif
et unidirectionnel des habitats natifs. Les forêts denses humides, qui constituent l’habitat
calédonien le plus riche en espèces et en endémisme, et recouvraient la majeure partie de
l’île, ne représentent plus aujourd’hui que 20% de sa surface. Sous l’effet du feu, cet habitat
a été converti en savanes à niaoulis Melaleuca sp. (formations anthropogéniques récentes,
pauvres en espèces) sur substrat volcano-sédimentaire, et en maquis miniers (formation
spécialisée, présentant un fort taux d’endémisme végétal) sur sols ultrabasiques (riches en
silicates ferromagnésiens). En dépit de la pression continue du feu en NC, ses effets sur la
biodiversité animale ont été peu examinés.
Plus approfondies en revanche sont les recherches sur les impacts écologiques des
fourmis invasives en NC, qui, comme de nombreux écosystèmes insulaires, possède une
longue liste d’espèces exotiques. On y dénombre 29 espèces de fourmis introduites (Table
1), incluant trois des 100 espèces invasives les plus nuisibles au niveau mondial: la fourmi à
grosse tête Pheidole megacephala, la fourmi folle jaune Anoplolepis gracilipes, et la fourmi
électrique Wasmannia auropunctata. Le succès d’invasion de cette dernière, ainsi que la
nuisance induite par sa piqûre, en a fait la cible principale des recherches. Celles-ci ont
permis d’identifier ses impacts à différents niveaux trophiques, ainsi que des traits
spécifiques favorisant sa capacité d’invasion au niveau comportemental, reproductif et
évolutif.

Aperçu de la thèse
L’objectif principal de la présente étude est d’étudier les impacts respectifs et interactifs
des feux anthropogéniques et des fourmis invasives sur la biodiversité des fourmis
calédoniennes, et ce à différentes échelles spatiales (globale, régionale, locale) et
temporelles (effets immédiats et à long terme), et à différents niveaux d’organisation
biologique (gènes, espèces, communautés). Plus précisément, nous nous proposons (1)
d’approfondir la compréhension de la biodiversité des fourmis natives de NC; (2) de
documenter la distribution et composition des communautés de fourmis à large échelle, en
relation aux fourmis exotiques et aux principaux types d’habitats; et (3) de révéler les
impacts respectifs et interactifs des feux anthropogéniques (à court et long terme) et des
fourmis invasives sur les fourmis natives, à l’échelle des communautés, des espèces et de la
génétique des populations. Cette thèse comprend cinq chapitres de recherche construits
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sur la base d’articles scientifiques indépendants publiés, soumis, ou en préparation. Ce
format engendre un recoupement des sections méthodologiques entre chapitres.
La myrmécofaune néo-calédonienne est encore méconnue, en partie de par un
manque d’échantillonnage systématique et détaillé tenant compte des particularités
edaphiques et topographiques de l’île. Bien que la stratification verticale des fourmis en
milieu tropical soit documentée, et qu’une importante diversité souterraine ait été révélée
par des études récentes en milieu tropical, la strate hypogée n’a pas encore été explorée en
NC. Afin de mieux comprendre s’il existe une correspondance entre les radiations épigées
diversifiées et la strate hypogée, nous avons procédé à un échantillonnage ciblé dans le
Chapitre 2, avec 360 pièges souterrains placés à 15 sites, sur substrats contrastés (volcanosédimentaires et ultrabasiques), et à différentes altitudes. Nous montrons que la NC
possède une faune spécialiste hypogée extrêmement réduite, avec seulement deux espèces
cryptobiotiques (morphologie reflétant des habitudes souterraines spécialisées) récoltées,
et un succès de capture jusqu'à dix fois moindre que dans des études comparables en
Australie. Ces résultats indiquent donc une déconnection entre les valeurs de biodiversité
en strates épigées et hypogées, et orientent ainsi notre stratégie d’échantillonnage pour le
reste de l’étude.
La distribution et composition des communautés de fourmis natives à échelle
régionale, en relation avec les espèces exotiques et l’habitat, sont peu documentées à ce
jour. Dans le Chapitre 3, nous avons échantillonné de façon standardisée 56 sites, répartis
sur l’ensemble du territoire et représentant les principaux types de végétation rencontrés
en NC: forêts denses humides sur sols ultrabasiques (15 sites), forêts denses humides sur
sols volcano-sédimentaires (13), maquis (15), savanes à niaouli (11) et fourrés à gaïac
Acacia spirorbis (2). L’échantillonnage a révélé 49 espèces, dont 13 exotiques. Les exotiques
les plus abondantes se repartissent selon un gradient d’ouverture de l’habitat, du maquis
(A. gracilipes) aux forêts denses humides (P. megacephala), avec W. auropunctata
présentant le spectre de tolérance le plus étendu. Les analyses multivariées indiquent une
différentiation des sites en rapport avec les espèces exotiques, et ceci au niveau des
espèces, genres, et groupes fonctionnels. La composition en fourmis natives dans les forêts
primaires diffère entre forêts envahies et non envahies, et ce indépendamment du substrat
et du niveau fonctionnel considéré. Enfin, une forte corrélation négative est observée entre
l’abondance et la richesse des espèces natives et l’abondance de W. auropunctata. Ceci
souligne le fait que les espèces exotiques peuvent non seulement dominer numériquement
les communautés natives, mais également altérer leur composition.
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Les invasions biologiques sont typiquement associées à une dégradation du milieu,
ce qui peut masquer leur réel impact sur la biodiversité : l’érosion de celle-ci pourrait en
effet n’être due qu’à la dégradation, et l’envahisseur n’être qu’un ‘passager’ du processus.
Une alternative est que l’envahisseur soit un ‘copilote’, dont la présence, facilitée par la
dégradation qui a déjà causé une perte de biodiversité, engendre d’avantage de déclins.
Nous examinons dans le Chapitre 4 les effets interactifs des feux anthropogéniques et des
fourmis invasives (A. gracilipes et W. auropunctata) sur la diversité de fourmis natives en
NC. Dans un premier temps, nous comparons la diversité de parcelles récemment brûlées
(cinq ans après un vaste incendie) avec celles de parcelles appariées intactes, à sept sites,
dont deux envahis par A. gracilipes. En l’absence d’invasion, les fourmis epigæiques natives
apparaissent résilientes au feu, mais la richesse en espèces natives et l’abondance du
groupe fonctionnel des ‘Opportunistes Forestières’ diminuent de façon marquée dans les
sites brûlés envahis. Dans un second temps, nous examinons la diversité native le long de
gradients de succession végétale, de la savane anthropogénique à la forêt primaire, le long
desquels l’abondance de W. auropunctata, spécialiste de la perturbation du milieu, est
déconnectée des variations de microhabitat induites par la perturbation (i.e. effets de
bord). Toutes les réponses considérées (abondance totale, richesse spécifique et
fonctionnelle, composition, et abondance des Opportunistes Forestières) déclinent
indépendamment des variables de microhabitat, mais en lien direct avec l’abondance de W.
auropunctata. Nous démontrons ainsi que les fourmis invasives sont des copilotes de la
perturbation du milieu en NC, avec de directes implications pour la gestion des milieux.
A long terme, les feux anthropogéniques entraînent la fragmentation de la forêt en
îlots plus ou moins isolés, entourés de savane. La fragmentation est un phénomène
complexe, et des facteurs confondants, telle la matrice dans laquelle se trouvent les
fragments ou encore l’utilisation d’approches méthodologiques inappropriées, peuvent
confondre la détection des relations aires-espèces attendues. En particulier, les approches
estimant la densité d’espèces (nombre d’espèce par unité de surface), plutôt que la
richesse à l’échelle du fragment, comportent des risques lorsqu’elles sont appliquées à des
taxons inégalement repartis dans l’habitat. Dans le Chapitre 5, nous revisitons les aléas de
telles approches dans le contexte l’invasion de la matrice, et pour un taxon caractérisé par
une distribution spatiale non homogène, tel que les fourmis. Nous avons échantillonné le
long de transects au cœur de 6 fragments de forêt primaire (2 – 12 ha) et 3 sites en forêt
primaire continue, dans une région ou W. auropunctata a envahi la plupart des lisières et la
matrice de savane environnante. En utilisant des fenêtres glissantes, fixant l’effort
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d’échantillonnage, nous montrons que la densité d’espèces varie fortement le long des
transects, aussi bien en forêt continue (variabilité intrinsèque) que dans les fragments
(variabilité induite par l’invasion). Une approche s’appuyant uniquement sur la densité
d’espèces peut donc mener à des interprétations contradictoires de l’impact de la
fragmentation sur la biodiversité. Nous utilisons deux méthodes pour contrôler cette
variabilité, à partir d’un échantillonnage à l’échelle du fragment : l’une basée sur la
moyenne des variables d’intérêt extraites des fenêtres glissantes dans chaque fragment, et
l’autre en utilisant les données par fragment, tout en contrôlant explicitement l’effet de
l’effort d’échantillonnage dans la procédure statistique. Grâce à une procédure de sélection
de modèles, nous identifions et quantifions les processus écologiques liés à la
fragmentation, tels que les effets de la perte de connectivite forestière, ainsi que la
présence de W. auropunctata. Ces facteurs impactent négativement la richesse et diversité
globale, mais des réponses contrastées, reflétant différents traits d’histoire de vie, sont
présentes à l’échelle des espèces.
L’isolement et la réduction de la taille effective des populations, dus aux barrières
physiques imposées par la fragmentation aux espèces à capacité de dispersion limitée,
peuvent conduire à une forte consanguinité et à l’extinction de ces populations. Dans le
Chapitre 6, nous étudions l’impact de la fragmentation de la forêt primaire sur la génétique
des populations d’une fourmi endémique très commune dans cet habitat, caractérisée par
des reines aptères (dépourvues d’ailes) : Leptomyrmex pallens. La structure des populations
chez les insectes sociaux étant fortement liée aux stratégies de dispersion, nous avons tout
d’abord conduit une analyse de coefficients de parenté entre ouvrières à differentes
échelles spatiales, à l’aide de 13 marqueurs microsatellites. Leptomyrmex pallens apparaît
principalement monogyne (une seule reine par nid), avec des coefficients de parenté élevés
jusqu’à 100 m de distance entre individus, reflétant probablement les capacités de
dispersion limitées des reines. Les mâles étant ailés, nous avons testé l’existence d’une
dispersion biaisée en leur faveur. Celle-ci s’est trouvée confirmée par un contraste
prononcé entre : (1) le signal de panmixie à l’échelle régionale reflèté par les microsatellites
(hérités des deux parents), indiquant l’absence de structure génétique, et (2) un fort signal
de différentiation génétique entre fragments, basé sur le séquençage du gène
mitochondrial ATP synthase 6 (hérité de la mère uniquement). Ce même gène, à évolution
plus lente que les microsatellites, nous a également permis de documenter la distribution
des haplotypes (variants) mitochondriaux à une échelle spatiale et temporelle plus
étendue. Leur distribution reflète une connectivité historique de la forêt primaire, ainsi que
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des changements d’aire de distribution de l’espèce, probablement en lien avec le
paléoclimat et les feux pré-datant l’arrivée humaine sur l’île. Pour conclure, il semble que la
dispersion des mâles compense les capacités de dispersion réduites des reines dans le
contexte contemporain de fragmentation forestière. Cependant, la récente invasion de la
matrice par W. auropunctata dans les années 1970 pourrait imposer des barrières plus
strictes à la dispersion, mais dont les conséquences au niveau génétique ne sont pas encore
détectables.

Discussion
Contribution à une meilleure compréhension de la biodiversité des fourmis en NC
Cette étude a permis de contribuer significativement à la connaissance de la myrmécofaune
en NC. Nous avons collecté et digitalisé un total de 168 espèces natives et 15 espèces
introduites (Annexes 1-4). En depit du fait que seule une proportion réduite de ces espèces
ait pu être nommée avec certitude à partir de la littérature, le fait que la majeure partie de
ces espèces provienne de nos deux régions d’études principales, Aoupinié et Montagne des
Sources, confirme que la liste actuelle d’espèces présentent en NC est largement sousestimée : un travail taxonomique approfondi sera nécessaire pour décrire les espèces
nouvelles. En contraste avec cette forte diversité épigée, nous avons révélé l’absence de
radiations souterraines (Chapitre 2), soulignant le caractère original de la myrmécofaune
calédonienne vis-à-vis d’autres régions tropicales. La myrmécofaune représente donc un
atout et enjeu majeur de conservation pour l’île, que ce soit en termes d’originalité
biogeographique ou de diversité.

L’adaptation des groupes fonctionnels de fourmis aux particularités locales : un outil pour
analyser les réponses à la perturbation du milieu et aux invasions
La classification des espèces de fourmis en groupes fonctionnels a initialement été
développée pour étudier la réponse des communautés au stress, compétition et
perturbation à large échelle biogéographique, plutôt qu’à fine échelle. L’utilité de cette
classification dans sa forme originelle est particulièrement limitée pour des faunes
fortement associés aux milieux de forêt primaire, puisque la plupart des espèces appartient
à un seul groupe fonctionnel (‘Spécialistes de Climat Tropical’ par exemple). Nous avons
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donc modifié et adapté la classification initiale aux particularités de la myrmécofaune de
NC, en tenant compte de ses spécificités, et de la présence de nombreuses espèces
exotiques (Appendice 2). A large échelle, le schéma a révèlé une forte similarité des
assemblages fonctionnels de communautés entre forêts sur sols volcano-sédimentaires et
ultrabasiques, ainsi qu’une congruence entre les réponses des communautés d’espèces et
de groupes fonctionnels face à l’invasion (Chapitre 3). A fine échelle, le schéma a permis
d’intégrer une mesure complémentaire et indépendante de la réponse des fourmis natives
à l’invasion (richesse en groupes fonctionnels, Chapitre 4). Il a également permis la
détection de réponses significatives de groupes fonctionnels face au feu et à l’invasion,
alors même que peu de données étaient disponibles au niveau des espèces (Chapitres 4 et
5). Les réponses de plusieurs groupes fonctionnels ont permis de designer les indicateurs
de la restauration (Opportunistes Forestières, Spécialistes de Climat Tropical, Chapitre 4),
ou encore ceux tolérants à la perturbation et à l’invasion (Généralistes Cryptiques, Chapitre
4 et 5). Une approche basée sur les groupes fonctionnels est donc particulièrement
recommandée à large echelle, pour comparer des réponses entre habitats possédant peu
d’espèces en commun. A fine échelle, le schéma complémente avantageusement une
approche basée sur les espèces.

Identification des mécanismes par lesquels les feux anthropogéniques impactent les
fourmis natives
Notre étude a montré que le composant épigé des fourmis autochtones est résilient aux
effets d’un feu récent, en l’absence d’invasion (Chapitre 4). Cependant, la perte de
ressources de microhabitat indispensables à la survie des espèces cryptiques de litière
entraîne une simplification de l’assemblage de la communauté. La recolonisation de ces
espèces semble compromise à long terme sur sols ultrabasiques, caracterisés par un taux
de croissance végétal très faible (Chapitre 4). A long terme, les feux répétés induisent la
formation de lisières, puis la fragmentation de la forêt. Nous avons démontré que la perte
de connectivité forestière dans le paysage est associée au déclin de diversité globale et
d’abondance de certains groupes endémiques (Chapitre 5). D’autres espèces semblent
moins affectées, probablement en relation avec des traits d’histoires de vie particuliers. Par
exemple, des espèces opportunistes sont moins affectées par la perte de connectivité et
l’invasion (Chapitre 5), et les capacités de dispersion d’autres espèces peuvent leur
permettre de conserver un flux génique à l’échelle régionale, malgré la fragmentation de
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leur habitat (Chapitre 6). Les impacts de la fragmentation se ressentent souvent au niveau
démographique avant de se manifester au niveau génétique : nous n’avons cependant pas
pu comparer nos résultats génétiques à la démographie de L. pallens de façon quantitative,
puisque la technique d’échantillonnage du Chapitre 5 est inappropriée pour la collecte
d’espèces aussi véloces. Toutefois, le fait que L. pallens soit présente dans les fragments
non-envahis les plus petits (<1 ha) pourrait être une indication qualitative de sa persistance
dans le contexte de fragmentation.
En identifiant les fourmis invasives principales de l’île comme ‘copilotes’ de la
perturbation du milieu par le feu, notre étude souligne l’aspect interactif entre ces deux
menaces (Chapitre 4). Le feu crée les conditions de macro- et microhabitat optimales et
favorisées par les espèces invasives, que ce soit les lisières forestières pour W.
auropunctata (Chapitres 4 et 5) ou bien les milieux ouverts pour A. gracilipes (Chapitres 3 et
4). Ces espèces causent ensuite d’avantages de dommages aux communautés autochtones
(Chapitre 3, 4 et 5). Ainsi, toute mesure de conservation ciblant uniquement le problème
des feux, ou de l’invasion, ne permettra pas la restauration de la diversité myrmécologique.
Comme discuté plus haut, le feu a des conséquences délétères sur la faune
autochtone de façon générale : d’un point de vue strictement mathématique, son
interaction avec l’invasion devrait donc être le plus souvent additive, voire synergétique.
Comme discuté dans le Chapitre 4, le fait que le type d’interaction détecté entre le feu et la
présence d’A. gracilipes soit antagoniste illustre le cas particulier où l’abondance de
certains groupes peut être favorisée par le feu, tout en étant sensible à l’invasion. Un
design expérimental factoriel complet serait requis pour conclure quant à l’aspect
synergétique ou additif de l’interaction.
Enfin, la capacité intrinsèque des communautés autochtones à coloniser les
savanes, présentes depuis environ 3’000 ans sur le territoire, demeure hypothétique. En
effet, toutes les savanes échantillonnées dans cette étude étaient dominées par des
espèces exotiques (Chapitres 3 et 4). La résilience de certains groupes face au feu et à la
transformation drastique du milieu a cependant été identifiée dans le Chapitre 4. Afin
d’évaluer la capacité de (re-)colonisation des savanes par ces mêmes groupes, un suivi
temporel le long de transects savane-forêt après éradication des exotiques et contrôle des
feux, serait nécessaire.
Conclusion
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En adoptant une approche multi-échelle pour évaluer les impacts des feux
anthropogéniques et des fourmis invasives sur les fourmis autochtones de NC, nous
contribuons à une meilleure compréhension des enjeux et menaces à la biodiversité dans
ce ‘point chaud’ mondial.
L’intégration

de

différents

niveaux

d’organisation

(génétique,

espèces,

communautés), révèle quant à elle le caractère ubiquitaire des processus identifiés. Afin
d’illustrer ce point, la définition hiérarchique de biodiversité de Noss (1990) a été adaptée à
notre étude (Figure 39). Le concept de biodiversité hiérarchique s’appuie sur les trois
attributs de la biodiversité (composition, structure et fonction), initialement définis par
Franklin (1988), et intègre divers niveaux d’organisation biologique. Les niveaux les plus
élevés sont souvent ceux considérés lors de décisions de gestion de l’environnement, mais
les niveaux basaux permettent la compréhension des mécanismes à l’origine des processus
observés à plus large échelle.
Une telle base théorique peut être avantageusement adaptée à la situation en NC,
puisque (1) on peut s’attendre à ce que les feux anthropogéniques et les invasions aient des
conséquences respectives et communes différentes selon l’attribut de biodiversité, ou le
niveau d’organisation considéré ; et (2) les réponses des attributs de composition, structure
et fonction des fourmis autochtones sont accessibles relativement aisément (e.g. groupes
fonctionnels).
Au niveau génétique, la fragmentation de l’habitat sous l’action répétée et
prolongée des feux, ainsi que l’invasion de la matrice, peuvent constituer des barrières
physiques pour des espèces à capacité de dispersion réduite et à forte affinité forestière
(Chapitre 6). Ceci peut affecter chacun des trois attributs de la biodiversité génétique, en
créant des barrières au flux génique (fonction), altérant la taille de population (structure) et
entraînant une perte de diversité allelique (composition).
Au niveau des populations et des espèces, ces mêmes barrières physiques peuvent
altérer la structure des populations, ou encore les processus démographiques tels que le
taux de survie (fonction). Le feu entraîne également des fluctuations de la végétation, ce
qui, à une échelle historique, entraîne des changements d’aire de répartition des espèces
associées aux différents habitats (Chapitre 6). Ces changements d’aire de répartition
peuvent s’assimiler à la variation spatiale en densité d’espèces, influencée par les fourmis
invasives, à échelle fine (Chapitre 5). Ces deux points s’apparentent à des modifications de
l’attribut de structure. Enfin, les feux et les fourmis invasives impactent de façon
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différentielle l’attribut de composition des espèces et populations, comme montré dans les
chapitres 3, 4 et 5, en raison de traits d’histoire de vie contrastés.
Au niveau des communautés et écosystèmes, les feux altèrent la biomasse végétale
et entraînent une simplification des communautés de fourmis autochtones, alors que
l’invasion par les fourmis exotiques à fine échelle modifie la richesse fonctionnelle (Chapitre
4). Les feux entraînent également des changements du micro- et microhabitat (Chapitres 4
et 5), correspondant à l’attribut structurel. En modifiant les types d’habitats, le feu altère
l’identité des communautés de fourmis (Chapitre 3). Cet attribut de composition des
communautés est altéré de même par les fourmis invasives (Chapitre 3).
Enfin, à l’échelle du paysage, le feu est associé à des processus fonctionnels tels
que la création d’effets de bords, et la facilitation des invasions à large échelle (Chapitres 3
et 4). Il modifie également l’attribut structurel du paysage en induisant sa fragmentation
(Chapitres 5 et 6). Enfin, la composition contemporaine du paysage de NC (mosaïque
paysagère) résulte en grande partie de la pression des feux au cours du temps.
Pour conclure, cette thèse a apporté de nouvelles connaissances des impacts et
interactions des feux anthropogéniques et fourmis invasives sur la myrmécofaune de NC, à
différentes échelles spatiales et temporelles, et à différents niveaux d’organisation
biologiques. Localement, le défi sera de mettre en place de façon concurrente l’éradication
des fourmis invasives et le contrôle des feux. De tels efforts ne sont certainement pas
applicables à l’échelle de l’île, mais des actions ciblant des zones de haute diversité
pourraient être envisagées. Cartographier les occurrences de fourmis exotiques à l’échelle
du territoire pourrait permettre d’identifier ces zones de conflit. Plus globalement, notre
étude démontre le potentiel des fourmis, des groupes fonctionnels et des méthodes
moléculaires de nouvelle-génération pour appréhender de façon compréhensive des
processus aussi complexes que les menaces globales a la biodiversité.
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Habitat destruction and biological invasion as global
drivers of biodiversity loss
Habitat loss
Habitat loss is a leading cause of species extinction (Pimm and Raven 2000), and is often
highest in areas of extreme richness and endemism: the hotspots of biodiversity (Myers
1988). Together, these hotspots represent 44% of the world’s plants in 1.4% of the land
surface (Myers et al. 2000). Tropical forests figure in 15 of the 25 global hotspots (Myers et
al. 2000), and harbour two thirds of all species on Earth (Raven 1980). They provide major
human benefits in terms of ecosystem goods and services (FAO 2011), but also represent
an increasingly significant asset in the context of climate change (Miles and Kapos 2008).
The rate of clearing of tropical humid forests is 5.8-15 x 106 ha per year depending
on the source (Whitmore 1997, Achard et al. 2002). Clearing results from land conversion
or logging, themselves a consequence of population pressure, unadapted policies, and
trade liberalisation (Laurance 1999). Habitat loss induces immediate extinctions, but longterm and indirect consequences of habitat loss are likely to be most unpredictable (Gardner
et al. 2009). For instance, following habitat loss, species will further disappear from the
remaining forest ‘islands’ (Fahrig 2003) as a result of both deterministic and stochastic
processes, until communities reach a new equilibrium (MacArthur and Wilson 1967). This is
known as the ‘half-life of doomed species’ (Pimm and Raven 2000) or relaxation time
(Diamond 1972, Brooks et al. 1999). However, such pattern is likely to be influenced by the
finding that some degraded habitats (e.g. selectively logged rainforests) might harbour
substantial biodiversity, which could buffer against the immediate effects of habitat loss
(Dent and Wright 2009, Edwards et al. 2011, Gibson et al. 2011, Woodcock et al. 2011).
Further complications arise from the concurrent threats weighing on biodiversity, and
grouped under Jared Diamond’s ‘Evil Quartet’ (Diamond 1984): among these are invasive
species.

Biological invasion
Whether microbes, plants or animals, invasive species are another global driver of
biodiversity loss, both in terrestrial and aquatic habitats (Elton 1958, Vitousek 1996,
Williamson 1996, Mack et al. 2000, Pimentel 2002, Dudgeon et al. 2006, Molnar et al.
2008). While the terms ‘exotic’ or ‘alien’ describe any species that occurs outside its
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projected dispersal envelope (Webber and Scott 2012) (classically defined as its native
range), the term ‘invasive’ applies to those species which succeed to spread widely,
become locally abundant and/or penetrate into natural habitats (Lodge et al. 2006). The
process of species displacement by human-mediated pathways has accelerated by orders of
magnitude in the past 200 years, as a result of trade globalisation (di Castri 1989), with
adverse consequences on public health, the environment, and economies (Pimentel et al.
2000).
Environmental consequences of invasions span multiple organisational levels: at
the genetic level, via hybridisation (e.g. between introduced and native trouts in Northern
America, Ferguson 1990); at the population level, by way of introduced diseases (e.g.
chestnut blight in the United States, Anagnostakis 1987), predation (e.g. cannibal snail
Euglandina rosea in Hawaii, Hadfield et al. 1993), competition (e.g. introduced grey- vs
native red squirrel in Britain, Okubo et al. 1989); and at the ecosystem level, causing whole
ecosystem disruption, for example by altering the fuel load and consequent fire regime
(e.g. invasive weeds, Brooks et al. 2004), or affecting several trophic levels (e.g. yellow crazy
ant in Christmas Island, O’Dowd et al. 2003).
The ‘paradox’ of invasion by which local, adapted community are disrupted by
newly arrived, unadapted species (Sax and Brown 2000) has led to assessing invasiveness
traits in exotic species (Lawton et al. 1986, Rejmanek and Richardson 1996, Holway and
Suarez 1999, Kolar and Lodge 2001), and vulnerability traits in local communities (Tilman
1997, Lonsdale 1999, Levine et al. 2004, Funk et al. 2008), in an attempt to predict future
invasions (Mack et al. 2000, Shea and Chesson 2002). Much work was built upon Elton’s
theoretical prediction (1958) that the most diverse communities are the most resistant to
invasion (Levine and D'Antonio 1999). While this has been supported theoretically (Case
1990, Law and Morton 1996) and sometimes experimentally (Tilman 1997, Stachowicz et al.
1999), other studies have revealed either no effect of community diversity on invasion
susceptibility, or a positive correlation (Robinson et al. 1995, Palmer and Maurer 1997,
Lonsdale 1999, Hoffmann and Saul 2010). These deviations from theoretical expectations
have been attributed to the scale of the process studied, and interacting abiotic and biotic
components either limiting or favouring invasion (Levine and D'Antonio 1999, Lonsdale
1999).

3

Chapter 1. Introduction
Interactions between threats
Threats to biodiversity rarely act in isolation, especially in the context of globalisation
(Rosenzweig 2001). Among all interactive processes, synergies (i.e. simultaneous action of
separate threats having a greater total effect than the sum of their individual effects) have
the most dramatic consequences (Brook et al. 2008). For example, habitat loss and
fragmentation synergistically interact with hunting, fire, invasive species or climate change,
thereby driving the most severe biodiversity declines (Cochrane 2001, Hobbs 2001, Peres
2001, Carroll 2007, Mora et al. 2007, Brook 2008). Therefore, research effort is required to
move from ‘single species-single threat’ approaches to a more comprehensive framework,
taking into account interactions between several factors at different spatial and temporal
scales (Didham et al. 2005a, Fazey et al. 2005).
A well-documented association is that of invasive species and habitat disturbance
(Vitousek 1996, Mack et al. 2000, Byers 2002, Didham et al. 2005b). This has been proposed
as an answer to the above-mentioned ‘paradox’ of invasion, with the rapid anthropogenic
habitat transformation reversing the a priori superior adaptation of native species, and
therefore explaining the success of a priori unadapted invaders (Byers 2002). This is
especially true if, as suggested recently, invaders have already pre-adapted to humanmodified habitats in their native range (Foucaud et al. 2010b). Disturbed habitats are
usually the first to become invaded and lacking in native species, making the respective
causality of these threats contentious (Didham et al. 2005b, MacDougall and Turkington
2005, Bauer 2012). Gaining an understanding of such complex processes within the span of
most ecological studies can seem daunting, but useful ‘tools’ are today available.

Ant biodiversity and use as bioindicators
Ants are the most species-rich social insects, with 12,500 named species and probably as
many to be described (Ward 2009), and have colonised virtually all terrestrial habitats since
the Cretaceous (Brady et al. 2006, Moreau et al. 2006). Their dominance is particularly
obvious in the tropics and particularly tropical rainforests, in terms of biomass, numerical
dominance and ecological impacts (Hölldobler and Wilson 1990). They occupy all
microhabitat strata (Brühl 1998), from canopy (Tobin 1995) to litter (Fisher 1999b) and
below-ground (Wilkie et al. 2007, Rabeling et al. 2008, Andersen and Brault 2010, Schmidt
and Solar 2010). Such stratification reflects the evolutionary history of ants (Moreau et al.
2006), which originated in the soil (Rabeling et al. 2008), where most species are predatory
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or scavengers. They later colonised the tree-tops, where they rely on primary production
such as honeydew and nectar exudates (Davidson et al. 2003). Ants are bound to human
well-being by contributing to provisioning, regulating, supporting and cultural ecosystem
services (WRI 2005, del Toro et al. 2012). Their role as ecosystem engineers has been widely
recognised: they can have a significant impact on the vegetation, either depleting it (e.g.
Atta columbica in Panama, Wirth et al. 2003), favouring host plant species via chemically
controlling the establishment of competitor seedlings (e.g. maintaining ‘devil’s gardens’
within rainforests, Frederickson et al. 2005), or repelling mega-herbivores (e.g. repelling
elephants from host plant in African savannas, Goheen and Palmer 2010). They can modify
the physical and chemical soil properties by bioturbation (reviewed in Cammeraat and
Risch 2008) or by organic decomposition carried out by their associate fungi (Brussaard
1997). Ants also contribute to seed dispersal, thereby altering patterns of genetic
relatedness in plants (Kalisz et al. 1999).
In order to reach a holistic understanding of the responses of native ecosystems to
threats, a common approach is the use of ecological indicators (McGeoch 1998), more
commonly referred to as ‘bioindicators’. Their goal is to serve as a ‘gauge for the condition
of a particular habitat, community or ecosystem’ (Meffe and Carroll 1994). What makes a
good bioindicator? Several traits have been suggested: short timescale of response to
anthropogenic perturbations, correlation with responses of other taxa, key role in
delivering ecosystem services, ease of monitoring, and interpretable response to
disturbance (Noss 1990, McGeoch 1998, Pereira and Cooper 2006). Ants were first formally
used as bioindicators in Australia by Majer (1983), who demonstrated their sensitivity to
disturbance, and the congruence of their response with other invertebrates. The
predictability of their response to environmental stress and disturbance has been
conceptualised by the functional group scheme, based on species’ contribution to
community dynamics (Andersen 1995a), and derived from the plant strategies classification
of Grime (1977). Such classification also enables the detection of ‘true’ community
responses, as genera- and species-level responses are usually idiosyncratic, and finally their
comparison across biogeographical regions (Hoffmann and Andersen 2003, Andersen
2010). Ants have since become well established indicators of various disturbance regimes,
such as fire (Vanderwoude et al. 1997, Parr et al. 2004, Santos et al. 2008, Vasconcelos et
al. 2008), invasion (Suarez et al. 1998, Hoffmann et al. 1999, Hoffmann and Saul 2010,
Osunkoya et al. 2011), mining (Majer et al. 1984, Majer 1992, Andersen et al. 2003), and
grazing (Scougall et al. 1993, Abensperg-Traun et al. 1996, Nash et al. 1998, Read 2000),
both in temperate regions (Andersen 1997, Gómez et al. 2003, Ellison 2012) and in the
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tropics (King et al. 1998, Hoffmann and Andersen 2003, Andersen and Majer 2004). Ants
are therefore best suited to address the impacts of habitat disturbance, loss and
fragmentation as well as of invasive species at various functional and spatial scales.

New Caledonia
Biodiversity values
The Pacific island of New Caledonia is both exceptionally diverse and unique. With 76% of
its flora endemic, and more than 3,000 native species of flowering plants on a territory of
19,000 km2 (Jaffré et al. 1998), this Pacific island was unsurprisingly identified as a
biodiversity hotspot (Myers 1988). Endemicity and richness are not restricted to plants
(Chazeau 1993), but apply to beetles (Balke et al. 2007, Kuschel 2008, Wanat 2009), crickets
(Desutter-Grandcolas and Robillard 2006), lace bugs (Murienne et al. 2009), cockroaches
(Murienne et al. 2008a), snails (Solem et al. 1984, Haase and Bouchet 1998), scincid and
geckonid lizards (Bauer and Sadlier 1993, Smith et al. 2007), and to a lesser extent bats
(Chazeau 1993, Parnaby 2001) and birds (Ekstrom et al. 2002). This is coupled with a
remarkable lack of native amphibians and terrestrial snakes.
The biogeographical origin of this diversity is contentious: New Caledonia separated
from Australia ca 83 Ma (Neall and Trewick 2008) and the traditional view is that of a
‘museum model’ (Morat 1993a, Mittermeier et al. 1996). This hypothesis explains the
presence of relict species [e.g. Amborella trichopoda, the single sister species to all other
living flowering plants (Soltis et al. 2008); Rhynochetos jubatus or kagu, a flightless bird
whose closest relatives are found only in New Zealand and South America (Cracraft 2001);
basal species of Opiliones (Sharma and Giribet 2009)], and assumes the observed
contemporary diversity to result from vicariance (Morat 1993b, Lowry II 1998, Ladiges and
Cantrill 2007). However, recent evidence of the island’s complete submersion until ca 37Ma
indicates a much younger origin for the New Caledonian biota (Bartish et al. 2005,
Murienne et al. 2005, Balke et al. 2007, Grandcolas et al. 2008, Murienne et al. 2008a,
Murienne 2009, Espeland and Murienne 2011, Nattier et al. 2011, Cruaud et al. 2012). New
Caledonia therefore appears to be a very old Darwinian island (Grandcolas et al. 2008),
colonised since the Oligocene via long-distance dispersal, and presenting recent local
radiations. These radiations are associated with high levels of micro-endemism (Bauer and
Jackman 2006, Murienne et al. 2008b), favoured by New Caledonia’s diversified landscape,
climatic and geological features (Chazeau 1993, Morat 1993a, Pintaud et al. 2001). The
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presence of highly toxic metalliferous soils (Proctor 2003), that once covered the whole
island, but are today restricted to the south and some mountain tops (Grandcolas et al.
2008), has been suggested as a driver of speciation (Morat 1993a, Setoguchi et al. 1998,
Espeland and Johanson 2010).
The New Caledonian ant fauna is no exception to the high level of distinctness and
speciation observed in other neo-caledonian invertebrate taxa. It includes radiations of
both Gondwanan (e.g. Monomorium and Rhytidoponera) and Indo-Malayan (e.g.
Lordomyrma, Vollenhovia) origins, and representatives of both primitive (e.g. Leptanillinae,
Cerapachys, Leptogenys) and recent (e.g. Carebara, Solenopsis) lineages (Emery 1883, 1914,
Wilson 1958a, Ward 1984, Taylor 1987, Jourdan 1997a, Jourdan 1999), which makes it
distinct from other, younger, Melanesian island faunas (Wilson 1959, 1961). It also
harbours the only non-Australian representative of the subfamily Myrmeciinae, Myrmecia
apicalis (Emery 1914). The New Caledonia ant fauna is strongly associated with rainforest
habitat, largely lacks behaviourally dominant species, and has a large proportion of
specialised and cryptic species, similarly to Australian rainforests (Andersen and Majer
2000). Radiations are present within all above-ground strata: litter (cryptic genera
Discothyrea and Vollenhovia), ground (epigaeic genera Lordomyrma, Rhytidoponera,
Monomorium), and trees (arboreal species of Camponotus). However, the otherwise
depauperate arboreal fauna (Guilbert 1998, Jourdan 1999) is in strong contrast to other
tropical rainforest with, for example, only one species of Crematogaster and Polyrhachis
and a lack of dominant Formicinae (e.g. Oecophylla) (Majer 1990, Andersen and Reichel
1994).
Taylor (1987) reported 101 species of native ants, and since then, continuous
sampling conducted by the Institut of Research and Development of Noumea (Jourdan
1997a, Jourdan 1999, Jourdan et al. 2002, Le Breton et al. 2003) has led local experts to
anticipate more than 200 species in the archipelago (H. Jourdan pers. com.). However, the
scattering of type material in museum collections, the uncertain taxonomic status of many
species-rich genera (e.g. Monomorium, Pheidole), and the high expected level of microendemism (Jourdan 1997a, Jourdan 1999), imply that knowledge of this fauna is
incomplete.

