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Chapitre I. 

Introduction générale et objectifs 
de la thèse  



 

 

Figure I-1

Figure I-1 Relations entre taux d’extinctions des mammifères et les intervalles de temps sur lesquels ces taux ont 
été calculés (simplifiée d’après Barnosky et al. 2011). 



Figure I-2



Figure I-2 : Index de l’état de conservation des populations de Vertébrés entre 1970 et 2010 mesuré au travers du 
“Global Living Planet Index” mis en place par le WWF (Loh et al. 2005). Cet indice est basé sur les tendances 
d’abondance enregistrées pour 10 380 populations de 3038 espèces de mammifères, oiseaux, reptiles, 
amphibiens et poissons. La ligne blanche représente les valeurs de l’index au cours du temps et les zones bleues 
les intervalles de confiance à 95%. D’après WWF (2014). 

 

Figure I-3



 

 

 

Figure I-3 : Effets directs et indirects de l’Homme sur la biodiversité et interactions entre les moteurs des 
changements globaux (Vitousek et al. 1997) 

 



 

 

Figure I-4



Figure I-4 : Nombre de publications sur les invasions 
biologiques et nombre de citations du livre de Charles 
Elton au cours des 50 dernières années (Ricciardi & 
MacIsaac 2008) 

 

 

 Figure I-5



Figure I-5 : Etapes du processus d’invasion et filtres à traverser avant établissement et invasion (Blackburn et al. 
2011). 

 

Figure I-6a, b



Figure I-6c, d

 

Figure I-6 : a et b) Impact du lapin Oryctolagus cuniculus sur les prairies subantarctiques des Iles Kerguelen, 
Terres Australes et Antarctiques Françaises a) Ile Mayes où le lapin n’a pas été introduit et b) Ile Verte où le lapin 
a été éradiqué depuis 15 ans. c et d) Impact du castor nord-américain Castor canadensis sur les forêts 
subantarctiques de l’Ile de Navarino, réserve de Biosphère du Cap Horn, Chili. c) forêt native de Nothofagus spp. 
et d) forêt de Nothofagus spp. d’altitude noyée par l’activité des castors. © Quiterie Duron  





 

 



 

 

Figure I-7

Figure I-8



 

Figure I-7 : Proportion de l’avifaune native des îles océaniques éteinte depuis leur découverte par les Européens 
selon le nombre d’espèces de mammifères introduites (n = 183) (Blackburn et al. 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I-8 : Iles pour lesquelles l’éradication de mammifères introduits a été démontrée et/ou prédite comme 
bénéfique pour la faune native (invertébrés et vertébrés). La taille des points indique le nombre de populations 
natives concernées (Jones et al. 2016).  



 

 



 

 

Table 

I-1

Table I-1 : Distribution des trois espèces de rats au sein des 123 groupes d’îles (d’après (Atkinson 1985) 

Espèces de rats présentes Océan Pacifique Océan Indien Océan Atlantique Total

R. exulans  seul 2 0 0 2

R. rattus  seul 6 17 3 26

R. norvegicus  seul 4 1 5 10

R. exulans  + R. rattus 7 0 0 7

R. exulans  + R. norvegicus 6 0 0 6

R. rattus  + R. norvegicus 4 4 5 13

R. exulans  + R. rattus  + R. norvegicus 15 0 0 15

Une ou plusieurs espèces de Rattus  indéterminées 9 7 6 22

Absence ou absence probable de rats introduits 12 5 5 22

Total 65 34 24 123

Nombre d'îles ou de groupes d'îles



 

Table I-2, Figure I-9

Table I-2 : Eléments diagnostics et habitats caractérisant les trois espèces de rats introduits du genre Rattus 
(d’après Cunningham & Moors 1996) 

Figure I-9 : Les trois espèces de rats, de gauche à droite, le rat 
surmulot, le rat noir, le rat du Pacifique (©T.M. Blackburn in 
(Blackburn et al. 2005)  

Rat du Pacifique Rat noir Rat surmulot

Nom latin Rattus exulans Rattus rattus Rattus norvegicus

Origine biogéographique zone Indo-Malaisienne sous-continent Indien
sud-est de la Sibérie, nord de la 

Chine, îles du nord du Japon

Eléments diagnostics

Taille du corps (cm) max 185 mm max 230 mm max 275 mm

Poids adulte (g) 55-100 g 150-250 g 350-450 g

Couleur du ventre
irrégulière, base du poil plus 

sombre que l'extrémité
uniforme gris, blanc ou crème

irrégulière, base du poil plus 

sombre que l'extrémité

Patte arrière traversée par une ligne noire couleur uniforme couleur uniformément claire

Queue
plus courte ou même taille 

que le corps
plus longue que le corps

beaucoup plus courte que le 

corps

Nombre de tétines 8 10 - 12 12

Habitats

espèce assez agile, niche 

dans des terriers ou dans les 

arbres, mauvais nageur

espèce très agile, niche 

majoritairement dans les 

arbres, peu nageur

espèce peu agile, niche dans des 

terriers, très bon nageur



Figure I-10

Figure I-10 : Rat surmulot (R. norvegicus) © Reg Mckenna 

Figure I-11

Figure I-11 : a) Les trois morphes de rat noir (R. rattus) et rat du Pacifique (R. exulans, en bas au centre).  De 
gauche à droite, forme « alexandrinus », « frugivorous » et « rattus », b) Rat noir (forme « rattus »). © Quiterie 
Duron  



Figure I-12

Figure I-12 : Rat du Pacifique (R. exulans)  
© Chatham Island Taiko Trust 

 

Figure 

I-13



Figure I-13 : Exemple de processus de régulation «bottom up» et «top-down» pour les rats noirs (R. rattus) sur 
les îles Europa et Juan de Nova (Ringler et al. 2015).



 

Annexe  4

Table I-3

Table I-3 : Nombre d’études de régime alimentaire selon les espèces de rats et l’écosystème d’étude. Mm  : Mus 
musculus, les études de régime alimentaire sur cette espèce n’ont pas été spécifiquement recherchées mais 
prises en compte lorsque la souris était étudiée en même temps que les rats. 

 

Espèces Forêts
Zones 

côtières
Prairies

Maquis 

arbustifs

Zones 

cultivées

Ecosystèmes 

subantarctiques

Zones 

humides

Terrains 

volcaniques
Total

R. exulans  (Re) 2 3 2 0 0 0 0 0 7

R. norvegicus  (Rn) 1 1 1 0 0 0 1 1 5

R. rattus  (Rr) 12 4 2 2 2 2 0 0 24

Rr & Re 4 2 2 0 0 0 0 0 8

Rr & Rn 1 0 0 0 0 0 0 0 1

Rr & Mm 0 1 2 2 0 1 0 0 6

Rr & Re & Mm 1 0 0 1 0 0 0 0 2

Rr & Rn & Mm 0 0 0 1 0 0 0 0 1

Rr & Re & Rn & Mm 0 0 0 0 1 0 0 0 1

Total 21 11 9 6 3 3 1 1 55



 

Figure I-14



 

Figure I-14 : Nombre d’espèces de vertébrés affectées par R. exulans (n = 28), R. norvegicus (n = 45) et R. rattus (n 
= 60). Les suppressions correspondent aux cas où les populations natives ont été supprimées ou pour lesquelles 
le recrutement est un échec, les extinctions correspondent à des extinctions locales ou totales présumées ou 
observées directement (Towns et al. 2006). 
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Table I-4



Table I-4 : Espèces de plantes menacées ou en danger touchées par les rats en Polynésie française. Statuts IUCN  
EX, éteint; CR, en danger critique d’extinction; EN, en danger; VU, vulnérable; NT, quasi menacé; LR, faible 
risque; DD, données insuffisantes; (CR) correspond à une remise à jour du statut réalisé par les auteurs (d’après 
Meyer & Butaud 2008, statut IUCN actualisé janvier 2015 (IUCN France et al. 2015)). 

 

 

FAMILLE Genre Espèce Statut IUCN Parties consommées

APOCYNACEAE Lepinia taitensis EN Fruits & graines

APOCYNACEAE Neisosperma brownii EX (CR) Fruits & graines

APOCYNACEAE Ochrosia tahitensis CR Fruits & graines

APOCYNACEAE Rauvolfia sachetiae EX (CR) Fruits & graines, écorce, tiges, feuilles

ARALIACEAE Meryta spp LR, DD, NT, VU et CR Fruits & graines, écorce, tiges, feuilles

ARECACEAE Pelagodoxa henryana DD Fruits & graines

ARECACEAE Pritchardia pericularum VU Fruits & graines

CAMPANULACEAE Apetahia longistigmata CR Ecorce, tige, feuilles

CAMPANULACEAE Apetahia raiateensis CR Ecorce, tige, feuilles

ELAEOCARPACEAE Elaeocarpus floridanus VU Fruits & graines

FABACEAE Serianthes rurutensis CR Fruits & graines

RUBIACEAE Psychotria speciosa CR Ecorce, tige, feuilles

SANTALACEAE Santalum insulare EN Fruits & graines, écorce, tiges, feuilles

SAPOTACEAE Sideroxylon nadeaudii CR Fruits & graines

SAPOTACEAE Planchonella tahitensis EN Fruits & graines



Figure I-15



 

 

 

 

 

 

 

 

 

 

Figure I-15 : Nombre d’études reportant 
des impacts négatifs, positifs ou une 
absence d’impact des rongeurs invasifs 
sur différents groupes d’invertébrés 
insulaires  (St Clair 2011).  