Fire as an anthropogenic disturbance
Anthropogenic fires are the main cause of habitat loss in New Caledonia, with mining and
clearing for cattle grazing also contributing (Bouchet et al. 1995, Jaffré et al. 1998, Pascal et
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al. 2008, Jaffré et al. 2010). Natural fires have induced shifts in vegetation on the island
prior to the human settlement, in the early Pleistocene (Hope and Pask 1998). However,
increases in charcoal deposits on a sustained basis following human settlement 3,000 yrs
ago (Stevenson and Dodson 1995, Sand 1999), and European colonisation 200 yrs ago
(Hope et al. 1999, Stevenson et al. 2001, Stevenson 2004), clearly indicate a human-driven
change in fire regime. Today, about 50,000 ha of forest are burnt each year (www.provincesud.nc), but accurate information is lacking on the causes and regimes of fires. Acquiring
such information was the aim of the INC project (Incendies de Nouvelle-Calédonie, Agence
Nationale de la Recherche, ANR-07-BDIV-008), in which the present thesis is rooted.
These anthropogenic fires, together with edaphic, topographic and climatic
conditions, have influenced the distribution and composition of current vegetation types
(Jaffré 1993, Jaffré et al. 1998, McCoy et al. 1999, Perry and Enright 2002, Boyer et al.
2010). These are: (1) rainforests, once covering most of the island but representing today
only 20% of the territory, as fragmented patches on various substrates, and characterized
by high endemism (80%, Morat et al. 1984); (2) sclerophyll forests, once continuously
distributed along the dry West coast but today reduced to 1% of their original extent, and
harbouring 34% of endemism (Jaffré et al. 1998, Gillespie and Jaffré 2003); (3) maquisshrubland, which covers a third of the island, are restricted to ultramafic substrate, and
reflect successional (McCoy et al. 1999) or climacic adaptations to fire (Hope and Pask
1998) with up to 90% of endemism (Jaffré 1992, Jaffré 1993); and (4) savannas, occupying
today 30% of the territory as a result of sclerophyll- and rainforests destruction by fire, and
of low conservation value (Jaffré and Veillon 1994, Gillespie and Jaffré 2003). According to a
recent study, part of the ANR-INC, savannas are the vegetation type most impacted by fire,
and 64% of the fires started in savannas reach the edge of primary rainforests (Curt et al.
unpublished data).
In spite of the recognised threat posed by anthropogenic fires in New Caledonia to
its biodiversity (Bauer and Sadlier 1993, Mittermeier et al. 1996, Jaffré et al. 1998), there
has been little research on the impacts of fire on New Caledonia’s fauna. To our knowledge,
such research was restricted to the highly sensitive sclerophyll forest habitat (Chazeau et al.
1997, Jourdan 1999). It revealed that what remains of the sclerophyll forest still harboured
a significant herpeto- and invertebrate fauna (Guilbert 1998, Jourdan et al. 2001), in
contrast to a depauperate fire-derived Acacia spirorbis thicket. There is therefore an urgent
need for a more comprehensive assessment of the faunal impacts of fires in other natural
habitats of New Caledonia.
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Biological invasion
Islands are often more prone to invasion than mainlands (Elton 1958), and underlying
mechanisms could be linked to the absence of whole groups of species on islands (i.e.
disharmony) rather than to a lack of biotic resistance (Simberloff 1995). New Caledonia’s
lack of terrestrial mammals (other than chiroptera) could have thus facilitated the
successful establishment of the European pig Sus scrofa (introduced in 1774, Gargominy et
al. 1996) and the rusa deer Cervus timorensis russa (1870, Gargominy et al. 1996). Today,
they are both considered as major threats to native habitats (Gargominy et al. 1996, Rouys
and Theuerkauf 2003, de Garine-Wichatitsky et al. 2005). Aside from these two deliberate
introductions, since the arrival of the first Melanesian people and particularly since the
European colonisation, approximately 800 exotic species of plants (e.g. Lantana camara,
giant sensitive Mimosa invisa, coffee bush Leucaena leucocephala), 34 species of
vertebrates (e.g. ship rat Rattus rattus, Pacific rat R. exulans), and 518 species of
invertebrates [e.g. giant snail Achatina fullica, silverleaf whitefly Bemisia tabaci (Jourdan
and Mille 2006)] have become successfully established in New Caledonia (Gargominy et al.
1996).
McGlynn (1999) reported that Pacific islands have been major recipients of exotic
ants. This is certainly true for New Caledonia, with 29 ant species figuring among the
introduced invertebrates (Table 1). While the majority of these are mostly confined to
human-modified habitats (Passera 1994), three figure among the world’s worst invasive
species (Lowe et al. 2000, Holway et al. 2002): Anoplolepis gracilipes, present since the
early European colonization (Emery 1883); Pheidole megacephala, first reported in 1960
(Jourdan et al. 2002); and Wasmannia auropunctata since 1972 (Fabres and Brown 1978).
These species are known to be able to spread into undisturbed habitats throughout their
introduced range (Hoffmann et al. 1999, Le Breton et al. 2003, O'Dowd et al. 2003), with
dramatic consequences on the local ant fauna (Holway et al. 2002). Wasmannia
auropunctata has been the principal focus of invasive ant research in New Caledonia
(Jourdan 1999, Jourdan et al. 2001), with a particular emphasis on its behavioural
dominance (Delsinne et al. 2001, Le Breton 2003, Le Breton et al. 2003, Le Breton et al.
2004, Le Breton et al. 2005, Le Breton et al. 2006), reproductive strategy and evolutionary
biology (Fournier et al. 2005, Foucaud et al. 2010a, Foucaud et al. 2010b).
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Table 1 Ant species introduced to New Caledonia, modified from Le Breton (2003)
Sub-family
Dolichoderinae
Formicinae

Myrmicinae

Ponerinae

Species
Tapinoma melanocephalum Fabricius 1793
Technomyrmex albipes Smith 1861
Anoplolepis gracilipes Smith 1857
Brachymyrmex obscurior Forel 1893
Paratrechina longicornis Latreille 1802
Paraparatrechina minutula Forel 1901
Nylanderia obscura Mayr 1862
Nylanderia vaga Forel 1901
Plagiolepis alluaudi Emery 1894
Cardiocondyla emeryi Forel 1881
Cardiocondyla wroughtonii Forel 1890
Monomorium floricola Jerdon 1851
Monomorium pharaonis Linnaeus 1758
Monomorium destructor Jerdon 1851
Monomorium Liliuokalani Forel 1899
Pheidole megacephala Fabricius 1793
Solenopsis geminata Fabricius 1804
Solenopsis papuana Emery 1900
Strumigenys emmae Emery 1890
Strumigenys rogeri Emery 1890
Tetramorium bicarinatum Nylander 1846
Tetramorium pacificum Mayr 1870
Tetramorium simillimum Smith 1851
Tetramorium tonganum Mayr 1870
Wasmannia auropunctata Roger 1863
Hypoponera elliptica Forel 1900
Hypoponera opaciceps Mayr 1887
Hypoponera punctatissima Roger 1859
Ponera leae Forel 1913

Thesis overview
The overarching aims of this thesis are to investigate the impacts and interaction of
anthropogenic fires and invasive ants on native New Caledonian ant diversity, at different
spatial (global, regional, local) and temporal (short and long term impacts) scales, and at
different levels of biological organisation (community, species, genetic). Its specific goals
are to: (1) improve our understanding of New Caledonian ant biodiversity values; (2)
document broad-scale patterns of ant communities in relation to main habitat types and
ant invasion; and (3) address the impacts of disturbance due to fire and ant invasion at the
community, species and population genetic level. The thesis consists of five research
chapters, which are written as stand-alone co-authored scientific papers, either published,
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submitted, or in preparation. For this reason, there is a significant overlap in the study sites
and method section among chapters.
The New Caledonian ant fauna is still poorly known, partly because of a lack of
systematic sampling, encompassing the contrasting elevational and edaphic features of the
island. It is also unclear whether the above-ground ant radiations are reflected belowground, and addressing this question helped determine the most appropriate sampling
methods for the local fauna. Therefore, in Chapter 2, I present the results from
subterranean ant sampling at 15 sites in two regions, set on volcano-sedimentary and
ultramafic substrates. I showed that, in contrast to other tropical environments, New
Caledonia supports an extremely depauperate subterranean ant fauna, with only two
cryptobiotic species recorded. Underground trapping as a way to monitor ant responses to
disturbance (e.g. Osunkoya et al. 2011) was therefore not included in the subsequent
sampling strategies.
Little is known of the broad-scale patterns of native ant community composition in
relation to ant invasions across different habitats. In Chapter 3, an investigation of these
patterns in New Caledonia and an assessement of habitat variables associated with exotic
species is presented using a standardised ant sampling protocol conducted at 56 sites
across the island and representing four major New Caledonian habitats. The most frequent
exotic species were distributed along a gradient of ‘habitat openness’, from maquis (A.
gracilipes) to closed rainforests (P. megacephala), with W. auropunctata having the
broadest habitat distribution. Multivariate analysis showed strong differentiation of sites on
the basis of distribution pattern of exotic species, and this was maintained at the ant
species, genus and functional group levels. Native ant composition differed at invaded
versus uninvaded rainforest sites at all three levels, and there was a strong negative
relationship between the abundance of W. auropunctata and native ant abundance and
richness. The results emphasize the impact of W. auropunctata on native ant community
structure, even in undisturbed areas, and independently of the substrate.
Invasive ants are generally associated with habitat disturbance, and a careful design is
necessary to demonstrate their role as ‘drivers’ of the diversity loss, ‘back-seat drivers’ or
simple ‘passengers’ of disturbance. The ‘driver’ model reflects the ability of invasive species
to induce declines in diversity in the absence of disturbance, whereas the ‘passenger’
model corresponds to habitat disturbance being the main driver of the decline. The ‘backseat driver’ model has been proposed for situations where invasive species initially benefit
from disruptions of ecosystem processes, which have already caused diversity loss to some
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extent, but are then able to cause further declines. In New Caledonia, both A. gracilipes and
W. auropunctata are strongly associated with disturbance, either in recently burnt areas or
in secondary rainforests and savanna. In Chapter 4, I used two natural experiments to
address the question of whether these invasive ants are the passenger of the disturbance
by fire, or rather the back-seat drivers of the diversity declines. I do this by first looking at
the short-term impacts of fire using a semi-factorial design of paired recently-burned and
unburned plots, with and without invasion by A. gracilipes. In the absence of invasion,
native epigaeic ants were resilient to fire, but native ant richness and the abundance of
Forest Opportunists were markedly lower in invaded burnt sites. I then examined
successional gradients from anthropogenic savanna to rainforest in the long-term absence
of fire, where the abundance of W. auropunctata was found to be disconnected from edgeeffects variables. All levels of native ant diversity investigated (total abundance, richness,
species composition, functional group richness and the abundance of Forest Opportunists)
declined independently of microhabitat variables but in direct association with high W.
auropunctata abundance. These results indicate that invasive ants are acting as back-seat
drivers of biodiversity decline in New Caledonia, with invasion facilitated by disturbance but
then causing further declines.
Long-term impacts of anthropogenic fires in New Caledonia result in the creation of a
fragmented landscape of rainforest ‘islands’ surrounded by savanna. In Chapter 5, I
assessed the impact of fire-induced rainforest fragmentation on native ant community in
six fragments and three sites in continuous forest. Invasion is often facilitated by
fragmentation and can, in turn, alter species densities within fragments. I found ant density
to be highly variable spatially within sites, and this was partly the result of invasion. This
highlights the pitfalls of using species-density approaches with unreplicated samples in the
context of fragmentation studies. Indeed, overlooking such variability could lead to a
misinterpretation of species responses. By using two approaches mitigating such variability,
I could show contrasting, trait-driven ant responses to fragmentation per se (rainforest
connectivity), and invasion by W. auropunctata.
In addition to community alteration, population isolation and inbreeding are also
expected outcomes of habitat fragmentation, especially for species with limited dispersal.
In Chapter 6, I investigated the reproductive strategy, dispersal, and genetic structure of
Leptomyrmex pallens, an endemic rainforest species characterised by wingless female
sexuates, in the highly fragmented Aoupinié region. For this purpose, thirteen highly
variable nuclear microsatellite loci (biparentally inherited) and one mitochondrial
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(maternally inherited) marker were developed. A fine-scale, hierarchical determination of
genetic relatedness revealed that L. pallens was mostly monogynous (one queen per nest),
with high pairwise relatedness up to 100 m between individuals, probably due to the
limited dispersal of the female sexuates. Strong male-biased dispersal was indeed observed
from the contrasted patterns of the two types of makers. Such male-biased dispersal is a
candidate explanation for the lack of regional-scale genetic differentiation observed,
confirmed by both classical and individual-based approaches. Finally, a broad-scale analysis
of mitochondrial haplotypes was consistent with patterns of past rainforest connectivity
and species’ range shifts.
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Chapter 2. New Caledonia has a depauperate subterranean ant fauna

Abstract
Ants are often a target of tropical biodiversity assessment because of their ecological
dominance and value as indicators of ecosystem health, but high microhabitat specificity,
patchy distribution and cryptic habits of many species make effective sampling problematic.
Although tropical ant faunas have long been known to show strong vertical stratification,
only recently has it been recognised that this can include a high diversity of subterranean
species that are poorly sampled using traditional methods. Global diversity patterns of
subterranean ants and their responses to above-ground disturbance remain largely
unknown. We describe ants collected in 360 subterranean traps distributed across 15 sites
representing contrasting soil types (volcano-sedimentary and ultramafic) in New Caledonia,
a recognised Global Biodiversity hotspot. New Caledonia has a diverse above-ground ant
fauna that includes spectacular radiations of both Gondwanan and Indo-Malayan genera
from all above-ground layers (litter, epigæic and arboreal), and so it might be expected also
to harbour a subterranean ant fauna of high biogeographic and conservation significance.
We show that New Caledonia supports an extremely depauperate subterranean ant fauna,
especially on ultramafic soils, with only two cryptobiotic species recorded in subterranean
traps, and a trap success rate up to an order of magnitude lower than in comparable
Australian studies. Our results show that there is an uncoupling of ant diversity above- and
below- ground, such that a high diversity and conservation significance of ants above
ground is not necessarily matched below.

Keywords: Subterranean ants, cryptobiotic morphology, biodiversity, New Caledonia
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Introduction
Documenting biodiversity is a key challenge in tropical rainforests, given the vast number of
species, extreme habitat complexity, and escalating conservation threats (Laurance 1998,
Moritz et al. 2001). Ants are often a target of tropical biodiversity assessment because of
their ecological dominance (Folgarait 1998, Meyer et al. 2011) and broader value as
indicators of ecosystem health (Majer 1983, Andersen et al. 2004, Mitrovich et al. 2010).
However, high microhabitat specificity, patchy distribution and cryptic habits of many
species (Kaspari 1996, Brühl 1998) make effective sampling problematic (Fisher 1999b). Ant
assemblages in tropical rainforests are highly stratified vertically (Brühl 1998), and so
comprehensive ant sampling has traditionally involved different techniques for sampling
litter-dwelling, epigaeic and arboreal species (Agosti and Alonso 2000). More recently it has
been recognised that tropical ecosystems can also support a diverse subterranean ant
fauna that is poorly sampled using traditional methods (Wilkie et al. 2007, Andersen and
Brault 2010, Schmidt and Solar 2010). As this is a new frontier in ant diversity, global
diversity patterns of subterranean ants and their response to above-ground disturbance
remain largely unknown. It is unclear, for example, whether a high diversity of ants above
ground makes it likely that similarly high diversity also occurs below ground.
We address this last issue by examining subterranean ant diversity in New
Caledonia, a continental island in the South Pacific that is one of the world’s earliest
recognised biodiversity hotspots (Myers 1988), with more than 2,300 endemic plant species
within an area of only 19,000 km2 (Jaffré et al. 1998). The New Caledonian biota has a
complex biogeographical history, with spectacular radiations of taxa of both Gondwanan
and Indo-Malayan origins (Ladiges and Cantrill 2007, Grandcolas et al. 2008, Heads 2008,
Espeland and Murienne 2011).
The New Caledonian ant fauna is estimated to contain 220 species (H. Jourdan,
personal communication) and includes diverse radiations of both Gondwanan (e.g.
Monomorium and Rhytidoponera) and Indo-Malayan (e.g. Lordomyrma, Vollenhovia) taxa
(Ward 1984, Taylor 1987, Jourdan 1997a, Jourdan 1999). Such radiations are present in all
above-ground strata: within litter (cryptic genera Discothyrea and Vollenhovia), on the
ground (epigaeic genera Lordomyrma, Rhytidoponera, Monomorium), and in trees (arboreal
species of Camponotus; despite a generally depauperate arboreal fauna) (Ward 1984,
Jourdan 1999). This fauna is seriously threatened by invasive ants (Jourdan 1997b, Jourdan
1999, Jourdan et al. 2002, Le Breton et al. 2003, Le Breton et al. 2005) and deforestation by
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anthropogenic fire (Jaffré et al. 1998). The subterranean ant fauna of New Caledonia has
not previously been investigated, and might reveal radiations of cryptobiotic taxa with rates
of spatial turnover comparable to above-ground taxa.
In describing for the first time the subterranean ant fauna of New Caledonia, our
study has two specific aims. First, given that substrate variability has been a major driver of
evolutionary radiation and endemism in New Caledonia (Morat 1993a, Jourdan 1997a,
Bauer and Jackman 2006, Heads 2008), we investigate the extent to which contrasting
substrates support different subterranean ant species. Second, we compare subterranean
ant abundance and diversity in New Caledonia with that in coastal tropical and subtropical
Australia, where the same traps have been used in previous studies.

Methods
Study region
The New Caledonian archipelago (21°30’ S, 165°30’ E) is located approximately 1,200 km
east of central Queensland, Australia. New Caledonia has undergone complex geological
and tectonic changes since its separation from Australia about 80 million years ago, leading,
for example, to the remarkable presence of highly ultramafic (metalliferous) soils that once
covered most of the island (Grandcolas et al. 2008). Annual rainfall averages 1058 mm in
the capital city Noumea, but can exceed 2500 mm in mountains supporting rainforest
(Carpenter 2003, Read et al. 2005), with most rainfall occurring between January and June.
Mean daily temperatures range from a minimum of 20.1°C in August to a maximum of
26.4°C in February (www.meteo.nc).
Our study was conducted on the main island (“Grande Terre”), which features a
central mountain chain running throughout its length. These mountains support most of
the island’s remaining forests, with the lowland plains being almost entirely cleared for
cattle grazing and agriculture (Jaffré 1993). The northern half of the island is dominated by
highly productive, volcano-sedimentary soils, whereas low-productivity ultramafic soils
predominate in the south. A range of vegetation types occurs on the main island, including
maquis shrubland, however our study was restricted to rainforest, which covers about 22%
of the land surface (Jaffré 1993).

17

Chapter 2. New Caledonia has a depauperate subterranean ant fauna
Sampling was conducted in two regions, separated by approximately 170 km: the
Aoupinié forest in the Northern Province (volcano-sedimentary soils), and the “Superbe”
forest at Montagne des Sources in the Southern Province (ultramafic soils). These regions
represent two of the main areas of endemism on the island for the herpetofauna and for
vascular plants (Bauer and Sadlier 2000, Heads 2008).

Sampling
We used the same subterranean traps as were first used by Andersen and Brault (2010) in
Darwin in the monsoonal tropics of the Northern Territory, and then also used in the
subtropical South-East Queensland (SEQ) study of Osunkoya et al. (2011). Traps were
capped plastic vials 4 cm high and 1 cm in diameter, with four holes (2 mm diameter) drilled
in the upper half to allow access by ants. A mixture of peanut butter, jam and anchovy
paste was smeared on the inner walls above the access holes to attract ants. The traps
were half-filled with an ethanol/ethylene glycol mix to retain and preserve ants that fell in.
Traps were placed underground after hammering a metal stake into the soil, then covered
with the excavated soil. Sampling duration in the previous studies ranged from one day in
Darwin to 6 days in SEQ. For our New Caledonian study we used a time period within this
range, 48 hrs. The Darwin study found that the optimal depth for subterranean catches was
10 cm, and this was the depth used in the SEQ study. In New Caledonia we used a depth of
15-20 cm, as this provided optimal catches during a pilot study at three experimental plots.
We sampled for subterranean ants at 15 sites, eight in the Aoupinié region and
seven at Montagne des Sources, with sites separated by at least 200 m and covering a
range of elevations (313 - 937 m above sea level). A 5 x 5 grid of traps with 5 m spacing was
used at 12 sites, and a 5 x 4 grid with 5 m spacing at the remaining three sites, giving a total
of 360 traps (Table 2). Sampling was conducted during warm times of the year: in October
2009 (two plots), April 2010 (eleven plots), and September 2011 (two plots) (Table 2).
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Table 2 Summary site information for the New Caledonian study
Region

Site

Altitude

Latitude

Longitude

Aoupinié
Aoupinié
Aoupinié
Aoupinié
Aoupinié
Aoupinié
Aoupinié
Aoupinié
Montagne des Sources
Montagne des Sources
Montagne des Sources
Montagne des Sources
Montagne des Sources
Montagne des Sources
Montagne des Sources

A1
A2
A3
A4
A5
A6
A7
A8
MS1
MS2
MS3
MS4
MS5
MS6
MS7

313m
937m
307m
314m
633m
655m
860m
627m
401m
461m
394m
504m
519m
464m
736m

S21°11’20.2”
S21°10’38.8”
S21°07’39.5”
S21°07’42.7”
S21°09’45.0”
S21°09’58.5”
S21°10’58.7”
S21°12’16.4”
S22°09’33.7”
S22°09’24.2”
S22°09’35.1”
S22°09’16.3”
S22°09’12.6”
S22°09’19.6”
S22°07’49.5”

E165°15’42.2”
E165°17’07.7”
E165°19’05.2”
E165°19’13.3”
E165°19’03.4”
E165°18’54.8”
E165°17’30.3”
E165°18’12.5”
E166°35’33.1”
E166°35’33.1”
E166°35’42.4”
E166°35’39.6”
E166°35’33.1”
E166°35’25.8”
E166°36’18.8”

Sampling
date
Oct 2009
Oct 2009
Apr 2010
Apr 2010
Sept 2011
Apr 2010
Apr 2010
Apr 2010
Apr 2010
Apr 2010
Sept 2011
Apr 2010
Apr 2010
Apr 2010
Apr 2010

#Traps
20
20
25
25
25
25
25
25
20
25
25
25
25
25
25

In the Darwin study, three sites separated by 200 – 300 m were surveyed, and 20
traps were deployed every 2 m along a 38 m transect at each site. Catches varied
substantially with season, and so we considered data from November (late dry season) and
January (mid wet season) separately, each with 60 traps. In the SEQ study, subterranean
traps were used in ant surveys of eight sites during September 2009 (early spring), with
distances between sites ranging from 10-150 km (Osunkoya et al., 2011). Thirty traps were
used at each site, half located in areas infested with cat’s claw creeper (Macfadyena
unguis-cati, Bignoniaceae) and half in uninfested areas. Cat’s claw invasion had little
influence on subterranean ants (Osunkoya et al., 2011), and so we considered all 30 traps at
each site, giving a total of 240 traps.

Ant identification
Ants were identified to genus using Bolton (1994), and species were named, where
possible, using a checklist of ants from New Caledonia (Taylor 1987) and subsequent
revisions (Ward 1984, Lucky and Ward 2010). However, as most species could not be
identified to species level, they were assigned codes within a genus (sp. A, sp. B, etc.) that
apply only to this study. Voucher specimens of all species are located at the CSIRO Tropical
Ecosystems Research Centre in Darwin.
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Analyses
Subterranean traps often capture epigæic ant species (Andersen and Brault, 2010), so only
species with cryptobiotic morphology were included in our comparative analyses in order
to avoid the confounding effects of differences in epigæic diversity. We defined
cryptobiotic morphology as a combination of short appendages and tiny (or absent) eyes
(Andersen and Brault 2010). The Darwin study recorded the frequency of occurrence rather
than abundance of species in traps, whereas in SEQ and in our study species abundances
were recorded. To avoid biases due to large numbers of individuals captured in a small
number of traps, we capped the abundance of any species in a single trap at 50. We
considered two measures of abundance: trap success (percentage of traps occupied, with
data available from all three studies) and mean ant abundance in traps with ants (data
available from SEQ and New Caledonia). Due to the zero-inflated data from New Caledonia,
a non-parametric permutation test (either exact test, or the asymptotic z-test
approximation in case of high permutation number) was used to test for differences, with
site as the unit of analysis. Ant abundance was too low for statistical analysis of regional
differences within New Caledonia.

Results
The 360 traps we deployed in New Caledonia captured a total of 16 species (including the
introduced Monomorium pharaonis) from 7 genera, with the richest genera being Pheidole
(5 species), and Lordomyrma (3 species) (Table 3).
A total of 12 species were recorded in the Aoupinié region (volcano-sedimentary
soils) compared with eight in Montagne des Sources (ultramafic soils). Only two of the 16
total species were cryptobiotic: Carebara sp. B (occurring in a total of 22 traps across six
sites) and Solenopsis sp. A (occurring in 6 traps at a single site). Trap success (occurrence of
cryptobiotic species) was low at Aoupinié (13.8%) and extremely low at Montagnes des
Sources (1.7%), where six out of the seven sites recorded no cryptobiotic ants. Mean
abundance in traps with ants was 22.6 at Aoupinié, compared to only 2.5 at Montagnes des
Sources.
The Darwin study recorded eight cryptobiotic species in November and six in
January (10 species in total). Trap success was 32% and 42% respectively, 4-5 times higher
than the mean of 8.1% in New Caledonia (exact permutation test: P < 0.05 and P < 0.01
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respectively). The SEQ study recorded eight cryptobiotic species. Trap success was 75%,
almost ten times higher than the mean in New Caledonia (asymptotic approximation: Z =
4.34; P < 0.001), and mean abundance in traps with ants (47.4) was more than double that
in New Caledonia (exact permutation test: P < 0.01).
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Ectatomminæ
Rhytidoponera numeensis
Myrmicinæ
Carebara sp. B
Lordomyrma sp. A (caledonica gp.)
Lordomyrma sp. B (sarasini gp.)
Lordomyrma sp. F (sarasini gp.)
Monomorium pharaonis
Monomorium sp. AH (antarcticum gp.)
Pheidole sp. (umbonata gp.)
Pheidole sp. A
Pheidole sp. B (umbonata gp.)
Pheidole sp. C (umbonata gp.)
Pheidole sp. D
Pheidole sp. F (umbonata gp.)
Solenopsis sp. A
Vollenhovia sp. B
Vollenhovia sp. E

A1

6
2

2
1

3

1

1

1

1

1

1

A2

1

9

A3

sp. B and Solenopsis sp. A, are cryptobiotic. Monomorium pharaonis is exotic.

2

2

1

Aoupinié
A4 A5

3

1

2

A6

1

A7

3

6

A8

3

MS1
1

MS2

1

1
3

3

2

2

1

2

2

Montagne des Sources
MS3 MS4 MS5 MS6

2
11

1

MS7

Table 3 Ant species collected in subterranean ants at each site in New Caledonia. Data represent number of traps in which a species occurred. Only two species – Carebara
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Discussion
Our study revealed that New Caledonia has an extremely depauperate subterranean ant
fauna. We recorded only two cryptobiotic species (Carebara sp. B and Solenopsis sp. A) in
360 subterranean traps, and each is readily sampled using both litter extractions and pitfall
traps (M. Berman, unpublished data). This is in stark contrast to other studies using
subterranean traps, which have consistently revealed species that are rarely, if ever,
recorded using traditional methods. For example, in the recent study in Brazil by Pacheco
and Vasconcelos (2012), approximately 53% of the cryptobiotic species collected in the
subterranean traps were uniquely caught that way. This figure was 40% in the neotropical
study of Wilkie et al. (2007), and 25% in tropical Australia (Andersen and Brault, 2010).
Most of the eight cryptobiotic species caught in the SEQ study were rarely if ever caught in
pitfall traps (Osunkoya et al. 2011).
The incidence of cryptobiotic ants in subterranean traps was particularly low in the
ultramafic soils of the Montagne des Sources region, limited to a single species (Carebara
sp. B) recorded in two of 170 traps. This virtual absence of a specialist subterranean ant
fauna might be explained by the high toxicity and low microbial biomass of ultramafic soils
(Amir and Pineau 1998), with a resource base possibly incapable of supporting a diverse
and abundant subterranean ant fauna. This provides a contrast to other taxa such as
reptiles or plants, where such soils appear to have promoted speciation and microendemism in New Caledonia (Bauer and Jackman 2006, Espeland et al. 2008, Heads 2008).
Although the incidence of cryptobiotic ants in subterranean traps was higher in the
volcano-sedimentary soils of the Aoupinié region, this was 4-5 times lower than in Darwin
(Andersen and Brault, 2010), where traps were left out for half as long, and an order of
magnitude lower than that recorded in SEQ (where traps were left out for six compared
with 2 days; Osunkoya et al. 2011). In both Darwin and SEQ it was common for a single trap
to collect hundreds of cryptobiotic ants. However, this was very rarely the case in our New
Caledonian study, where only 2% of the traps had more than 50 individuals (compared with
50% of traps in SEQ). It indicates that not only is the subterranean ant fauna of New
Caledonia species-poor, but it has also very low productivity, even in volcano-sedimentary
soils. We acknowledge that our comparisons are confounded by differences in trapping
duration. However, although catches increase with sampling duration (Wilkie et al. 2007,
Andersen and Brault 2010, Pacheco and Vasconcelos 2012), most catches occur within the
first one or two days of trapping (Wilkie et al. 2007; Andersen and Brault 2010). Moreover,
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our conclusions hold even when comparing results from two days of trapping in New
Caledonia with one day in Darwin.
An alternative explanation for the lack of a specialized subterranean ant fauna
could be the particular biogeographical history of New Caledonia, recently recognized as an
‘old Darwinian island’, with most of the biota arriving by long-distance dispersal during the
last 37 million years (Grandcolas et al. 2008). However, dispersal limitation is unlikely to be
the main driver for a depauperate subterranean fauna, as New Caledonia has a diverse
cryptic ant fauna, collected by conventional sampling techniques, including genera such as
Solenopsis and Carebara that are so abundant and diverse in subterranean traps in
Australia (Andersen and Brault, 2010; Osunkoya et al., 2011). Further, there is no reason to
suspect that cryptic species have reduced over-sea dispersal ability as nesting in rotten logs
might actually favour this form of dispersal.
In conclusion, New Caledonia supports a depauperate fauna of specialist
subterranean ants, despite having spectacular radiations of several ant genera above
ground. This suggests that future sampling for ant community assessment in New Caledonia
will not be significantly improved by the addition of subterranean trapping, and that effort
is better focussed on traditional sampling techniques. It is unclear why the subterranean
fauna is so depauperate in New Caledonia, but it appears to be related to ecological rather
than historical factors. Our study has shown that there is an uncoupling of ant diversity
above- and below-ground, such that a high diversity and conservation significance of ants
above ground is not necessarily matched below.

24

CHAPTER 3. AN OVERVIEW OF NEW CALEDONIAN
ANT COMMUNITIES IN RELATION TO HABITAT AND
INVASION BY EXOTIC SPECIES

Submitted to PLoS ONE as: Berman, M., Andersen, A. N., Hély, C. and Gaucherel, C.
Overview of the distribution, habitat association and impact of exotic ants on native ant
communities in New Caledonia.

Statement of contribution
Conceived and designed the experiments: MB, AA, CH and CG. Performed the experiments:
CH and CG. Analysed the data: MB. Wrote the paper: MB, AA, CH and CG.

Chapter 3. An overview of New Caledonian ant communities

Abstract
New Caledonia has a highly significant ant fauna that is seriously threatened by exotic ants,
but broad-scale patterns of ant community composition in relation to exotic ant invasion in
different habitats remain poorly documented. We conducted a systematic baiting survey of
56 sites representing the main New Caledonian habitat types: rainforest on ultramafic soils
(15 sites), rainforest on volcano-sedimentary soils (13), maquis shrubland (15), Melaleucadominated savannas (11) and Acacia spirorbis thickets (2). We collected a total of 49
species, 13 of which were exotic. The most abundant exotic species were distributed along
a gradient of habitat openness, from maquis (A. gracilipes) to closed rainforests (P.
megacephala), with W. auropunctata having the broadest habitat distribution. Multivariate
analysis of overall ant species composition showed strong differentiation of sites according
to the distribution of exotic species, and these patterns were maintained at the genus and
functional group levels. Native ant composition differed at invaded versus uninvaded
rainforest sites at the species, genus and functional group levels, and there was a strong
negative relationship between the abundance of W. auropunctata and native ant
abundance and richness. This emphasizes that, in addition to dominating many ant
communities numerically, exotic species, and in particular W. auropunctata, have a marked
impact on native ants.