 

 

 

 



 

Figure I-16  



 
Figure I-16. Nombre cumulé d’études publiées sur l’impact des rats et de la souris sur les oiseaux depuis 1945  
(Ruffino et al. 2015) 



 



 

Figure I-17



Figure I-17 : Stratégies de gestion des espèces invasives. La 
stratégie de gestion optimale évolue avec le temps écoulé 
depuis l’introduction. L’efficacité de la gestion diminue et 
les coûts de gestion augmentent avec le temps écoulé 
depuis l’introduction (Simberloff et al. 2013). 

 

 

Figure I-18



Figure I-18 : Nombre de campagnes d’éradications réalisées depuis 1951 à l’aide de trois méthodes de 
distribution du poison (stations d’appâtage, distribution aérienne, distribution manuelle) (Howald et al. 2007). 



 

Figure I-19



Figure I-19: Barrière multi-peste à Ka’ena Point, île d’Oahu (Hawaii, USA). © Quiterie Duron 
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Chapitre II.  

 

Contexte écologique et programme 
dans lequel s’insère le travail de 
thèse   



 

 

Figure II-1

Figure II-1 : Localisation de l’archipel de la Nouvelle-Calédonie dans le Pacifique Sud (encadré rouge) et de ses 
îles principales (Grande Terre, Ouvéa, Lifou, Maré, île des Pins, îles Bélep). Les étoiles correspondent au massif 
du Panié au nord et au massif du Humboldt au sud.  



 

Figure II-2



Figure II-2 : Morphologie et structures principales du domaine péri-calédonien (Pelletier 2007) 
 

 



 



 

Figure II-3





 

Figure II-3 : Formations végétales de la Nouvelle-Calédonie. D'après Jaffré et al. (2012) 

 



 



 

 



 Figure II-4

Figure II-4 : Les 35 points chauds de biodiversité © Conservation International 
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Annexe  1

 



 

 

 

 



Figure II-5

Figure II-6

Figure II-5 : Localisation du site d’étude en Nouvelle Calédonie, de la zone où le contrôle de rats sur 200 ha était 
prévu et de la zone témoin. Les points rouges représentent les transects d’études des rats invasifs et de la 
biodiversité native dans la zone contrôle et les points verts ceux de la zone témoin.   



Figure II-6 : Site d’étude à la Guen, Mont Panié. a) Vue sur la zone pressentie pour la mise en place du projet de 
contrôle des rats, b) Héliportage du matériel et des vivres, c et d) Forêt dense humide de la Guen, e et f) Camp 
sous tentes et farés. 
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Chapitre III.  

 

Synthèse et analyse des projets de 
contrôle de rats invasifs conduits 
sur les îles de la Planète. 
Priorités de recherche et d’actions pour le 
futur.  
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Figure III-1a

Figure III-1b

Figure III-2



Figure III-1: a) Worldwide distribution of rat control projects in island natural areas, and b) Ecosystems targeted 
for rat control.  



 

Figure III-2 : Number of rat control projects for each of the methods used (poisoning, trapping, combining both 
poisoning and trapping) in island natural areas worldwide. 
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Figure III-3a

Figure III-3b

Figure III-3c



Figure III-3a

Figure III-3a

Figure III-3 : Motivations for launching rat control projects. a) Number of projects separated by species 
protection and other motivations for rat control projects. b) Bird groups targeted for protection by rat control. c) 
Invertebrate groups targeted for protection by rat control.  



 

 

Figure III-2

 



 

 

Figure III-4



 

Figure III-4 : Duration of rat control projects using trapping, poisoning, and combining both trapping and 
poisoning. Individual projects are represented by a vertical mark. The total number of projects (all control 
methods combined) was 109.  

 

 

 



 

 

Figure III-5



Figure III-5 : Estimated cost per ha (US$) for rat control projects according to the total size of control area (ha). 

  



 

 

 



 

 



 





 



 



 











Chapitre IV.  

Niches trophiques de deux espèces 
de rats invasifs en condition de 
sympatrie, redondance et/ou 
complémentarité ? 
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Figure IV-1

Figure 

IV-1

Figure IV-1

Figure IV-1 Figure IV-1

Figure IV-1 : Index of abundance for black rat (R. rattus) and Pacific rat (R. exulans) recorded during the first five 
days of trapping by snap trapping line captures in Mont Panié study area.



Figure IV-2a

Figure IV-2a

Figure IV-2b

Figure IV-2b

Figure IV-2: Sex-ratio (male : female) 
(a) and proportion of juveniles (%) 
(b) according to the different 
capture sessions for black (R. rattus) 
and Pacific rats (R. exulans)   



 

Table IV-1

Figure IV-3a

Figure IV-3a  

Table IV-1: Number of analyzed rat stomachs according to species, age, sex and trapping session. 

Session Females Males Females Males TOTAL Females Males Females Males TOTAL

May 2013 7 6 5 4 22 37 29 12 12 90

Dec 2013 3 4 5 8 20 40 35 23 32 130

Sept 2014 6 5 0 0 11 21 33 2 1 57

Apri l  2015 18 9 3 4 34 32 29 18 18 97

TOTAL 34 24 13 16 87 130 126 55 63 374

Pacific rats Black rats

Adults Juveniles Adults Juveniles
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Figure IV-3b

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-3 a) Frequency of 
occurrence and b) volume scores 
proportion for major prey groups 
found in black rat (R. rattus) and 
Pacific rat (R. exulans) stomachs. 
The number of * indicates the 
degree of significance (* p < 0.05, 
** p < 0.01, *** p < 0.001). Rr: R. 
rattus and Re: R. exulans.  



Table IV-2

Table IV-2 Table IV-3

Table IV-3

Table IV-3



Table IV-2: Frequency of occurrence (%) for plants, invertebrates, Squamata and bird taxa identified in black rat 
and Pacific rat stomach contents.  

Group Order/Family Species or taxa identified
Black rat           

(n  = 374)

Pacific rat             

(n  = 87)

PLANTS 99.20 88.50

Seeds 35.29 27.59

Pandanaceae Freycinetia sulcata 14.97 2.3

Moraceae Ficus spp 1.34 0.00

undefined seeds 23.8 25.29

Fruit pulp 96.79 77.01

Other plant material 32.62 32.18

INVERTEBRATES 85.00 100.00

Arachnida 14.17 45.98

Araneae 13.64 45.98

Opiliones 2.06 0.00

Chilopoda 7.49 62.07

Crustaceae Amphipods and isopods 0.00 5.88

Insecta 81.82 97.7

Coleoptera Scarabidae 5.88 16.09

Coleoptera Curculionidae 0.27 5.75

Coleoptera others
Cucujoidae, Staphilinidae and 

undefined species
17.65 20.69

Blattodea Cockroaches 7.75 28.74

Hymenoptera Formicidae
mainly Paraparatrechina sp and 

Pheidole sp
25.4 10.34

Hymenoptera others 5.08 3.45

Orthoptera Crickets, grasshoppers, wetas 12.03 26.44

Phasmatodea Stick insects 8.06 12.64

Imago others
Dermaptera, Thysanoptera, Diptera, 

Hemiptera and undefined imago
43.85 41.38

Larvae Lepidoptera Caterpillars 17.11 59.77

Larvae others
Coleoptera, Diptera, Hemiptera and 

undefined larvae
5.88 24.14

Gastropoda Pulmonata Snails and slugs 2.14 24.14

Annelida Oligochaeta Earthworms 2.41 18.39

REPTILES 4.55 9.20

Squamata Scincidae species specified in Table 4 2.94 11.49

Diplodactylidae species specified in Table 4 1.6 0.00

BIRDS 1.07 0.00

Psittaciformes Psittacidae Trichoglossus haematodus 0.27 0.00

undefined birds 1.07 0.00



Table IV-3: List of Squamata observed in Mont Panié rainforest and their frequency of occurrence (%) in black rat 
and Pacific rat stomach and caecum contents.  

Binomen IUCN status Black rat Pacific rat

Scincidae Caledoniscincus aquilonius NT 0.00 4.65

Caledoniscincus festivus LC 0.54 0.00

Caledoniscincus haplorhinus LC 0.54 1.16

Caledoniscincus orestes EN 0,00 0.00

Epibator nigrofasciolatum LC 0.54 1.16

Caesoris novaecaledoniae LC 0.27 1.16

Lioscincus steindachneiri EN 0.00 0.00

Celatiscincus similis EN 1.34 10.47

Marmorosphax tricolor LC 1.07 2.33

Tropidoscincus boreus LC 0.27 0.00

Undefined scales 0.27 5.81

Gekkonidae Bavayia montana DD 0.54 0.00

Bavayia sauvagii DD no data no data

Eurydactylodes agricolae NT 0.80 0.00

Paniegekko madjo NT 0.00 0.00

Rhacodactylus leachianus LC 0.00 0.00

Undefined species 0.54 0.00

TOTAL 6.17 23.26

Frequency of occurrence (%)  

in stomachs and caeca
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Chapitre V.  

Un renforcement de la pression de 
prédation par les rats invasifs sur les 
œufs d’oiseaux forestiers.  
Evaluation au travers d’une expérimentation 
de nids artificiels. 







 





 

 

Figure V-3



Figure V-1: Location of the study in the wilderness reserve of Mont Panié, northern New Caledonia. (a) Location 

in the world. (b) Location in New Caledonia. (c) The dense evergreen rainforest of Mont Panié.  



Figure V-3

 

Figure V-2 : Abundance indexes of the two sympatric rat species during four trapping periods. Abundance 
indexes (mean ± 1SD), i.e. number of captures per 100 trap-nights, adjusted for the correct number of trap-
nights, were provided for R. rattus and R. exulans during four five-day trapping sessions (May 2013, December 
2013, September 2014, April 2015) in the Mont Panié reserve. 

 



Table V-1

Table V-1: List of bird species present in the study area. Levels of endemism are ES = Endemic Species, WD = 
Wide Distribution, ESS = Endemic Sub-Species. Reproduction period corresponds to the length of time from when 
eggs are first laid until chicks leave the nest. As no egg was measured in New Caledonia, measures were taken on 
related species (egg size proxy).  

Family Scientific name Endemism
Reproduction 

period

Egg size 

category

Egg size proxy    

(L/l mm)
Nest height

Accipitridae Accipiter haplochrous ES Oct-March Large   no data canopy

Haliastur sphenurus WD Oct-January Large   no data canopy

Columbidae Columba vitiensis hypoenochroa ESS June-January Medium-Large 36-45 / 25-30 low height or on ground

Ducula goliath ES June-December Large 50 / 30 canopy

Drepanoptila holosericea ES August-January Medium-Large   no data low height 2-3m

Psittacidae Trichoglossus haematodus deplanchei ESS May-July, Nov-Dec Medium 26-27 / 22-23 no data

Cuculidae Chrysococcyx lucidus layardi WD no data Small-Medium   no data no data

Meliphagidae Myzomela caledonica ES Nov-February Small   no data high in dense foliage

Philemon diemenensis ES August-February Small-Medium   no data high in dense foliage

Phylidonyris undulata ES Oct-January Small   no data low height 0.5-2m

Acanthizidae Gerygone f. flavolateralis ESS Sept-January Small   no data low height 0-3m

Eopsaltridae Eopsaltria flaviventris ES Sept-February Small   no data low height 0.7-2.2m

Pachycephalidae Pachycephala caledonica ES Sept-January Small   no data low height 1-4m

Pachycephala rufiventris xanthetraea ESS Nov-January Small   no data nov-january

Corvidae Corvus moneduloides ES Oct-January Medium-Large 39-45 / 25-29 medium height 2.5-10m

Campephagidae Coracina analis ES Sept-January Medium   no data variable

Coracina caledonica caledonica ESS Nov-February Medium 32-36 / 22-23 canopy

Lalage leucopyga montrosieri ESS Nov-January Small   no data canopy

Rhipiduridae Rhipidura fuliginosa bulgeri ESS Sept-January Small 15-16 / 11-12 low height 1.5-3m

Rhipidura spilodera verreauxi ESS Oct-January Small   no data low height 2-3m

Monarchidae Clytorhynchus p. pachycephaloides ESS Nov-January Small   no data high in dense foliage

Myiagra caledonica caledonica ESS Nov-January Small 18-19 / 13-14 medium height 2.5-10m

Sturnidae Aplonis striatus striatus ESS Oct-January Small-Medium   no data variable

Zosteropidae Zosterops xanthochrous ES Sept-February Small 16 / 12.5 medium height 2-6m

Megaluridae Megalurulus mariei ES Nov-January Small  no data on ground

Estrildidae Erythrura psittacea ES Oct-January Small  no data trees hollows



Table V-1

 

Table V-1

Figure V-3

Table V-1



χ

Figure V-3 : The five treatments of egg size and nest height tested. From top to bottom and left to right: large egg 
1.5 meters high, small egg 1.5 meters high, large egg on the ground, medium egg 1.5 metres high and medium 
egg on the ground. The far left picture shows the camera trap used to detect egg predators. 
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χ Figure V-4

χ Figure V-5

Figure V-6

Figure V-5



Figure V-5

 

 

 

 

Figure V-7 : Proportion of nests 
depredated for the five 
treatments during each predation 
period. Proportion of nests 
depredated during day (diurnal) 
and night (nocturnal) over the 
first 7 days at sites 1 and 2, and 
day and night taken together 
thereafter at site 1 only. Nests 
located 1.5 meters high are 
hatched. 

 

 

 

Figure V-8 : Nest predation for the five treatments 
showing the relative impact of the different 
predators. Nest predators were, in the order of 
importance, crows, rats, ants and pigs. Nests 
located 1.5 meters high are hatched. 

 



 



















Chapitre VI.  

Effets comparés des frugivores 
natifs et invasifs sur la germination 
de graines d’espèces des forêts 
denses humides en Nouvelle-
Calédonie 

Annexe 6







 







 

 

Table VI-1

Figure VI-1



Figure VI-2

Table VI-2 : Summary of fruit and seed color, size, weight, and numbers for Ficus racemigera and Freycinetia 
sulcata. Fruits measures for Freycinetia were made on the whole inflorescence 

 

 

 

Figure VI-1: Fig fruits on Ficus racemigera tree (a), cross-section (b) and tangential section (c) of the fig, 
germinated seed (d). © Oriana Garcia-Iriarte. 

Ficus racemigera Freycinetia sulcata

Family Moraceae Pandanaceae

Life form shrub or tree  secondary hemiepiphyte

Fruit color red yellow

Fruit length(mm) 14.42 ± 1.47  (n  = 33) 81.28 ± 11.1 (n  = 21)

Fruit width (mm) 16.09 ± 1.85 (n  = 33) 46.57 ± 7.03 (n  = 21)

Fruit fresh mass (g) 2.00 ± 0.22 (n  = 25) 70.45 ± 8.6 (n  = 6)

Number of seeds per fruit 329 ± 15 > 1000

Seed color brown yellow

Seed length(mm) 1.03 ± 0.90 (n  = 31) 1.15 ± 0.08 (n  = 36)

Seed width (mm) 0.72 ± 0.85 (n  = 31) 0.28 ± 0.04 (n  = 36)

Seed mass (mg) 0.21 ± 0.04 (n  = 100) 0.31 ± 0.00 (n  = 90)

Seed shape reniform curved



 

Figure VI-2: Freycinetia sulcata infructescence (a & b), cross-section of the infructescence (c), germinated seed 
(d). © Oriana Garcia-Iriarte. 
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Table VI-2a, Figure 

VI-3



Table VI-2b, Figure VI-3



Table VI-3 : Germinability (%, mean ± SE) for each treatment and significant differences between treatments, day 
of first germination, and T50, i.e. number of days required to reach 50% of the total number of sown seeds; for a) 
Ficus racemigera and b) Freycinetia sulcata. Treatment initials are used to indicate when a significant difference 
exists between treatments and the number of * indicates the degree of significance (.: p = 0.05; * p < 0.05; **  p < 
0.01; *** p < 0.001). Controls (non-ingested seeds) are denoted as ControlN when calyx was removed and 
ControlC with calyx. 