Keywords: biodiversity; bioindicator; invasive ants; functional group scheme; baiting
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Introduction
Ants are among the most harmful invaders (Lowe et al. 2000), with exotic species
distributed worldwide as a result of human activities, and Pacific islands a major recipient
(McGlynn 1999). Although their ability to disrupt native ecosystems has been widely
reported (Porter and Savignano 1990, Sanders et al. 2001, Holway et al. 2002, O'Dowd et al.
2003), their presence and impact is often highly dependent on their habitat preference. For
example, in California the Argentine ant Linepithema humile strongly prefers moist habitats
(Holway and Suarez 2006), and in monsoonal northern Australia the African big-headed ant
P. megacephala strongly favors rainforest over savanna (Hoffmann et al. 1999). However,
there have been few regional studies of the relationship between habitat, exotic ants and
native ant communities.
The Pacific archipelago of New Caledonia, with a land area of 18,500 km2, is one of
the world’s earliest recognized biodiversity hotspots (Myers 1988). Its complex
biogeographical history (Grandcolas et al. 2008) and contrasting substrates have led to
spectacular radiations and endemism of plants (Jaffré et al. 1998), lizards (Bauer and Sadlier
1993, Bauer and Jackman 2006) and various invertebrate groups (Murienne et al. 2008a,
Espeland and Johanson 2010). The ant fauna is no exception, containing diverse radiations
of both Gondwanan (e.g. Rhytidoponera, Monomorium) and Indo-Malayan (e.g.
Lordomyrma, Vollenhovia, Discothyrea) taxa (Ward 1984, Taylor 1987, Jourdan 1997a,
Jourdan 1999). Unfortunately, this fauna is seriously threatened by habitat loss and invasive
ants (Jourdan 1997b, Jourdan 1999, Le Breton et al. 2003). Since the arrival of Melanesians
approximately 3500 years ago, anthropogenic disturbances such as fire have resulted in
approximately half of New Caledonia’s original rainforest vegetation (Jaffré et al. 1998)
being converted to maquis shrubland on ultramafic soils (Hope and Pask 1998, McCoy et al.
1999), and to savannas dominated by non-endemic species on volcano-sedimentary soils
(Jaffré 1993). Another important habitat, the dry sclerophyll forest, which once occupied
most of the island’s west coast, now covers only 1% of its original area (Jaffré et al. 1998),
being replaced by Acacia spirorbis (gaiac) thicket (Bouchet et al. 1995). Additionally, like
most Pacific islands (McGlynn 1999), New Caledonia is a major recipient of exotic ant
species. These include three of the world’s 100 worst invasive species (Lowe et al. 2000): A.
gracilipes, present since the early European colonization (Emery 1883); P. megacephala first
reported in 1960 (Jourdan et al. 2002); and W. auropunctata since 1972 (Fabres and Brown
1978).
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Wasmannia auropunctata has been the principal focus of invasive ant research in
New Caledonia, with a particular emphasis on its behavioural dominance (Delsinne et al.
2001, Le Breton 2003, Le Breton et al. 2004, Le Breton et al. 2005) and reproductive biology
(Fournier et al. 2005, Foucaud et al. 2010a). In contrast, limited knowledge is available on
broad-scale patterns of ant community composition in relation to ant invasions across
different habitats (but see Jourdan 1999).
Our study has three aims: (1) To provide an overview of the distribution of exotic
ant species across major habitat types occurring in New Caledonia, (2) To assess how the
five most abundant invasive species relate to key habitat variables, and (3) To describe the
association between invasive ants and the taxonomic and functional composition of native
ant communities in different habitats.

Material & Methods
Study sites
The New Caledonian archipelago (21°30’ S, 165°30’ E) is located approximately 1,200 km
east of north-eastern Australia (Figure 1). Annual rainfall averages 1,058 mm in the coastal
capital city Noumea, but can exceed 2,500 mm in inland mountainous regions, with most
rainfall occurring between January and June. Mean daily temperatures range from a
minimum of 20.1°C in August to a maximum of 26.4°C in February (www.meteo.nc).
Ant sampling was conducted at 56 sites (Table 4; Figure 1a), representative of the
five major vegetation types: rainforests on ultramafic soils (15 sites), rainforests on
volcano-sedimentary soils (13), maquis-shrubland (15), anthropogenic savannas dominated
by Melaleuca quinquinervia (11), and gaiac thickets (2). The number of sites per vegetation
type was roughly proportionate to their respective contribution to the total land surface of
New Caledonia.
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a)

b)

Figure 1 Location of sampling sites across New Caledonia in relation to habitat, substrate type (white
areas = volcano-sedimentary; shaded areas = ultramafic) (a), and proportional frequency (as
measured by occurrence in traps) of native ant species (NAT), Dominant Opportunists (DO), and
exotic Weedy Opportunists (WO) (b)
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Table 4 List of sampled sites. F: rainforest; MAQ: maquis-shrubland; SAV: savanna; GAI: gaiac (Acacia
spirorbis) thicket. VS: volcano-sedimentary substrate; U: ultramafic substrate
Plot #
F01
F02
F03
F04
F05
F06
F07
F08
F09
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20
F21
F22
F23
F25
F26
F27
F28
F29
F30
M01
M02
M03
M04
M05
M06
M07
M08
M09
M10
M11
M12
M13
M14
M15
S01
S02
S03
S04
S05
S06
S07
S08
S10
S11

Latitude (dec)
164.56833
164.73935
164.73407
164.71864
164.7192
164.88853
164.8955
164.91034
165.91076
166.81467
165.82876
166.66537
166.8931
166.89612
166.93633
166.93012
166.91271
166.91172
166.71556
166.71627
165.81405
165.81979
166.3317
166.33085
166.33003
166.33257
166.33413
166.50973
166.66622
166.87231
166.8618
166.64994
166.64901
166.75792
166.7589
166.83644
166.83759
166.69692
166.69876
166.7854
166.78355
166.81106
166.81148
164.18665
164.18416
164.19462
164.19456
164.2109
164.57271
164.57211
166.10961
165.81343
165.8366

Longitude (dec)
-20.40861
-20.68576
-20.6807
-20.66719
-20.66701
-20.99517
-20.98011
-20.94028
-20.94136
-21.61498
-21.57179
-22.21362
-22.16918
-22.1688
-22.15968
-22.15892
-22.16457
-22.16272
-22.3015
-22.30147
-21.58705
-21.53191
-22.06925
-22.07065
-22.07175
-22.0755
-22.07569
-22.1756
-22.21467
-22.15929
-22.16698
-22.22473
-22.22459
-22.14557
-22.14637
-22.17442
-22.17317
-22.28313
-22.28139
-22.30746
-22.30852
-22.31265
-22.31395
-20.29298
-20.29572
-20.36775
-20.36819
-20.39468
-20.40233
-20.40161
-21.72519
-21.59636
-21.56091

Altitude (m)
83
519
523
634
640
380
476
583
591
538
368
262
312
368
30
23
253
283
39
55
357
204
470
433
404
401
441
518
218
185
186
177
167
162
163
192
193
40
39
170
175
167
163
58
78
24
24
20
152
121
164
328
303

30

Vegetation type
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
MAQ
SAV
SAV
SAV
SAV
SAV
SAV
SAV
SAV
SAV
SAV

Substrate
VS
VS
VS
VS
VS
VS
VS
VS
VS
VS
VS
UM
UM
UM
UM
UM
UM
UM
UM
UM
VS
VS
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
UM
VS
VS
VS
VS
VS
VS
VS
VS
VS
VS
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S12
G01
G02

166.37981
164.8826
164.8669

-22.15875
-21.01589
-21.99705

50
73
139

SAV
GAI
GAI

VS
VS
VS

Ant sampling
Ants were sampled using a simplified baiting protocol, designed to provide a broad
overview of the local ant fauna rather than to build a comprehensive species list. Sampling
occurred during October 2010, and involved the use of tuna-baited plastic tubes (5 cm x 1.5
cm x 1.5 cm) placed horizontally on the ground, with the opening flush with the soil surface.
At each site, 20 traps were set out in two rows of ten, with 5 m spacing between traps and
20 m between rows. Traps were collected after 2 h, filled with 100% ethanol, capped and
returned to the laboratory for processing. Our study is potentially confounded by the fact
that ant invasion is still occurring on New Caledonia, with many sites that are remote from
anthropogenic disturbance not yet having an ‘opportunity’ for invasion. To control for this
to some extent, all our rainforest sites were located within approx. 100 m of an access road
or a forest edge.

Habitat variables
At each site, we quantified five habitat variables we considered likely to influence ant
communities: percentage of grass cover, shrub cover, litter cover, canopy cover and mean
litter depth. Percentage canopy cover was estimated from the projection surfaces of
crowns of 24 trees, selected from three random point-centered quadrats (Mueller-Dombois
and Ellenberg 1974). All other measurements were made from six 1-m2 quadrats.

Analysis
Ant identification and functional group classification
Ants were identified to genus following Bolton (1994) and LaPolla et al. (2010), and species
were named, where possible, using a checklist of ants from New Caledonia (Taylor 1987)
and subsequent revisions (Ward 1984, Lucky and Ward 2010). However, as most species
could not be identified to species level, they were assigned codes within a genus (sp. A, sp.
B, etc.) that apply only to this study. Voucher specimens of all species are located at the
CSIRO Tropical Ecosystems Research Centre in Darwin. Species were classified as either
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native or exotic following Jourdan (1999). Where uncertainty existed (e.g. Pheidole cf.
oceanica, and species of Solenopsis, Ochetellus and Odontomachus), we considered them to
be native.
We classified species into functional groups, based on the Australian scheme
(Andersen 1995a), but expanded into more groups for better representation of the New
Caledonian fauna, given that it is dominated by tropical rainforest specialists (see Andersen
2010) (Appendix 2). Behaviourally dominant invasive species (W. auropunctata, A.
gracilipes and P. megacephala) form the “Dominant Opportunists” group, while other
exotic invasive species belong to the group “Weedy Opportunists”.

Statistical analyses
Our data set was a site by species abundance matrix, with frequency of occurrence in traps
(up to 20 per site) used as the measure of abundance. We first investigated how habitat
variables were associated with the five most abundant exotic species through Canonical
Correspondence Analysis (CCA), with log-transformed and normalised habitat variables (ter
Braak 1986), using the ‘vegan’ statistical package in R 2.15.0 (R Development Core Team
2005). The significance of each canonical axis formed by the linear combination of
environmental variables was obtained by permutation (function ‘anova.cca’) (Legendre et
al. 2011). We then investigated patterns of community composition at species, genus and
functional group levels by ordinating sites using multi-dimensional scaling (MDS), based on
Bray-Curtis similarity. One-way analysis of similarity (ANOSIM) was used to investigate pairwise differences between habitat types (using an a priori grouping). We used cluster
analysis (CLUSTER procedure with SIMPROF test of significance) to investigate patterns of
native ant assemblages in relation to the abundance of exotic species, independently of
vegetation type (without any a priori grouping). We also ordinated sites with MDS based
only on native ants, and used ANOSIM to assess if native ant composition differed between
invaded and non-invaded sites, and analysis of similarity percentage (SIMPER) to identify
the species and functional groups contributing most to the dissimilarity. We considered
only rainforest sites for this analysis, as other habitats harboured few native species. These
analyses were all conducted using the software PRIMER 6 (Clarke and Gorley 2006). Finally,
we looked at the relationship between W. auropunctata abundance and native ant richness
and abundance at rainforest sites, excluding those sites where other Dominant
Opportunists occurred.
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Results
We recorded 49 species from 20 genera over the 56 sites sampled, with the richest genera
being Pheidole (8 species), Rhytidoponera (6), and Paraparatrechina (4) (Table 5).
Table 5 Ant species collected (49) and percentage of sites occupied per habitat type (FVS: rainforest
on volcano-sedimentary soils (13 sites); FUM: rainforest on ultramafic soils (15); MAQ: maquis
shrubland (15); SAV: savanna (11) and GAI: gaiac thicket (2). FG: Functional Group. An asterisk
indicates an introduced species
Species

FG

Anoplolepis gracilipes* (Smith)

DO

0

13

80

9

0

Brachymyrmex cf. obscurior* (Forel)

WO

0

7

80

100

100

Brachymyrmex sp. B*

WO

8

20

13

0

0

Camponotus sp. A

SC

15

20

0

0

0

Camponotus sp. K

SC

8

0

0

0

0

Cardiocondyla emeryi* (Forel)

WO

8

0

20

18

50

Dolichoderus sp. A

CCS

0

13

0

0

0

Iridomyrmex neocaledonica (Emery)

DD

0

0

7

0

0

Leptomyrmex nigriceps (Emery)

FOP

8

7

0

0

0

Leptomyrmex pallens (Emery)

FOP

54

27

0

0

0

Lordomyrma sp. Q (caledonica gp.)

TCS

8

0

0

0

0

Lordomyrma sp. R (caledonica gp.)

TCS

0

13

0

0

0

Monomorium floricola* (Jerdon)

WO

0

0

7

0

0

Monomorium sp. AA (pallipes gp.)

CCS

0

13

0

0

0

Monomorium sp. AB (pallipes gp.)

CCS

0

7

0

0

0

Monomorium sp. X (antarcticum gp.)

CCS

8

0

0

0

0

Nylanderia vaga* (Forel)

WO

23

27

80

36

0

Ochetellus cf. glaber (Mayr)

WO

0

0

7

0

0

Odontomachus cf. simillimus (Smith)

WO

0

0

0

9

0

Paraparatrechina sp. A

FOP

15

0

0

0

0

Paraparatrechina sp. C

FOP

8

7

0

0

0

Paraparatrechina sp. J

FOP

0

13

0

0

0

Paraparatrechina sp. K

FOP

8

0

0

0

0

Paratrechina longicornis* (Latreille)

WO

0

0

0

36

0

Pheidole megacephala* (Fabricius)

DO

46

27

0

0

0

Pheidole sp. 1 (umbonata gp.)

GM

15

0

0

0

0

Pheidole sp. 2 (umbonata gp.)

GM

23

47

0

0

0

Pheidole sp. 3 (umbonata gp.)

GM

0

13

0

0

0

Pheidole sp. A

GM

15

20

0

0

0

Pheidole sp. B (umbonata gp.)

GM

15

0

0

0

0

Pheidole sp. C (umbonata gp.)

GM

46

20

0

0

50

Pheidole sp. D

GM

8

13

7

0

0

Pheidole sp. M (umbonata gp.)

GM

54

0

7

0

0
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Pheidole sp. N (umbonata gp.)

GM

0

7

0

0

0

Pheidole sp. V (umbonata gp.)

GM

8

0

0

0

0

Pheidole cf. oceanica (Mayr)

GM

0

0

13

0

0

Polyrhachis guerini (Roger)

SC

0

0

7

9

0

Rhytidoponera numeensis (Andre)

FOP

23

0

0

0

0

Rhytidoponera wilsoni (Brown)

FOP

0

7

0

0

0

Rhytidoponera sp. H (fulgens gp.)

FOP

23

0

0

0

0

Rhytidoponera sp. I (fulgens gp.)

FOP

15

27

0

0

0

Rhytidoponera sp. J (pulchella gp.)

FOP

8

0

0

0

0

Rhytidoponera sp. K (acanthoponeroides gp.)

FOP

8

0

0

0

0

Solenopsis geminata* (Fabricius)

DO

0

0

7

9

0

Solenopsis sp. B

CG

46

27

0

0

0

Tapinoma melanocephalum* (Fabricius)

WO

0

20

0

9

0

Tetramorium bicarinatum* (Nylander)

WO

0

0

0

9

0

Tetramorium simillimum* (Smith)

WO

0

0

0

9

0

Wasmannia auropunctata* (Roger)

DO

38

53

67

27

0

Thirteen (27%) species were exotic, with the most common being Brachymyrmex cf.
obscurior (220 traps occupied from 26 sites), W. auropunctata (217 traps from 26 sites), A.
gracilipes (134 traps from 15 sites), Nylanderia vaga (50 traps from 23 sites), and P.
megacephala (41 traps from 10 sites). The rainforest sites had lower mean trapping success
than open sites (61% ± 4 SE vs 81% ± 4 SE respectively; permutation test using asymptotic
approximation Z= -3.41; P < 0.001), but their mean native species richness was nine times
higher (3.6 ± 0.6 SE vs 0.4 ± 0.1 SE respectively; exact permutation test P < 0.001).

Relationship between habitat and exotic ant abundance
Dominant Opportunists occurred at most (71%) sites, and were particularly abundant in the
south of the island (Figure 1b). Only 10% of sites were completely free of exotic species,
and these were all rainforests. Wasmannia auropunctata and N. vaga were both very
widespread, occurring in all habitat types except gaiac thicket (Figure 2).
In contrast, P. megacephala was restricted to forests, and B. cf. obscurior was
restricted to non-forest habitats, being particularly abundant in gaiac and savanna
vegetation types. Anoplolepis gracilipes occurred primarily in maquis, but was also found in
savannas and rainforests on ultramafic substrate. Wasmannia auropunctata and A.
gracilipes co-occurred at 8 sites (7 in maquis and 1 in rainforest on ultramafic substrate),
without a consistent pattern in their relative abundance (paired permutation test T7=18;
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P>0.05). Wasmannia auropunctata and P. megacephala co-occurred at two rainforest
sites, and A. gracilipes and P. megacephala co-occurred at one rainforest site.
Percent of total species records

100%
Nylanderia vaga

80%

Brachymyrmex ?obscurior
60%

Anopolepis gracilipes
Pheidole megacephala

40%

Wasmannia auropunctata
20%
0%
FVS (63) FUM (115) MAQ (280) SAV (170)

GAI (33)

Figure 2 Relative abundance of the five main introduced species according to habitat type. Values
are proportions of total records of the five species per habitat type (total records in brackets). FVS:
rainforest on volcano-sedimentary substrate; FUM: rainforest on ultramafic substrate; MAQ: maquis
shrubland; SAV: savanna; GAI: gaiac thicket

The contrasting habitat preferences of the major exotic species are further
illustrated by CCA (Figure 3; Table 6), with the two first axes explaining 98% of the variance.
Only the first axis was found to be significant (Pseudo-F1,44=13.69; P < 0.005), and related to
habitat openness. Pheidole megacephala was strongly associated with a dense canopy (i.e.
rainforest habitat), whereas A. gracilipes and B. cf. obscurior showed a contrasting
association with open habitats, and, especially in the case of B. ?obscurior, grassy habitats.
Wasmannia auropunctata favoured intermediate levels of canopy cover (as did N. vaga)
and litter availability. Anoplolepis gracilipes showed a preference for shrubby habitat.

Patterns of community composition in relation to habitat and invasion
Functional group composition varied markedly between habitat types (Figure 4). Dominant
Opportunists were abundant in all habitat types (ranging from 13% of all ants in savanna to
37% in maquis), except in gaiac thicket. The two rainforest types had near identical
functional group composition, with Generalized Myrmicinae and Forest Opportunists being
the two most abundant groups in both cases. The open habitats had much fewer functional
groups, and were dominated numerically by Weedy Opportunists, overwhelmingly so in
savanna and gaiac vegetation types.
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Figure 3 Canonical Correspondence Analysis triplot showing the relationship between habitat
variables and the five most abundant exotic species. Proportion explained by each eigenvalues is
reported next to the axis label. The right- and upper axes relate to the environmental variables
constraints. Sites are displayed according to habitat type (▲= rainforests on volcano-sedimentary
substrate (10); ▲= rainforests on ultramafic substrate (12); ○ = maquis-shrubland (14); ◊= savannas
(11); ◊= gaiac thickets (2))

Table 6 Species scores on the first two CCA components (explaining 84 % and 14% of variance,
respectively)
Anoplolepis gracilipes
Brachymyrmex cf. obscurior
Nylanderia vaga
Wasmannia auropunctata
Pheidole megacephala

CCA 1
0.25
0.77
-0.22
-0.60
-1.62

CCA 2
-0.34
-0.03
0.30
-0.19
0.13
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Percent of total species records

100%

TCS
DD

75%

CCS
SC
CG

50%

FOP
GM

25%

WO
DO

0%
FVS (13)

FUM (15)

MAQ (15)

SAV (11)

GAI (2)

Figure 4 Functional group composition of each habitat type (FVS: rainforest on volcano-sedimentary
substrate; FUM: rainforest on ultramafic substrate; MAQ: maquis shrubland; SAV: savanna; GAI:
gaiac thicket). Values are proportions of total species records.

MDS based on ant species composition with a priori grouping into habitat types
showed clear differentiation between forest sites on one hand, and open habitats (maquis,
savanna and gaiac sites) on the other (Figure 5; ANOSIM global R= 0.417, P < 0.001;
pairwise tests all significant except FVS, FUM R= 0.061 P= 0.13 and SAV, GAI R= -0.32 P=
0.90).
Cluster analysis without a priori grouping revealed that groups identified at the
species level were maintained at the genus and functional group levels (Figures 6a, b and c
respectively).

37

Chapter 3. An overview of New Caledonian ant communities
Resemblance: S17 Bray Curtis similarity
2D Stress: 0.13

Habitat

1

Figure 5 MDS ordination of the 56 sites according to ant species abundance, with different habitat
types indicated. ▲= rainforest on volcano-sedimentary substrate (13); ▲= rainforest on ultramafic
substrate (15); ○ = maquis shrubland (15); ◊= savanna (11); ◊= gaiac thicket (2)

Resemblance: S17 Bray Curtis similarity
2D Stress: 0.13

a)

1b

Habitat

2
3d
3c

1a

1c

3a

3b

1

Points (samples) close together are more similar compositionally. MDS does not assume that the
underlying relationships are linear, hence the axes are arbitrary: only the relative pair-wise distances
are important. Stress values < 0.2 indicate a good 2-D summary of the sample relationships
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Resemblance: S17 Bray Curtis similarity
2D Stress: 0.14

b)

Habitat

3d

2

3c

1

3a

3b
Resemblance: S17 Bray Curtis similarity
2D Stress: 0.11

c)

Habitat

2

3 (DO)
1
3 (WO)

Figure 6 MDS ordinations of sites using different levels of ant community organisation, overlaying
the significant groups identified by CLUSTER analysis: (a) at the species level, (b) at the genus level,
(c) at the functional group level. Group 1 (incl. 1a, 1b and 1c): “pristine” forest sites; group 2: forest
sites dominated by Solenopsis sp. B; group 3: sites dominated by exotic ants (3a: P. megacephala;
3b: A. gracilipes; 3c: B. cf. obscurior and 3d: W. auropunctata) DO: Dominant Opportunists and WO:
Weedy Opportunists. ▲= rainforests on volcano-sedimentary substrate; ▲= rainforest on ultramafic
substrate; ○ = maquis shrubland; ◊= savanna; ◊= gaiac thicket
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Group 1 consisted of the “pristine” forest sites harbouring few or no exotic ants
(either Dominant Opportunists or exotic Weedy Opportunists). The species level ordination
revealed two small sub-clusters in Group 1: 1b, a single, particularly rich forest site (13
native species, most of which were unique to this site); and 1c, which encompassed the
only two forests that recorded Rhytidoponera sp. H (Figure 6a). Group 2 consisted of four
forest sites where Solenopsis sp. B was particularly abundant and associated with W.
auropunctata in three of the four sites and with very few other native species. Group 3
contained all the savanna, maquis and gaiac sites, along with the several forest sites that
harboured exotic ants in more than one trap. There were several sub-clusters: 3a,
containing two forest sites dominated (88% and 95% traps occupied) by P. megacephala;
3b, containing seven maquis and one forest site, all dominated (58-100% trap occupancy)
by A. gracilipes; 3c, containing all savanna and gaiac sites along with two maquis sites, all
dominated (50-100% trap occupancy) by B. cf. obscurior; and 3d, containing a range of
maquis and forest sites, all dominated (31-100% trap occupancy) by W. auropunctata. The
sub-clusters of group 3 were similar in the functional group ordination (Figure 6c), with one
cluster characterized by Dominant Opportunists (previously Group 3a, 3b, and 3d, plus one
maquis site and one savanna site previously in Group 3c) and another by Weedy
Opportunists (Group 3c).
When excluding exotic species and considering rainforest sites only (n = 23), we still
found a significant difference in community composition between sites that belonged to
the “pristine” group (Group 1) and sites that were dominated by exotic species in the
previous analysis (Groups 2 and 3). This was true at the species (ANOSIM global R= 0.53, P <
0.01; Figure 7a), genus (ANOSIM global R= 0.70, P < 0.001; Figure 7b) and functional group
(ANOSIM global R= 0.71, P < 0.001; Figure 7c) levels, and was independent of the substrate
type (ANOSIM P > 0.05 in all cases).
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Resemblance: S17 Bray Curtis similarity
2D Stress: 0.13

a)

InvPres

Resemblance: S17 Bray Curtis similarity
2D Stress: 0.09

b)
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Resemblance: S17 Bray Curtis similarity
2D Stress: 0.1

c)

InvPres

Figure 7 MDS ordinations of rainforest sites based on native ants only: (a) at the species level, (b) at
the genus level, (c) at the functional group level. ▲: invaded rainforest on volcano sedimentary
substrate; ∆: pristine rainforest on volcano-sedimentary substrate; ●: invaded rainforest on
ultramafic substrate ; ○: pristine rainforest on ultramafic substrate

SIMPER revealed that Generalized Myrmicinae and Forest Opportunists were the
functional groups contributing most (34 and 30% respectively) to the dissimilarity (Table 7).
Leptomyrmex pallens was the species that contributed most to the dissimilarity between
invaded and pristine sites, being highly associated with the latter (11.2% contribution; Table
7), whereas Solenopsis sp. B was positively associated with invasion (22.6% contribution;
Table 7).
Finally, we found a negative relationship between the abundance of W.
auropunctata and native ant species richness (R2= 0.50; P <0.001) and abundance (R2= 0.50;
P <0.001; Figure 8) at rainforest sites. Pheidole megacephala occurred at ten rainforest
sites, and was the only Dominant Opportunist in seven of these. It was extremely abundant
in two of these sites (75 and 90% respectively) and the only native ant species that was
present at these sites was Solenopsis sp. B.
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Table 7 Native ants’ contributions to dissimilarity between “pristine” rainforest sites and rainforest
sites dominated by exotic species (with exotic species excluded from the dataset). Contributions up
to a 70% cumulative cut-off value are indicated, using the SIMPER procedure. GM: generalised
myrmecinae, FOP: forest opportunists, CG: cryptic generalists

Organisational level

Species

Genus
Functional group

“Pristine”
Leptomyrmex pallens (11.2%)
Pheidole sp. 2 (9.8%)
Pheidole sp. M (6.4%)
Pheidole sp. C (5.9%)
Rhytidoponera sp. H (5.1%)
Rhytidoponera sp. I (4.9%)
Pheidole sp. A (4.8%)
Pheidole (33%)
Rhytidoponera (15%)
GM (34%)
FOP (30%)

Dominated by exotic species

Solenopsis sp. B (23.9%)

Solenopsis (25%)
CG (26%)

Figure 8 Relationship between abundance (no. records per site) of W. auropunctata and log2

transformed total native ant abundance (▲ and solid line; log(Y+1)=2 - 0.1 X; adjusted R = 0.5; P
2

<0.001) and richness (○ and dashed line; log(Y+1)=1.6 - 0.1 X; adjusted R = 0.5; P <0.001) at
rainforest sites that did not harbour any other dominant opportunists (n=17). Residuals conformed
with linear model assumptions
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Discussion
Exotic species occurred in all of New Caledonia’s main habitat types. We recorded five
particularly abundant species, three of which are listed among the world’s worst invasive
species (Lowe et al. 2000): W. auropunctata, A. gracilipes and P. megacephala. They can be
ecological transformers, with well-documented impacts on native ant diversity (O’Dowd et
al. 2003; Le Breton et al 2003; Hoffmann et al. 1999). The other two were B. cf. obscurior
and N. vaga, both widely spread in the Pacific region (Wilson and Taylor 1967) but not
considered to be a major ecological threat. Unsurprisingly, we found exotic ants to be
particularly abundant in disturbed, open habitats (savanna, maquis and gaiac), and here
native ant species were virtually absent. However, exotic ants also occurred in undisturbed
rainforest, and a small number of the forest sites were dominated by P. megacephala or A.
gracilipes.
The most widespread exotic species was W. auropunctata, which was most
abundant in rainforests, and to a lesser extent in maquis and savannas. Its preference for
moderate levels of canopy cover and litter development is consistent with results from
previous studies in New Caledonia and elsewhere (Lubin 1984, Jaffré et al. 1997, Jourdan
1999, Chazeau et al. 2003). Nylanderia vaga showed a similar habitat association, but
limited literature can be found on its habitat preference elsewhere (McGlynn 1999, LaPolla
et al. 2010). Anoplolepis gracilipes was strongly associated with maquis shrubland, with
high abundance at 12 of the 15 maquis sites. Apart from one site where it was abundant
but co-occurring with W. auropunctata, it was virtually absent from rainforests, and so our
findings suggest that it has little direct impact on the New Caledonian native ant fauna (i.e.
it is a ‘passenger’ of disturbance, see MacDougall and Turkington 2005). This is in stark
contrast to its distribution and impacts elsewhere, where it can be highly abundant in
rainforest (O'Dowd et al. 2003, Drescher et al. 2011), indicating that it is possibly still in a
latency phase of invasion in New Caledonia (Jourdan and Mille 2006). Pheidole
megacephala was restricted to urban areas in New Caledonia in the early stages of its
invasion (Le Breton 2003), when it might also have been in a latency, but was only found in
rainforest in our study, and was associated with very low native ant richness at sites where
it was abundant. The capacity of the species to settle in and dominate degraded habitat, as
well as pristine rainforests throughout its invaded range is well documented (Gillespie and
Reimer 1993, Vanderwoude et al. 1997, Hoffmann et al. 1999, Kamura et al. 2007,
Hoffmann and Parr 2008). Brachymyrmex cf. obscurior was by far the most frequently
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recorded species (contributing to 23% of all species records), but was restricted to open
habitats and thickets. This is consistent with its presence in disturbed, open habitats
throughout its introduced range (Clouse 2007, Caut et al. 2009). Its extremely high
abundance could be explained by its capacity to compete successfully with W.
auropunctata in one-on-one interactions (Le Breton 2003), and its high ability to exploit
honeydew resources (Moya-Raygoza and Nault 2000, Le Breton 2003).
Variation in overall ant species composition was strongly associated with the
distribution of exotic species, with most sites falling into one of two groups: either ‘pristine’
forest sites with no exotic species (Group 1), or sites dominated by exotic species and
representing all habitat types (Group 3). A small number of sites comprised a third group
(Group 2) characterised by a high abundance of Solenopsis sp. B, mostly co-occurring with
W. auropunctata. Solenopsis sp. B was particularly abundant at rainforest sites where
native ant diversity was low; this suggests that Solenopsis sp. B is in fact an exotic species,
possibly S. papuana, reported by Jourdan (1999) as occurring in New Caledonia, and
predominantly occurring in rainforest habitat (http://www.antweb.org/).
The above patterns were maintained when analyses were repeated at the genus
and functional group levels. There was a very strong correlation between species and genus
richness at our study sites (Figure 9), which explains why genus was such a successful
surrogate of species for analyses of compositional patterns (Andersen 1995b). The
maintenance of these patterns with analysis at the functional group level demonstrates
strong congruence between taxonomic and functional composition. However, our
methodology sampled only a limited range of functional groups, largely overlooking
specialised taxa such as cryptic species and specialist predators, and more comprehensive
sampling may lead to a more composite outcome.
The composition of native ants at species, genus and functional group levels was
different at invaded compared with uninvaded rainforest sites, and there was a strong
negative relationship between the abundance of W. auropunctata and native ant
abundance and richness. This strongly suggests that, in addition to dominating many ant
communities numerically, exotic species, and in particular W. auropunctata, alter native
ants communities. Our results corroborate the finding that, while considered as a
“disturbance specialist” in its natural range (Majer and Delabie 1999, Orivel et al. 2009), W.
auropunctata has the ability to dominate and negatively impact the native ant fauna in
undisturbed rainforest in its introduced range (Le Breton et al. 2003).
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Figure 9 Relationship between species and log-transformed genus richness of native ants in the 30
2

sites where native ants were recorded (Y= -3.32 + 6.1 X; adjusted R = 0.81; P <0.001). Residuals
conformed with linear model assumptions
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Chapter 4. Invasive ants as back-seat drivers of diversity declines

Abstract
Biological invasions are typically associated with disturbance, which often makes their
impact on biodiversity unclear – biodiversity decline might be driven by disturbance, with
the invader just being a ‘passenger’. Alternatively, an invader may act as a ‘back-seat
driver’, being facilitated by disturbance that has already caused some biodiversity decline,
but then causing further decline. Here we examine the interactive effects of anthropogenic
fire and invasive ant species (A. gracilipes and W. auropunctata) on native ant diversity in
New Caledonia, a globally recognized biodiversity hotspot. We first examined native ant
diversity at nine paired burnt and unburnt sites, with four pairs invaded by A. gracilipes, five
years after an extensive fire. In the absence of invasion, native epigaeic ants were resilient
to fire, but native ant richness and the abundance of Forest Opportunists were markedly
lower in invaded burnt sites. Second, we examined native ant diversity along successional
gradients from human-derived savanna to natural rainforest in the long-term absence of
fire, where there was a disconnection between disturbance-mediated variation in
microhabitat and the abundance of the disturbance specialist W. auropunctata. All native
ant diversity responses (total abundance, richness, species composition, functional group
richness and the abundance of Forest Opportunists) declined independently of
microhabitat variables but in direct association with high W. auropunctata abundance. Our
results indicate that invasive ants are acting as back-seat drivers of biodiversity decline in
New Caledonia, with invasion facilitated by disturbance but then causing further
biodiversity decline.

Keywords: Fire, functional groups, habitat disturbance, ecosystem recovery, interactive
effects, edge-effects, biodiversity hotspot, passenger vs driver
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Introduction
Biological invasions are widely regarded as a global driver of biodiversity loss, given that
invasive species are so pervasive, and that invaded sites typically have reduced levels of
biodiversity (Vitousek 1996, Williamson 1996, Lodge et al. 2006). However, the extent to
which invasion has actually caused the biodiversity decline is open to debate (Davis 2003,
Gurevitch and Padilla 2004), as invaded ecosystems are rarely free from habitat disturbance
(Lozon and MacIsaac 1997), which also figures in the ‘evil quartet’ of causes of modern
extinctions (Diamond 1989). Biodiversity decline associated with invasion might actually be
driven by disturbance, with invasive species acting merely as ‘passengers’ (Didham et al.
2005b, MacDougall and Turkington 2005).
Manipulative experiments designed to clarify this issue have yielded mixed results,
with some identifying habitat disturbance as the key factor driving biodiversity decline
(Seabloom et al. 2003, MacDougall and Turkington 2005, HilleRisLambers et al. 2010), and
others highlighting the direct role of invasion (Bulleri et al. 2010, Simao et al. 2010).
However, the dynamics of invaded ecosystems are likely to be more complex than a simple
driver vs passenger dichotomy, because of interactions between disturbance and invasion
(D'Antonio and Vitousek 1992, Didham et al. 2007, Hermoso 2011). Bauer (2012) proposed
a new description that better characterizes invasive species in such interactive processes:
the ‘back-seat drivers’, where habitat degradation facilitates invasion, but invasive species
then cause further degradation. The most detrimental effects upon biodiversity are
observed where both disturbance and invasive species are present, and hence both
ecosystem restoration and invader removal are necessary to achieve ecosystem recovery
(Bauer 2012).
The driver vs passenger debate has focused primarily on invasive plants, despite
animals making up a substantial proportion of the world’s worst invasive species (Lowe et
al. 2000, Holway et al. 2002). Several of the world’s worst invasive animal species are ants
(Lowe et al. 2000), and there is extensive evidence that they can directly drive native
biodiversity decline, affecting both invertebrates (Porter and Savignano 1990, Holway 1998,
Hoffmann et al. 1999, Sanders et al. 2001, Walker 2006) and vertebrates (Jourdan et al.
2001, Abbott 2005), and causing cascading ecological meltdowns in undisturbed habitat
(O'Dowd et al. 2003). However, invasive ants are also very often associated with habitat
disturbance (Samways et al. 1997, Stiles and Jones 1998, Suarez et al. 1998, Mikheyev et al.
2008), and the extent to which invasion or habitat disturbance is the primary agent of
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biodiversity decline in such situations is highly contentious (King and Tschinkel 2006, 2008,
Stuble et al. 2011, LeBrun et al. 2012).
The relative roles of disturbance and invasion are ideally tested using manipulative
experiments (as in King and Tschinkel 2008), but these can be extremely challenging
logistically. Studies based on ‘natural’ experiments (Diamond 1983) are highly informative if
they involve a before-after control-impact (BACI) design (as in Hoffmann and Parr 2008),
but in most cases pre-invasion baseline information is not available. One alternative
approach for disentangling the relative effects of disturbance and invasion is a study design
based on replicated paired disturbed-undisturbed sites, with and without invasion (Figure
10a). If native diversity decline were driven only by disturbance (the passenger hypothesis),
it would occur to the same extent at all disturbed sites regardless of their invasion.
However, if native diversity decline were driven by the interaction between disturbance
and invasion (the back-seat driver hypothesis), it would be significantly greater at sites
experiencing both disturbance and invasion. A complementary approach is to use
disturbance gradients where the abundance of invasive species is substantially
disconnected from disturbance-induced habitat change, such as occurs when there is spill
over of invasion from disturbed sites into adjacent undisturbed areas (Rand et al. 2006), or
from preferred habitats to adjacent non-preferred habitats. For example, the invasive
Argentine ant Linepithema humile can spill over from riparian areas with its preferred high
soil moisture to adjacent xeric areas (Holway 2005, Holway and Suarez 2006). The relative
roles of disturbance and invasion can thus be determined by the extent to which patterns
of biodiversity decline are associated with habitat change (the passenger hypothesis) or
with the abundance of invasive species, whose establishment was facilitated by disturbance
(back-seat driver hypothesis) (Figure 10b).

50

Chapter 4. Invasive ants as back-seat drivers of diversity declines
a)

b)

Figure 10 Approaches using ‘natural experiments’ to disentangle the confounding effects of
disturbance and invasion on biodiversity. Situation (a) involves a study design based on replicated
paired disturbed-undisturbed sites, with and without invasion, whereas situation (b) is a disturbance
gradient where the invasive species spilled over from the most disturbed habitat into the least disturbed
habitat, and is thereby disconnected from habitat disturbance. Solid line: native diversity response; dotted and
dashed lines: threats. The passenger model (left panel) corresponds to a decrease in native diversity best
correlated to the habitat disturbance, while the back-seat driver model (right panel) corresponds to a decrease
in native diversity best correlated to the invasion front

Here we use these two approaches to examine the relative roles of disturbance and
invasion in driving declines of native ant diversity on the Pacific continental island of New
Caledonia, a globally recognised hotspot of biodiversity (Myers 1988). Insular ecosystems
have been a particular focus of invasion studies (Reimer 1994, Le Breton et al. 2005, Donlan
and Wilcox 2008), because they often offer weak biotic resistance to invasions (Simberloff
1995), and Pacific islands in particular have been recognized as major recipients of invasive
ant species (McGlynn 1999). New Caledonia has experienced both widespread disturbance
in the form of anthropogenic fire (Jaffré et al. 1998) and extensive invasion by the exotic
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ants W. auropunctata, first recorded in 1972 (Fabres and Brown 1978), and A. gracilipes,
present since early European colonization (Emery 1883). The archipelago harbours a highly
significant native ant fauna that includes diverse radiations of both Gondwanan and IndoMalayan taxa (Ward 1984, Taylor 1987, Jourdan 1997a, Jourdan 1999), which is seriously
threatened by both fire and invasive ants (Jourdan 1999, Le Breton et al. 2003, Le Breton et
al. 2005, Jourdan and Mille 2006).
First, we examine native ant diversity in relation to fire and invasive ants after a
large fire event. Here we ask if the lowest native ant diversity occurs at all burnt sites
regardless of their invasion, and is therefore driven by disturbance (passenger hypothesis),
or if it only occurs at sites experiencing both disturbance and invasion (back-seat driver
hypothesis). Second, we examine the interaction between habitat, invasive ants and native
ant diversity, across a successional gradient from rainforest to savanna in the long-term
absence of fire, where the abundance of invasive ants is substantially disconnected from
changes in key habitat variables. Here we ask if patterns of native ant diversity are better
correlated with microhabitat variables acting as proxies of disturbance (passenger
hypothesis) or with the abundance of invasive species that spilled over from the most
disturbed (back-seat driver hypothesis).

Material & Methods
Study sites
The New Caledonian archipelago (21°30’ S, 165°30’ E) is located approximately 1,200 km
east of north-eastern Australia (Figure 11). Annual rainfall averages 1058 mm in the coastal
capital city Noumea, but can exceed 2500 mm in inland mountainous regions (Carpenter
2003), with most rainfall occurring between January and June. Mean daily temperatures
range from a minimum of 20.1°C in August to a maximum of 26.4°C in February
(www.meteo.nc).

52

Chapter 4. Invasive ants as back-seat drivers of diversity declines

Figure 11 Location of the study area in New Caledonia. Ultramafic substrate is indicated in grey, and
the line symbolizes the Northern / Southern province boundary

Our study was conducted on the main island (‘Grande Terre’; Figure 11), which
features a central mountain chain running throughout its length. These mountains support
most of the island’s remaining forests, with the lowland plains being almost entirely cleared
for cattle grazing and agriculture (Jaffré 1993). Since the arrival of people 3500 years ago,
clearing and anthropogenic fire have resulted in the transformation of about half of New
Caledonia’s original vegetation (Jaffré et al. 1998), which is characterized by high species
diversity and endemism (Smith et al. 2007, Murienne et al. 2009, Espeland and Johanson
2010, Morat et al. 2012). New Caledonia’s strongly contrasting soil types (Jaffré 1992,
Espeland et al. 2008, Grandcolas et al. 2008, Heads 2008), with nutrient-poor and toxic
ultramafic soils predominating in the south and highly productive volcano-sedimentary soils
predominating in the north, result in differential effects of fire on the dominant forests,
converting them to high-diversity maquis shrubland (Hope and Pask 1998, McCoy et al.
1999) and to human-derived, low-diversity savannas dominated by non-endemic species
(Jaffré 1993) respectively.
The first case study was conducted at Montagne des Sources (22°09’S, 166°35’E) in
the Southern Province. The region has ultramafic soils, and supports a mixture of rainforest
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and maquis shrubland. More than 4000 ha were burnt by a single fire event in 2006 (Curt et
al. unpublished data), and there had been little recovery of the vegetation at the time of
our study five years later (Figure 12). Anoplolepis gracilipes is the major invasive ant species
in the area. We selected nine sites (> 200 m apart) centered on seven fire boundaries, with
six sites (four boundaries) in forest (F1-6) and three sites (three boundaries) in maquis (M13) (Table 8).

Figure 12 Representative unburnt (a) and burnt (b) rainforest site (F2); unburnt (c) and burnt (d)
maquis site (M1), at Montagne des Sources
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Table 8 Summary description of study sites and sampling design at Montagne des Sources

Site

Type

Altitude

Latitude

Longitude

F1
F2
F3

Forest
Forest
Forest

414m
356m
384m

S22°09’04.5”
S22°09’11.6”
S22°09’36.2”

E166°35’14.5”
E166°35’05.1”
E166°35’37.2”

F4

Forest

464m

S22°09’30.5”

E166°35’25.3”

F5

Forest

509m

S22°09’29.4”

E166°36’08.8”

F6

Forest

396m

S22°09’40.9”

E166°36’02.9”

M1
M2
M3

Maquis
Maquis
Maquis

690m
100m
495m

S22°08’43.9”
S22°12’16.6”
S22°09’34.1”

E166°35’20.9”
E166°35’33.7”
E166°35’20.8”

Sampling
date

Sampling
plot

Sep 2011

20 x 20 m grid
5 m spacing
20 x 20 m grid
10 m spacing

May 2010

Sep 2011
Sep 2011
May 2011

20 x 30 m grid
10 m spacing

20 x 20 m grid
5 m spacing

Samples
25 pitfalls
25 tree pitfalls
9 winklers (pooled)
9 pitfalls
9 tree pitfalls
9 winklers (pooled)
12 pitfalls
12 tree pitfalls
12 winklers
(pooled)
25 pitfalls

One of the seven fire boundaries corresponded with a road, but the others
reflected natural fire patterns, with two associated with creeklines. Anoplolepis gracilipes
occurred at four of the nine sites: at two forest sites, where it was found primarily in burnt
areas, and at two maquis sites, where it was present in both burnt and unburnt areas.
Given the distances between sites along the same boundary, we consider all sites to be
independent for statistical purposes.
Our second case study was conducted in the Aoupinié (21°12’S, 165°15’E) region of
the Northern Province. This region has volcano-sedimentary soils, and supports a mosaic of
rainforest and fire-derived savanna. Rainforest can recolonise savanna in the absence of
fire (Ibanez et al. 2012), as it does elsewhere in the humid tropics (King et al. 1997, Geiger
et al. 2011), and sampling was conducted at two sites representing recolonisation fronts,
separated by 700 m. At the first site (T1), ant sampling and measurement of microhabitat
variables were conducted along a 160 m transect running from savanna (-50 to 0 m)
through secondary forest (0 to 80 m) into primary forest (80 to 110 m) (Figure 13).
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Figure 13 Vegetation types along Aoupinié successional gradient T1, from left to right: primary
rainforest (110 to 90 m from the forest edge), early secondary forest (80 to 30 m from the forest
edge), late secondary forest (20 m to the forest edge), and Melaleuca-dominated savanna (forest
edge to -50 m)

The second site contained three transects (T2-4, separated from one another by 50
m) from savanna to forest interior, where detailed microclimatic measurements and
vegetation description were available from another study (Ibanez et al. unpublished data).
Each transect was 120 m long, running from savanna (-30 m to 0 m), through secondary
forest (0 to 40-50 m) into primary forest (40-50 m to 90 m). The major invasive ant species
in this region is W. auropunctata, and it occurs primarily in savannas and secondary forests,
being a ‘disturbance specialist’ in its native (Orivel et al. 2009) and introduced range (Majer
and Delabie 1999), with the ability to spill over into less disturbed habitats (Le Breton et al.
2003).

Sampling
Single fire event
At each of the nine sites at Montagne des Sources, a plot was set in the burnt and in the
adjacent unburnt area (< 30 m apart) with sampling conducted on grids that varied in their
dimensions because of variability in the size of available burnt areas. Grids were either 20 x
20 m or 20 x 30 m, with either 5 m or 10 m spacing, always being the same within each
burnt/unburnt pair of plots (Table 8). The total number of samples was 51 at sites F1-3, 19
at F4, and 25 at F5-F6 and M1-3 (Table 8). Sampling occurred either in May 2010 or
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September 2011, corresponding to the early and late warm season respectively.
Microhabitat characterization from three 1 m2 quadrats per plot showed that mean ground
temperature was 4 C° higher at the burnt forest plots than at unburnt plots (t =5.44, P <
0.01), and vegetation cover below 50 cm in height (mostly consisting of fire-adapted
bracken, Pteridium esculentum) was more than four times greater (t =2.86, P < 0.05;).
However no significant differences between burnt and unburnt plots was observed for
either variable at the maquis sites (temperature: 21.1 ± 3.88 SE vs 21.1 ± 3.92 SE;
vegetation cover: 31.7 ± 7.75 SE vs 39.7 ± 21.9 SE in unburnt and burnt plots respectively).
Ant assemblages in tropical rainforests are highly stratified, with distinct suites of
cryptic (soil/litter interface), epigaeic and arboreal species (Brühl 1998), and so we used a
range of sampling techniques to target the different faunal components (Agosti and Alonso
2000). Dense litter was restricted to unburnt forest, so litter sampling for cryptic species
was conducted only at these sites. It involved sifting nine or twelve 1-m2 of litter (including
leaves and twigs) from randomly selected grid points, and then transferring the residue into
a single Winkler sac per plot. Sacks were left hanging for 48 hrs, with extracted arthropods
preserved in 70% ethanol. Epigæic species were sampled at all sites using pitfall traps,
which were cylindrical plastic containers with a diameter of 55 mm and height of 220 mm,
buried with the rim flush with the soil surface. Arboreal species were sampled at forest
sites (including burnt) using tree pitfall traps, which were cylindrical plastic tubes with a
diameter of 15 mm and height of 50 mm, with anchovy paste smeared below the rim as an
attractant. A trap was tied at eye height using garden wire to the trunk of the nearest tree
(diameter > 5 cm) to each grid point. Both traps types were half-filled with 70% ethanol and
a few drops of ethylene-glycol as a preservative, and operated for 48 hrs.

Rainforest successional gradient
At each of the 17 stations along T1, sampling was conducted along a line perpendicular to
the transect, using five ground and five arboreal pitfall traps (5 m spacing and operated for
48 hrs) and three 1 m2 litter samples (pooled into one litter bag), giving 11 potential records
per species per station (Table 9). At each station, the following microhabitat measurements
were taken inside two 1-m2 quadrats separated by 10 m: percentage of litter cover, litter
depth (mean of three random points), percentage cover of dead wood (twigs >1cm
diameter), and percentage cover of vegetation below 50 cm. Microhabitat data from the
two quadrats were averaged for statistical analysis. Sampling occurred in November 2009.
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Table 9 Summary description of study sites and sampling design at Aoupinié
Site

Altitude

Latitude

Longitude

Sampling date

Transect
length

T1

514 m

S21°11’05.2”

E165°15’25.8”

Nov 2009

160 m

T2

452 m

S21°11’15.4”

E165°15’15.2”

Apr – Dec 2010

100 m

T3

438 m

S21°11’14.6”

E165°15’16.4”

Apr – Dec 2010

100 m

T4

423 m

S21°11’16.0”

E165°15’17.9”

Apr – Dec 2010

100 m

Sampling
stations

Traps per
stations

17 spaced
by 10 m

5 pitfalls
5 tree
pitfalls
3 winklers
(pooled)

10 with
variable
spacing
10 with
variable
spacing
10 with
variable
spacing

3 tree
pitfalls
(pooled)
3 baits / 3
times
(pooled)
3 winklers
(pooled)

At T2, T3 and T4, microclimatic recorders were placed at -20, -5, -2.5, 0, 2.5, 5, 10,
15, 25, 40, 60, and 80 m. These recorded the air temperature and relative humidity from
April 2010 to November 2010, from which the Vapour Deficit Pressure (VPD) was
computed. The latter is a good proxy for litter moisture (Ray et al. 2005), which can in turn
positively influence ant activity and survival (Hölldobler and Wilson 1990, Kaspari and
Weiser 2000). Ant sampling was conducted at all microclimatic recorder stations except 2.5 and 2.5 m, giving ten stations per transect. At each station, ants were sampled along a
line perpendicular to the transect, using three litter samples (separated by 5 m), three
arboreal pitfall traps (separated by 5 m and operated for 48 hrs), and three tuna baits
(separated by 5 m). Tuna baits were placed on 5 x 5 cm squares of white paper on the
ground and checked three times over a 6 hr period, with representative ants directly
collected with forceps into tubes filled with 100% ethanol. Replicates of each method were
pooled to give a maximum of three records per species per station (Table 9). Litter and tree
pitfall sampling was conducted in April 2010, and baiting was conducted in October 2010.

Analysis
Ant identification and classification
Ants were identified to genus following Bolton (1994) and LaPolla et al. (2010), and where
possible species were named using a checklist of ants from New Caledonia (Taylor 1987)
and subsequent revisions (Ward 1984, Lucky and Ward 2010). However, as most species
could not be identified to species level, they were assigned codes within a genus (sp. A, sp.
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B, etc.) that apply only to this study. Voucher specimens of all species are located at the
CSIRO Tropical Ecosystems Research Centre in Darwin. Species were classified as either
native or introduced following Jourdan (1999). Where uncertainty exists (e.g. species of
Ochetellus and Odontomachus), we considered them to be native. We classified all species
into functional groups based on the Australian ant functional group scheme Andersen
(1995a), but expanded into more groups (Appendix 2) for better representation of the New
Caledonian fauna, given that it is dominated by tropical rainforest specialists (see Andersen
2010).

Single fire event
Each of the nine pairs of adjacent burnt and unburnt plots was considered a block for
statistical analysis. Two of the six forest sites were classified as ‘invaded’, with all pitfall
traps in burnt plots occupied by A. gracilipes (170 - 436 individuals recorded), compared
with 50% (60 individuals) and 0% in the two unburnt areas. The other forest sites had no
dominant invasive ants, except for one occurrence of W. auropunctata at F2 and F3 (one
individual each). Two of the three maquis sites (M2, M3) were dominated by A. gracilipes
(70-100% of pitfalls occupied in both burnt and unburnt plots, with 80 – 800 individuals
recorded) and had virtually no native ant species even in the unburnt area. As we were
interested in the response of native ants to disturbance and invasion, we did not include
these two sites in the statistical analyses. We conducted three-way mixed PERMANOVA
(1000 permutations, with Monte-Carlo simulations) with fire (two levels: burnt and
unburnt) and invasion (two levels: invaded and non-invaded) as fixed factors. Block was
nested within Invasion and treated as a random factor. To better account for the
unbalanced design, we used a type III (or partial) sum of squares calculation as
recommended by Anderson (2001). The response variables tested were: (1) ‘above-ground’
species richness, considering results from pitfall and arboreal traps combined (with burnt
and unburnt plots sampled in the same way), (2) total species richness, including ‘aboveground’ and the additional litter sampling from unburnt forest sites, and (3) abundance of
the ‘Forest Opportunists’ functional group, (as measured by total number of records across
pitfalls and arboreal traps). Other functional groups had too few data for statistical analysis.
The software PRIMER 6 (Clarke and Gorley 2006) with the PERMANOVA add-on (Anderson
2001) was used to conduct the analyses.
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Rainforest successional gradient
Multivariate analysis was used to explore patterns of ant community composition along
each transect. In each case, abundance data (sum of records) from combined samples from
each station was ordinated using Multidimensional Scaling (MDS) based on Bray-Curtis
similarity. As W. auropunctata was present at all transects at amongst the highest
abundances, two datasets were analysed: one including, and one excluding W.
auropunctata abundances from the data. A cluster analysis based on group averages was
performed on both ordinations to identify groups of stations, and a similarity percentage
(SIMPER) procedure was used (in the case excluding W. auropunctata) to identify species
discriminating between each group. These analyses were done using the software PRIMER
6 (Clarke and Gorley 2006).
At T1, variation in native ant species richness, native species abundance (sum of
individual species records), functional group richness and abundance of Forest Opportunists
(sum of individual species records) was examined using a stepwise linear regression, with
the microhabitat variables and W. auropunctata abundance (sum of records across
methods) as explanatory variables. None of the explanatory variables were significantly
correlated to each other (Spearman rank correlation, P> 0.05). Litter depth, vegetation
cover and the response variables were (log+1)-transformed prior to analysis. Analyses were
performed with the R statistical software version 2.14.1 (R Development Core Team 2005).
At T2-4, the patterns of native ant richness (combined across methods) were
compared qualitatively with patterns of W. auropunctata abundance in litter samples
(scored as three classes: 0 = 0; 1 = 1-10; 2 = 10+ individuals) and the Vapor Pressure Deficit
during the wet and the dry season.

Results
Single fire event
At Montagne des Sources we collected 52 ant species (6 of which were introduced) from 25
genera, with the richest genera being Paraparatrechina (8 species), Monomorium (5) and
Pheidole (5; Table 10).
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Neither fire (Pseudo-F1,13= 3.53; P > 0.05), nor invasion (Pseudo-F1,13= 1.11; P > 0.05) had
significant main effects on ‘above-ground’ native ant richness. However, there was a
significant interaction between fire and invasion (Pseudo-F1,13= 16.79; P < 0.01), with native
richness being significantly lower at burnt plots when they were invaded (Figure 14a).
Similarly, there were significant interactive effects on both total native ant richness
(including samples from unburnt plots) and the abundance of Forest Opportunists (PseudoF1,13= 27.96; P < 0.01 and Pseudo-F1,13= 11.43; P < 0.05 respectively; Figure 14b, c), with
markedly lower species richness at burnt invaded sites (Figure 14b) inducing a main effect
of fire on total native ant richness (Pseudo-F1,13= 15.91; P < 0.05). No main effect of fire was
detected on Forest Opportunists (Pseudo-F1,13= 0.71; P > 0.05). The block effect was never
significant. Other native functional groups such as Generalized Myrmecinae and Tropical
Climate Specialists showed a similar trend but were not abundant enough to allow
statistical testing (Table 10).
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CG
EP
DO
WO
SC
SC
SC
WO
CG
GM
CP
CP
CG
CG
DD
DD
EP
FOP
FOP
TCS
TCS
TCS
WO
CCS
CCS
CCS

Adelomyrmex sp. A
Anochetus graeffei
Anoplolepis gracilipes*
Brachymyrmex cf. obscurior*
Camponotus sp. A
Camponotus sp. C
Camponotus sp. F
Cardiocondyla emeryi*
Carebara sp. B
Crematogaster sp. A
Discothyrea sp. C
Discothyrea sp. E
Hypoponera sp. D
Hypoponera sp. G
Iridomyrmex sp. A (calvus gp.)
Iridomyrmex neocaledonica
Leptogenys acutangula
Leptomyrmex geniculatus
Leptomyrmex nigriceps
Lordomyrma sp. D (caledonica gp.)
Lordomyrma sp. E (caledonica gp.)
Lordomyrma sp. F (sarasini gp.)
Monomorium floricola*
Monomorium sp. D (pallipes gp.)
Momonorium sp. F (antarcticum gp.)
Monomorium sp. U (antarcticum gp.)
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FG

Species

2

1
1

1

1
1

1

2

F1 (51)
U B

1

1
1

2

F2 (51)
U B
1

1

1

1

5
1
7
3

1

5

25
4

F3 (51)
U B

1
2

1

F4 (19)
U
B
1
1
1
18

1

1

1

1

F5 (25)
U
B

1

2

1

1

2

1

1

1

F6 (25)
U B

7

1

7

11

M1 (25)
U B

records at each site (U= unburnt, B= burnt). FG = functional group (see Table 3). Introduced species are indicated by an asterisk

17
2

24
10

M2 (25)
U
B

1

20
5

2

24
1

M3 (25)
U
B

Table 10 Abundance (cumulated number of records across methods) of the 52 ant species collected at Montagne des Sources sites. In brackets the maximum number of
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Monomorium sp. S (rubriceps gp.)
Nylanderia sp. H (vaga gp.)*
Ochetellus cf. glaber
Odontomachus sp. A
Orectognathus sarasini
Paraparatrechina sp. A
Paraparatrechina sp. B
Paraparatrechina sp. C
Paraparatrechina sp. E
Paraparatrechina sp. F
Paraparatrechina sp. I
Paraparatrechina sp. J
Paraparatrechina sp. L
Pheidole sp. B (umbonata gp.)
Pheidole sp. C (umbonata gp.)
Pheidole sp. D
Pheidole sp. E (umbonata gp.)
Pheidole sp. (umbonata gp.)
Polyrhachis guerini
Rhytidoponera numeensis
Rhytidoponera versicolor
Solenopsis sp. A
Solenopsis sp. B
Solenopsis sp. C
Vollenhovia sp. E
Wasmannia auropunctata*
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CCS
WO
WO
WO
EP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
GM
GM
GM
GM
GM
SC
FOP
FOP
CG
CG
CG
CG
DO
3

3

1

1

1
1

3

7

1

1

1

1

8

1
1

1

8
1
4
2
1

1

2

1

8
1

1

1
1
2

1

1
5

1

19

5

1

1

7
2

2

1

1
3

4

1

1

7

9

1

4

1

4
2

5

1

2
1

7

1
1
1

7

1
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1

2

3

1

1

7
1

1

1

1

3

14

4

1

6

18

3

1

1
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Above-ground ant richness

a) 14
12
10
8

Unburnt

6

Burnt

4
2
0
Uninvaded

Invaded

Total native ant richness

b) 10
8

6
Unburnt
4

Burnt

2

0
Uninvaded

Invaded

c)
12

FOP abundance

10
8
Unburnt

6

Burnt

4
2
0
Uninvaded

Invaded

Figure 14 Differences in mean (a) ‘above-ground’ native species richness, (b) total native species
richness and (c) Forest Opportunists abundance between burnt vs unburnt and invaded vs uninvaded
sites at Montagne des Sources (± SE).
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Rainforest successional gradient
At Aoupinié we collected 54 species (4 of which were introduced) from 21 genera, with the
richest being Pheidole (8 species), Monomorium (7), Camponotus (6), Paraparatrechina (5),
Rhytidoponera (5) and Lordomyrma (4; Table 11).
MDS and cluster analysis on the dataset including W. auropunctata showed two
distinct groups in each of the four transects: -50 to 60 m vs 70 to 110 m at T1 (savanna and
most of the secondary forest stations vs two secondary and all of the primary forest
stations; Figure 15a); -20 to 25 m vs 40 to 80 m at T2 (savanna and most of the secondary
forest stations vs one secondary and all of the primary forest stations; Figure 15c); and -20
to 40 m vs 60 to 80 m at both T3 and T4 (savanna and secondary forest vs primary forest
stations; Figure 15e, g). When W. auropunctata was excluded from the data, three groups
were identified (Figure 15b, d, f, h), which approximately corresponded to primary forest,
secondary forest and savanna habitat. The only exception was T3, where only two groups
were recovered (station 15 m is an outlier because it contained two unique species).
SIMPER analysis (Table 12) showed that the primary forest group was characterized by
species of Leptomyrmex, Rhytidoponera, Pheidole and Lordomyrma, the secondary forest
group was characterized primarily by cryptic species (Adelomyrmex sp. A, Strumigenys sp.
A, Carebara sp. A, Hypoponera sp. B) and the arboreal Camponotus sp. C, and the savanna
group was characterized by the introduced Brachymyrmex cf. obscurior as well as some
species shared with the secondary forest group (Hypoponera sp. B, Adelomyrmex sp. A).

65

CCS

Monomorium sp. N (antarcticum gp.)

66

CCS

1

1
2

1

1

1

2
2
1

1
4

3

2

Monomorium sp. I (antarcticum gp.)

3
1
5
14
5
2
1
1
6
2
1

1
1

1

1

2

1

4

CP
CG
DD
FOP
FOP
TCS
TCS
TCS
TCS
CCS
CCS
CCS

1

3

3

Eurhopalothrix caledonica
Hypoponera sp. B
Iridomyrmex sp. A (calvus gp.)
Leptomyrmex geniculatus
Leptomyrmex pallens
Lordomyrma sp. A (caledonica gp.)
Lordomyrma sp. B (sarasini gp.)
Lordomyrma sp. I (rouxi gp.)
Lordomyrma sp. J (caledonica gp.)
Monomorium sp. A (pallipes gp.)
Monomorium sp. B (antarcticum gp.)
Monomorium sp. H (pallipes gp.)

1
2
1
1

1
1

1

Gp. A

EP

Gp. C

Cerapachys cohici

T2
Gp. B
4
1

CG
WO
WO
SC
SC
SC
SC
SC
SC
CG

Gp. A

Adelomyrmex sp. A
Brachymyrmex cf. obscurior*
Brachymyrmex sp. B*
Camponotus sp. A
Camponotus sp. C
Camponotus sp. D
Camponotus sp. E
Camponotus sp. F
Camponotus sp. I
Carebara sp. B

Gp. C
3
13
4

Species

T1
Gp. B

FG
Gp. A

1

15 m

T3

3
1

1

Gp. C
3
3

3
1

3

1

1

2

2

2

1
2

3

2

1

T4
Gp. B

Gp. A

analysis (see result section for details on each group). FG = functional group (see Table 3). Introduced species are indicated by an asterisk

1

3
2

1

4
6

Gp. C

Table 11 Abundance (cumulated number of records across methods) of the 54 ant species collected at Aoupinié sites, according to the three groups defined by cluster
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WO
CG
DO

Tetramorium pacificum*

Vollenhovia sp. A
Wasmannia auropunctata*
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CCS
CCS
WO
WO
EP
FOP
FOP
FOP
FOP
FOP
GM
GM
GM
GM
GM
GM
GM
GM
FOP
FOP
FOP
FOP
FOP
CG
CP
CP

Monomorium sp. O (antarcticum gp.)
Monomorium sp. V (antarcticum gp.)
Ochetellus cf. glaber
Ochetellus sp. B
Orectognathus sarasini
Paraparatrechina sp. A
Paraparatrechina sp. B
Paraparatrechina sp. E
Paraparatrechina sp. F
Paraparatrechina sp. G
Pheidole sp. A (umbonata gp.)
Pheidole sp. B (umbonata gp.)
Pheidole sp. C (umbonata gp.)
Pheidole sp. E (umbonata gp.)
Pheidole sp. M (umbonata gp.)
Pheidole sp. N (umbonata gp.)
Pheidole sp. T (umbonata gp.)
Pheidole sp. (umbonata gp.)
Rhytidoponera luteipes
Rhytidoponera numeensis
Rhytidoponera terrestris
Rhytidoponera sp. C
Rhytidoponera sp. E
Rogeria sp. A
Strumigenys sp. A
Strumigenys sp. B
6
6

1

20
4
20
2

1

6
18
4

1
5
1
2
1

2

25

7

1

1
1

64

3
1

2

1

4

4

1
1

3
3

1
1
2
1
1
2
3

1

10

4

1

3

3

1

1
4

1

2
3

1

3
2

1
2

1

1

Chapter 4. Invasive ants as back-seat drivers of diversity declines

12

1

5

1

1

3

2

1
2
3

2
1
2

1

4

1
1

1

1
1

2

11

4

5

3
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Figure 15 MDS ordination and clustering of sites along Aoupinié transects T1 (a-b), T2 (c-d), T3 (e-f)
and T4 (g-h). The left panel (a, c, e, g) are ordinations on all species, with bubble size relative to W.
auropunctata abundance. The right panel (b, d, f, h) are ordinations excluding W. auropunctata
records (A: “primary forest” group; B: “secondary forest” group and C: “savanna” group). Numbers
are distances to the forest edge, from savanna (negative value) to the inner primary rainforest
(positive value)
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T4

T3

T2

T1

Site

Rhytidoponera sp. C (8%)
Pheidole sp. C (6%)
Monomorium sp. A (5%)
C. cf. gambeyi (5%)
Pheidole sp. A (5%)

L. pallens (10%)
C. cf. gambeyi (10%)
R. terrestris (7%)
Pheidole sp. E (7%)
Rhytidoponera sp. C (7%)
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Carebara sp. B (11%)
Monomorium sp. I (8%)
Monomorium sp. O (8%)
Adelomyrmex sp. A (6%)
Hypoponera sp. B (6%)

Adelomyrmex sp.A (7%)
Strumigenys sp. A (7%)
Paraparatrechina sp. A (5%)

Paraparatrechina sp. A (5%)
Camponotus sp. C (4%)

Group A vs Group B

Rhytidoponera sp. E (14%)
Pheidole sp. C (14%)
L. pallens (9%)
R. terrestris (7%)
Monomorium sp. A (4%)
Pheidole sp. B (4%)
Lordomyrma sp. A (4%)
Rhytidoponera sp. C (4%)

R. terrestris (14%)
Rhytidoponera sp. E (13%)
Pheidole sp. C (12%)
L. pallens (10%)
Vollenhovia sp. A (4%)
Monomorium sp. A (4%)
Pheidole sp. B (4%)
Lordomyrma sp. A (3%)
Rhytidoponera sp. C (3%)
C. cf. gambeyi (11%)
L. pallens (11%)
R. terrestris (7%)
Pheidole sp. E (7%)
Pheidole sp. (7%)
Pheidole sp. T (7%)
Rhytidoponera sp. C (6%)
C. cf. gambeyi (8%)
R. terrestris (8%)
Pheidole sp. B (7%)
Rhytidoponera sp. C (7%)
E. caledonica (6%)
Parartrechina sp. A (5%)
L. pallens (4%)
Lordomyrma sp. A (4%)
Rhytidoponera sp. C (9%)
L. pallens (7%)
Pheidole sp. C (7%)
Monomorium sp. A (5%)
C. cf. gambeyi (5%)
B. cf. obscurior (11%)
Tetramorium pacificum (7%)
Hypoponera sp. B (6%)
Adelomyrmex sp. A (6%)
Ochetellus sp. B (6%)

Strumigenys sp. A (7%)
Adelomyrmex sp. A (4%)
B. cf. obscurior (4%)
Hypoponera sp. B (4%)

B. cf. obscurior (13%)

B. cf. obscurior (5%)

Species discriminating between groups
Group A vs Group C

Carebara sp. B (13%)
Monomorium sp. I (10%)
Monomorium sp. O (10%)
Hypoponera sp. B (8%)
L. pallens (8%)

Adelomyrmex sp. A (17%)
Strumigenys sp. A (15%)

R. terrestris (25%)
Paraparatrechina sp. A (13%)
Camponotus sp. C (10%)

B. cf. obscurior (12%)
Tetramorium pacificum (8%)
Ochetellus sp. B (5%)

B. cf. obscurior (30%)
O. cf. glaber (11%)

B. cf. obscurior (13%)
Brachymyrmex sp. B (5%)
O. cf. glaber (5%)

Group B vs Group C

up to a 70% cut-off value are indicated, using the SIMPER procedure. L: Leptomyrmex; R: Rhytidoponera; C: Camponotus; O: Ochetellus; B: Brachymyrmex; E: Eurhopalotrix

Table 12 Species contribution to each group identified by clustering of the ordination data excluding Wasmannia along the Aoupinié transects (T1-T4). Species contribution
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At T1, all native ant responses (native species richness and abundance, functional
group richness and Forest Opportunist abundance) declined abruptly between 80 to 70 m
from the forest edge to reach a minimum value at 40 m from the edge and remaining stable
afterwards (Figure 16). This trend was closely related (inversely) to W. auropunctata
abundance (Figure 16), but not related to any of the measured microhabitat variables.
Indeed, W. auropunctata abundance was the single best variable explaining all four native
ant responses: native species richness (estimate (±SE): -0.19 (±0.04); F1.15=21.1; P < 0.001;
adjusted R2=0.56), native species abundance (-0.25 (±0.06); F1.15=21; P < 0.001; adjusted
R2=0.56), functional group richness (-0.06 (±0.02); F1.15=11; P < 0.01; adjusted R2=0.38) and
Forest Opportunist abundance (-0.26 (±0.07); F1.15=15; P < 0.01; adjusted R2=0.46).
Microhabitat variables were non-significant in all cases. Model residuals complied with
linear models assumptions.

Native species richness

Native species abundance

Functional groups richness

Forest Opportunists abundance

Wasmannia abundance
12
1
Ant diversity values

8
6
4
2
0

Wasmannia records

10

0
-50 -40 -30 -20 -10 0

10 20 30 40 50 60 70 80 90 100 110

Distance from the forest edge (m)

Figure 16 Changes in ant diversity values and W. auropunctata abundance along Aoupinié transect
T1. Ant diversity values have been normalized between 0-1 to be displayed on the same graph. The
vertical solid line indicates the boundary between savanna and forest and the vertical dotted line
indicates the position of the secondary-primary forest boundary
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At T2-4, native ant richness declined abruptly at 40 – 60 m, and this decrease also
closely matched changes in Wasmannia abundance, rather than microclimate, with VPD
switching from high to low at the savanna edge (0 m) and remaining constant throughout
secondary and primary forest (Figure 17).

Figure 17 Changes in native ant richness along Aoupinié transects T2-4 ((a) - (c)). Native ant richness
+

(solid black line), W. auropunctata abundance (classes from litter sampling 0: 0; 1: <10; 2: 10 )
(dashed black line), and Vapor Pressure Deficit index during the humid (solid grey line) and the dry
season (dashed grey line) are displayed from the savanna (-20 m) to the primary rainforest (80 m).
The vertical solid line indicates the boundary between savanna and forest and the vertical dotted
line indicates the position of the secondary-primary forest boundary.