 

a) 

 

 

b) 

Treatment Germinability (%) 
Day of first 

germination
T50 (days)

ControlN (CN, n = 6) 99.0 ± 0.01 / CC* 4 6.04

ControlC (CC, n  = 5)
75.0 ± 4.6  / CN*, DG**, 

PO**,PT**, PV**
4 7.58

R. rattus (RR, n  = 4) 88.0 ± 3.4 5 8.25

P. ornatus (PO, n  = 4) 96.0 ± 2.0 / CC** 2 5.65

P. tonganus (PT, n  = 4) 98.0 ± 1.4 / CC** 3 4.06

P. vetulus (PV, n  = 4) 98.0 ± 1.4 / CC** 3 4.1

D. goliath (DG, n  = 4) 97.0 ± 1.7  / CC** 4 4.56

Treatment Germinability (%) 
Day of first 

germination
T50 (days)

Control (CN, n = 5) 94.4 ± 2.1 / PO**, RR*** 17 22.36

R. rattus  (RR, n  = 5)
39.7 ± 4.6 / DG***, PT***, 

PV***, PO***,CN***
20 70

P. ornatus  (PO, n  = 4)
78.0 ± 4.2 / DG**, RR***, PT., 

PV*, CN**
15 23.16

P. tonganus  (PT, n  = 5) 91.2 ± 2.5 / PO., RR*** 18 26.21

P. vetulus  (PV, n  = 4) 93.0 ± 2.6 / PO*, RR*** 15 19.95

D. goliath  (DG, n  = 4) 98.0 ± 1.4 / PO**, RR** 15 20.22



Figure VI-3 : Germinability (% mean ± 1SD) of Ficus racemigera and Freycinetia sulcata seeds according to the 
following treatments: controls (i.e. non-ingested seeds: CN: control without calyx, and CC: control with calyx), 
invasive species: RR: R. rattus, and native species (DG: Ducula goliath, PT: Pteropus tonganus, PO: P. ornatus and 
PV: P. vetulus). Within a plant species, means sharing the same letter are not significantly different (p > 0.05) 

 

Table VI-2a, Figure VI-4

Table VI-2a, Figure VI-

4

Table VI-2a

Table VI-2b, Figure VI-5

Table VI-2b, Figure VI-5



Table VI-2b

Figure VI-4 : Cumulative proportion of seeds (%) germinated of Ficus racemigera according to the treatment. 
Control CN: control without calyx and Control CC: Control with Calyx. 



Figure VI-5: Cumulative proportion of seeds (%) germinated of Freycinetia sulcata according to the treatment.  



 















 









Chapitre VII.  

 

Dynamique et gestion des 
populations de rats invasifs par 
piégeage au sein d’une forêt 
tropicale insulaire 







 







 

 

Figure VII-1

Figure VII-1 Location of the study in the Pacific, New Caledonia.The study was conducted in Mont Panié forest in 
northern New Caledonia on two 20 x 20 m grids: a CMR grid (96 live traps) and a removal grid (209 snap traps). 

 



 

 

Figure VII-1

 

Figure VII-1

Figure VII-1
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Table VII-7
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σ Table VII-1

Table VII-1 : Selection of the models for covariates of the probability of capture at the center of the home range 
(g0) and the scale parameter (σ).  

 

Table VII-2

Table VII-2 σ

Table VII-2 Table 

VII-4

Table VII-3 Figure VII-2

Table VII-3

Table VII-3

g 0  σ N parameters Log l ikel ihood AICc % Weight

indcateg + sess ion indcateg 13 -2046.78 4120.64 29.81%

indcateg + sess ion indcateg + removal 14 -2045.91 4121.06 24.20%

age + sess ion indcateg 11 -2049.55 4121.87 16.09%

indcateg + sess ion indcateg + grsess 14 -2046.77 4122.77 10.28%

age + sex + sess ion indcateg 12 -2049.18 4123.27 8.01%

age + sess ion indcateg + grsess 12 -2049.55 4124.01 5.51%

Mb + indcateg + sess ion indcateg + grsess 15 -2046.50 4124.43 4.48%

Mb + species  + age + sess ion indcateg + grsess 14 -2049.44 4128.12 0.7%

age + sess ion sex 9 -2060.66 4139.84 0

Mb + indcateg + grsess  indcateg + grsess 11 -2060.19 4143.14 0



Table VII-3

Table VII-4

Table VII-2: Estimates of the beta parameters for the best SECR model (D ~ 1, g0 ~ indcateg + session, σ ~ 
indcateg) with standard error and 95% confidence interval (lower class “lcl” and upper class “ucl”). Rr: Rattus 
rattus and Re: R. exulans. 

 

 

Table VII-3: Density of rats (ind.ha-1) according to capture session, species, sex and age. Density was estimated 
with the SECR model: D ~ 1, g0 ~ indcateg + session, σ ~ indcateg. 

 

 

 

Beta parameters  Estimate SE lcl ucl

g 0 -1.98 0.34 -2.65 -1.31

g 0 .indcateg (Rr-juveni les ) 0.69 0.33 0.05 1.33

g 0 .indcateg (Rr-adult-males) -0.78 0.30 -1.37 -0.18

g 0 .indcateg (Rr-adult-females) -0.28 0.34 -0.94 0.38

g 0 .sess ion2 -1.57 0.36 -2.27 -0.86

g 0 .sess ion3 -0.16 0.25 -0.65 0.32

g 0 .sess ion4 0.22 0.26 -0.28 0.72

g 0 .sess ion5 0.00 0.33 -0.63 0.64

g 0 .sess ion6 -1.33 0.41 -2.13 -0.53

 σ 2.70 0.10 2.50 2.90

 σ .indcateg (Rr-juveni les ) -0.29 0.12 -0.52 -0.06

 σ .indcateg (Rr-adult-males) 0.29 0.12 0.05 0.54

 σ .indcateg (Rr-adult-females) -0.17 0.13 -0.42 0.07

Individual  groups Sess ion 1 Sess ion 2 Sess ion 3 Sess ion 4 Sess ion 5 Sess ion 6

Total 13.41 ± 2.40 26.70 ± 6.58 31.89 ± 3.58 17.58 ± 2.16 9.28 ± 1.95 16.23 ± 5.70

R. exulans na na 2.01 ± 0.73 4.28 ± 1.02 4.64 ± 1.24 3.75 ± 1.88

R. rattus 13.41 ± 2.40 26.70 ± 6.58 29.88 ± 3.48 13.30 ± 1.85 4.64 ± 1.24 12.48 ± 4.59

 juveni les 0.52 ± 0.37 9.22 ± 2.85 10.98 ± 1.77 4.04 ± 0.99 1.55 ± 0.66 0

adult males 5.42 ± 1.33 9.71 ± 2.95 6.39 ± 1.39 4.51 ± 1.05 1.80 ± 0.72 7.49 ± 3.07

adult females 7.48 ± 1.63 7.77 ± 2.52 12.51 ± 2.45 4.75 ± 1.08 1.29 ± 0.60 4.99 ± 2.28



Table VII-4: Estimation of σ (m), the total home range (HR95) and home range core area (HR50, ha) for the four 
groups of individuals: R. exulans, R. rattus juveniles, R. rattus adult males, R. rattus adult females. σ was 
estimated with the SECR model: D ~ 1, g0 ~ indcateg + session, σ ~ indcateg. HR95 = π x (3.36 x σ)² and HR50 = π x (1 
x σ)². 

 

Figure VII-2:  Density of rats (rats.ha
-1

) estimated from capture-mark-recapture (SECR models) and removal data 
(Zippin removal method).  

 

 

Group of individuals

mean range mean range mean range

R. exulans 14.87 12.22 - 18.10 0.78 0.53 - 1.16 0.07 0.05 - 0.10

R. rattus  juveni les 12.46 10.72 - 14.48 0.55 0.41 - 0.74 0.05 0.04 - 0.07

R. rattus  adult males 19.97 17.31 - 23.04 1.41 1.06 - 1.88 0.13 0.09 - 0.17

R. rattus adult females 11.05 9.75 - 12.51 0.43 0.24 - 0.56 0.04 0.03 - 0.05

 σ  estimated (m) HR95 (ha) HR50 (ha)



Table 

VII-5 Figure VII-2

Table VII-5

Figure VII-3

Table VII-6

Table VII-5: Rat abundance and density (rats.ha
-1

) before and after rat removal for the four sessions of rat 
removal. The total number of individuals in the removal area was estimated with the “Zippin removal” method. 
Densities were estimated on the rat removal area plus a boundary strip i.e. 11 hectares.

 

 

Table VII-6 : Rat population characteristics during the last four sessions of capture on the rat removal and CMR 
areas. Rr ad: Rattus rattus adults and Re ad: R. exulans adults. 