Discussion
Our results strongly support the back-seat driver hypothesis (Bauer 2012) in relation to fire
and invasion by exotic ants in New Caledonia. We have shown that disturbance and
invasion interact to drive declines in native ant diversity, and that biodiversity decline is not
driven purely by disturbance.
In the absence of invasion by A. gracilipes, native ant communities in the
Montagnes des Sources region are highly resilient in relation to a single fire event. Six years
after fire, in the absence of invasion we found no difference between burnt and unburnt
plots in ‘above-ground’ species richness or the abundance of the numerically dominant
functional group Forest Opportunists. Indeed, ‘above-ground’ species richness was actually
higher in burnt compared with unburnt sites. Such elevated richness at burnt sites is
possibly an artefact of increased ‘trappability’ in structurally simplified post-fire habitats
(Andersen and Yen 1985), and the fact that mean trap success in burnt forests was 1.4
times higher than in unburnt forests is consistent with this. However, it is clear that burnt
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sites supported a large complement of native species in the absence of invasion. As our
study took place several years after the fire, the extent to which such resilience reflects the
degree of initial impact or post-impact recovery is unknown, but the rapid colonization of
the burnt forest sites by bracken (Pteridium esculentum) might have enhanced ant
community recovery by providing shade and moisture in an otherwise open habitat. Ant
community resilience can also be explained by the epigaeic fauna being dominated
numerically by Forest Opportunists and Generalised Myrmicinae, functional groups that are
known to be highly resilient in relation to disturbance (Andersen 1995a, Hoffmann and
Andersen 2003), including fire (Parr and Andersen 2008). In contrast, the strong association
of the cryptic fauna (species Adelomyrmex, Discothyrea, and Vollenhovia) with unburnt
forests suggests that such litter-nesting species are strongly impacted by fire, especially on
ultramafic soils where the harsh edaphic conditions lead to very slow vegetation (and
hence litter) recovery (Safford and Harrison 2004).
Native ant diversity and the abundance of Forest Opportunists were markedly
lower when burnt sites were invaded by A. gracilipes. This interaction between disturbance
and invasion is consistent with A. gracilipes acting as a “back-seat driver” of declines in
native ant diversity. Anoplolepis gracilipes is associated with disturbance, either in
frequently burnt maquis habitat or in burnt forests, but our results strongly suggest that it
plays a direct role in biodiversity decline. Although A. gracilipes is known to have dramatic
ecological impacts elsewhere in the world (O'Dowd et al. 2003), it has previously been
considered to be in a latency phase in New Caledonia, with impacts yet to be observed
(Jourdan and Mille 2006). We provide evidence of such impacts in New Caledonia.
Our second case study involved a fire-mediated successional gradient where there
was a substantial disconnection between habitat variables and invasion intensity. There
was a major discontinuity at the boundary between savanna and secondary forest for
microclimate, whereas for invasive W. auropunctata this discontinuity occurred well into
secondary forest, and often at its boundary with primary forest. The marked preference of
W. auropunctata for secondary over primary forest is consistent with previous studies
showing this species’ preference for intermediate conditions of humidity and canopy cover
(Clark et al. 1982, Lubin 1984, Jaffré et al. 1997, Orivel et al. 2009). In all four of our
transects, W. auropunctata abundance explained patterns of native ant diversity better
than did any of the abiotic variables commonly used to assess edge-induced disturbances.
This was true for all four independent ant biodiversity responses: native ant richness, native
ant abundance, functional group richness and Forest Opportunists abundance. Our results
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therefore support the perception that W. auropunctata invasion has a direct impact on
native diversity (Jourdan 1999, Le Breton et al. 2003).
Our community-level analysis excluding W. auropunctata revealed three distinct
ant communities that approximately match the three successional vegetation types of
primary forest, secondary forest, and savanna. Strong evidence suggests that this further
reflects a high impact of W. auropunctata on native ant communities. Core and edge ant
communities typically share a high proportion of species (Majer et al. 1997, Sobrinho and
Schoereder 2007), so that we would have expected a gradient in ant community
composition from primary into secondary forest. This is especially so because our findings
from Montagnes des Sources indicated that many rainforest ant taxa (e.g. epigaeic species
of Leptomyrmex, and Rhytidoponera) are highly resilient in relation to vegetation change,
and would therefore be expected to occur in secondary forest. However, primary and
secondary forest formed two distinct clusters in ordination space, and epigaeic species of
Leptomyrmex and Rhytidoponera were poorly represented in secondary forest, even close
to the boundary with primary forest. The two distinct clusters were very strongly associated
with the occurrence of W. auropunctata, suggesting that invasion is the driver of this
pattern. The secondary forest cluster was characterized by a range of cryptic species, and
the ability of cryptic species to co-occur with W. auropunctata has been previously
reported (Lubin 1984, Le Breton et al. 2003). This reflects a broader ability of cryptic species
to resist exclusion by invasive ants, as has been shown elsewhere in relation to Linepithema
humile (Ward 1987) and Pheidole megacephala (Hoffmann et al. 1999).

Conclusion
There is a large literature on invasive ant ecology, with many studies identifying abiotic and
biotic conditions favoring invasion (Menke and Holway 2006, Menke et al. 2007, Stuble et
al. 2011, LeBrun et al. 2012), demonstrating the competitive abilities of invasive species
(King and Tschinkel 2006, Le Breton et al. 2006, LeBrun 2007), and documenting lower
diversity in invaded compared with non-invaded sites (Porter and Savignano 1990,
Hoffmann et al. 1999). However, few studies have attempted to disentangle the impacts of
disturbance and invasion on native diversity (King and Tschinkel 2008). We have used two
approaches to demonstrate the interaction between disturbance and invasion by exotic
ants, showing that in these instances invasion is a back-seat driver of biodiversity decline
rather than a passenger of disturbance.
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Our study did not explicitly address the extent to which our invasive study species
depend on disturbance for successful establishment, and therefore the extent to which
they might act as ‘front-seat’ rather than ‘back-seat’ drivers of native biodiversity decline.
Unlike situations elsewhere (O'Dowd et al. 2003, Hoffmann and Saul 2010, Drescher et al.
2011), A. gracilipes was generally absent from undisturbed rainforest in our study, which is
typical for New Caledonia (Jourdan and Mille 2006). However, we found A. gracilipes to be
highly abundant at two of our three unburnt maquis sites, and both these sites had virtually
no native ant species present. Anoplolepis gracilipes therefore appears to be acting as a
‘front-seat’ driver of biodiversity decline in these cases. Finally, previous studies have
shown that W. auropunctata is also able to establish in undisturbed habitats (Clark et al.
1982, Le Breton et al. 2003, Le Breton et al. 2005, Walker 2006) and alter native ant
community composition (Berman et al. unpublished data). Even if mostly associated with
disturbance, invasive ants are clearly playing a direct role in biodiversity decline in New
Caledonia. This means that successful ecosystem restoration can be achieved only by
removing both threats: fire and invasive ants (Bauer 2012).
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Abstract
Studies of the effects of habitat fragmentation on species richness often produce highly
idiosyncratic results, and it is unclear if this reflects trait-driven responses or is confounded
by other factors. Many fragmentation studies take a species density rather than patchscale approach, involving standardised sampling in often unreplicated plots. Such approach
is prone to sampling artefacts due to patchy species distributions. Invasive species can also
influence patch richness, which may further confound species-area relationships. We
address the confounding effects of patchy distributions and invasive species by examining
rainforest ant responses to habitat fragmentation in the Pacific island of New Caledonia.
We show that species density based on 180 m transects can vary several-fold within a
patch. Based on comparisons of single transects, fragmentation can therefore be
interpreted as either increasing or decreasing species richness depending on transect
location. Native ant species richness at both point and patch scales was strongly influenced
by the occurrence of the invasive ant Wasmannia auropunctata. We used two approaches
based on a patch-scale sampling to mitigate such intrinsic and invasion-driven variability in
species density: moving-window averaging and proportional sampling in which we
partialled out sampling intensity. Once variability and sampling artefacts were accounted
for, we could detect actual ecological processes by modelling the relative importance of
several fragmentation-derived variables, including invasion, to explain native ant responses.
Fragment isolation and presence of W. auropunctata were negatively correlated with Chao
2 estimated richness, Shannon diversity index, and abundance of Tropical Climate
Specialists, with the abundance of the Forest Opportunist genus Paraparatrechina showing
the reverse trend.

Keywords: uniform sampling; proportional sampling; species density; anthropogenic fires;
Wasmannia auropunctata; matrix effects
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Introduction
Habitat fragmentation, as a consequence of widespread ecosystem transformation (Fahrig
2003), has developed as a stand-alone ‘over-arching conceptual domain’ (Didham et al.
2012) of high conservation relevance, incorporating multiple interacting patterns and
processes that impact biodiversity (Ewers and Didham 2007). Research on habitat
fragmentation takes its roots in Island Biogeography Theory (MacArthur and Wilson 1963,
MacArthur and Wilson 1967), focussing on the relationship between species richness,
fragment area and distance from source population (Preston 1962b, a, Quinn and Harrison
1988). However, the application of Island Biogeography Theory to heterogeneous
landscapes is not straightforward (Turner et al. 2001, Haila 2002, Laurance 2008). A wide
range of landscape structure variables have become incorporated into fragmentation
studies (Laurance 2008), leading to an increasingly complex and often inconsistent picture
of the processes at work (Ewers and Didham 2006, Ewers et al. 2010), even in large-scale
and logistically complex fragmentation experiments (Gascon et al. 1999, Debinski and Holt
2000). Idiosyncratic results are found within a single taxonomic group (Didham 1998), such
as ants (Crist 2009). It remains unclear however, how much of this idiosyncrasy truly
reflects trait-derived responses to fragmentation, or rather sampling artefacts due to the
complexity of the patterns under investigation.
As one of the few ‘laws’ of community ecology, species-area relationships are
particularly relevant to fragmentation studies; however, their detection and meaning are
still hotly debated (Lomolino 2000). Observed species richness can be strongly influenced
by sampling methodology and intensity (Connor and McCoy 1979, McGuinness 1984, Hill et
al. 1994, Cam et al. 2002), rather than by actual ecological processes, such as those
embodied in Island Biogeography Theory (Preston 1962b, a, MacArthur and Wilson 1963,
Simberloff 1976) or derived from Habitat Diversity Theory (Haila et al. 1983, Quinn et al.
1987). Sampling artefacts therefore first need to be rejected as a ‘null hypothesis’, before
ecological processes are examined (McGuinness 1984, Hill et al. 1994). A common sampling
problem in fragmentation studies is that larger patches may yield more species simply
because more samples are taken (Davies and Margules 1998). A species density approach
based on standardised sampling is therefore often taken, using the same number of
samples within the same-sized plot in each fragment (Kelly et al. 1989, Hill et al. 1994,
Davies and Margules 1998, Golden and Crist 1999). However, a species density approach
can also be prone to sampling artefacts, especially if plots are not replicated within a
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fragment, as is often the case (Chapman et al. 2003, Uehara-Prado et al. 2007, Leal et al.
2012). This is a particular problem in the context of disturbance (Hill et al. 1994) and for
taxa with highly patchy distributions at the site level, as unreplicated plots may not provide
a reliable representation of species density. The extent to which patchy distributions might
confound species-area relationships in fragmentation studies using a species density
approach has received little attention.
In addition to sampling artefacts, species-area relationships can be strongly
influenced by the matrix within which fragments are embedded (Ewers et al. 2011). There
has been much discussion about the importance of edge effects, which effectively reduce
fragment area (Laurance et al. 2002, Ewers and Didham 2006, Ewers et al. 2007). Fragment
richness may be higher than predicted because it is often not totally hostile to native
species, and so fragments may not be totally insular (Gascon et al. 1999, Cook et al. 2002,
Retho et al. 2008). On the other hand, the matrix might contribute to a reduction in
fragment richness by being a source of invasive species (Brown and Hutchings 1997), which
can be major drivers of biodiversity decline (Light and Marchetti 2007, Bulleri et al. 2010,
Hoffmann and Saul 2010). Invasive species are often ubiquitous in degraded landscapes
(Hobbs 1989, Didham et al. 2005b) from which there is an increased risk of spill-over into
remnants (Saunders et al. 1991, Rand et al. 2006). The effects of invasive species on native
richness can potentially confound species-area relationships, for example by leading to
community homogenisation (Holway and Suarez 2006).
Here, we examine the confounding effects of patchy distribution and invasion on
ant species-area relationships when taking a species density approach. Most ant
fragmentation studies have focussed on species-density (Armbrecht et al. 2001, Gibb and
Hochuli 2002, Vasconcelos et al. 2006, Debuse et al. 2007, Leal et al. 2012), despite ants
being notoriously patchily distributed (Wilson 1958b, Majer 1976, Levings 1983, Kaspari
1996). Native ants are also highly sensitive to the impacts of invasive ant species (Porter
and Savignano 1990, Hoffmann et al. 1999, Holway et al. 2002, Le Breton et al. 2003), but
few studies have explicitly considered the impact of invasion in the context of
fragmentation [but see Suarez et al. (1998), Armbrecht and Ulloa-Chacón (2003)].
We address the confounding effects of patchy distributions and invasive species by
examining rainforest ant responses to habitat fragmentation in the Pacific island of New
Caledonia. This is a particularly well-suited study system, as anthropogenic fires have
converted about half of New Caledonia’s original forest cover on volcano-sedimentary soils
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to Melaleuca-dominated savanna, and the remaining forest is highly fragmented (Jaffré et
al. 1998, Ibanez et al. 2012). The savanna ant fauna is dominated by exotic species,
including the highly invasive W. auropunctata that can penetrate into forest edges and
severely impact native ant diversity (Jourdan 1999, Le Breton et al. 2003, Berman et al.
submitted-a, Berman et al. submitted-b). We first document spatial variability of native ant
density in fragmented and continuous forest sites, with and without invasion by W.
auropunctata. We then test the hypothesis that such variability can mislead interpretation
of diversity responses to fragmentation when adopting a species density approach. Finally,
we adopt two approaches, both based on patch-scale sampling but controlling for sampling
intensity, to mitigate the confounding effects of such variability and reveal native ant
responses to fragmentation-related variables, including invasion.

Material & Methods
Study sites
The New Caledonian archipelago (21°30’ S, 165°30’ E) is located approximately 1,200 km
east of north-eastern Australia. Annual rainfall averages 1,058 mm in the coastal capital city
Noumea, but can exceed 2,500 mm in inland mountainous regions (Carpenter 2003), with
most rainfall occurring between January and June. Mean daily temperatures range from a
minimum of 20.1°C in August to a maximum of 26.4°C in February (www.meteo.nc).
The study was conducted in the Aoupinié region (21°12’S, 165°15’E), on the land of
the Gohapin kanak tribe, in the Northern Province. The Mt. Aoupinié protected area (5,400
ha), belongs to one of the largest remaining continuous rainforest patches in New
Caledonia, and is regarded as one of four local hotspots of endemism for vascular plants
and reptiles (Bauer and Sadlier 2000, Heads 2008).
Preliminary surveys showed that most small (< 1 ha) fragments were completely
dominated by W. auropunctata, with few native ant species. We included two such
fragments (F7 and F8) in our study, along with six fragments that contained native ant
genera associated with pristine rainforest [Leptomyrmex, Rhytidoponera, Lordomyrma;
(Berman et al. submitted-a, Berman et al. submitted-b)], F1-F6, ranging from 2-12 ha
(Figure 18). We also included three sites in the adjacent continuous forest of Mt. Aoupinié
(C1-C3), separated by at least 1 km (Figure 18). All sites were situated at mid-range
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elevation (200 - 600 m) and on volcano-sedimentary substrate. Due to the mountainous
topography of the region, and the fire dynamics associated with rainforest contraction,
fragments were often restricted to valleys and most were still marginally connected to
adjacent forests (Ibanez et al. 2012), either through a corridor of riparian vegetation along
creek lines at the foot of the fragment (F1, F2, F3), or by a crest of heavily degraded
secondary forest (F4, F5). Only the minimum age of the forest fragments studied could be
inferred based on aerial photographs, indicating that they were isolated for at least 55
years.

F8

F7

Figure 18 Map of the region studied, surrounding the tribe of Gohapin at the foot of the Aoupinié
Mountain in the Northern Province of New Caledonia. Areas in black indicate rainforest, while
savannas are in white. White circles indicate sites included in the fragmentation study (C1-C3:
continuous forest sites; F1-F6: fragments), and arrows point to fragments that were invaded by
Wasmannia. Data from F7 and F8 was only used for the point-richness graph, see Methods.

Sampling
Ants were sampled through extraction from litter collections. While this method is likely to
underestimate arboreal fauna and highly mobile epigaeic genera such as Leptomyrmex, it
provides rapid, replicable and quantitative results (Fisher 1999a, Agosti and Alonso 2000),
and targets W. auropunctata’s main nesting strata (Jourdan 1999). The sampling unit
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(hereafter referred to as a station) consisted of an array of five 1-m2 of litter (including
leaves and twigs), separated by 5 m. The sifted litter was transferred to a single bag per
station, and later transferred to Winkler sacks, left hanging for 48 hrs, with extracted
arthropods preserved in 70% ethanol with a few drops of ethylene-glycol. Stations were
spaced by 20 m along the longest axis of the core area of each fragment, starting at least 40
m from the edge to avoid edge-effects. Sampling intensity therefore varied among
fragments, ranging from ten stations in F2 (i.e. along a 180 m transect) to 27 in F5 (520 m).
At each continuous forest site, we replicated the number of arrays of the longest fragment
(27 stations). Wasmannia auropunctata-invaded fragments F7 and F8 each had five stations
spaced by 60 m, and were only used to illustrate point-level richness in relation to invasion.
Sampling for any given site was completed within one day (except C3, for which the last
eight stations was sampled at a different date), and sampling never occurred just after, or
during heavy rains. All sampling was conducted during September 2011.

Analysis
Ant identification and classification
Ants were identified to genus following Bolton (1994) and LaPolla et al. (2010), and where
possible species were named using a checklist of ants from New Caledonia (Taylor 1987)
and subsequent revisions (Ward 1984, Lucky and Ward 2010). However, most species could
not be confidently identified to species level, and these were assigned codes within a genus
(sp. A, sp. B, etc.) which follow our previous studies of New Caledonian ants (Berman and
Andersen 2012, Berman et al. submitted-a, Berman et al. submitted-b). Voucher specimens
of all species are located at the CSIRO Tropical Ecosystems Research Centre in Darwin. We
used a functional group classification developed for the New Caledonian fauna, based on
Andersen (1995). The most common functional groups were: Cryptic Generalists (CG: small
to minute generalists living in soil and litter), Forest Opportunists (FOP: native opportunists
strongly associated with rainforest habitat), Generalized Myrmicinae (GM: species of
generalized habits but able to recruit in large numbers), and Tropical Climate Specialists
(TCS: unspecialized species with a distribution centred on the humid tropical zone) (see
Appendix 2 for a complete list).
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Spatial variation in diversity
We first compared patterns of species accumulation in fragments (pooled from the six
fragments) and continuous forest (pooled from the three sites) by generating species
accumulation curves (smoothed from 9999 permutations) in PRIMER6 (Clarke and Gorley
2006). We then used the shortest of our transects (F2; ten stations) to define the scale of
species density, and applied it as a moving window of 10 contiguous stations to the data
collected at the six largest sites: F4 (18 stations) - 9 windows; F5 and C1-C3 (27 stations) 18 windows; and F6 (25 stations) - 16 windows. Finally, we investigated the association
between W. auropunctata and native ant richness, both at the station-level across all sites
(including F7 and F8), and at the site level, by relating native ant richness to the frequency
of occurrence (sum of records) of W. auropunctata, for each of the 18 windows of ten
adjacent arrays at site F5.

Diversity responses to fragmentation
We compared species density in continuous and fragmented habitat for two extreme
scenarios, to illustrate how species patchiness can confound interpretations in
fragmentation studies relying on a ‘species-density’ approach with unreplicated samples.
We first selected the window of ten contiguous stations that minimized observed native ant
diversity in fragments, and maximized it in continuous forest, and second vice versa. We
conducted this exercise using three measures of native ant diversity: sample species
richness (S), Chao2-estimated species richness, and Shannon index of diversity, with the last
two calculated using EstimateS v8.2 (Colwell 2000). In all cases, diversity in the smallest site
(F2) remained unchanged. When several windows had the same richness, we randomly
selected one among these for Chao2 and Shannon analysis. A permutation test was applied
to assess significant differences between continuous sites and fragments using the R v2.15
package ‘perm’ (R Development Core Team 2005).

Mitigating confounding effects
We used two approaches to mitigating the confounding effects of intrinsic and W.
auropunctata -driven variation for analysing native ant responses to fragmentation-related
variables. Both approaches used site-wide data, but controlled for sampling intensity. In the
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first approach, we considered the average response per site, by calculating the mean of all
moving windows within a site. In the second approach, we used data from site-scale
sampling, but with sampling intensity controlled following Schoereder et al. (2004a).
The variables of interest for both approaches were the same. We investigated the
following diversity responses of native ants: native ant richness (NATS); Chao2-estimated
native ant richness based on occurrence data, which accounts for non-detection of rare
species (CH2); Shannon index of diversity, which accounts for site richness and evenness
(SHAN). We also investigated the responses of total native ant abundance (NATA; sum of
occurrence records); the abundance of litter species (Cryptic Generalists and Cryptic
Predators; LITAB; sum of occurrence records); the abundance (sum of occurrence records)
of the most frequent functional groups: Forest Opportunists (FOP), Generalized Myrmicinae
(GM), Cryptic Generalists (CG), Tropical Climate Specialists (TCS); the abundance of the
common genera Paraparatrechina (PARA) and Rhytidoponera (RH), and common species
Lordomyrma sp. A (LA), Paraparatrechina sp. A (PA) and Vollenhovia sp.A (Tables 13 and
14). Explanatory variables used in the analyses were: site area (AREA: core area defined
from GPS coordinates taken in the field and aerial photographs taken between 1955 and
2000); site connectivity (CON: percentage of rainforest cover (Gorresen and Willig 2004),
minus an edge buffer of 40 m, within 500 m of the perimeter of each fragment or from the
continuous sites transects, based on the 1998 vegetation classification map
http://www.georep.nc/); mean abundance of Wasmannia (WAS1); and proportion of
stations occupied by Wasmannia (WAS2) (Tables 13 and 14). Correlations between these
variables are provided in Table 15. Spatial analyses were conducted using ArcMap10 (ESRI
2011). In our second approach, we also included sampling intensity (number of arrays per
site; SAM) and its interaction with AREA (S*A). The latter term is expected to be significant
if the sampling errors modified SARs more in smaller rather than larger remnants (Crawley
and Harral 2001).
We modelled the relative importance of explanatory variables for both approaches,
using non-parametric distance-based linear models (DistLM) (Legendre and Anderson
1999), implemented by the PERMANOVA add-on (Anderson 2001) in software PRIMER6
(Clarke and Gorley 2006). We first reported the relationship between the response and
each explanatory variable taken separately (marginal tests). P-values were obtained using
9999 permutations of the Euclidean distance matrix of the response variable between sites.
In the our first approach (moving window averaging). We then directly applied a stepwise
model selection approach based on the Aikaike Information Criterion (Akaike 1973),
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corrected for small sample sizes (AICc) (Burnham and Anderson 2002). In the case of the
second approach (whole-of-site site sampling), we first assessed whether marginal tests
revealed a significant effect of sampling intensity (SAM) per se or of the interaction term
(S*A). Due to the small size of our dataset, we minimized the risk of not detecting a
significant sampling artefact due to a lack of power (Type II error) by raising the P-value
significance threshold to 0.25 in the marginal tests (Underwood 1997). To be safely
rejected, these sampling intensity terms should therefore have a P-value > 0.25. When
sampling effects could not be rejected, we followed Schoereder et al. (2004a) to
disentangle these effects from other fragmentation effects, by performing a series of
conditional tests for each of the explanatory variables, given the effects of SAM and S*A are
already taken into account. In this case, P-values are reported for each test. When
sampling effects could be safely rejected (P > 0.25), we undertook a stepwise model
selection based on AICc, excluding SAM and S*A from the model.
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15.56

13.78

14.72

11.00

21.00

21.50

12.33

7.94

14.81

C1

C2

C3

F1

F2

F3

F4

F5

F6

31.50

14.50

17.33

57.00

54.00

18.00

25.94

23.50

35.22

NATA

21.16

10.90

23.08

25.49

34.50

31.25

25.57

20.18

23.84

CH2

2.20

1.18

2.04

2.19

1.90

1.96

1.72

2.12

2.23

SHAN

12.44

2.56

4.56

27.00

25.00

2.50

6.33

9.33

7.33

LITAB

8.75

5.44

5.56

9.00

13.00

4.50

7.06

7.89

7.72

FOP

9.38

5.39

0.78

10.00

6.00

6.00

6.22

3.83

4.22

GM

8.50

0.39

4.22

19.00

18.00

2.00

6.00

7.39

4.28

CG

0.75

0.56

2.89

3.50

0.00

2.50

4.39

1.44

12.44

2

TCS

2.06

4.33

2.89

3.50

12.00

1.00

3.28

2.33

3.33

PARA

2

6.69

1.11

2.67

4.50

1.00

3.50

3.78

5.22

4.39

RH
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variables that were (log+1)-transformed prior to statistical analysis

2

AREA was defined as an ordinal variable (1: 2ha, 2: 3ha, 3: 5ha, 4: 8ha, 5: 12ha, 6: continuous forest >5400ha)

1

NATS

Site

recorded Wasmannia (WAS2)

0.38

0.56

0.44

3.50

0.00

1.50

3.06

0.44

7.50

LA

2.06

4.33

1.78

3.00

6.00

0.00

2.78

2.20

1.50

PA

3.63

0.00

1.11

5.50

1.00

0.50

1.78

1.28

2.44

VA

4

4

5

2

3

1

6

6

6

1

AREA

46.1

22.5

49.7

13.3

2.4

40

53.9

73.3

88.8

CON

19.02

53.72

0.00

0.10

41.90

7.00

0.00

1.04

0.26

WAS1

0.61

0.74

0.00

0.10

0.70

0.30

0.00

0.40

0.16

WAS2

Vollenhovia sp. A (VA). Explanatory variables included: area (AREA), rainforest connectivity (CON), mean Wasmannia abundance (WAS1), and proportion of stations that

Cryptic Generalists (CG), Tropical Climate Specialists (TCS), Paraparatrechina (PARA), Rhytidoponera (RH), Lordomyrma sp. A (LA), Paraparatrechina sp. A (PA) and

Shannon index of diversity (SHAN); sum of records of litter ants (Cryptic Generalists + Cryptic Predators, LITAB), Forest Opportunists (FOP), Generalized Myrmicinae (GM),

in each sites. Response variables included: native ant richness (NATS); native ant abundance (NATA, sum of records); Chao2 incidence-based richness estimator (CH2);

Table 13 Data for variables considered to assess the impact of rainforest fragmentation on the native ant fauna, based on average values from moving windows averaging
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24

24

23

13

21

23

19

14

22

C1

C2

C3

F1

F2

F3

F4

F5

F6

81

33

31

65

54

21

70

76

98

NATA

26.03

17.37

34.58

27.24

34.5

33.25

31.1

29.39

34.12

CH2

2.49

1.2

2.31

2.22

1.9

2.16

1.88

2.36

2.59

SHAN

31

5

9

30

25

4

19

33

25

LITAB

22

13

10

12

13

5

20

21

20

FOP

25

11

4

10

6

6

15

11

11

GM

17

1

7

22

18

3

18

25

15

CG

2

1

5

4

0

3

11

6

31

2

TCS

6

11

5

5

12

1

8

8

9

PARA

16

2

5

6

1

4

12

12

11

RH

1

1

1

4

0

2

6

3

19

2

LA
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variables that were (log+1)-transformed prior to statistical analysis

2

AREA was defined as an ordinal variable (1: 2ha, 2: 3ha, 3: 5ha, 4: 8ha, 5: 12ha, 6: continuous forest >5400ha)

1

NATS

Site

stations that recorded Wasmannia (WAS2)

6

11

3

4

6

0

7

7

5

PA

7

0

2

6

1

1

8

5

6

VA

AREA
6
6
6
1
3
2
5
4
4

SAM
27
27
27
11
10
11
18
27
25

1

46.1

22.5

49.7

13.3

2.4

40

53.9

73.3

88.8

CON

49.40

50.22

0.00

0.18

41.90

6.36

0.00

1.04

0.19

WAS1

0.72

0.78

0.00

0.18

0.70

0.27

0.00

0.44

0.11

WAS2

variables included: sampling intensity (SAM, number of arrays), area (AREA), rainforest connectivity (CON), mean Wasmannia abundance (WAS1), and proportion of

Climate Specialists (TCS), Paraparatrechina (PARA), Rhytidoponera (RH), Lordomyrma sp. A (LA), Paraparatrechina sp. A (PA) and Vollenhovia sp. A (VA). Explanatory

sum of records of litter ants (Cryptic Generalists + Cryptic Predators, LITAB), Forest Opportunists (FOP), Generalized Myrmicinae (GM), Cryptic Generalists (CG), Tropical

included: native ant richness (NATS); native ant abundance (NATA, sum of records); Chao2 incidence-based richness estimator (CH2); Shannon index of diversity (SHAN);

Table 14 Data for variables considered to assess the impact of rainforest fragmentation on the native ant fauna, based on patch-scale sampling. Response variables
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Table 15 Pearson correlations between explanatory variables (*P<0.05, **P<0.01, ***P<0.001). (a):
moving windows averaging; (b) patch-scale sampling

(a)
CON
WAS1
WAS2

AREA
0.71*
-0.25
-0.22

CON
-0.61
-0.40

WAS1
0.86**

(b)
AREA
CON
WAS1
WAS2

SAM
0.82**
0.68*
0.06
0.04

AREA
0.71*
-0.22
-0.24

CON

WAS1

-0.51
-0.44

0.91***

Results
Spatial variation in species richness
We collected a total of 59 species (including five exotics) from 29 genera, with the richest
genera being Lordomyrma (6 species), Rhytidoponera (6) and Pheidole (6) (Table 16).
Pooled across sites, total observed species richness in continuous forest was 38, compared
with 40 in fragments, with almost exactly the same species accumulation curves (Figure 19).

Table 16 Abundance (total number of records) of ant species collected using a patch-scale sampling.
FG: Functional Groups; CG: Cryptic Generalists; CP: Cryptic Predators; SC: Subordinate Camponotini;
GM: Generalized Myrmecinae; DD: Dominant Dolichoderinae; EP: Epigaeic Predator; FOP: Forest
Opportunists; TCS: Tropical Climate Specialists; WO: Weedy Opportunists; CCS: Cold Climate
Specialists; DO: Dominant Opportunist. Introduced species are indicated by an asterisk
Species
Adelomyrmex sp. A
Anochetus graeffei
Calyptomyrmex sp.A
Camponotus sp. A
Camponotus sp. B
Carebara sp. B
Crematogaster sp. A
Discothyrea sp. A
Discothyrea sp. F

FG
CG
CP
CP
SC
SC
CG
GM
CP
CP

C1

C2
5

C3

F1

F2
8
1

F3
9

F4
1

F5

F6
6
1

F7

F8

1
1
1

5
1

1
2

1

1

1

3
1
2

2
1
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Eurhopalhotrix sp. A
Hypoponera sp. B
Hypoponera sp. H
Iridomyrmex sp. A (calvus
gp.)
Leptogenys rouxi
Leptogenys sp. D
Leptomyrmex geniculatus
Leptomyrmex pallens
Lordomyrma sp. A
(caledonica gp.)
Lordomyrma sp. B (sarasini
gp.)
Lordomyrma sp. C (rouxi gp.)
Lordomyrma sp. H
(caledonica gp.)
Lordomyrma sp. J
(caledonica gp.)
Lordomyrma sp. R
(caledonica gp.)
Meranoplus leveillei
Monomorium floricola*
Monomorium pharaonis*
Monomorium sp. AI
(antarcticum gp.)
Monomorium sp. AL
(antarcticum gp.)
Monomorium sp. B
(antarcticum gp.)
Monomorium sp. I
(antarcticum gp.)
Monomorium sp. N
(antarcticum gp.)
Ochetellus sp. B
Orectognathus sarasini
Paraparatrechina sp. A
Paraparatrechina sp. B
Paraparatrechina sp. F
Paraparatrechina sp. G
Pheidole sp. (umbonata gp.)
Pheidole sp. A
Pheidole sp. B (umbonata
gp.)
Pheidole sp. C (umbonata
gp.)
Pheidole sp. D
Pheidole sp. N (umbonata
gp.)
Rhytidoponera luteipes
Rhytidoponera numeensis
Rhytidoponera terrestris
Rhytidoponera sp. C (fulgens
gp.)
Rhytidoponera sp. E (fulgens
gp.)
Rhytidoponera sp. K

CP
CG
CG
DD

7
7

2
4
1

1
4

1
4

1
2

1

1

3
2

1

1

1

1
2

EP
EP
FOP
FOP
TCS

2
1
1
19

3

6

2

7
1

1

2
2

1

4

TCS
TCS
TCS

2

1

1

TCS
2
TCS
TCS
WO
WO
CCS

2
1
1

2
1

1

2
1

1
1

1
CCS
3
CCS
9

4

1

2

4

4

3

1

2
1
1
4
1

1

CCS
1
CCS
WO
EP
FOP
FOP
FOP
FOP
GM
GM
GM

1
5
4

7
1

7
1

1
1

8

1

8

1

6
4
1
1

1
3
1
1

4

2

11

1
6

2

2
6

2

1

1
5

5
11

1

9
1

1

GM
1
GM
GM
FOP
FOP
FOP
FOP

1
8

2
1

1

1
4

2
4

1

2
1

2

6
1
3

3

2
3

9

4

3

4

5

FOP
FOP

6
1

5
3
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(acanthoponeroides gp.)
Rogeria sp. A
Rogeria sp. C
Solenopsis sp. B
Strumigenys sp. A
Strumigenys sp. B
Strumigenys sp. C
Technomyrmex albipes*
Tetramorium bicarinatum*
Vollenhovia sp. A
Wasmannia auropunctata*
TOTAL SPECIES

CG
CG
CG
CP
CP
CP
WO
WO
CG
DO

1

3
2
2

1

1
2
1

1

2
3
1

4

4

4
1
2
4

2
4

1
1

2

4

21
17

1
7
18
25

2

1
4

1
6
3
26

5
12
25

8
24

1
3
14

1
7
22

6
2
24

2
20

5
3

5
7

45
40

Native ant species

35
30
25
20
15
10
5

1
5
9
13
17
21
25
29
33
37
41
45
49
53
57
61
65
69
73
77
81
85
89
93
97
101

0
Number of arrays sampled

Figure 19 Species accumulation curves (9999 permutations) for continuous forest (solid line; 81
sampling stations) and fragmented sites (dashed line; 102)

Native species density varied markedly in both fragments and continuous forest
(Figure 20). This was especially prominent at site F5, where observed species density
ranged from 2 – 13 species per transect of ten stations. There was often very marked
variation between adjacent moving windows. For example, at site C2 observed species
density decreased from 18 in the sixth window, to 15 in the seventh and 10 in the eighth,
despite the starts of these windows changing by only 20 m. Patterns of variation along
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transects were inconsistent among sites. For example, observed species density was
highest at the transect ends in C2, but in the middle in F5. In the latter case, observed
species density was very strongly negatively associated with the frequency of occurrence of
W. auropunctata (Figure 21).

20
18

Native ant richness

16
14
12

C1

10

C2

8

C3

6

F4

4

F5

2

F6
340-520

320-500

300-480

280-460

260-440

240-420

220-400

200-380

180-360

160-340

140-320

120-300

100-280

80-260

60-240

40-220

20-200

0-180

0

Distance along transect (m)

Figure 20 Variation in native ant richness along each transect in continuous (C1, C2, C3) and
fragmented (F4, F5, F6) forest, along a moving window of 10 sampling arrays spaced by 20 m.
Fragments F1, F2 and F3 only had 1-2 windows and are not displayed.
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16

Native ant richness per window

14
12
10
8
6
4
2
0
4

5

6

7

8

9

10

11

W. auropunctata frequency of occurrence per window

Figure 21 Relationship between W. auropunctata frequency of occurrence (sum of records) and
native ant richness for each of the 18 windows of ten adjacent arrays at site F5 (Y=-2.38X+25.67;
2

R =0.87)

Across all sites, there was a negative relationship between native ant richness and W.
auropunctata abundance at the station-scale, and this was especially strong for the
specialist forest genera Lordomyrma and Rhytidoponera (permutation test, P < 0.05) (Figure
22).
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*
*

Figure 22 Point (array-scale) richness decline of all native ants (solid line) and pooled Lordomyrma
and Rhytidoponera (dotted line) in relation to W. auropunctata point abundance. In brackets the
number of arrays in each category. Control: all arrays from continuous forest sites, which did not
record W. auropunctata; all other figures refer to arrays in fragments, including F7 and F8. Asterisks
indicate significant differences (P < 0.05) compared with other categories, as shown by permutation
tests.

Diversity responses to fragmentation
For any of the measures examined, fragmentation could be seen to lead to either
decreased or increased ant diversity, depending on the location of samples (Figure 23).
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(a)

(b)
*

(c)

Figure 23 Contrasting diversity responses to fragmentation, depending on the location of samples
(white bars: continuous sites, n=3; grey bars: fragments, n=6). For each of species richness (a),
Chao2-estimated richness (b) and Shannon diversity (c), the scenario 1 of maximising diversity in
continuous forest (n = 3) and minimising it in fragments (n = 6; scenario 1) is compared with the
reverse scenario (Scenario 2). Significant differences detected with a permutation test (P < 0.05) are
indicated by an asterisk.
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Mitigating confounding effects
The use of mean values of native ant richness, Chao2-estimated richness and Shannon
diversity from all windows at each site led to intermediate outcomes compared with the
two extremes (Figure 24).
(a)

(b)

(c)

Figure 24 Mitigating for the effects of patchiness by using moving windows averaging for (a) native
species richness, (b) Shannon index of diversity, and (c) Chao2 estimate of species richness (white
bars: continuous sites, n=3; grey bars: fragments, n=6). No significant differences between
continuous and fragments were detected.
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Detailed investigation of the impacts of fragmentation using this approach showed
that Shannon index and Rhytidoponera abundance decreased with the average number of
W. auropunctata workers (49% and 39% proportion explained respectively Table 17; Figure
25a and b), whereas abundance of the genus Paraparatrechina and Paraparatrechina sp. A
increased (32% and 52% respectively; Table 17; Figure 25c and d); that Tropical Climate
Specialists’ abundance decreased with the proportion of arrays occupied by W.
auropunctata (66%; Table 17; Figure 25e); and that litter species abundance was negatively
correlated with connectivity (32%;Table 17; Figure 25f).
With our second (whole-of-site) approach to mitigating confounding factors, an
effect of sampling intensity (either SAM or S*A) could be rejected for five response
variables, and model selection excluded a null model for two of these (Table 18): Chao2
estimate of species richness was negatively impacted by the proportion of arrays occupied
by W. auropunctata (33%; Table 18; Figure 26a), and Shannon index of diversity was
positively associated with connectivity of the habitat (33%; Table 18, Figure 26b). When
effects of sampling intensity or of the interaction between sampling and area were not
rejected at the P = 0.25 threshold, conditional tests revealed that a significant portion of
the variance was still explained by additional variables in several cases. The average
number of W. auropunctata workers as well as the proportion of arrays they occupied was
negatively associated with the abundance of Tropical Climate Specialists (Table 18; Figure
26c and d; P = 0.02 and 33% explained for both variables, with a cumulative proportion
considering the variation explained by SAM and S*A of 83%). Although marginally
significant, connectivity was also positively correlated with the abundance of Tropical
Climate Specialists (Table 18; Figure 26e; P = 0.07; 25% explained per se and 76%
cumulative). The abundance of Paraparatrechina sp. A was negatively correlated with
connectivity (47% explained per se and 92% cumulative; Table 18; Figure 26f; P < 0.01).
Finally, the abundance of Lordomyrma sp. A was negatively correlated with Wasmannia
average abundance, but this was only marginally significant (P = 0.08; 29% explained per se
and 64% cumulative; Table 18; Figure 26g).

96

Chapter 5. Ant diversity responses to habitat fragmentation
Table 17 Relationships between native ant responses and habitat fragmentation variables, from
moving window averaging (only response variables where the null model was rejected are
presented). The left hand-side reports the outcomes of the marginal tests for each variable
separately (P-values < 0.05 are in bold), and the right hand-side reports the selection of the best
variables from a stepwise AICc model selection. Pseudo-F: equivalent to the F-statistic from a
classical ANOVA; P: p-value; Prop. (%): percentage of variation explained. Shannon index of diversity
(SHAN); sum of records of litter ants (Cryptic Generalists + Cryptic Predators, LITAB); Tropical Climate
Specialists (TCS); Paraparatrechina (PARA); Rhytidoponera (RH); Paraparatrechina sp. A (PA); area
(AREA); rainforest connectivity (CON); mean Wasmannia abundance (WAS1); and proportion of
stations that recorded Wasmannia (WAS2)
Response
SHAN

Marginal tests
Variable Pseudo-F P

Prop. (%)

Stepwise AICc model selection
Variable
Prop. (%)

AREA
CON
WAS1
WAS2

0
1.15
6.76
1.27

0.97
0.33
0.04
0.32

0
14
49
15

WAS1

49

AREA
CON
WAS1
WAS2

0.95
3.28
0.05
0.12

0.37
0.11
0.90
0.73

12
32
0
2

CON

32

AREA
CON
WAS1
WAS2

0.88
5.56
9.16
13.78

0.38
0.04
0.02
0.01

11
44
57
66

WAS2

66

AREA
CON
WAS1
WAS2

0.12
1.85
3.31
1.17

0.76
0.21
0.13
0.35

2
21
32
14

WAS1

32

AREA
CON
WAS1
WAS2

0.28
2.83
4.39
0.43

0.61
0.14
0.08
0.52

4
29
39
6

WAS1

39

AREA
CON
WAS1
WAS2

0
5.23
7.62
2.67

0.98
0.06
0.03
0.15

0
43
52
27

WAS1

52

LITAB

TCS

PARA

RH

PA
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 25 Relationship between native ant responses and fragmentation variables, identified by AICc
model selection on the moving window averaging data. (a) Shannon index of diversity vs mean
abundance of W. auropunctata; (b) Rhytidoponera sum of occurrence records vs mean abundance of
W. auropunctata; (c) Paraparatrechina sum of occurrence records vs mean abundance of W.
auropunctata; (d) Paraparatrechina sp. A sum of occurrence records vs mean abundance of W.
auropunctata; (e) Tropical Climate Specialists sum of occurrence records vs % stations occupied by
W. auropunctata; and (f) Litter species sum of occurrence records vs rainforest connectivity
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CH2

NATA

Response
NATS

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

Variable

stations that recorded Wasmannia (WAS2)

99

2.21
3.21
3.66
2.56
0.11
0.03

0.58
3.28
2.05
1.16
0.81
0.51
0.17
0.12
0.10
0.15
0.72
0.86

0.47
0.11
0.20
0.32
0.40
0.48

Marginal tests
Pseudo-F
P

24
31
34
27
2
0

7
32
23
14
10
7

Prop. (%)

AREA
CON
WAS1
WAS2

AREA
CON
WAS1
WAS2

0.15
0.02
0.16
0.27

0.05
0.13
0.18
0.24

0.72
0.87
0.73
0.62

0.83
0.73
0.70
0.65

2
0
2
3

0
1
2
2

Conditional tests or stepwise AICc model selection
Variable
Pseudo-F
P
Prop. (%)
Cum. (%)

variables included: sampling intensity (SAM, number of arrays), area (AREA), rainforest connectivity (CON), mean Wasmannia abundance (WAS1), and proportion of

Climate Specialists (TCS), Paraparatrechina (PARA), Rhytidoponera (RH), Lordomyrma sp. A (LA), Paraparatrechina sp. A (PA) and Vollenhovia sp. A (VA). Explanatory

sum of records of litter ants (Cryptic Generalists + Cryptic Predators, LITAB), Forest Opportunists (FOP), Generalized Myrmicinae (GM), Cryptic Generalists (CG), Tropical

selection. Native ant richness (NATS); native ant abundance (NATA, sum of records); Chao2 incidence-based richness estimator (CH2); Shannon index of diversity (SHAN);

all variables included in the model (including SAM and S*A in the case of conditional tests). Null indicates that the null model could not be rejected by the AICc model

equivalent to the F-statistic from a classical ANOVA; P: p-value; Prop. (%): percentage of variation explained; Cumul. (%): cumulative proportion of variance explained from

the conditional tests after controlling for SAM and S*A if either was significant at the 0.25 level in the marginal tests, or a stepwise AICc model selection (in grey). Pseudo-F:

rejected are presented). The left hand-side reports the outcome of the marginal tests for each variable separately, and the right hand-side reports the outcome of: either

Table 18 Relationship between native ant responses and habitat fragmentation variables, from a site-scale sampling (only response variables where the null model was
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TCS

GM

FOP

SHAN

SAM
AREA
S*A
CON
WAS1

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

100

2.12
3.60
4.68
17.90
8.87

3.11
0.47
1.24
0.32
1.25
0.81

9.71
9.77
11.84
2.77
0.04
0.09

0
0.20
0.09
3.39
2.04
1.36

1.19
0.03
0.06
0.60
3.18
3.44

0.20
0.10
0.07
0.01
0.02

0.10
0.55
0.31
0.60
0.32
0.44

0.02
0.03
0.02
0.14
0.77
0.77

0.95
0.68
0.79
0.11
0.19
0.30

0.33
0.87
0.83
0.47
0.11
0.09

23
34
40
72
56

31
6
15
4
15
10

58
57
63
28
0
1

0
3
1
33
23
16

15
0
0
8
31
33

AREA
CON
WAS1

AREA
CON
WAS1
WAS2

AREA
CON
WAS1
WAS2

CON

WAS2

1.77
5.15
9.96

1.49
0.48
1.37
0.89

0.01
0.21
1.25
1.46

0.24
0.07
0.02

0.28
0.51
0.31
0.41

0.93
0.67
0.32
0.29
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13
25
33

14
5
13
9

0
1
7
8

33

33

76
83

33

33

VA

PA

LA

RH

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

SAM
AREA
S*A
CON
WAS1
WAS2

WAS2
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1.52
1.82
2.37
2.01
0.99
1.16

4.87
2.12
2.71
0.04
2.67
2.65

1.52
1.62
2.85
7.05
5.15
4.51

4.68
3.08
4.89
6
0.23
0.18

9.33

0.24
0.22
0.16
0.20
0.32
0.30

0.06
0.18
0.15
0.86
0.16
0.15

0.26
0.24
0.13
0.03
0.06
0.06

0.07
0.13
0.07
0.05
0.67
0.68

0.02

18
21
25
22
12
14

41
23
28
0
28
27

18
19
29
50
42
39

40
31
41
46
3
2

57

AREA
CON
WAS1
WAS2

AREA
CON
WAS1
WAS2

AREA
CON
WAS1
WAS2

AREA
CON
WAS1
WAS2

WAS2

0.39
0.07
0.37
0.50

0.67
30.00
3.70
3.47

4.14
1.78
4.09
3.00

0.29
1.06
0.23
0.14

10.11

0.57
0.80
0.60
0.51

0.45
<0.01
0.10
0.12

0.10
0.23
0.08
0.14

0.62
0.34
0.60
0.70

0.02
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5
0
5
6

6
47
23
22

30
17
29
25

3
10
3
2

33

92

64

83
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)

Figure 26 Relationship between native ant responses and fragmentation variables on the site-scale
data, identified either by AICc model selection (when there was no significant effect of sampling
intensity) or once controlling for the effect of sampling (in this case, the residuals of the model
controlling for sampling and for sampling x area are plotted against the explanatory variable of
interest). (a) Chao2 vs % stations occupied by W. auropunctata; (b) Shannon index of diversity vs
rainforest connectivity; (c) Tropical Climate Specialists sum of occurrence records vs mean
abundance of W. auropunctata; (d) Tropical Climate Specialists sum of occurrence records vs %
stations occupied by W. auropunctata; (e) Tropical Climate Specialists sum of occurrence records vs
rainforest connectivity; (f) Paraparatrechina sp. A sum of occurrence records vs connectivity and (g)
Lordomyrma sp. A sum of occurrence records vs rainforest connectivity

Discussion
We found remarkably high variability in species density within both fragments and
continuous forest, and marked differences occurred even between adjacent windows. Such
variability was also observed (but not presented for sake of concision) when using Chao2
non-parametric estimator of species richness. This means that samples from individual
plots will provide an unreliable representation of species richness in both fragments and
continuous habitat. We did not attempt to identify the factors driving such variation in
continuous forest sites, but previous studies have identified moisture and resource
availability as possible factors influencing fine-scale variation in ant distribution (Wilson
1958b, Levings 1983, Kaspari 1996, Kaspari and Weiser 2000). These factors also apply in
fragments, but here we have shown that W. auropunctata invasion was also important,
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with a strong negative correlation between its abundance and native species density at the
transect scale. The detrimental impacts of W. auropunctata were especially strong at the
point scale for the native genera Lordomyrma and Rhytidoponera, which were significantly
less abundant above a threshold of 50 W. auropunctata workers per 5 m2 of litter. These
genera were identified as early pioneers of the recolonisation of burnt areas (Berman et al.
submitted-b), but seem particularly sensitive to invasion. The impacts of invasion were
much more variable at the point scale for the overall richness, which reflects the fact that
not all native species respond in the same way to invasion, and in particular some cryptic
species are tolerant to disturbance and invasion (e.g. Solenopsis, Adelomyrmex,
Strumygenis; (Berman et al. submitted-a, Berman et al. submitted-b)). We attempted to
control for invasion in our design by restricting our sampling to the core areas of fragments.
However, because W. auropunctata can spill-over from the edge into the undisturbed core
and competitively displace native species (Le Breton et al. 2003, Le Breton et al. 2005, Le
Breton et al. 2006, Berman et al. submitted-b), it can further alter species density.
A proportional sampling approach is required to provide a true representation of
the species richness and composition of a fragment (Schoereder et al. 2004a). In our case
we used proportional transects along the longest axis of the core area, and two analyses,
one based on averaged values from moving-windows, and the other based on whole-of-site
sampling correcting for differential sampling intensity, following Schoereder (2004). With
the latter approach, we found that sampling intensity was not a confounding factor for
variation in estimated species richness and diversity (using the Chao2 and Shannon indices).
This highlights the relevance of complementing observed richness with richness or diversity
estimates, in particular when comparing sites varying in size or disturbance regimes, as
sampling efficiency might be differentially affected (Hortal et al. 2006). Both analyses were
congruent in that response variables responded to fragmentation-related variables in the
same way, although the main explanatory variable varied in some cases, e.g. Shannon index
decreased with invasion in the moving-window analysis, and increased with rainforest
connectivity in the whole-of-site sampling.
Overall, the occurrence of W. auropunctata, whether average number of workers
per site or proportion of stations occupied, was associated with lower Chao 2 estimates of
species richness, Shannon index of diversity, abundance of Tropical Climate Specialists and
in particular of Lordomyrma sp. A. However, native ant species varied markedly in their
responses

to

W.

auropunctata.

Notably,

Paraparatrechina

(and

in

particular

Paraparatrechina sp. A) was positively correlated with it. These opportunistic ants perhaps
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benefit from competition release in places where W. auropunctata is abundant but its
native competitors are not (Andersen 1995a). Paraparatrechina sp. A is a particularly fastmoving species, a trait that possibly helps it to co-exist with W. auropunctata (Le Breton
2003). Rainforest connectivity was associated with a higher Shannon index of diversity,
while no effect could be detected on total native ant richness. This indicates that species in
more-connected sites were more evenly distributed than in isolated ones (Peet 1974).
The abundance (sum of occurrence records) of Tropical Climate Specialists was
consistently sensitive to fragmentation, and it decreased with both invasion and isolation:
this functional group consists of species that occur predominantly in rainforest, but can be
found in recently burnt areas in the absence of invasion (Berman et al. submitted-b). They
are relatively unspecialized in terms of foraging ecology (Andersen 1995a) and nesting sites
requirements, and so the reason for their sensitivity to a loss of rainforest connectivity is
unclear. In New Caledonia, the group includes a Lordomyrma radiation of exceptional
biogeographic significance (Sarnat 2006, Taylor 2009, Lucky and Sarnat 2010, Taylor 2012),
and we provide evidence that they could be most at risk in the context of anthropogenic
fires and invasion.
The amount of rainforest cover remaining in the surrounding landscape explained
more variation in native ant responses to fragmentation than did fragment area. This result
is of particular relevance in the context of biotic invasions (e.g. where most of the smallest
fragments are invaded), and situations where fragmentation is not complete (e.g. fire
dynamics associated with rainforest contraction). While both phenomena can confound the
detection of species-area relationships (Ewers and Didham 2006), landscape metrics allow
a better representation of the processes at stake, by taking into account the amount of
available habitat in the landscape (McGarigal and McComb 1995, Schoereder et al. 2004b).
Litter-dwelling ants (Cryptic Generalists and Cryptic Predators), often considered to
be highly sensitive to habitat modification due to their cryptic nesting habits and the
ephemeral nature of twig nests (Byrne 1994, Carvalho and Vasconcelos 1999), were
positively associated with fragment isolation, from the moving-window averaging analysis.
It is possible that our results were driven by the most frequently collected species: for
example, Strumigenys and Solenopsis are often more abundant in degraded or invaded
habitats (Berman et al. submitted-b), which could explain their persistence in more isolated
patches, as the savanna matrix and forest edges might serve as a source, in contrast to
other native species.
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Conclusion
By showing how spatially variable species density can be at the site level, we warn against
species density approaches to study responses to fragmentation, particularly in the context
of invasions. ‘Whole-of-site’ approaches are one way of mitigating such variability, and,
once sampling intensity explicitly controlled for, we could detect native ant responses to
rainforest connectivity and invasion.
Island Biogeography Theory assumes the communities considered to be in
‘equilibrium’. As the exact timing of fragmentation is unknown, this might not be the case
for the communities we studied. Our results indicating negative impacts of a loss of
rainforest connectivity should therefore be seen as a snapshot of the extinction debt
(Tilman et al. 1994), initiated by habitat destruction by fire, with further declines possibly to
come. Finally, invasion by W. auropunctata of the shrinking fragments is likely to lead to yet
a different equilibrium.
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Chapter 6. Impacts of fragmentation on the population genetics of L. pallens

Abstract
Habitat loss and consequent fragmentation are of great conservation significance, as they
can lead to isolation and reduction in species population size, with profound demographic
and genetic implications. Here we consider the impact of rainforest fragmentation induced
by anthropogenic fires on the population genetics of an endemic ant with wingless queens,
Leptomyrmex pallens, in the Aoupinié region of New Caledonia. Since population structure
is a major determinant of dispersal strategies in social insects, and in the absence of such
prior information for our study species, we first conducted a hierarchical study of
relatedness within and among ants sampled from forest fragments and continuous forest,
using 13 microsatellite markers. Leptomyrmex pallens appears to be mostly monogynous,
with high estimates of pairwise relatedness up to 100 m, and occasional polydomous
colonies. We then investigated the species’ dispersal strategy by comparing estimates of
population differentiation between bi-parentally inherited markers (microsatellites), and a
maternally inherited marker (ATP6 gene, mitochondria), using both classical population
differentiation measures and individual-based Bayesian clustering methods. We did not find
evidence of population differentiation due to fragmentation in the microsatellite data,
whereas it was very strong in the mitochondrial data, indicating male-biased dispersal.
Mitochondrial haplotype diversity and distribution most likely reflected historical patterns
of past rainforest connectivity and species’ range shifts, presumably linked to pre-human
fire history. We discuss the apparent lack of population structure in the context of recent
ant invasion in the region, imposing further, but yet undetectable barriers to gene flow.

Keywords: habitat loss; isolation; genetic viscosity; social insects; monogyny; male-biased
dispersal
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Introduction
Habitat loss results in long term landscape fragmentation (Fahrig 2003), where the matrix
surrounding forest ‘islands’ often consists of unsuitable habitat for native fauna and flora.
Island biogeography theory (MacArthur and Wilson 1967) initiated fragmentation research,
and the latter has today expanded much beyond the original conceptual framework
(Laurance 2008) to become a wide research umbrella (Ewers and Didham 2007), bridging
disciplines such as landscape ecology (Haila 2002) and population viability analysis (Boyce
1992).
At the population level, fragmentation also impacts the genetic level (Soulé and
Simberloff 1986), as smaller populations are more susceptible to loss of genetic diversity
through reduced gene flow, genetic drift and increased inbreeding (Gilpin and Soule 1986,
Schoen and Brown 1991, Falconer and Mackay 1996). This can reduce species’ fitness and
adaptability to environmental changes through the process of natural selection, and
ultimately increases vulnerability to stochastic extinction events (Lande 1980). Dispersal
plays a major role in buffering against population isolation, by contributing to population
homogenisation, and often a small number of migrants is sufficient to maintain gene flow
(Slatkin 1987). The field of tropical conservation genetics has investigated the impacts of
habitat fragmentation on the population dynamics of a range of taxa, such as reptiles
(Cunningham and Moritz 1998, Sumner et al. 2004), plants (White et al. 1999, Rossetto et
al. 2004, Kettle et al. 2007), mammals (Srikwan and Woodruff 2000, Grativol et al. 2001)
and invertebrates (Benedick et al. 2007, Rego et al. 2007).
Among arthropods, ants have been the focus of an increasing number of studies in
the context of habitat fragmentation [see review by Crist (2009)], in particular due to their
significance as bioindicators (Majer 1983, Folgarait 1998, Andersen and Majer 2004).
However, only a limited number of studies have investigated ant responses to landscape
fragmentation at the genetic level (Gyllenstrand and Seppä 2003, Clémencet et al. 2005,
Mäki-Petäys et al. 2005, Bickel et al. 2006, Mäki-Petäys and Breen 2007, Tawato et al.
2011), with only two studies in tropical ecosystems (Bickel et al. 2006, Tawato et al. 2011).
Here, we expand this research by investigating the impacts of rainforest fragmentation on
an endemic ant, in New Caledonia. Several characteristics make ants highly suitable study
organisms in this context. In particular, the parallelism of traits between ants and plants
that gave rise to the functional group scheme (Andersen 1995a) contributes to make ants
prone to population differentiation. Like plants, most ant species are sedentary, reproduce
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only once a year, and often by budding (e.g. a new queen leaves the nest with a subset of
workers to found a new colony in the vicinity, Hölldobler and Wilson 1990), which can be
considered analogous to the vegetative mode of reproduction of some plants (Pamilo
1983). Other traits, such as male haploidy (ants being haplodiploids), renders them
particularly sensitive to reduction in population size and consequent inbreeding (Pamilo et
al. 1994, Pamilo et al. 1997), but also facilitates the determination of the colony structure,
because of a simplified genetic makeup of families (Crozier et al. 1997).The paucity of
research on fragmentation impacts on ant population genetics could be explained by at
least two factors.
First, the particular social structure of ants, as individuals from the same family unit
or colony are more related to each other than by chance, thereby adding a level of genetic
differentiation (e.g. relatedness) to the large geographical-scale variation. Most ant
population genetic studies have therefore, until recently, focused at fine- rather than
landscape-scales (e.g. fragmentation) (Seppä and Pamilo 1995). Variation in ant social
structure among- and within- species (see Heinze (2008) for a review) also leads to
differences in dispersal strategies, which in turn affect their response to habitat disturbance
and fragmentation (Mäki-Petäys et al. 2005). At one extreme of the social structure
gradient, monogyny (e.g. nests headed by a single queen, and therefore high within-nest
relatedness) is commonly associated with nuptial flights, facilitating the dispersal of both
sexes (Bourke and Franks 1995). At the other extreme, polygyny [e.g. nests headed by many
queens, often unrelated to each other, and therefore low levels of workmates relatedness
(Kaufmann et al. 1992)], is commonly associated with reduced female dispersal
(Gyllenstrand and Seppä 2003), as new queens usually stay within the same nest without
dispersing (Chapuisat and Keller 1999).

New nests can also, mostly in the case of

polygynous species, be created by budding. The queen leaves the old nest with a subset of
workers to start a new colony in the vicinity (Keller 1991), sometimes leading to
polydomous colonies rather than fully independent daughter colonies (Pamilo et al. 1992).
Such limited dispersal can result in high levels of population genetic viscosity, i.e. high
genetic similarity between closely located nests within a population (Hamilton 1964) and
hence population differentiation between geographically adjacent groups (Holzer et al.
2009). All these characteristics imply that prior to tackling broader patterns of population
structure, it is essential to assess the species’ social structure at the fine-scale, as this will
guide the choice of an appropriate sampling strategy for investigating spatial patterns of
gene flow (Debout et al. 2007).
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Second, the development of affordable molecular methods to investigate such
issues, in the absence of pre-existing genetic information, is only recent. Microsatellites (or
Short Tandem Repeats) are rapidly evolving nuclear markers (Crozier et al. 1997, Sunnucks
2000, Schlotterer 2004), and are particularly useful for estimating contemporary patterns of
gene flow and population genetic structure (Queller et al. 1993, Jarne and Lagoda 1996).
Recently, the isolation and characterisation of microsatellite markers has been dramatically
simplified by Next-Generation Sequencing (NGS) technologies (Mardis 2008, Schuster
2008), which provides genome-wide reads at a relatively low-cost (e.g. 454
pyrosequencing) (Gardner et al. 2011). A common technique to infer sex-biased dispersal,
when direct sampling of both sexes is not possible [e.g. short-lived males in Hymenoptera
(Hölldobler and Wilson 1990)], makes use of markers differing in their inheritance mode to
compare patterns of genetic differentiation between sexes (Goudet et al. 2002, Prugnolle
and de Meeus 2002). Nuclear microsatellites, being bi-parentally inherited, are often used
in association with mitochondrial DNA markers (mtDNA), characterised by slower rates of
evolution but of maternal inheritance, to infer sex-related dispersal (e.g. FitzSimmons et al.
1997).
Here, we use these techniques to infer the social structure and population genetics
of Leptomyrmex pallens, in the context of rainforest fragmentation induced by
anthropogenic fires. The species is the most widely distributed of the three New Caledonian
endemic ‘spider-ants’, and is also one of the most conspicuous species still found in small
rainforest patches. Leptomyrmex queens are wingless (i.e. ergatoids, Peeters 1991), while
males are winged [Figure 27; Wheeler (1934), Lucky and Ward (2010)], but information on
the social structure in that genus is lacking. This implies that female dispersal is limited to
walking distance, and therefore genetic differentiation is expected to be higher in females
(mtDNA) than in males (microsatellites). Leptomyrmex pallens is strongly associated with
rainforest habitat (Taylor 1987, Lucky and Ward 2010), ca 50% of which has been converted
by fire to anthropogenic savannas in New Caledonia during the last 3000 years (Jaffré et al.
1998) and frequent fires are further fragmenting the remaining landscape (Ibanez et al.
2012).
The aims of our study are: (1) to determine L. pallens’ reproductive strategy and
social structure using a multi-scale hierarchical analysis of relatedness, (2) to investigate
patterns of population differentiation and sex-biased dispersal at the landscape level, by
contrasting the information provided by microsatellites and mtDNA, and finally (3) to
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quantify the effects of habitat fragmentation on the population genetics of L. pallens
through contrasting patterns of historical and contemporary genetic structure.

(a)

(b)

(c)

Figure 27 Leptomyrmex pallens (a) male, (b) queen, (c) worker
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Material & Methods
Study sites
The New Caledonian archipelago (21°30’ S, 165°30’ E) is located approximately 1,200 km
east of north-eastern Australia (Figure 28a). Annual rainfall averages 1058 mm in the
coastal capital city Noumea, but can exceed 2500 mm in inland mountainous regions
(Carpenter 2003), with most rainfall occurring between January and June. Mean daily
temperatures range from a minimum of 20.1°C in August to a maximum of 26.4°C in
February (www.meteo.nc).
The study was carried out in the Aoupinié region (21°12’S, 165°15’E), on the land of
the Gohapin kanak tribe, in the Northern Province of New Caledonia (Figure 28). The
Aoupinié mountain is a protected area (Jaffré et al. 1998) considered as one of four
hotspots of endemism for vascular plants and reptiles (Bauer and Sadlier 2000), and one of
the largest remaining continuous rainforest patches in New Caledonia.
Natural fires are known to have occurred on the island prior to the evidence of
human settlement (Hope and Pask 1998), but palynological records show dramatic changes
in the fire regime following Melanesian settlement 3,000 yrs ago, and again following
European colonisation 200 yrs ago (Jaffré et al. 1998, Hope et al. 1999, McCoy et al. 1999,
Stevenson et al. 2001, Anderson 2002, Stevenson 2004). These anthropogenic fires have
driven the conversion of most of the low elevation rainforests into Melaleuca-savanna
(Ibanez et al. 2012), dominated by exotic ant species (Berman et al. submitted-a).
We selected eleven rainforest remnants in the region, ranging from 0.3 (T) to 12.5
ha (PF1), and five sampling locations in two adjacent large patches of continuous forests:
Aoupinié, > 5400 ha (C1, C2 and C3), and Pouygui, 300 ha (PC1 and PC2) (Figure 28a). All
sites were at mid-range elevation (216 - 620 m) and on volcano-sedimentary substrate,
except PC1, PC2, PF1 and PF2, which were on serpentine substrate. We also collected single
foraging L. pallens at four additional locations: Po, Ro, Cr and PF2 (Figure 28a). Only the
minimum age of the forest fragments studied could be inferred with confidence, as aerial
photographs

were

available

from

1955

to

2000

(http://www.dittt.gouv.nc/portal/page/portal/dittt/), indicating that they were isolated for
at least 55 years.
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(a)

(b)

Figure 28 Map of the study area in the Aoupinié region, New Caledonia. Shaded area: primary
rainforest, white area: anthropogenic savanna. (a) Sampling locations for the landscape-scale study
and (b) sampling locations for the fine-scale study. In (b), sites C3, PC1, B3, PF1 and PF3 are indicated
by a triangle, with total number of nest sampled in brackets. Arrows indicate nests from adjacent (<
500 m) fragments that were considered as part of the same site (one nest sampled in PF4, near PF3
and two nests sampled in T, near C3, see also Figure 29).
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Field methods
Worker ants were collected at baits (jam spread on squares of paper on the ground) along
the longest axis of each fragment (with the longest transect replicated at the sites in
continuous forests), with a 20 m sampling interval. This was assumed to be the minimum
distance required to avoid sampling the same colony twice (in the absence of prior
information on the species’ mean foraging distance other than personal field observations),
and therefore biasing estimates of population differentiation by sampling highly related
individuals. Additionally to the bait collection, we also spent 5-10 min at each station
searching for nests, from which up to 100 workers were collected. As L. pallens often nests
under boulders and at the base of trees (Wheeler 1915), nests could only be excavated and
queens collected in two instances (nests PF4#N and PF3#5). A single queen was found in
each nest. All sample collections were georeferenced (Garmin GPSmap 60CSx), and ants
collected were directly stored in 100% EtOH.

Molecular analyses
DNA extraction
After a brief 1-2 min wash in purified water to remove ethanol, DNA was extracted using
either (1) a DNeasy kit (Qiagen), after crushing a whole ant with a micro-pestle in a
centrifuge tube, or (2) a modified Chelex protocol (Walsh et al. 1991) using three legs of
each individual ant in a 1.5 mL centrifuge tube filled with 200 μL of 5 % Chelex® 100
(BioRad) solution and 5 μL of Proteinase K (Qiagen), followed by incubation at 56°C for 90
min and heating at 95°C for 20 min.
Microsatellite scoring
Thirteen polymorphic microsatellite markers were designed for this study (Appendix 5),
using the output of a partial (1/16th) 454-pyrosequencing run (Gardner et al. 2011), the
details of which will be presented in a primer note (Berman et al. submitted-c).
Microsatellite loci were amplified by multiplex Polymerase Chain Reaction (PCR) following
the protocol outlined in Berman et al. (submitted-c) and using the method described by
Blacket et al. (2012). Amplified fluorescent labelled fragments were sent to the AGRF
(Australian Genome Research Facility) for analysis on an ABI3730 genetic analyser, and
were subsequently scored manually using GENEMAPPER v4 (Applied Biosystems). We
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genotyped a total of 429 individuals, which we partitioned in different ways according to
the hierarchical level investigated (Table 19).

Mitochondrial DNA sequencing
We sequenced a 670 bp fragment of the mitochondrial Adenosine Triphosphate subunit 6
gene (ATP6), using primers designed specifically for L. pallens from mitochondrial
contiguous gene sequences identified by 454 sequencing (method described in Berman et
al. [submitted-c]): LPATP68F3 5’-GAATTTTTGACCCCTGCTCA-3’ and LPATP68R1 5’GGGGTTGTGAAATCAGGAGA-3’. PCRs were carried out in 25 µl volume containing 2.5 µl of
DNA extract, 0.2 mM of total dNTPs, 0.6 µM of each primer, 5 U/µl Robust DNA taq
polymerase, 0.2 mM of 5x buffer A and 0.5 mM of MgCl2, using the KAPA2GTM Robust PCR
kit. PCR cycle conditions included: an initial 2 min denaturation step at 94 °C, followed by
35 cycles of 50 sec at 94 °C, 2 min at 49 °C, 1.5 min at 72 °C, and finished with a 6 min
elongation step at 72 °C. The PCR products were examined on a 1 % agarose gel, and sent
to the Macrogen sequencing facility (Korea; http://www.macrogen.com) for purification
and bidirectional sequencing. DNA sequences were manually edited and aligned using
Geneious Pro 5.5.6 (Drummond et al. 2011). To decrease the risk of incorporating amplified
pseudogenes, sequences were translated to amino acids (Nguyen et al. 2002). We did not
find any evidence of insertions or deletions or premature stop-codons in any of our
sequences after translation. The final alignment after trimming was 599 bp in length. We
sequenced a total of 79 individuals (Table 19, ‘Phylogeographic analysis’), representing
nests, or baiting stations separated by a minimum distance of 40 m. All mitochondrial
haplotype sequences have been lodged in GenBank (accession numbers JX508710 –
JX508738; to be released on 18th September 2013).
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Aoupinié

Region

-21.2189
-21.2342
-21.2223

PC2

PF1

PF2

117

-21.2118

PC1

-21.1843

B3

-21.1977

-21.2079

B2

S3

-21.1945

B1

-21.1959

-21.2055

T

S2

-21.2075

C3

-21.1887

-21.1865

C2

S1

-21.1828

Lat

C1

location

Sampling

165.2404

165.23366

165.23646

165.2264

165.28245

165.28341

165.2782

165.23068

165.24692

165.25348

165.29629

165.29864

165.26776

165.25692

Long

-

75:4:PF1

-

60:3:PC1

-

-

-

80:4:B3

-

-

40:2:C3

58:3:C3

-

-

5

3

5

5

5

6

5

5

5

4

5

5

5

H

R
-

MtDNA

Msat

Fine-scale

-

75:4:PF1

-

60:3:PC1

-

-

-

80:4:B3

-

-

40:2:C3

58:3:C3

-

-

R

-

4:4:PF1

-

3:3:PC1

-

-

-

6:4:B3

-

-

2:2:C3

2:3:C3

-

-

FS

Msat

1

4

2

3

2

2

2

6

2

2

3

2

2

1

IB

Regional-scale

-

5:5:PF1

3:3:PC2

5:5:PC1

5:5:S3

5:5:S2

6:6:S1

5:5:B3

5:5:B2

5:5:B1

4:4:T

5:5:C3

5:5:C2

5:5:C1

FS

MtDNA

minimum-spanning network; BI: phylogenetic Bayesian inference. Individuals:Nests (or Stations):Site (only for R and FS analysis)

1

5

3

5

5

5

6

5

5

5

4

5

5

5

MSN, BI, H

MtDNA

scale

Phylogeographic

longitude. R: relatedness analyses (incl. kinship); H: haplotype distribution; FS: Wright’s F-statistics population differentiation; IB: individual-based Bayesian clustering; MSN:

Table 19 Dataset partitioning at each spatial scale considered and for either marker used. Partitioning rationale is explained in the Method section. Lat: latitude; Long:
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TOTAL

Ko

-21.1895

Cr

Kouaoua

-21.2254

Po

118

-21.39

-20.95

-21.1968

Ro

K

-21.216

PF4

Kopeto

-21.2186

PF3

165.83

164.62

165.24356

165.23711

165.30084

165.24188

165.24662

411

-

-

-

-

-

19:1:PF3

79:4:PF3

71

-

-

-

-

-

3

5

411

-

-

-

-

-

19:1:PF3

79:4:PF3

23

-

-

-

-

-

1:1:PF3

5:4:PF3

41

-

-

-

1

1

1

5

71

-

-

-

-

-

3:3:PF4

5:5:PF3
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79

1

2

1

1

2

3
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Statistical analyses
Fine-scale analysis
To determine spatial patterns of relatedness and likely social structure, we assessed allele
frequencies for 411 individual ants representing 21 nests (19-20 ants per nest) and five
geographical sites (Table 19). These corresponded to sampling locations from the same
rainforest patch (B3, PC1, PF1, PF3 and C3; Figure 28b), and in two instances, nests from
small patches (T and PF4; Figure 28a) were considered as belonging to the adjacent site (<
500 m apart; pooled with C3 and PF3 respectively; see arrows in Figure 28b; Figure 29).