Removal  

sess ion

Number of rats  

ki l led Rk

Number of individuals  

estimated Rab

Number of remaining 

individuals

Dens ity before 

Dbefore (rats .ha -1)

Dens ity after     

Dafter (rats .ha -1)

May 266 289 ± 8.05 23 ± 8.05 26.27 ± 0.73 2.09 ± 1.46

July 59 72 ± 9.06 13 ± 9.06 6.55 ± 0.82 1.18 ± 1.65

September 57 71 ± 9.14 14 ± 9.14 6.45 ± 0.83 0.59 ± 1.66

November 65 70 ± 3.86 5 ± 3.86 6.36 ± 0.35 0.45 ± 0.35

Sess ion
Census  

Method

Number of 

rats

Proportion of 

R. exulans (%)

Proportion 

of juveni les  

(%)

Sex-ratio
Mean weight      

Rr ad. (± se, g)

Mean weight      

Re ad. (± se, g)

Proportion of 

males  with 

scrota l  sac (%)

May 2015 Removal 266 48.14 13.24 0.95 168.07 ± 30.04 62.24 ± 7.58 9.02

CMR 74 24.35 35.15 0.95 158.51 ± 26.02 57.92 ± 5.59 2.86

July 2015 Removal 59 51.43 2.82 1.03 173.11 ± 39.64 66.97 ± 11.37 75.00

CMR 36 50 41.70 1.00 147.00 ± 25.67 59.08 ± 7.80 22.22

Sept. 2015 Removal 57 33.82 13.64 0.97 175.13 ± 29.98 79.82 ± 10.55 86.21

CMR 26 23.11 0 1.36 173.16 ± 34.34 67.83 ± 10.52 73.33

Nov. 2015 Removal 65 46.91 32.47 1.62 177.26 ±  27.15 85.42 ± 9.41 76.32

CMR no data no data no data no data no data no data no data



Figure VII-3: Density of R. rattus and R. exulans (rats.ha
-1

) estimated from removal data (Zippin removal method) 
across the four sessions of trapping. 

 

Table VII-6

Table VII-6

Table VII-6

Table VII-6

Table VII-6

Annexe  

σ Table VII-1



Figure VII-4

Figure VII-4 Annexe  
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Figure VII-5

Figure VII-6

Figure VII-5

Table VII-7



Figure VII-4: Translation inside the CMR area of the barycenters of rat home range centers between the period 
before (Coordbefore) and the period after (Coordafter) the beginning of removal for 27 individuals. Twenty-seven 
individuals captured in the CMR area first were recaptured and killed in the removal area. Grey and black 
triangles represent the mean barycenter of the 27 home range centers respectively before and after the 
beginning of rat removal.  

 



 

 

 

 

 

 

 

Figure VII-5: Cumulative 
capture probability per rat 
across 15 days of capture 
according to the ten trapping 
grid layouts. The points 
indicate capture probabilities 
for 400 (orange), 600 (red) 
and 900 (black) available 
working hours.  

 

 

 

 

 

 

 

 

Figure VII-6: Gain in capture 
probability depending on time 
spent according to trapping 
layout. The points indicate 
the gain in capture 
probabilities after 400 
(orange), 600 (red) and 900 
(black) available working 
hours. 
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Table VII-7: Characteristics of the 10 trapping grid layouts: grid mesh, time (hours) required to travel throughout 
the grid per day, number of people required to travel throughout the grid per day, cumulative capture 
probabilities obtained after 400, 600 and 900 hours of work. 

 

 

 

 

Layout

Distance 

between 

transects  (m)

Distance 

between traps  

(m)

Time (hours ) to 

travel  the 

grid.day-1

Number of 

people.day
-1

 to 

travel  the grid

Capture 

probabi l i ty 

after 400 hours

Capture 

probabi l i ty 

after 600 hours

Capture 

probabi l i ty 

after 900 hours

1 25 25 169.6 42.4 0.33 0.45 0.63

2 50 25 86.4 21.6 0.32 0.44 0.61

3 75 25 58.7 14.7 0.3 0.42 0.54

4 100 25 44.9 11.2 0.28 0.38 0.41

5 50 50 78.2 19.6 0.22 0.29 0.41

6 75 50 53.3 13.3 0.19 0.27 0.34

7 100 50 40.8 10.2 0.18 0.24 0.26

8 75 75 51.4 12.8 0.13 0.19 0.24

9 100 75 39.4 9.8 0.13 0.18 0.18

10 100 100 38.7 9.7 0.1 0.14 0.14
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Chapitre VIII.  

Synthèse, discussion générale et 
perspectives de recherche 



 

Chapitre III

Chapitre IV

Chapitre V

Chapitre VI

Chapitre VII



 

Chapitre III

Table VIII-1
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Table VIII-1 : Priorité de recherche ou d’actions à développer afin d’améliorer l’efficacité des projets de contrôle  
de rats, définies en fonction des résultats obtenus lors de la synthèse des 136 projets de contrôle. Des pistes 
pour améliorer chacun des points sont proposées et les apports de ce travail de thèse pour chacune de ces 
priorités de recherche ou d’actions sont précisés.  

Priorités de recherche ou 

d'actions à développer

Constat obtenu à l'issue de la 

synthèse

Pistes d'amélioration      

proposées

Application dans le cadre de 

cette thèse

Elargir le champ 

géographique et donc 

écologique des projets

Concentration des projets en 

Nouvelle-Zélande et dans le 

Pacifique tropical (Hawaii)

- Transfert des connaissances, 

expertise et financements vers 

d'autres points chauds et/ou 

pays en développement                                                                      

- Priorisation des îles à protéger

Chapitre II : contexte du hotspot 

néo-calédonien

Envisager les effets des 

projets à l 'échelle de 

l'écosystème

Projets souvent motivés et mis 

en place pour conserver les 

oiseaux sans évaluation 

préalable de l'impact des rats

Etude des interactions entre les 

rats invasifs et différents taxons

Chapitres IV, V, VI : régime 

alimentaire des rats, influence 

des rats sur reproduction 

oiseaux et plantes 

Augmenter le rapport 

coût/bénéfice et la 

durabilité des projets

- Durée des projets 

généralement courte                                                                              

- Opérations coûteuses

- Plannification en amont avec 

objectifs clairs                                                  

- Implication de volontaires et 

des populations locales

Chapitre VII : connaissances 

des populations de rats et 

simulations de design de 

piégeage

Améliorer les méthodes de 

contrôle

Utilisation majoritaire de 

poisons impliquant des 

risques pour les écosystèmes 

et la biodiversité native

Développement de méthodes 

non toxiques comme le piégeage 

ou de méthodes alternatives 

(génétique, fertil ité, 

"norbormide"…)

Chapitre VII : évaluation et 

amélioration des stratégies de 

piégeage

Evaluer l 'efficacité des 

projets (réduction de 

l'abondance de rats, effets 

sur la biodiversité native?)

Efficacité du contrôle sur les 

populations de rats et la 

biodiversité souvent non 

évaluée

- Mise en place de suivis des 

populations de rats et de la 

biodiversité native avant et 

après contrôle                                                

- Mise en place d'une gestion 

adaptative                  

Chapitres IV, V, VI, VII : 

évaluation avant projet des 

effets des rats sur la 

biodiversité et test d'une 

opération de contrôle de rats à 

petite échelle



Figure VIII-1

Figure VIII-1 : Etapes de mise en place d’un projet de contrôle de rats et gestion adaptative (modifié d’après la 
présentation au colloque de la SERA (Society for Ecological Restoration Australasia) à Nouméa : « Duron et al. 
2014. Invasive rat control in island natural areas: when does the game be worth the candle? »). 
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Figure VIII-2a

Figure 

VIII-2b

Figure VIII-2c, d

Figure 

VIII-2e

Figure VIII-2f



Figure VIII-2 : Six relations théoriques simples entre la densité de l’espèce invasive et des variables relatives à la 
biodiversité native ou à une fonction écologique (e.g. richesse spécifique, abondances, fécondité, survie, 
pollinisation). Modifiée d’après Norbury et al. (2015). 
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Figure VIII-3

 



Figure VIII-4 : Enregistreur automatique (SM2+, Wildlife Acoustics, NY, USA) sur le terrain en forêt dense humide, 
Mont Panié, Nouvelle-Calédonie. 
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ABSTRACT: Due to its unique biodiversity and extreme endemism rates, New Caledonia archipelago is listed as one of Earth’s 35
biodiversity hotspots. New Caledonian biota is now threatened by invasive species, with introduced rats considered to be
particularly damaging. At the initiative of local institutions and NGOs, an innovative scientific experiment has been launched to
quantify the Response of Forest Ecosystems to Rodent and Cat Control (REFCOR) and to test the relevance of such control at a
large spatial scale (200 ha) on a dense evergreen rainforest (Mont Panié Wilderness Nature Reserve). Rat control will begin mid-
2014 with a short toxin knockdown, and will thereafter involve intensive trapping sessions over the next 6 years, together with
biodiversity monitoring and experiments. Rat impact studies initiated in early 2013 also aim to identify possible biodiversity
indicators that could be used for a rapid assessment of rat control efficiency and effects. One of the major impacts of invasive rats is
the disruption caused to plant and bird reproduction processes, placing them at high risk. Pre-and post-control experiments include
the assessment of palm fruit consumption rates and of predation risk to artificial bird nests. Initial surveys of both rat populations
and palm fruits (2 species), as well as artificial bird nest predation experiments, were conducted in 2013. Rat abundance was high,
fluctuating among study areas and seasons, with more individual reproducers in December than in May. Fruit predation was high
for one of the two species, in line with the rat abundance pattern. Surprisingly, artificial bird nest predation by rats was far lower
than expected. These first results corroborate the influence of rats on some taxa. Monitoring and experiments will be repeated after
and throughout rat control. This “before-after-control-impact” project, conducted in close collaboration with local stakeholders
(Dayu Biik NGO), offers a unique opportunity to evaluate 1) the feasibility of controlling rat populations in the New Caledonian
rainforest by trapping as an alternative to long-term poisoning, and 2) the benefits of rat control for native biodiversity and rainforest
ecosystem functioning.