Figure 29 Fine-scale study design: spatial arrangement of the nests within each site. Rectangles
delimit forest remnants, solid lines are transects situated in continuous forest. The distance between
each nest, as well as the resulting number of pairwise distances per site (in brackets) is indicated

Allele diversity over all loci, observed vs expected heterozygosities and fixation
index per nest and per site were summarized with GenAlEx (Peakall and Smouse 2006). We
calculated linkage disequilibrium (LD) among loci pairs with log-likelihood ratio test, and
deviations from Hardy-Weinberg equilibrium (HWE), using Genepop using the web version
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3.4 (Raymond & Rousset 1995). These two tests will be referred to as HWLE (HardyWeinberg and Linkage Equilibrium) herein. Significant LD between loci and deviations from
HWE are expected if individuals in a given sample belong to a non-random mating
population, or are highly related as expected under a monogyny reproductive model
(Hedrick 2011).
Since males are haploid and pass on a single genotype, sisters from a colony with a
single, once-mated queen are related by r = 0.75 on average (Hamilton 1964). To test this
hypothesis of monogyny in L. pallens, mean within-nest and pairwise relatedness was
calculated using the program Relatedness 5.0.5 (Goodnight 2000), based on the statistic
described by Queller & Goodnight (1989). Nests were weighted equally and standard errors
were estimated by jackknifing over loci. To avoid potential differences in allele frequencies
among sites, relatedness was calculated within each site, using the ‘deme’ option. We
plotted the pairwise relatedness values against the actual pairwise geographic distances
available in each population using R v2.15 (R Development Core Team 2005).
We used the pairwise relatedness values per site as the distance measure to plot a
visual representation of the genotypic 2-D space using Multi-Dimensional Scaling
ordinations in Primer6 (Clarke and Gorley 2006). The more closely related the individuals,
the more closely they appear in the 2-D space.
To infer the likely parental structure of each nest, we applied the maximum
likelihood-based sibship inference method implemented by the software Colony (Wang and
Santure 2009, Jones and Wang 2010) using multilocus information of the offsprings from
each site. As the mono- or polygamy status of each sex was unknown, we tested all four
possible prior ‘mating’ settings available in the program (setting 1: both parents
monogamous, setting 2: female polygamous and male monogamous, setting 3: female
monogamous and male polygamous, setting 4: both parents polygamous), and compared
the best configuration found for each nest. In site PF3, where we collected and genotyped
one queen in each nest PF3#5 and PF4#N, we could set priors about the probability that
they were the mothers of at least some siblings in the dataset (P=1).
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Landscape-scale analysis
a. Identifying the spatial scale of relatedness
Using the whole dataset of 411 individuals (Table 19) as reference for the calculation of
allele frequencies, we computed pairwise relatedness between individuals, and plotted the
resulting average values per distance classes. Sixteen distance classes were defined from 0
to 8 km, with at least 780 pairwise relatedness values (dyads) averaged in each class.
b. Population differentiation based on Wright’s F-statistic (microsatellites and mtDNA)
To create a subset of unrelated individuals, we selected the most distantly related
individuals in each site (i.e. the furthest apart from each other in the genotypic 2-D space,
visualised by MDS ordination; Table 19). Pairwise relatedness was subsequently inspected
with r < 0 in most cases, and never exceeding 0.2. Cases of r > 0 only applied to pairwise
comparisons of individuals from distant nests (> 400m apart). We repeated HWLE tests per
site and performed an analysis of molecular variance (AMOVA; Weir 1997) with GenAlEx
(Peakall and Smouse 2006) using this reduced dataset. AMOVA partitions the molecular
variance into within- and among-site components. Using Arlequin v3.5.1.2 (Excoffier et al.
2005), we calculated the differentiation index FST between pairs of populations, using
permutation tests to assess its significance (1000 permutations). We applied the same
population differentiation approach to the mitochondrial data, based on the proportion of
nucleotide differences between haplotypes (euclidean ΦST, analogous to FST). We also
inspected the spatial distribution of haplotypes within each site. We used a subset of the
total mitochondrial data sequenced, keeping only those fragments or continuous forest
sites where more than 3 individuals were sequenced (Table 19).
c. Individual-based approaches (microsatellites)
In contrast to traditional approaches, which rely on a priori groupings of individuals
produced by random mating, and where statistical tests of differentiation impose
constraints on the sample size in each group, individual-based approaches aim at finding
groups at HWLE from the global dataset of unrelated individuals. As these analyses rely on
the assumption of independence between loci, they are not recommended for the analysis
of non-recombinant sequence data, such as mtDNA.
Our complete dataset of unrelated individuals incorporated 18 additional
individuals from 11 locations including fragments, continuous forests and opportunistic
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hand collection (Table 19; Figure 28a). When more than two samples were used per
location, they were separated by at least 160 m and relatedness estimates were checked
with Relatedness, not specifying the deme grouping. Two Bayesian methods were first
applied. First, the software Structure (Pritchard et al. 2000) was used to identify the
number of distinct clusters or populations (K), using genotypic data only, and allowing
individuals to be admixed, i.e. assuming that each individual draws some fraction of their
genome from each of the K populations. The inference algorithm was therefore defined as
an admixture model with independent allele frequencies among populations (to avoid the
risk of inferring spurious sites). K was allowed to vary from 1 to 10 in each of ten
independent runs with 1,000,000 Markov Chain Monte Carlo (MCMC) iterations and 50,000
burn-in. K was then estimated using the Evanno method (Evanno et al. 2005) implemented
in the web program Structure Harvester (Earl and vonHoldt 2012).
Second, the R package Geneland (Guillot et al. 2005) was used to identify the
number of distinct populations using spatially explicit genotypic data (i.e. each genotype is
associated to its geographic coordinates), and assuming that each individual has ancestries
in one cluster only (non-admixture model). Like Structure, K can be treated as variable
enabling the determination of the most likely value. The inference algorithm was defined as
a spatial model with independent allele frequencies. K was allowed to vary from 1 to 10 in
each of ten independent runs with 1,000,000 MCMC iterations sampled every 100th
generation and a burn-in of the 200 first saved iterations (Guillot et al. 2005, Guillot et al.
2009). Tests of HWLE were then performed on each identified cluster to verify the
hypothesis of panmixia within sites.
Finally, a factorial correspondence analysis (FCA), implemented in GENETIX v4.05
(Belkhir et al. 2004), was used to summarize patterns of genetic differentiation between
samples.
d. Phylogeographic analysis
To contrast contemporary and historical patterns of genetic structure, we investigated the
species’ phylogeography using the mtDNA data. This analysis involved adding to the
previous dataset five individuals from opportunistic sampling in the Aoupinié region, and
three individuals from other locations in New Caledonia: Kopeto (2 individuals from two
different sampling locations), and Kouaoua (1 individual), respectively 70 km north and 60
km south of the Aoupinié (Table 19). The overall nucleotide diversity π (Nei 1987),
consisting of the average number of nucleotide difference per site between all pairs of
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sequences, was calculated with DnaSP (Librado and Rozas 2009). The relationship between
the different haplotypes was investigated with a minimum-spanning network (MSN) based
on pair-wise differences in TCS (Clement 2000), using a 95% maximum parsimony
connection criterion. We also used a phylogenetic approach to complement the MSN, and
assessed the best evolutionary model fitting our haplotype data (n=29) with the software
JModelTest (Posada, 2008) based on an Akaike Information Criterion (AIC) model selection
(Akaike, 1974). The Generalised Time-Reversible model (Tavare, 1986) with a gammadistributed rate of variation across sites (GTR + Γ) was selected. We then performed a
Bayesian inference analysis in MrBayes v3.1.2 (Huelsenbeck & Ronquist, 2001), specifying
one of the individuals from Kopeto as an outgroup, since it was the most distant both
genetically and geographically. This was implemented with a MCMC length of 1,500,000
generations with chains sampled every 100 generations after an initial burn-in of 3750
generations. Two runs were performed, and chain convergence was confirmed by the
standard deviation of split frequencies (< 0.01) and the Effective Sample Size (ESS) (> 7000)
given by the parameter estimation in Tracer v1.5 (Rambault & Drummond, 2003).
Phylogeny was estimated from the majority-rule consensus of the pooled post-burn-in
trees from the two runs.

Finally, a map of haplotype frequencies was produced in

ArcMap10 (ESRI 2011).

Results
Fine-scale study
The number of alleles per locus ranged from 2 to 12 with a mean of 4.77. A consistent
excess of heterozygotes was observed across all nests (global HO vs HE: 0.50 ± 0.02 vs 0.33 ±
0.01), and was associated with a negative fixation index (global F: -0.42 ± 0.03; Table 20).
The same patterns of heterozygote excess was observed at the site level also (global H O vs
HE: 0.49 ± 0.03 vs 0.47 ± 0.02; F: -0.07 ± 0.03; Table 21). Significant deviations from HWLE
confirmed these observations at the site level: the large majority of markers were
significantly out of HWLE (even after Bonferroni correction for multiple testing; Table 22).
As expected from these results, the average within-nest relatedness was high, and
ranged from 0.30 ± 0.10 SE at nest PF3#2, to 0.87 ± 0.07 SE at nest B3#21, with an overall
average of 0.67 ± 0.02 SE, significantly smaller than the expected value of 0.75 expected for
workmates from a purely monogynous, monoandrous colony (t20=18.33; P <0.001; Table
23).
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Table 20 Allelic summary per nest. Ni: number of individuals genotyped; N a: mean number of alleles;
Ne: number of effective alleles; HO: observed heterozygosity; He: expected heterozygosity; UHe:
unbiaised expected heterozygosity; F: fixation index
Site

Nest (Ni)

Na

Ne

Ho

He

UHe

F

B3#11 (20)

1.92 ±0.24

1.55 ±0.15

0.46 ±0.12

0.28 ±0.07

0.29 ±0.07

-0.52 ±0.10

B3#17 (20)

2.15 ±0.10

1.63 ±0.14

0.40 ±0.09

0.33 ±0.06

0.34 ±0.06

-0.15 ±0.11

B3#18 (20)

2.54 ±0.24

1.83 ±0.20

0.44 ±0.10

0.37 ±0.07

0.38 ±0.07

-0.11 ±0.12

B3#21 (20)

1.85 ±0.15

1.66 ±0.14

0.55 ±0.12

0.33 ±0.06

0.35 ±0.07

-0.60 ±0.15

PC1#13 (20)

2.15 ±0.27

1.76 ±0.21

0.50 ±0.11

0.34 ±0.07

0.36 ±0.07

-0.40 ±0.07

PC1#15 (20)

2.31 ±0.29

1.64 ±0.16

0.51 ±0.12

0.32 ±0.07

0.32 ±0.07

-0.48 ±0.14

PC1#18 (20)

2.08 ±0.21

1.74 ±0.16

0.57 ±0.12

0.36 ±0.07

0.37 ±0.07

-0.55 ±0.11

PF1#1 (19)

1.85 ±0.19

1.60 ±0.15

0.45 ±0.12

0.31 ±0.07

0.31 ±0.07

-0.44 ±0.18

PF1#16 (18)

2.15 ±0.19

1.69 ±0.14

0.54 ±0.11

0.35 ±0.06

0.36 ±0.06

-0.47 ±0.09

PF1#3W (19)

1.92 ±0.21

1.64 ±0.13

0.54 ±0.11

0.34 ±0.06

0.35 ±0.06

-0.56 ±0.09

PF1#D (19)

2.00 ±0.23

1.50 ±0.11

0.43 ±0.10

0.28 ±0.06

0.29 ±0.06

-0.33 ±0.15

PF3#2 (19)

2.39 ±0.18

1.72 ±0.07

0.60 ±0.07

0.41 ±0.02

0.42 ±0.02

-0.40 ±0.11

PF3#5 (20)

1.92 ±0.18

1.66 ±0.16

0.49 ±0.13

0.32 ±0.07

0.33 ±0.07

-0.36 ±0.20

PF3#6a (20)

2.00 ±0.25

1.48 ±0.11

0.40 ±0.10

0.27 ±0.06

0.28 ±0.06

-0.41 ±0.09

PF3#6b (20)

1.77 ±0.17

1.54 ±0.12

0.50 ±0.12

0.30 ±0.06

0.30 ±0.06

-0.62 ±0.10

PF4#N (19)

1.77 ±0.20

1.55 ±0.15

0.41 ±0.13

0.28 ±0.07

0.29 ±0.07

-0.43 ±0.19

C3#N (19)

2.00 ±0.20

1.75 ±0.17

0.56 ±0.11

0.36 ±0.07

0.37 ±0.07

-0.54 ±0.08

C3#6 (19)

2.08 ±0.18

1.59 ±0.07

0.50 ±0.06

0.36 ±0.03

0.37 ±0.03

-0.38 ±0.06

C3#8 (20)

2.00 ±0.11

1.60 ±0.07

0.51 ±0.07

0.36 ±0.04

0.37 ±0.04

-0.41 ±0.06

T#3 (20)

2.15 ±0.25

1.79 ±0.17

0.49 ±0.12

0.37 ±0.07

0.38 ±0.07

-0.29 ±0.15

T#N (20)

2.23 ±0.34

1.88 ±0.24

0.56 ±0.12

0.37 ±0.08

0.38 ±0.08

-0.53 ±0.06

2.06 ±0.05

1.66 ±0.03

0.50 ±0.02

0.33 ±0.01

0.34 ±0.01

-0.42 ±0.03

B3

PC1

PF1

PF3

C3

TOTAL

124

Chapter 6. Impacts of fragmentation on the population genetics of L. pallens
Table 21 Allelic summary per site. Ni: number of individuals genotyped; N a: mean number of alleles;
Ne: number of effective alleles; HO: observed heterozygosity; He: expected heterozygosity; UHe:
unbiaised expected heterozygosity; F: fixation index
Site (Ni)

Na

Ne

Ho

He

UHe

F

B3 (80)

3.31 ±0.49

2.42 ±0.39

0.45 ±0.05

0.49 ±0.06

0.49 ±0.06

0.02 ±0.07

PC1 (60)

3.08 ±0.35

2.17 ±0.24

0.53 ±0.09

0.47 ±0.06

0.48 ±0.06

-0.10 ±0.10

PF1 (75)

3.15 ±0.48

1.92 ±0.11

0.49 ±0.04

0.46 ±0.03

0.46 ±0.03

-0.09 ±0.08

PF3 (98)

3.00 ±0.41

1.86 ±0.13

0.48 ±0.04

0.44 ±0.04

0.44 ±0.04

-0.13 ±0.07

C3 (98)

3.46 ±0.57

2.31 ±0.28

0.52 ±0.06

0.50 ±0.05

0.50 ±0.05

-0.07 ±0.07

TOTAL

3.20 ±0.20

2.14 ±0.11

0.49 ±0.03

0.47 ±0.02

0.47 ±0.02

-0.07 ±0.03

Table 22 Hardy-Weinberg Equilibrium test per site (number of individuals) and per loci. Exact pvalues estimated by Markov Chain in Genepop are indicated ± SE. Significant deviations after a
Bonferroni correction are in bold.
Loci

B3 (80)

PC1 (60)

PF1 (75)

PF3 (98)

C3 (98)

LP1

0.01 ±0.00

0.00 ±0.00

0.00 ±0.00

0.00 ±0.00

0.04 ±0.00

LP2

0.01 ±0.00

0.00 ±0.00

0.42 ±0.00

0.00 ±0.00

0.00 ±0.00

LP4

0.00 ±0.00

0.00 ±0.00

0.01 ±0.00

0.00 ±0.00

0.00 ±0.00

LP7

1.00 ±0.00

0.00 ±0.00

1.00 ±0.00

1.00 ±0.00

0.07 ±0.00

LP12

0.00 ±0.00

0.00 ±0.00

0.07 ±0.01

0.12 ±0.00

0.49 ±0.01

LP14

0.00 ±0.00

0.00 ±0.00

0.98 ±0.01

0.00 ±0.00

0.00 ±0.00

LP16

1.00 ±0.00

0.07 ±0.00

0.00 ±0.00

0.00 ±0.00

0.00 ±0.00

LP21

0.60 ±0.00

NA

0.00 ±0.00

0.02 ±0.00

0.35 ±0.00

LP23

0.04 ±0.00

1.00 ±0.00

0.00 ±0.00

0.59 ±0.01

0.00 ±0.00

LP24

0.00 ±0.00

0.00 ±0.00

0.03 ±0.00

0.00 ±0.00

0.00 ±0.00

LP25

0.00 ±0.00

0.10 ±0.00

0.00 ±0.00

0.00 ±0.00

0.00 ±0.00

LP26

0.00 ±0.00

0.74 ±0.00

0.00 ±0.00

0.40 ±0.00

0.35 ±0.00

LP37

0.00 ±0.00

0.00 ±0.00

0.00 ±0.00

0.04 ±0.00

0.00 ±0.00
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Table 23 Mean relatedness per nest. PX: use all; PY: K-nest= X; nests weighted equally; bias correction
applied (by nest); standard errors computed by jackknifing over loci.
Nest
B3#11
B3#17
B3#18
B3#21
PC1#13
PC1#15
PC1#18
PF1#1
PF1#16
PF1#D
PF1#3W
PF3#2
PF3#5
PF3#6a
PF3#6b
PF4#N
C3#N
C3#6
C3#8
T#3
T#N
Whole population

r
0.82
0.58
0.45
0.87
0.65
0.76
0.76
0.71
0.64
0.71
0.75
0.30
0.67
0.70
0.79
0.72
0.71
0.56
0.60
0.59
0.66
0.67

SE
0.06
0.04
0.10
0.07
0.11
0.06
0.06
0.14
0.11
0.10
0.07
0.10
0.16
0.09
0.07
0.12
0.08
0.07
0.07
0.08
0.10
0.02

Pairwise relatedness between ‘neighbouring’ colonies (along our transect) was
higher than 0 in four of the five sites, indicating genetic viscosity, except at PF3 where it
intercepted with 0 within the 12 m separating the two closest colonies (Figure 30).
Relatedness was found to break down at 14 to 44 m at B3, 30 to 62 m at PC1, 40 to 67 m at
PF1 and 47 to 146 m at C3, evidenced by r estimates of 0 or less. Relatedness remained
below zero afterwards in all cases except at PF3 where it reached 0.20 again at 480 m,
which was the distance separating nests PF4#N and PF3#6a (Figure 30), which were
separated by savanna. At C3, the very high relatedness observed up to 47 m (r=0.6) could
indicate that the two nests are actually connected (polydomy).
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(a)

(b)

(c)

(d)

(e)

Figure 30 Within-site mean pairwise relatedness values versus distance: (a) B3, (b) PC1, (c) PF1, (d)
PF3 and (e) C3. Labels above the x-axis indicate the number of dyads present at each distance. In
most cases, 95% confidence intervals were too small to be displayed
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These patterns are confirmed visually by the 2-D MDS ordination (Figure 31), which
shows that individuals from the same nests where either: closely clustered, reflecting high
within-nest relatedness; spread out in space, indicating a lower within-nest relatedness
(e.g. B3#18 and B3#17; Figure 31a; and PF3#2; Figure 31d); or intermingled with individuals
from other nests, indicating potentially connected colonies (e.g. PF1#16 and PF1#D; Figure
31c; and C3#6 and C3#8; Figure 31e).

2D Stress: 0.13

(a)

Nest
B3#11
B3#17
B3#18
B3#21

2D Stress: 0.05

(b)

Nest
PC1#13
PC1#15
PC1#18
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2D Stress: 0.1

(c)

Nest
PF1#1
PF1#16
PF1#3W
PF1#D

2D Stress: 0.22

(d)

Nest
PF3#2
PF3#5
PF3#6a
PF3#6b
PF4#N
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2D Stress: 0.1

(e)

Nest
C3#N
C3#6
C3#8
T#3
T#N

Figure 31 Multi-dimensional scaling ordinations of the pairwise relatedness between individuals
within each site: (a) B3, (b) PC1, (c) PF1, (d) PF3 and (e) C3

Investigation of social structure revealed that the offsprings’ multilocus genotypes
from 7 out of 21 nests could be explained by a single queen mating with a single male, with
a posterior probability of 1, independently of the prior ‘mating’ setting chosen (B3#11,
B3#21, PF3#5, PF3#6a, PF3#6b, PF4#N and C3#N; Table 24). In all other nests, the best
kinship inference varied with the ‘mating’ setting, and involved either multiple males (e.g.
PF3#2 with at least three males for each setting), multiple queens (e.g. B3#17 and B3#18
with two to four queens) or both (e.g. PC1#13). In PF3, the genotypes of the two queens
collected from nests PF3#5 (Q1) and PF4#N (Q2) were correctly assigned to their nest,
except in two instances where Q2 was inferred as a potential mother to nest PF3#2 and in
one instance to PF3#6b. Shared queens also explained the previously observed pattern of
connectivity between nests C3#6 and C3#8 (same mother inferred for both nests under all
four settings). Within sites, the spatial distribution of mtDNA haplotypes (Figure 32)
indicated that neighbouring colonies shared the same haplotype in some cases (e.g. PC1,
PF1 and PF3), while in others haplotypes were interspersed along the transect (C2, B1 and
B3).
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Table 24 Best kinship inferences per nest. MS1 (‘Mating’ Setting 1): both queens and males are
supposed monogamous;

MS2: queens polygamous,

males monogamous;

MS3: queens

monogamous, males polygamous; MS4: queens and males polygamous. Q- and M-Id indicates the
identity of the inferred queen or male respectively within each setting outcome. Q1: queen collected
in nest PF3#5 and Q2: queen collected in nest PF4#N. P indicates the probability associated with a
particular solution under a particular mating setting
Site

Nest
B3#11
B3#17

B3
B3#18
B3#21
PC1#13
PC1

PC1#15
PC1#18
PF1#1
PF1#16

PF1
PF1#D
PF1#3W
PF3#2
PF3#5
PF3

PF3#6a
PF3#6b
PF4#N
C3#N
C3#6

C3

C3#8
T#3
T#N

Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id
Q-Id
M-Id

MS1
1
1
2, 3, 4
2, 3, 4
5, 6, 7, 8
5, 6, 7, 8
9
9
2, 4, 5, 6
2, 4, 5, 6
1, 2, 3
1, 2, 3
7
7
1, 2
1, 2
3, 4
3, 4
5
5
6, 7
6, 7
1,2,Q2
1, 2, 3
Q1
4
2
3
3
5
Q2
2
1
1
2, 3, 4, 5
2, 3, 4, 5
2, 3, 4, 5
2, 3, 4, 5
6, 7
6, 7
8, 9
8, 9

P
.99
.79
.69
.99
.31
.67
.90
.99
.94
.99
.94
.82
0.59
.99
.60
.99
1
.08
.17
1
.57

Colony priors setting
MS2
P
MS3
1
1
.99
1
1
2, 3
2, 3, 4, 5
.15
2, 3, 4
2, 3
4, 5
6, 7, 8
.19
7, 8, 9, 10
4, 5
6
9
.99
10
6
1, 3
1, 2, 4, 5
.35
2, 4, 5, 6, 7
1, 3
1, 2
1, 2
.97
1, 2, 3
1, 2
4
6
.43
8
4
1, 2
1
.58
1, 2
1
3, 4
2, 3, 4
.19
3, 4, 5, 6, 7
2, 3
4
6, 7
.76
9, 10
3
5
5
1
8
4
1, 2, 3
1, 2, 3
.44
1, 2, 3, 4
1, 2, 3
Q1
Q1
.26
5, 6
4
3
3
.54
7, 8
3
2
Q2
1
9
5
Q2
2
.96
10
2
1
1
1
1
1
2
2, 3, 4, 5
.41
2, 3, 4
2
2
2, 3, 4, 5
.31
2, 3, 4
2
3
6, 7
.87
5,6
3
4
8
.31
7, 8
4
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P
.98
.45
.60
.98
.28
.63
.54
.94
.32
.90
.98
.69
1
1
.75
1
1
.38
.19
.61
1

MS4
1
1
2, 3, 4
2, 3
6, 7
4, 5, 6, 7
7
8
1, 3, 4
3, 4
1, 2
1, 2
4, 5
5
1
1, 2
2, 3
3, 4
5
4, 6
4
5
1, 2,Q2
1, 2, 3, 4
Q1
4
2
5, 6
3
7
Q2
8
1
1
2, 3, 4
2
2, 3, 4
2
7
3, 4
7
4, 5, 6

P
.99
.28
.21
.99
.46
.99
.64
.43
.78
.47
.96
.21
.99
.75
1
1
.99
.40
.46
.30
.30
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Figure 32 Spatial distribution of the mtDNA haplotypes along the sampling transects. Numbers and
arrows indicate the identity and localisation of the sample’s haplotype. Rectangles delimit forest
remnants whereas transects in continuous forests are not framed

Landscape-scale study
a) Spatial scale of relatedness
When pooling the results from all nests, relatedness broke down (r=0) at about 100 m, 175
m, and again at 2.5 km (Figure 33). This reflects the mixture of reproductive strategies
among nests observed above at the site-level. Therefore, a conservative approach to
ensure independent samples would require a between-sample distance of at least 100 m to
obtain statistically robust data for population genetic analyses, which is incompatible with
the existing fragment size (the largest fragment is only about 600 m across). Based on our
dataset, taking the least related individuals per site from the MDS led to a subset of 23
individuals (Table 19). Microsatellite loci did not deviate significantly from HWLE in each
site after Bonferroni correction, however due to limited sample size these estimates must
be interpreted with caution.
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Figure 33 Mean pairwise relatedness versus distance classes pooling all individuals together. Labels
above the x-axis indicate the number of dyads present at each distance class. 95% confidence
intervals were too small to be displayed

b) Population differentiation based on Wright’s statistic (microsatellites and
mtDNA)
AMOVA on microsatellite data (5 sites; Table 19) showed that the percentage of molecular
variation was much higher within- rather than among-site (96.56% vs 3.44%; Table 25), and
associated site differentiation was low among sites (FST = 0.03; P = 0.05; Table 25),
indicating limited genetic structuring. Pairwise FST values between sites were all non
significant (Table 26a), however again these must be treated cautiously due to the limited
sample size. In contrast, AMOVA on mitochondrial data (15 sites; Table 19) exhibited much
lower within- rather than among site variance (16.7% vs 83.3%; Table 25), and associated
site differentiation was extremely high (ΦST=0.83; P < 0.0001; Table 25), with most pairwise
comparisons significant (Table 26b).

Table 25 Two-level hierarchical analysis of molecular variance, for the nuclear markers (Msat) using
the dataset of unrelated individuals from five sites (B3, PC1, PF1, PF3, C3) and for the mitochondrial
marker (MtDNA), using the dataset of unrelated individuals from 15 sites (C1, C2, C3, B1, B2, B3, S1,
S2, S3, T, PC1, PC2, PF1, PF3, PF4). The significance of the F statistic is given by a permutation test
(1000 perm.).
Level
Among site
Within site

Fst
0.03

Msat
% var
3.44
96.56

d.f.
4
41

Φst
0.83***
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MtDNA
%var
83.3
16.7

d.f.
14
56

B1
B2
B3
C1
C2
C3
PC1
PC2
PF1
PF3
PF4
S1
S2
S3
T

(b)

B3
PC1
PF1
PF3
C3

(a)

0.42*
0.96**
0.81**
0.10
0.41**
0.96*
0.61**
0.76**
0.13
0.29*
0.09
0.59*
0.20
0.65**

B1

0.02
0.04
0.00
0.03

B3

0.95**
0.76**
0.31
0.39*
0.95**
0.12
0.76**
0.34
0.42*
0.32*
0.39*
0.23
0.19

B2

0.07
0.03
0.02

PC1

C3

0.85**
0.69**
0.99**
1.00*
0.79**
0.92**
0.85*
0.78**
0.90**
0.89*
1.00**

C1

0.04

PF3

0.99**
0.97**
0.93*
0.80*
0.99*
0.83**
0.98**
0.97*
0.97***
0.97**
0.97**
0.99*

B3

0.12
0.03

PF1
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0.38*
0.97*
0.50
0.76**
-0.12
0.27
-0.08
0.52
-0.09
0.56

C2

0.92**
0.39*
0.73**
0.40*
0.38*
0.39**
0.49*
0.38
0.45

C3

0.99*
0.81*
0.98**
0.97*
0.96**
0.97**
0.97**
0.99**

PC1

0.72*
0.68
0.67
0.44*
0.50
0.39
0.00

PC2

0.77**
0.70*
0.78***
0.77*
0.77*
0.75*

PF1

0.36*
-0.09
0.59*
-0.14
0.72*

PF3

0.25*
0.62*
0.37*
0.72*

PF4

0.51*
-0.05
0.50*

S1

for the microsatellite unrelated data from 5 sites, and (b) ΦST values from the mitochondrial data from 15 sites.

0.49
0.56*

S2

0.45

S3

T

Table 26 Pairwise F- and Φ- statistics between sites. Significant differences are given by a permutation test (1000 perm.): * P< 0.05; **P< 0.01; ***P< 0.001. (a) FST values
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c) Bayesian, individual-based approach (microsatellites)
The final dataset with all unrelated individuals in the region pooled together contained 41
individuals (Table 19). Structure indicated an apparent convergence to six clusters (Figure
34a) (Evanno et al. 2005), but this was clearly due to a sub-optimal plateau, as showed by
the admixture barplot, where a real differentiation between clusters would appear as
varying proportions of genotypes attributable to each k for different sets of individuals
(Figure 34b). Inspection of the log-likelihood plot (Figure 34c) revealed that the highest
value was indeed for k=1. The Evanno ∆k method is undefined for a single population
(Evanno et al. 2005), leading to artefactual convergence to the ‘next best’ k (in this case
k=6). Geneland also revealed an absence of genetic structure in the dataset: a single cluster
had the highest posterior probability in each of the ten independent runs (Figure 34d).

(a)

(b)

135

Chapter 6. Impacts of fragmentation on the population genetics of L. pallens

(c)

(d)

Figure 34 Absence of genetic structure at the landscape scale based on 41 unrelated individuals, as
indicated by the STRUCTURE / STRUCTURE HARVESTER output: (a) an artefactual convergence to k=6
indicated by the Delta k calculated from the Evanno method and (b) the corresponding admixture
barplot, where each vertical bar represents an individual. The fact that each of individuals are
equally assigned to either of the k coloured segment reflect an actual k of one, as confirmed by (c)
the highest log-likelihood actually occurring at k=1 (the Evanno method is undefined for k=1); and by
the GENELAND output, with (d) the convergence of the MCMC chain at k=1
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As expected from the assumptions underpinning the clustering models, the single
population was found to conform to HWLE expectations across most microsatellite loci.
Only two loci were out of HWE: LP14 (P= 0.0004) and LP26 (P= 0.001), even after applying
Bonferroni correction. This corresponded to a significant deficit of heterozygotes (P <
0.001) in both cases, likely due to the presence of null alleles, as indicated by the software
Microchecker (Van Oosterhout et al. 2004). All analyses were repeated after excluding
these two loci, however again a single panmictic population was supported.
Finally, the FCA also depicted an absence of genetic structure in the microsatellite
data (Figure 35) with the two first two factors representing only 15% of the total variation
between samples (8.15% and 6.97% respectively).

Figure 35 FCA 2-D plot, showing the lack of structure in the dataset of 41 unrelated individuals in the
Aoupinié region, with the first two factors explaining only 15.12% of the total variation in the data.
Individuals from the same site share the same colour code
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Phylogeographic study
From the 79 individuals included in the phylogeographic analysis (Table 19), 29 mtDNA
haplotypes were identified, with 105 variable sites over the 599 bp analysed (17%
polymorphic sites) (Table 27).

Table 27 Samples (n=79) used for the phylogeographic mitochondrial DNA analyses and
corresponding mtDNA haplotype frequencies (in brackets) per locality. N: number of individuals
sequenced.
Region

Aoupinié

Kopeto
Kouaoua

Sampling
location
C1
C2
C3
B1
B2
B3
S1
S2
S3
PC1
PC2
PF1
PF2
PF3
PF4
T
Ro
Po
Cr
K
Ko

N

Lat

Long

Haplotype frequencies

5
5
5
5
5
5
6
5
5
5
3
5
1
5
3
4
2
1
1
2
1

-21.1828
-21.1865
-21.2075
-21.1945
-21.2079
-21.1843
-21.1887
-21.1959
-21.1977
-21.2118
-21.2189
-21.2342
-21.2223
-21.2186
-21.216
-21.2055
-21.1968
-21.2254
-21.1895
-20.95
-21.39

165.25692
165.26776
165.29864
165.25348
165.24692
165.23068
165.2782
165.28341
165.28245
165.2264
165.23646
165.23366
165.2404
165.24662
165.24188
165.29629
165.30084
165.23711
165.24356
164.62
165.83

6 (5)
4(1), 5(3), 12(1)
18(1), 20(1), 21(3)
5(2), 7(1), 8(2)
3(1), 12(1), 15(1), 16(2)
23(2), 24(3)
5(4),17(1), 19(1)
5(1), 14(4)
5(3), 12(2)
25(2), 26(3)
12(3)
1(2), 2(2), 22(1)
12(1)
5(4), 12(1)
10(2), 11(1)
12 (4)
13(2)
10 (1)
27(1)
28(1), 29(1)
5(1)

The overall nucleotide diversity π was 2.19 ± 0.4 SD. Twenty-seven out of the 29
haplotypes (97%) were restricted to a single location (Table 27; Figure 36), whereas two
haplotypes (‘5’ and ‘12’), which represented 40% of the individuals (Figure 36, 37 and 38),
were found interspersed over the central ‘tribe’ region (7 km across). Interestingly, the
Kouaoua individual, although > 60 km south-east of the Aoupinié, shared the common
haplotype ‘5’ (Figure 38). Haplotypes ‘5’ and ‘12’, and their derived haplotypes (from one to
four nucleotide changes) made up one subnetwork A (Figure 36), while four additional
subnetworks were identified. Three of these were situated less than 2 km from the central
‘tribe’ region: B and C, i.e. ‘tribe South-West’, were highly differentiated (6.3% - 2.5%
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nucleotide divergence from haplotype ‘6’, respectively, and 4.8% divergence between
them) and were unique to the fragment PF1; D, i.e. ‘tribe West’, encompassed sites B3, PC1
and Cr (up to 3.7% divergence with haplotype ‘6’), and subnetwork E consisted of the two
samples from Kopeto (9.3% divergence with haplotype ‘6’) (Figure 36 and 38). The Bayesian
gene tree was congruent with these results and recovered most of the subnetworks with a
Bayesian posterior probability of 1 (Figure 37).