KEY WORDS: native biodiversity, New Caledonia, rainforest, Rattus, rodent control, trapping, tropical island
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INTRODUCTION
Rats, introduced by humans to over more than 80% of

the islands of the planet (Atkinson 1985, Harris 2009),
represent a major threat to native island biodiversity
(Towns et al. 2006). Rattus rattus (black rats), R. nor-
vegicus (Norway rats), and R. exulans (Pacific rats) are
the most damaging species, particularly for insular
ecosystems (Towns et al. 2006, Harris 2009). These
omnivorous and opportunistic species are known to have
strong deleterious effects on different taxa such as plants
(e.g., Meyer and Butaud 2009, Pender et al. 2013), birds
(e.g., Robinet et al. 1998, VanderWerf 2001, Jones et al.
2008), reptiles (Towns 1996), invertebrates (e.g., Wagner
and Van Driesche 2010, Ruscoe et al. 2013), as well as on

overall ecosystem functioning (Fukami et al. 2006,
Towns et al. 2009). For example, rats can disrupt plant
dispersal (Wegmann 2009), pollination (Pattemore and
Wilcove 2012), germination (Perez et al. 2008), and
mutualism (Aizen et al. 2008). Moreover, they usually
prey extensively on bird eggs and chicks, and also induce
changes in birds’ behavior (Towns et al. 2006).

Currently, eradication of invasive rats is one of the
most effective conservation tools to preserve or restore
native communities on small or medium-sized islands
(Brooke et al. 2007, Howald et al. 2007). However, on
very large islands, eradication is impossible, and popula-
tion control (i.e., limiting rat abundance by recurrent
poisoning and trapping), is one alternative. To date, few
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Figure 1.  Location of REFCOR project in New Caledonia, Mont Panié. The bounds of the Control Area are represented by a
solid line and those of the Reference Area by a dotted line.

studies have evaluated the impact of rats and the effects
of rat control on “mainland island” forest ecosystems
(e.g., King et al. 2011, Ruscoe et al. 2013).

With endemism rates among the highest on Earth,
New Caledonia archipelago is listed as one of 35 global
biodiversity hotspots (Mittermeier et al. 2012). Unfortu-
nately, New Caledonian biota is highly threatened by
invasive species (Beauvais et al. 2006, Pascal et al. 2008),
with introduced rats considered to be particularly damag-
ing for the forest ecosystem. Two species of invasive rats
are particularly present: R. exulans and R. rattus. R.
exulans reached New Caledonia 3,000 years ago with the
Melanesians, while R. rattus arrived with European
settlers about 150 years ago (Beauvais et al. 2006). How-
ever, their impact on the New Caledonian forest remains
largely unknown (Pascal et al. 2006, Rouys 2008). The
New Caledonia mainland is large (Grande Terre: 16,360
km²), mountainous (reaching 1,629 m above sea level)
and megadiverse due to its peculiar geological structure
and its isolation from the ancient Gondwana continent
(Grandcolas et al. 2008). Despite the need to protect its
original biodiversity, the size of the island precludes the
eradication of rats. Consequently, less ambitious alterna-
tive pest control solutions need to be sought for New
Caledonian fauna and flora conservation, particularly in
areas known for their biodiversity richness.

The REFCOR project (Response of Forest Ecosys-
tems to Rodent and Cat Control) implemented in a New
Caledonian rainforest involves a local authority (the
Northern Province), a local NGO (Dayu Biik) for man-
agement implementation, and a local research team
(IMBE-IRD) for scientific assessment and planning. The
aim of the REFCOR project is to test the feasibility of a
large-scale (200-ha) rat control project, mainly based on
intensive trapping in a remote rainforest, and to assess the
benefits induced by rat control on rainforest biodiversity
and ecosystem functioning. This “before-after-control-
impact” (BACI) project offers a unique opportunity to 1)
investigate the little-known effects of two species of

invasive rats (R. rattus and R. exulans) on tropical
rainforest biodiversity and ecosystem functioning, and 2)
evaluate the feasibility of such challenging projects led by
local stakeholders. Ultimately, the results of this pioneer-
ing work will inform and guide future conservation plans
for New Caledonia.

Here, we present the structure of the REFCOR project
and the strategy used to evaluate the feasibility and the
benefits of control, as well as initial results from the rat
population survey and biodiversity monitoring. The pop-
ulation dynamics of the two species of rats was assessed
via trapping: fluctuations in population structure, mor-
phology, and breeding biology were examined. Different
biodiversity monitoring experiments were also set up to
estimate the extent to which rat control could be of
benefit to native fauna and flora and critical ecosystem
processes. Here, we focus on fruit survival analysis for
palm species, along with differential sensitivity of
artificial bird broods to rat predation according to egg size
and nest height.

METHODS
Study Site and BACI Experiment

This study was conducted in a dense evergreen rain-
forest located between 550 and 950 meters above sea
level on the slopes of Mont Panié (20°37'30"S,
164°46'56"E, 5400 ha) in the northern province of New
Caledonia (Figure 1). The climate is moist subtropical
with a hot season between December and mid-April and a
cool season between mid-May and September. Tropical
depressions tend to bring most rains in the hottest period,
from December to March. Mean annual precipitation in
the rainforest is probably around 3,500-4,000 mm, while
mean temperatures range from about 18°C to about 25°C
throughout the year. Minimum temperatures can
approach 0°C.

Because of the cultural importance of Mont Panié and
the high endemism rates in local fauna and flora, this area
has been protected since 1950, becoming a wilderness
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reserve in 2009 (IUCN category 1b). It is mainly covered
by rainforest lying on a special metamorphic substrate
that induces a high rate of micro-endemism. In 2010, a
rapid assessment survey (RAP) evaluated the fauna and
flora biodiversity of the Mont Panié region, listing 617
species of plants, 29 of birds, 18 of reptiles, 19 of fresh-
water fishes and crustaceans, and 23 odonates (Tron et al.
2013). Unfortunately, the RAP also confirmed the pres-
ence of exotic species such as rusa deer (Rusa timorensis
russa), feral pig (Sus scrofa), feral cat (Felis s. catus),
stray dog (Canis lupus familiaris), and rats (R. rattus and
R. exulans) (Theuerkauf et al. 2013).

The REFCOR project will examine two study areas
500 m apart (to allow for rat mobility and study site
topography): the “control area” (CA), where a rat control
program will be underway by July 2014; and the
“reference area” (RA), where there will be no rat control
(Figure 1). Rat control will begin in mid-2014 by a short
toxin-based knockdown and will thereafter involve
intensive trapping sessions over the 6 subsequent years,
together with biodiversity monitoring and experiments.
The originality of this conservation project lies in the
strong involvement of the local Melanesian community,
so the operation plan must respect their cultural beliefs
and their way of life. This is why intensive trapping will
be used in preference to poison drops. However, inten-
sive trapping is more time-consuming and labor-
intensive, and consequently the efficiency and sustaina-
bility of such a project need to be assessed.

Monitoring of Rat Populations
Our survey performed two-season-specific monitoring

of rat abundance, population structure, and diet both
before and after control as well as between seasons. Rats
were caught with the “Snap E Rat Trap” (Kness Mfg.
Co., Albia, IA, USA) on 3 distinct line-transects in RA
and CA. Thirty traps were set up every 20 m along 600-
m transects. Two trapping sessions (over 5 consecutive
nights) took place in April-May 2013 and in November-
December 2013, and several more sessions will take
place in the years to come. Traps were baited with coco-
nut chunks at sunset and checked at sunrise. Animals
caught were identified (R. rattus versus R. exulans),
sexed, aged (juvenile or adult), weighed, and measured.
Their stomachs and guts were collected for diet analyses.
We calculated an index of abundance (IA) as the number
of captures per 100 trap-nights adjusting for the corrected
number of trap-nights (Nelson and Clark 1973). We
examined for any effect by season, area (RA or CA),
night of trapping (1 to 5) on the IA, the proportion of
Rattus species, the weight and body size of adult rats.