Figure 36 Minimum-spanning network of the 29 mtDNA haplotypes (see Table 1). The network was
constructed based on pairwise distances. When neighbouring haplotypes differed by more than one
nucleotide, further substitutions are indicated by ticks. Rectangles indicate sub-networks identified
at 95% parsimony, with A: tribe area + Kouaoua, B and C: tribe south-west (PF1), D: tribe west (B3
and PC1) and E: Kopeto. The size of each circle is proportional to the number of individuals
represented
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Figure 37 Bayesian tree inferred from the mtDNA haplotypes with the GTR + Γ model of evolution.
Values above branches are Bayesian posterior probabilities. Letters refer to the subnetworks
identified with the MST, with A: tribe area + Kouaoua, B and C: tribe south-west (PF1), D: tribe west
(B3 and PC1) and E: Kopeto
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D
A
E
B&C
A

Figure 38 Map of the mtDNA haplotypes identified. Letters refer to the subnetworks identified with
TCS, with A: tribe area + Kouaoua, B and C: tribe south-west, D: tribe west and E: Kopeto. The most
frequent haplotypes ‘5’ and ‘12’ are displayed in white and black, respectively. Same haplotype
colour code as in Figure 36

Discussion
Social structure and colony boundaries
Leptomyrmex pallens appears to be a monogynous to weakly polygynous species. The
estimated effective paternity of 1.19, as calculated by Me= 0.5/(r-0.25) (Pamilo 1993) is
consistent with the general low levels of polyandry observed in ants (Strassmann 2001).
The high level of average relatedness found in all nests (r > 0.30), even in those with more
than one matriline, suggests that queens within a colony are related. The identification of
several matrilines per colony does not necessarily reflect polygyny sensus stricto, i.e.
several queens cohabiting in the same colony at once. Indeed, an otherwise monogynous
species could also present such a pattern as the consequence of serial polygyny (André et
al. 2001), e.g. temporal succession of several reproductive females, where upon the death
of the queen, a new virgin sexuate is fertilised by a male from another colony and remains
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in the colony until eventually budding, leading to several matrilines present at the time of
sampling if prior to the colony fission.
Population genetic studies of monogynous ants usually set the nest as the sampling
unit (Doums et al. 2002, Clémencet et al. 2005). However, evidence of polydomy
(connected nests) should lead to an even more conservative sampling (one individual per
connected nests). A singular observation suggests that polydomy might occur in L. pallens,
as we did find evidence for shared matrilines (pairwise relatedness ≈ 0.60) between two
nests separated by 50 m (C3#5 and C3#8). Our observations in the field confirmed that L.
pallens workers forage singly and not in files (Wheeler 1915), which could explain why
foraging trails between potentially connected colonies were not observed. Further
behavioural observations would be necessary to generalise the pattern observed at the
genetic level (Debout et al. 2007).
Most ‘neighbouring’ nests up to 40 m from each other were significantly related,
which could be indicative of genetic viscosity. As shown by Pedersen and Boomsma (1999),
polydomy vs genetic viscosity can be identified from the shape of the relatedness curves at
the site level. Here, genetic viscosity could reflect the queen’s limited dispersal, which is in
contrast to most monogynous species usually characterised by mating flights and low
genetic viscosity (Bourke and Franks 1995). Such viscosity should be even more evident at
the mitochondrial level (Liautard and Keller 2001), as neighbouring nests should share the
same matriline. The spatial distribution of haplotypes across nests supported this
hypothesis somewhat, but not in all cases. A grid- rather than transect-like sampling
strategy would allow finer-scale investigation of the viscosity pattern (Chapuisat et al. 1997,
Doums et al. 2002).

Population genetic structure and sex-biased dispersal
Leptomyrmex pallens, because of its limited female dispersal and strong preference for
rainforest habitat, could be expected to present some level of population differentiation at
the landscape scale. We did not find such evidence in our study area (ca 4,900ha), based on
the microsatellite data, using either traditional population differentiation analyses, or
Bayesian clustering methods. The congruence between multiple independent analyses
gives us confidence in our results: both Bayesian clustering analyses were congruent in
identifying a single genetic cluster. Broquet and Petit (2009) suggest the power of
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individual-based tests is heavily dependent on adequate sampling of potential source
populations. However, as we have sampled individuals from all fragments where the
species is found in the region, as well as in adjacent continuous forest, our results are
unlikely to be affected by such biases, particularly given we found allele frequencies to be
homogenous. Given 12 of the 14 markers were found to conform with HWE provides
further support for panmixia, as strong deviations, driven by ‘Wahlund effects’, would be
expected if the pooled sample included individuals of mixed ancestry, characterised by
different alleles frequencies (Wahlund 1928). Excluding the two markers that deviated from
HWE due to null alleles did not alter the results, and therefore these support the
recognition of a single panmictic L. pallens in the study region.
In contrast, extremely high levels of differentiation between sites were identified at
the mitochondrial level with many sampling locations (either from a nest or a bait)
characterised by unique haplotype and a global ΦST of 0.83. However, due to low sample
sizes, this statistic should be interpreted with caution. As a comparison, Liautard and Keller
(2001) found high levels of differentiation at the mitochondrial level in the polygynous
Formica exsecta, between pastures as close as 1 km (ΦST= 0.72). Our results therefore
confirm that female dispersal is limited, while the existence of gene flow among sites
showed by the microsatellite data likely indicates a compensatory effect of male dispersal.
Such male biased dispersal is consistent with our expectations and with other studies,
whether they used both types of marker, such as in the monogynous Cataglyphis cursor
(Clémencet et al. 2005), the queenless Diacamma cyaneiventre (Doums et al. 2002) or the
unicolonial Formica paralugubris (Holzer et al. 2009); or whether a single marker type was
used with both males and queens sampled (Sundström et al. 2003).

Historical rainforest connectivity and recent barriers to gene flow
The widespread presence of two haplotypes in our data, including in a distant sample from
the south-east, indicates recent common ancestor and historical connectivity of
populations via past continuity of its habitat. The fact that 93% of the haplotypes were
unique to a single sampling location, and often differed by one base pair from either
common haplotypes (‘5’ or ‘12’) indicates more ‘recent’ divergence, but is unlikely to reflect
contemporary patterns of fragmentation. Indeed, even though the substitution rate for the
ATP6 gene of the mtDNA in Hymenoptera is unknown, a conservative estimate of 1%
mutation per million years in insect mtDNA (Brower 1994), would translate into a one base
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pair divergence 160,000 yrs ago. Much higher mutation rates in this mtDNA region are
however likely: Juan et al. (1996) suggest a rate of 5% in CO1 in beetles, and Salvato et al.
(2008) indicate that ATP6’s evolution rates compare with CO1 and other informative
regions used for population genetics. But again, even at a 5% substitution rate, the
divergence would have occurred ca 30,000 yrs ago and therefore does not reflect
contemporary rainforest fragmentation: the most dramatic and sustained changes in
vegetation (i.e. conversion of rainforest into savanna) are associated with human
settlement 3,000 yrs ago (McCoy et al. 1999, Stevenson et al. 2001, Stevenson 2004,
Stevenson and Hope 2005), and European colonisation 200 yrs ago (Jaffré et al. 1998).
Therefore, the coexistence of the two ancestral haplotypes with a large number of closely
related unique haplotypes (diverging by only a few nucleotide changes) in the Aoupinié
region most likely indicates an historical range expansion, and subsequent divergence at a
more local scale.
In contrast, a very high divergence is observed between the tribe’s central area and
the surrounding forests sites PF1, B3 and PC1, less than 2 km away, and even within a single
forest fragment (PF1) (divergence of 4.8%), and suggests much older divergence. Current
day landscape features that could have acted as barriers to gene flow and driven vicariance
are lacking, but historical climatic or ecological factors (e.g. species’ range shift) could have
contributed to this pattern. Leptomyrmex pallens is thought to have reached New
Caledonia 10.3 million yrs ago (Lucky 2011), and since then, events of rainforests expansion
and contraction could have contributed to the observed haplotype distribution pattern. The
Quaternary period was characterised by climatic oscillation (Kurata et al. 2008), and
rainforest cover responded to these paleaoclimate shifts (Stevenson et al. 2001, Stevenson
and Hope 2005). More recent examples are found in the Pleistocene forest contraction
reported from palynological records in the region of Plaine des Lacs in the South (Hope and
Pask 1998).
What does the observed absence of contemporary population differentiation at the
regional level imply in the context of rainforest fragmentation for L. pallens? We suggest
three non-mutually exclusive explanations that would lead to such pattern. First, as
mentioned earlier, males could indeed be counteracting the effects of isolation by
efficiently dispersing at the scale of the landscape considered. Second, as pointed out by
Mäki-Petäys et al. (2005), genetic changes imposed by population isolation could take a
long time to become apparent, as ants can have a high generation time [a few weeks to >20
yrs; (Keller 1998)]. However, we were confident in our ability to detect population
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differentiation if present, from microsatellite markers, as (1) the sampled fragments were
isolated for at least 55 yrs, but the dramatic deforestation of tribe central area is likely to
have started hundreds of years ago, and (2) other studies have revealed changes in genetic
diversity or differentiation after only ca 40 yrs of isolation (Mäki-Petäys et al. 2005, Bickel et
al. 2006) (but see Tawato et al. 2011). Third, in spite of L. pallens’ marked preference for
rainforest (Wheeler 1915, 1934, Lucky and Ward 2010, Lucky 2011), ecological work
conducted in parallel to assess native species’ responses to disturbance emphasised the
pioneer behaviour of Leptomyrmex species in New Caledonia [e.g. L. nigriceps which can
recolonise recently burnt areas in the absence of invasive ants (Berman et al. submitted-b)].
Field observations also reported its presence in secondary forest and open habitats such as
maquis (J. Le Breton, pers. comm.; personal observations), and anecdotal evidence from
Gohapin’s tribe inhabitants report L. pallens occurring in the tribe stealing sugar from
homes (hence the local name for the species: “sugar-ant”) until the arrival of the invasive
little fire ant W. auropunctata, ca 30 yrs ago. Therefore, L. pallens’ individual movement in
the tribe area might have been less restricted until 30 yrs ago than initially assumed from
the literature, and could explain the lack of genetic variation across the region. Wasmannia
auropunctata has direct negative impacts on L. pallens and most native species (Jourdan
1999, Le Breton et al. 2003, Le Breton et al. 2005, Berman et al. submitted-a, Berman et al.
submitted-b). In this context, the most drastic barrier to geneflow for L. pallens could be
the recent invasion of the matrix by W. auropunctata, rather than rainforest fragmentation
per se.

Conclusion
Leptomyrmex pallens appears predominantly monogynous in the study area, with high
levels of pairwise genetic relatedness observed up to 100 m apart. While historical patterns
of haplotype distribution reflect past rainforest connectivity and species’ range shifts,
contemporary genetic patterns indicate a lack of population differentiation in the context
of rainforest fragmentation, in spite of a strongly limited female dispersal.
The lack of population differentiation could either represent a successful malebiased dispersal strategy, or changes in effective population size too recent to be detected,
given the generation time of the species. Indeed, the recent arrival of the invasive W.
auropunctata, facilitated by rainforest fragmentation (Berman et al. submitted-b), could
impose new barriers to gene flow.
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Foreword
In order to link my findings to the overarching aims presented in the first Chapter, the main
results will be compiled first in a discussion centered on three main original contributions to
the field of research. These contributions are: an increased knowledge of New Caledonian
ant biodiversity; the application of the ant functional group scheme to analyse ant
community responses to disturbance and invasion, which will facilitate further research in
New Caledonia and other similar biota; and finally the demonstration of mechanisms by
which fire and invasion interact to cause biodiversity declines. In the conclusion, I will
synthesise the working hypotheses and results within a broader context, using the
hierarchical definition of biodiversity, and show how the integration of several levels of
biological organisation revealed the pervasive effects of fire and invasion. Finally, I will end
with the perspectives emerging from this thesis.

Discussion
Improving our knowledge of New Caledonian ant diversity
This thesis provides significant contributions to an enhanced understanding of the New
Caledonian ant fauna. A total of 168 native and 15 introduced species were sampled and
imaged during this study (Appendices 1-4). Native species represent 7 subfamilies and 32
genera, the most species rich genera being Monomorium (33 species), Lordomyrma (19),
Pheidole (16), Rhytidoponera (13) and Camponotus (12). Only a small proportion of all
native species could be confidently named, based on the literature (Ward 1984, Taylor
1987), and so the actual number of new species collected is unknown. However, most of
the sampling was conducted in two regions only (Aoupinié and Montagne des Sources),
which account for most of the species collected. This indicates that the current number of
species occurring in New Caledonia is clearly underestimated (as suggested in Jourdan
1999). Further work is needed to synchronise existing collections, and conduct systematic
sampling at regional scales. Two genera stand out as particularly species-rich: Monomorium
and Lordomyrma. Only 25 species of Lordomyrma are described worldwide, and New
Caledonia is one of their hotspots of diversity

(Taylor 2009). In contrast to these

spectacular epigæic radiations, I found a lack of underground ant diversity (Chapter 2). This
is in stark contrast to other tropical regions, and highlights the distinctive profile of the New
Caledonian ant assemblage. Finally, I provided informative molecular markers that can be
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used for the study of the population genetics of L. pallens’ population genetics at a range of
spatial or temporal scales.

New Caledonian ant functional groups as a tool for analysing responses to disturbance and
invasion
The functional group scheme was initially developed for biogeographical-scale analyses,
rather than for studies of site-scale dynamics. An application to rainforest biota in
particular, where most species belong to a single functional group, requires a modification
of the initial scheme (Delabie et al. 2000). The scheme proposed here was adapted to the
specificities of the local ant fauna, and applied at the broad and fine scales. At the broad
scale (Chapter 3), it revealed the similarity of community functional composition in
rainforests on ultramafic and volcano-sedimentary soils, as well as congruent species and
functional group levels responses to disturbance and invasion. At the fine scale, it provided
an additional and independent measure of community response to invasion (functional
group richness, Chapter 4). This enabled the detection of responses to both disturbance by
fire and invasion of particular functional groups, where species-level responses would have
been undetectable due to patchiness of the data (Chapters 4 and 5). Altogether, it allowed
the identification of particular groups reacting differently to disturbance: the ‘restoration
indicators’, i.e. endemic species following disturbance such as fire, but highly sensitive to
the presence of Dominant Opportunists (e.g. Forest Opportunists, Tropical Climate
Specialists; Chapter 4), and the ‘disturbance and invasion tolerant’ (e.g. Cryptic Generalists,
Chapter 4 and Chapter 5). A functional group approach is therefore most appropriate for
allowing comparison of responses between habitats with little species overlap, and at the
fine-scale, it advantageously complements species-level responses to both disturbance and
invasion. More generally, these results underline the relevance of such scheme for all ant
biota strongly associated to rainforest litter (Delabie et al. 2000, Andersen 2010), and to the
context of invasion, either by Dominant Opportunists or by exotic Weedy Opportunists.

Identification of the mechanisms by which fire impacts native ants, either as a standalone
process or in association with invasion
The epigæic component of the ant fauna was resilient to a recent fire in the absence of
invasion (Chapter 5). However, the loss of nesting and microhabitat resources for the litter
fauna in burnt areas greatly simplifies the community make-up (Arnan et al. 2006). Such
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simplification can be predicted to last for a very long time on ultramafic substrate, due to
the slow rate of vegetation recovery. I found that the loss of rainforest connectivity, which
results from long term impacts of fire, was associated with declines of ant species richness
and evenness, and of endemic species of high conservation relevance, such as Lordomyrma
(Chapter 5). In contrast, and as expected from the diversity of life-histories, characteristic of
any taxa, some genera or species were less affected, either due to opportunistic behaviour
(Paraparatrechina, Chapter 5), or to their dispersal abilities (L. pallens, Chapter 6). It would
have been interesting to investigate the demographic consequences of fragmentation on L.
pallens, as these are expected to occur prior to genetic consequences (Lande 1988).
However our sampling technique for Chapter 5 consisted of litter extraction, which is not
appropriate to sample such vagile species. Nonetheless, the fact that L. pallens did occur in
all non-invaded fragments, even the smallest ones (< 1ha), could be interpreted as a further
indication of its persistence in the context of fragmentation, in accordance with its strong
dispersal abilities.
By identifying the main invasive ants occurring in New Caledonia as ‘back-seat
drivers’ of the disturbance induced by fire (Chapter 4), I highlight the relationship between
these two threats. Fire creates the appropriate macro- and microhabitat conditions that
initially facilitate the settlement of these species, whether in the short term, by creating
open habitat favoured by A. gracilipes (Chapters 3 and 4), or in the long term, by creating
forest edges favoured by W. auropunctata (Chapters 4 and 5). Habitats affected by these
two threats simultaneously (e.g. burnt invaded sites, or isolated invaded forest fragments)
are critically depauperate. Conservation management targeting either fire or invasive ants
separately will therefore fail at restoring native ant diversity.
As discussed above, fire mostly had negative impacts on native ant diversity. From a
mathematical point of view, its interaction with invasion should therefore be at least
additive, if not synergistic. The semi-factorial design used in Chapter 4 revealed an
antagonistic interaction between fire and A. gracilipes. This highlights the particular case of
epigæic native ants being particularly resilient to a recent fire but highly sensitive to
invasion. Clearly, a fully crossed factorial experimental design would be required to test
whether the interaction is additive or synergetic.
Finally, because all the sampled savannas were dominated either by W.
auropunctata or by Brachymyrmex cf. obscurior (Chapter 3 and 4), it remains unclear
whether the native ant fauna could colonise this particular habitat in the absence of
149

Chapter 7. Discussion - Conclusion
invasive ants. One could expect that the same genera and functional groups, which were
highly resilient to the short-term impacts of fire in Montagne des Sources, would also be
found in non-invaded savannas. To answer to this question, a temporal monitoring along
savanna-rainforest gradients, following experimental invasive ant removal and fire control,
would be necessary.

Conclusion
By taking a multiscale approach to assess the impacts of anthropogenic fires and invasive
ants on New Caledonian ants, this study broadens our understanding of the ecological
impacts of threatening processes in this biodiversity hotspot.
The integration of several levels of organisation (genes, species, communities)
revealed the pervasive impacts of the two threats. To illustrate this point, I have adapted
the definition of hierarchical biodiversity of Noss (1990) to the present study (Figure 39).
The concept of hierarchical biodiversity builds upon the three attributes of biodiversity
(compositional, structural and functional) (Franklin 1988), by adding organisational levels.
Higher levels of organisation might be of higher relevance for management decisions, but
lower levels of the hierarchy (e.g. species responses) provide the mechanistic basis for
broader patterns.
Such a framework can be advantageously mapped to the New Caledonian situation,
as 1) fire and invasion are likely to have different respective and common impacts
depending on the biodiversity attribute or organisational level considered, and 2) the
responses of the compositional, structural and functional attributes of native ants are
tractable (e.g. functional group classification).
Both habitat fragmentation due to fire, and invasion of the matrix, can constitute
physical barriers for species with limited dispersal, and will therefore potentially affect their
population genetics (as discussed in Chapter 6). These can affect a range of genetic
characteristics, by limiting geneflow (functional attribute), which in turn affect population
size (structural attribute) and ultimately lead to a loss of allelic diversity (compositional
attribute).
At the population and species level, the same physical barriers can impact the
population structure or demographic processes such as survivorship (functional attribute).
Fire has also contributed to inducing major shifts in vegetation, therefore inducing historical
species range shifts (discussed in Chapter 6), while invasive ants can influence local species
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density (Chapter 5). Both result in a change of the structural attribute. And, as showed in
Chapters 3, 4 and 5, both fire and invasive ants affect differentially the compositional
attribute, via species or group specific trait-derived responses.
At the community and ecosystem level, fire impacts the vegetation biomass and
leads to a simplification of the ant community (Chapter 4), while fine-scale ant invasion
alters the functional richness and community composition (Chapters 3 and 4), both
affecting the functional attribute. Fire induces macro- and microhabitat changes (Chapters
4 and 5), which correspond to the structural attribute. By shaping either fire-prone
(savanna, maquis) or fire-sensitive (rainforest) habitats, fire alters the identity of ant
communities, in terms of composition, richness or evenness. These compositional
attributes of the community level are affected in the same way by invasive ants.
At the regional landscape level, fire is associated with landscape processes
(functional attribute) such as edge-effects and broad-scale patterns of ant invasions
(Chapter 3 and 4). It also impacts the pattern of a particular landscape by inducing
rainforest fragmentation (structural attribute). Finally, fire has contributed to the
compositional attribute of the New Caledonian landscape by shaping the current mosaic of
habitats (e.g. fire-prone habitats and their successional stages).

Perspectives
This thesis has presented important new knowledge on the impacts and interactions of
anthropogenic fires and invasive ants on native New Caledonian ant diversity, at a range of
spatial and temporal scales, and at different levels of biological organisation. Locally, the
challenge will be to implement concurrent management initiatives to achieve both invasive
ant eradication, and fire control. Such efforts can obviously not be achieved at the islandscale, but localised actions targeting areas of high biodiversity values could be
implemented. Documenting and mapping the occurrences of exotic species would help
identifying such zones of conflict. Broadly, our study demonstrates the potential of ants,
functional groups, and next-generation molecular approaches to provide a comprehensive
assessment of complex processes such as interactive threats.
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Figure 39 Role of anthropogenic fire and ant invasion on each hierarchical aspect of biodiversity
considered in this study. Boxes and levels are derived from the hierarchical definition of biodiversity
by Noss (1990). We chose box tags, which best suited our problematic, from Noss’ table 1. FG:
functional groups
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Table 28 Total species collected. FG: Functional Group, see Appendix 2 for definition
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Subfamily
Amblyoponinae
Cerapachynae
Cerapachynae
Cerapachynae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Dolichoderinae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Ectatomminae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae

Genus
Amblyopone
Cerapachys
Cerapachys
Cerapachys
Anoplolepis
Dolichoderus
Iridomyrmex
Iridomyrmex
Leptomyrmex
Leptomyrmex
Leptomyrmex
Ochetellus
Ochetellus
Tapinoma
Technomyrmex
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Rhytidoponera
Acropyga
Brachymyrmex
Brachymyrmex
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Camponotus
Nylanderia
Nylanderia
Paraparatrechina
Paraparatrechina
Paraparatrechina
Paraparatrechina
Paraparatrechina
Paraparatrechina

Species
A
cohici
B
C
gracilipes*
tricolor
neocaledonica
A
geniculatus
nigriceps
pallens
cf. glaber
B
melanocephalum*
albipes*
luteipes
numeensis
terrestris
versicolor
wilsoni
C
E
G
H
I
J
K
L
A
cf. obscurior*
B
A
B
C
D
E
F
G
H
I
J
L
N
L
vaga*
A
B
C
D
E
F

Species group

anceps
calvus

pulchella
pulchella
pulchella
pulchella
pulchella
fulgens
fulgens
acanthoponeroides
fulgens
fulgens
pulchella
acanthoponeroides
pulchella

FG
CP
EP
EP
EP
DO
CCS
DD
DD
FOP
FOP
FOP
WO
WO
WO
WO
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
FOP
CG
WO
WO
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
WO
WO
FOP
FOP
FOP
FOP
FOP
FOP
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Formicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae

Paraparatrechina
Paraparatrechina
Paraparatrechina
Paraparatrechina
Paratrechina
Polyrhachis
Adelomyrmex
Calyptomyrmex
Cardiocondyla
Carebara
Crematogaster
Eurhopalothrix
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Lordomyrma
Meranoplus
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium

G
I
J
K
longicornis*
guerini
A
A
emeryi*
B
A
caledonica
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
T
leveillei
floricola*
pharaonis*
A
AA
AB
AC
AD
AF
AG
AH
AI
AK
AL
B
D
E
F
G
H
I
J
K
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caledonica
sarasini
rouxi
caledonica
caledonica
sarasini
sarasini
caledonica
rouxi
caledonica
rouxi
caledonica
sarasini
sarasini
sarasini
caledonica
caledonica
caledonica
sarasini

pallipes
pallipes
pallipes
antarcticum
antarcticum
antarcticum
antarcticum
antarcticum
antarcticum
antarcticum
antarcticum
antarcticum
pallipes
antarcticum
antarcticum
antarcticum
pallipes
antarcticum
antarcticum
antarcticum

FOP
FOP
FOP
FOP
WO
SC
CG
CP
WO
CG
GM
CP
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
TCS
WO
WO
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
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106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae
Myrmicinae

Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Monomorium
Orectognathus
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Pheidole
Rogeria
Rogeria
Rogeria
Rogeria
Solenopsis
Solenopsis
Solenopsis
Strumigenys
Strumigenys
Strumigenys
Strumigenys
Strumigenys
Strumigenys
Tetramorium
Tetramorium
Tetramorium
Tetramorium
Tetramorium
Tetramorium
Vollenhovia
Vollenhovia
Vollenhovia
Vollenhovia

L
M
N
O
P
Q
R
S
U
V
W
X
Y
sarasini
megacephala*
A
B
C
D
E
F
G
H
I
J
M
N
O
T
V
W
A
B
C
D
geminata*
A
chareta
A
B
C
lamia
aenigma
F
bicarinatum*
cf. pacificum*
simillimum*
A
B
C
A
B
C
D
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pallipes
antarcticum
antarcticum
antarcticum
fossulatum
antarcticum
pallipes
rubriceps
antarcticum
antarcticum
antarcticum
antarcticum

umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
umbonata
impressiceps

CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
CCS
EP
DO
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
GM
TCS
TCS
TCS
TCS
WO
CG
CG
CP
CP
CP
CP
CP
CP
FOP
WO
FOP
FOP
FOP
FOP
CG
CG
CG
CG
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160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

Myrmicinae
Myrmicinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae
Ponerinae

Vollenhovia
Wasmannia
Anochetus
Cryptopone
Discothyrea
Discothyrea
Discothyrea
Discothyrea
Discothyrea
Discothyrea
Discothyrea
Discothyrea
Hypoponera
Hypoponera
Hypoponera
Hypoponera
Hypoponera
Hypoponera
Hypoponera
Leptogenys
Leptogenys
Leptogenys
Leptogenys
Odontomachus

E
auropunctata*
graeffei
rotundiceps
A
B
C
D
E
F
G
H
A
B
D
E
F
G
H
acutangula
rouxi
C
D
cf. simillimus
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CG
DO
EP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CG
CG
CG
CG
CG
CG
CG
EP
EP
EP
EP
WO
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Appendix 2. Functional groups classification
Table 29 Functional group classification of New Caledonian ants, modified from the more general
scheme described by Andersen (1995)
Fonctional group
Cold Climate Specialists
Cryptic Generalists

Code
CCS
CG

Description
as in Andersen (1995)
small to minute generalists living
in soil and litter

Example
Monomorium
Solenopsis, Carebara,
Vollenhovia

Cryptic Predators

CP

small to minute specialist
predators living in soil and litter.

Strumigenys, Discothyrea,
Amblyopone

Dominant Dolichoderinae
Dominant Opportunists

DD
DO

Epigaeic Predators

EP

Iridomyrmex
Anoplolepis gracilipes,
Wasmannia auropunctata
Leptogenys, Cerapachys

Forest Opportunists

FOP

Generalised Myrmicinae
Subordinate Camponotini
Tropical Climate Specialists
Weedy Opportunists

GM
SC
TCS
WO

as in Andersen (1995)
invasive species with capacity for
dominating resources
Specialist Predators of Andersen
(1995)
native opportunists strongly
associated with rainforest
habitat
as in Andersen (1995)
as in Andersen (1995)
as in Andersen (1995)
ruderal, often exotic species
strongly associated with highly
disturbed habitats
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Leptomyrmex,
Rhytidoponera,
Paraparatrechina
Pheidole
Camponotus
Lordomyrma
Brachymyrmex, Ochetellus

APPENDIX 3. NEW CALEDONIAN PHEIDOLE SPECIES
BOUNDARIES

Statement of contribution
Sampled the data: MB + others; lab work: EE’s team (Evan Economo, University of
Michigan); Analysed the data: MB.
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Introduction
The Pheidole ant genus is one of most species-rich of all ant genera (Moreau 2008), and
spectacular radiations have been observed on Fiji (Sarnat and Moreau 2011), another ‘old
Darwinian’ Pacific island (Gillespie and Roderick 2002, Grandcolas et al. 2008). An American
NSF-funded project headed by Drs. Evan Economo (EE), Lacey Knowles and Eli Sarnat, aims
at unraveling the Indo-Pacific Pheidole’s evolution through phenotypic, geographic and
ecological space.
In New Caledonia, Pheidole species are estimated to represent a minimum of 8
species (Jourdan 1999), including five endemics (Table 30). Accurate identification for this
genus is complicated by a dimorphic worker caste, with minor workers often collected but
lacking distinctive morphological features (in contrast to the Fijian representatives), while
majors are much less often collected. Therefore, we have contributed representative of
each of our 16 morphospecies to EE’s team, and have used part of the data generated as a
first step to verify our morphospecies, and infer potential mismatches between minors and
majors.

Table 30 Pheidole species recorded in New Caledonia, from Jourdan 1999
Species name
Pheidole fervens (Smith 1958)
Pheidole luteipes (Emery 1914)
Pheidole luteipes obvia (Emery 1914)
Pheidole oceanica (Mayr 1866)
Pheidole umbonata (Mayr 1870)
Pheidole variabilis aliena (Emery 1914)
Pheidole variabilis croceithorax (Emery 1914)
Pheidole xanthocnemis (Emery 1914)

Status
Native?
Endemique
Endemique
Native
Native
Endemique
Endemique
Endemique

Material and methods
To decrease the risk of collecting several species at a trap (e.g. pitfall) and therefore misassigning a minor to a major of a different species, we collected individuals at baits (peanut
butter or fish paste spread on squares of paper). Because Pheidole recruit heavily, the risk
of several species visiting the same bait is presumably low. Another advantage that method
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is that soldiers, which are not readily sampled in pitfalls, are usually present at bait, and can
therefore be collected easily. We directly collected individuals into 100% EtOH.
Ants were assigned to morphospecies at the CSIRO lab in Darwin and digitalised
using the Leica Suite – Automontage software (see Appendix 4 for pictures of
morphospecies). Representatives of each of 15 species for which we had enough material
were sent to EE’s team for sequencing. Several samples did not provide sufficient DNA for
amplification (sp. O; sp. F major; sp. M (2) major; sp. M (1) minor; sp. J (1) minor; sp. H (2)
major; sp. E major). We used the Cytochrome Oxydase 1 (CO1) amplified fragment to
construct a gene tree and identify preliminary species boundaries, incorporating 4
specimens collected by others (JL NC01, 02, 06 and 07), and a P. oceanica CO1 sequence
available on genebank. After alignment and elimination of gaps and missing data, a total of
1047 base pairs were available to construct the Neighbour-Joining tree, based on a Kimura2-parameter model of evolution. Analyses were performed in Mega5 (Tamura et al. 2011).

Results
The resulting tree indicates the presence of 13 well-supported clades (bootstrap values >
90%). The general pattern of low support for the deepest branches is unsurprising as CO1
does not particularly well resolve evolutionary relationships, and further gene regions will
be necessary to confidently resolve the phylogeny of the group.
Clade 1 indicates that our morphospecies B and N might actually be the same
species, but also reflects a correct minor/major assignation. The same case applies to Clade
5, where our morphospecies C and I seem to be the same, but their minors are correctly
assigned. Clades 2, 4 and 12 consolidate our morphospecies assignment as well as a correct
minor/major assignation. Clades 2 and 3 reflect the presence of cryptic species with our
morphogroup F. Clade 6 consolidates our morphospecies A (minor and major), but indicates
that the major of morphospecies M is actually species A. Clade 7 corresponds to a sampled
collected by J. Le Breton. Clade 8 indicates that the minor which we had collected together
with the major of morphospecies G is actually a different species. The major of
morphospecies G is in clade 10. Clade 9 confirms our morphospecies J, but indicates that its
minor corresponds to our morphospecies’ H minor. Clade 11 confirms morphospecies E,
which is close to Pheidole variabilis from Australia (EE pers. com.) and could therefore be
either of the two variabilis species described by Taylor (Table 30). Finally, Clade 12 confirms
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one of the most distinct of our morphospecies, sp. D, characterised by very long propodeal
spines in both minors and majors. Pheidole sp. W was only found in disturbed habitats, and
is confirmed as P. oceanica from additional data (EE, pers. com.). The odd occurrences of
minors from different species in clades (e.g. sp. N (1) and M (2) in Clade 5) illustrates the
challenge posed by their lack of features for accurate identification, and the occurrence of
several species at the same bait.

Conclusion
New Caledonia has at least 13 species of native Pheidole confirmed by CO1 sequencing,
most of which congruent with morphometric data. Further genetic analyses will investigate
the phylogenetic relationship between these species. By complementing phylogenetic
approach by ecological data associated with the samples (gathered during this study and
previous work), the New Caledonian Pheidole could provide a potential model for further
testing the ‘Taxon Cycle’ theory, proposed by E. O. Wilson (Wilson 1961), as was recently
done in Fiji (Economo and Sarnat 2012).
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*
*
*
Clade 1

*
*
*
*
*
*

Clade 2
Clade 3

*
*
*
*
*

Clade 4

Clade 5

*
*
*
*
*
*

Clade 6
*
Clade 7
Clade 8
Clade 9

*
*
*
*

Clade 10
Clade 11

*
*
*

Clade 12
* Clade 13

Figure 40 Neighbour Joining tree of New Caledonian Pheidole, based on 1047 bp in the CO1 region.
*: ants collected by MB during this study. Bootstrap values based on 1000 replications are indicated.
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Myrmicinæ, Pheidole
Minor workers: left panel; major workers: right panel
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Myrmicinæ, Lordomyrma

Lordomyrma caledonica gp.
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Lordomyrma rouxi gp.
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Lordomyrma sarasini gp.
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Table 31 Primer sequences and characteristics of the 13 microsatellite loci developed for L. pallens,
and subsequently amplified in two multiplex PCR reactions. FAM- (blue), NED-, VIC- and PET- (red)
refer to fluorescent universal tags, and reverse primers were modified with a pigtail end (see Blacket
2012). Na : number of alleles observed for each marker from the total 418 individuals sampled in the
region
Multiplex

Locus
LP1
LP2
LP16

1
LP23
LP24
LP25
LP4
LP7
LP12
2

LP14
LP21
LP26
LP37

Primer sequence (5’-3’)
FAM-AACATTCGCAAACTCGTATTTAT
Pigtail- TATAAGCGTCAATCGGCACA
FAM-TTGGTCCCGCGAATTAAATA
Pigtail- CCTCGCCAAGAAAATATTGC
VIC-GGTCGGTAGTGCGGTATCTT
Pigtail- CGTCATTGTGTTTCGTAAATTG
NED-TCACTCGATTTCGTGACTGC
Pigtail- ATCGCGCACAGGAATCTTAC
NED-GGAACAGGTGCTGAGAATCC
Pigtail- TGGCTAGTCCATGATTGTGC
NED-GAATCGAGCACGATCAACAA
Pigtail- TACGCGTGCTCACTCAAGTC
FAM-CTCGCGAGACTTCGATAAGG
Pigtail- CCTGGAACGAGATCGACAAT
FAM-TGACTGCATATCTGTAAGGAATCTG
Pigtail- TGACAAATAAACACGTACGCAA
VIC-TGTTATCTAGCATTCATTCTATTGCTG
Pigtail- TTCTCAATATAAATCAGTGAACGC
VIC-TTGCATCTATCTATCACACTATCGC
Pigtail- TGTTCGATCCTCGATGTATCTC
NED-ATGATGAACGAAACCCAAGC
Pigtail- AGTTGTTTCAGAAGGTGCCG
NED-AACGTCGAAATCCGATGAAT
Pigtail- TGCTTGAGACAGATAGCCCA
PET-ACGAGACGAGAGGGACAGAA
Pigtail- GGAGGACGTGGGTAATGTGA
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Repeat motif

Allele size range (bp)

Na

(AT)9

116-128

2

(CCG)10

141-163

4

(AG)10

128-139

3

(AG)10

162-176

3

(AT)14

188-212

12

(ACG)18

110-122

4

(AGC)9

183-212

5

(AC)12

114-121

2

(AT)10

124-139

5

(AC)11

138-161

12

(AG)9

185-199

4

(AT)9

165-172

3

(AG)10

136-143

3
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