Fruit Predation Experiment
A fruit predation experiment (Chimera 2004, Pender

et al. 2013) was carried out in both areas (CA and RA)
prior to rat control in July and November-December
2013; it will be performed again after rat control. To
assess the rate of fruit predation due to rats, ripe and intact
palm fruits were collected from two abundant species:
Burretiokentia vieillardii (BU) and Cyphophoenix alba
(CY). For each species and each area, we set up 30

experimental feeding stations on the bare ground. The
stations were all at least 50 m apart, so as to avoid any
possibility of one rat feeding over multiple stations. The
feeding stations carried a number of fruits varying with
the size of the chosen species (BU: 5 fruits, CY: 10
fruits). The fruits were put in place just before nightfall
and checked at the beginning and the end of the following
days, so as to distinguish between diurnal and nocturnal
predation. The number of fruits consumed was recorded
daily over 7 nights. Missing or nibbled fruits were
counted as consumed fruits; a feeding station with at least
one fruit consumed was considered to be predated. In
addition, 4 infrared cameras (Ambush IR Cuddeback®,
Cuddeback, Green Bay, WI, USA) were used to check for
predators other than rats. They were placed at the base of
tree trunks 50 cm from the feeding station. All the photos
were analyzed and visitors or predators were identified.
The Kaplan Meier survival curves for both species were
drawn and their estimators were compared between
seasons and areas.

Artificial Bird Nest Predation Experiment
This pre-rat-control experiment took place in both

areas (CA and RA) from September 30 to October 16,
2013, coinciding with the start of the reproduction period
for most native birds. The aim was to provide a proxy for
rat predation on bird nests respecting egg size and nest
height. Artificial nests were constructed with wire mesh
and garnished with moss, ferns, and leaves in order to
mimic real nests of a variety of native birds (from pigeons
to passerines). They were filled with 2 eggs each of 3
different sizes: large ‒ hen eggs [(Gallus gallus), 55.2
±2.5 SD × 42.7 ±0.8 SD mm]; medium ‒ quail eggs
[(Coturnix japonica) 33.9 ±1.5 SD × 25.9 ±1.5 SD mm];
small ‒ zebra finch [(Taeniopygia guttata), 15.7 ±0.5 SD
× 11.5 ±0.4 SD mm], and placed at two different heights
(on the ground and in trees 1.50 m high). Five
combinations of egg size and nest height were tested:
large egg on the ground, large egg 1.5 m high, medium
egg on the ground, medium egg 1.5 m high, and small
egg 1.5 m high. For each of these 5 combinations, in both
areas 20 nests were randomly placed 50 m apart; a total of
178 artificial nests were tested. Nests were checked at
sunrise and sunset to discern nocturnal predation from
diurnal predation over 7 days, additionally being checked
on days 11, 14, and 16 in CA. If one of the two eggs was
pierced, nibbled or had disappeared, the nest was
considered as depredated (Martin and Joron 2003). When
possible, eggs remaining were used to identify the
predators. To further identify the different species of
predators involved, 15 cameras (11 Ambush Flash
Cuddeback® and 4 Ambush IR Cuddeback®) were used.

Statistical Analysis
Generalized linear models for data with binomial

errors and Wilcoxon tests as well as fruit and nest
predation analysis were implemented with R version
2.15.3 (R Development Core Team 2013). Model
selection was based on Akaike’s information criterion for
small samples (AICc, Burnham and Anderson 2002).
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RESULTS
General Structure of REFCOR Project

Because of its complexity and its originality,
designing the project involved a lengthy process of
reflection and consultation with various stakeholders,
taking over 10 years (Figure 2). The project officially
began in 2013 with 1) the redaction of a protocol

reference document listing the main monitoring and
experiments to be implemented before and after rat
control, and 2) the rat survey, the fruit and egg predation
experiments, and insect and reptile monitoring. Once
these operations have been repeated following the rat
control, we should be able to evaluate the usefulness of
the project.

Figure 2.  Genesis and presentation of the REFCOR project’s scientific structure.
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Monitoring of Rat Populations
The rat abundance index was significantly higher in

the hot season than in the cool season in CA (W = 119, P
= 0.002) because of the high number of rats caught in CA
in December (Table 1). In December, the abundance
index was higher in CA than in RA (W = 185, P = 0.003).
Abundance decreased significantly with the night of trap-
ping in May (Z = -3.12, P = 0.002) but not in December,
where there was almost no drop. R. exulans (RE) were
less abundant than R. rattus (RR), with a proportion vary-
ing between 9% and 22%. This proportion decreased
with RR abundance (Z = -3.04, P = 0.002).

Table 1.  Population structure (Index of Abundance - IA,
proportion of Rattus exulans) and morphological data for
Rattus rattus and Rattus exulans of trapped rats.  Mean
weight (± es), mean body size (± es), sex ratio, and
proportion of juveniles for both species in Control Area
(CA) and Reference Area (RA) during cool and hot
seasons.

CA cool RA cool CA hot RA hot

Mean IA ±es 13.6 ±9.5 18.9 ±9.3 31.5 ± 5.7 13.3 ±9.0

Proportion of RE 22% 16% 9% 20%

Rattus rattus
Number 40 61 102 43

Mean Weight ±es
177.7
±23.3

174.5 ±24.6 184.9 ±36 185.4 ±35.7

Mean Size ±es 18.9 ±1.1 19.0 ±1.0 18.7 ±1.4 18.6 ±1.7

Sex ratio 0.5 1.03 1.09 0.83

% Juveniles 37% 34% 38% 52%

Rattus exulans
Number 11 12 10 11

Mean Weight ±es 76.4 ±10.5 69.8 ±9.7 90.3 ±2.3 76.5 ±23.3

Mean Size ±es 14.6 ±0.3 14.8 ±0.6 15.3 ±0.3 14.0 ±1.5

Sex ratio 1.4 0.57 1.5 1.75

% Juveniles 42% 55% 70% 82%

We recorded 137 adults of RR and 17 adults of RE.
There were too few RE to detect morphological differ-
ences by area and by season, so we only analyzed mor-
phological data for RR. There were no significant differ-
ences in adult mean weight and size between areas, nor
between males and females. However, the adult RRs
were heavier in December than in May (W = 2804, P =
0.02). The sex ratio was between 0.5% and 1.09% and
the proportion of juveniles was between 34% and 52%
(Table 1). Adult females and males showed more devel-
opment of sexual characteristics in December than in
May: in May, 1.5% of adult females were lactant as
opposed 32% in December, and adult males had bigger
testicles and epididymis in December.

Fruit Predation Experiment
Rats were the sole predators observed via the camera

traps set up during this experiment. Fruits were either
eaten on the spot or transported one by one outside the
area during the night. The fruit consumption rate differed

between tree species. Few CY fruits were consumed,
with only 27.5% of fruits eaten after 7 days, and no dif-
ference between seasons and areas was noted. For BU
fruits, consumption was high: after 7 days, 91.7% of
fruits were consumed.

When the Kaplan Meier estimators were compared
between seasons and areas, the BU survival rate for RA
was found to be significantly higher in December than in
July (Chi² = 6.3, P = 0.012) and significantly lower in CY
than in RA in December (Chi² = 11.2, P < 0.001). These
results point to the fact that the main differences in sur-
vival appear from the December data (Figure 3). When
the Kaplan Meier estimators were compared with the
index of abundance of rats in December, we found that
survival rate decreased with increasing abundance of rats.

Artificial Nest Experiment
In total, 24.2% of the nests were depredated. The 15

camera traps detected nocturnal rat visits (but no preda-
tion) and one diurnal predation by a Caledonian crow
(Corvus moneduloides). For all the nests in both areas (n
= 178), the identified predators (n = 43) were, in order of
importance, Caledonian crows (62.9%), rats (22.9%), ants
(11.4%), and pigs (2.9%) (Figure 4). Predation varied
over the 5 combinations of egg size and nest height.
Crows ate all egg sizes (mostly large eggs) at any height;
rats did not consume large eggs but only medium and
small eggs; and ants ate small eggs with thin shells. On
the first 7 days, 10 nests in CA and only 2 nests in RA
were attacked. This difference could be explained by the
fact that many eggs were preyed on by a single family of
crows in CA (pers. observ.).

DISCUSSION
Estimated rat abundances based on the number of in-

dividuals per 100 trap-nights varied from 13.3 to 31.5.
These abundances seem particularly high for a tropical
rainforest, compared with findings from other studies.
For example, in Hawaii an abundance index of roughly 8-
17 was recorded in wet forest on Maui (Sugihara 1997)
and of roughly 11-25 in wet forest on Hawai‘i Island
(Lindsey et al. 1999). On Mont Panié, rat populations
exhibit fluctuations of abundance, structure, and mor-
phometrical characteristics between areas and seasons.
More rats were caught in December during the hot
season, which is also the reproduction season as the
higher number of lactating females and the enlarged
testicles and epididymis in males indicate (Efford et al.
2006).  The difference in rat abundance between areas
was greater in December, with more rats in the future
control area than in the reference area.  This difference
remains, however, unexplained.  These fluctuations in
abundance highlight the need for preliminary studies on
population dynamics, enabling the start of control to be
programmed for a time with lower abundance and fewer
reproducers. R. rattus currently prevail over R. exulans,
accounting for 80% of the rats trapped.  However, our
results show that the proportion of R. exulans trapped
depends on the abundance of R. rattus, which means that
checks should be made for expected release effects (Caut



88

Figure 3.  Number of surviving fruits at feeding stations of Burretiokentia vieillardii over a 7-night survey for both areas
[Control Area CA (solid line) and Reference Area RA (dotted line)] and both seasons [July (black) and December (grey)].

Figure 4. Nest predation on 5 combinations of egg size and nest height, showing impact of the different kinds of predators
(crows, rats, ants, and pigs).

et al. 2007, Ruscoe et al. 2011).  Useful further steps
towards understanding rat biology and ecology would be
a diet study based on stomach contents analysis, and a
study of recolonization of the area by rats from adjacent
uncontrolled areas.

The fruit predation experiment revealed the same
pattern as for the rat population, with faster consumption
of fruits in December in CA than in RA for BU. In-

creased consumption coincided with higher rat abun-
dance. In total, only 8.3% of feeding stations remained
intact. By reducing rat abundance, therefore, we can
expect to increase fruit survival and enhance the germina-
tion recruitment process. Using a similar experiment,
Pender et al. (2013) showed that controlling rats increases
fruit survival from 0 to 73% for an endangered tree,
Cyanea superba. In the same way, Auld et al. (2010)
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reduced the impact of rats on palm trees by poisoning. In
our case, only BU is found to be a good indicator to
quantify rat predation, and more candidate species will
need to be identified, despite the inherent difficulty of
collecting large quantities of ripe fruits from high-canopy
trees.

The main purpose of the artificial bird nest experiment
was to detect differences in sensitivity to rat predation
risk according to egg size and nest height. Surprisingly,
very few eggs were eaten by rats, so that we are unable to
compare predation risk among the 5 combinations. Most
studies (see Towns et al. 2006 for a review) conclude that
rats are a highly threatening species for bird communities.
However, in a Hawaiian forest, Amarasekare (1993)
revealed that only 4% of artificial nests were depredated
by rats, and attributed these results either to low rat
presence or to a great abundance of alternative foods.
Moreover, birds’ eggs and birds have been found to be
absent from rat stomach contents in forest (Sugihara
1997, Shiels et al. 2013). In our case, the abundance of
rats was high, ruling out the low rat presence hypothesis.
However, the hypothesis of alternative food resources
could usefully be verified through a rat diet study. In
conclusion, egg predation was not found to be a good
indicator to monitor any decrease in the impact of rats on
birds on Mont Panié.

The REFCOR project is a mid- to long-term experi-
ment combining scientific research and conservation
actions to evaluate 1) the feasibility of controlling rat
populations in New-Caledonian rainforests by trapping as
an alternative to long-term poisoning, and 2) the benefits
of rat control for native biodiversity and rainforest eco-
system functioning. This project officially started in 2013
and rat control begins mid-2014. The monitoring and
experiments performed prior to commencing rat control
point to a major impact of rats on the rainforest ecosys-
tem. Further project assessment will involve the study of
rat (2 species) population dynamics, structure, and diet,
along with the monitoring of several biodiversity groups
potentially impacted by rat populations [palms, snails,
insects (particularly stick insects), wetas and crickets,
reptiles (skinks and geckos), and nesting birds]. Large-
scale trapping itself will be studied, to assess the trapping
effort required to reduce rat density to low rates and to
limit rat colonization from adjacent untreated areas. The
success of the REFCOR project will be judged not only
on recovery of biodiversity or ecosystem functioning, but
also on socio-economic or technical parameters such as
how far biodiversity monitoring operations can be trans-
ferred from scientific teams to local NGOs, or whether
the long-term trapping program is successfully imple-
mented by local NGO rangers (Lund 2014). The results
obtained will be vital both to the future of the REFCOR
project and to the genesis of other similar projects.
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Annexe 2: The email soliciting the questionnaire and presenting the goals of the study (Part A). The email was 
sent in English, French, and Spanish through weblists like Aliens-L, Pacific Invasive Initiative, Islands-L, and our 
personal networks. The questionnaire (Part B) was available on-line in English and French. 

A) 
[ENGLISH] 

 
Hello, 
We are conducting a survey about rat control operations on island natural areas in order to evaluate the costs and 
benefits of such projects in conserving island biodiversity and managing invasive rodents. This will help for the 
community to build a first general framework for rodent controls on islands. Today, rat population control is largely 
used as an alternative restoration tool to eradication when eradication is not an option (too large of an island, for 
example). Despite the fact that invasive rat control is “routinely” performed on world islands and represents a 
challenging issue for biodiversity managers, the characteristics of rat control projects on island natural areas have 
not been previously examined. The goal of our work is to help fill this knowledge gap by analyzing a large sample of 
rat control projects worldwide by quantifying motivations of control, characteristics of control sites, methods used, 
duration of control, and economic cost or efficiency of the operation. The questionnaire results will be included in a 
review.To achieve this, we will need the help of all the people who worked on rat control projects in island natural 
areas.If you are one of those, may you please answer to this questionnaire? If you know people working on rat 
control, may you relay the information to them. Your help will be essential to prioritize, orient, and design island 
biodiversity restoration efforts dealing with invasive rat control.  
Many thanks in advance. 
Quiterie DURON*, Aaron SHIELS & Eric VIDAL* 
*Institut Méditerranéen de Biodiversité et d’Écologie marine et continentale (IMBE), Aix-Marseille Université, UMR 
CNRS - IRD – UAPV, Centre IRD Nouméa - BP A5, 98848 Nouméa Cedex, Nouvelle-Calédonie 

 
 [FRENCH] 

  
Bonjour, 
Nous conduisons actuellement une étude sur les projets de contrôle de rats en milieu naturel insulaire afin d'en 
évaluer les coûts et les bénéfices pour la conservation de la biodiversité insulaire et la gestion des rats invasifs. 
Cette étude permettra aux scientifiques et gestionnaires d'établir un cadre général pour le contrôle des rongeurs 
sur les îles. Aujourd'hui, les opérations de  contrôle sont largement utilisées comme un outil de restauration 
alternatif à l'éradication quand l'éradication n'est pas envisageable (îles trop grandes par exemple). Bien que les 
contrôles de rats invasifs soient réalisés de manière routinière sur les îles de la Planète et qu'ils représentent un 
défi important pour les gestionnaires de la biodiversité, les caractéristiques des projets de contrôle de rats en 
milieu naturel insulaire n'ont pas encore été étudiées. L'objectif de notre travail est d'aider à combler ces lacunes 
en analysant un large échantillon de projets de contrôle de rats réalisés dans le monde entier. Aussi, nous 
souhaitons analyser les motivations ayant conduites à la mise en place d'un projet de contrôle des rats, les 
caractéristiques des sites choisis pour le contrôle, les méthodes de contrôle utilisées, les durées de chaque projet 
de contrôle, leur coût financier ainsi que l'efficacité de l'opération. Dans ce but, nous proposons à toutes les 
personnes ayant travaillé sur des projets de contrôle de rats en milieux naturels insulaires de répondre à 
ce questionnaire. Si cela est votre cas, nous vous invitons à y répondre. Si vous connaissez des personnes 
travaillant sur des projets de contrôle, nous vous remercions de leur relayer ce mail.  Les résultats de ce 
questionnaire seront inclus dans une synthèse qui fera un bilan de ces opérations. Votre participation est 
essentielle pour nous aider à prioriser, orienter et concevoir des opérations de contrôle efficaces et utiles pour la 
conservation de la biodiversité insulaire.  
En vous remerciant, 
Quiterie DURON*, Aaron SHIELS & Eric VIDAL* 
*Institut Méditerranéen de Biodiversité et d’Écologie marine et continentale (IMBE), Aix-Marseille Université, UMR 
CNRS - IRD – UAPV, Centre IRD Nouméa - BP A5, 98848 Nouméa Cedex, Nouvelle-Calédonie 

https://docs.google.com/forms/d/1OibWyx-Of0kvWUIVBLy5gucYZLgo9YU34-xY10Yc358/viewform?usp=send_form
https://docs.google.com/forms/d/16CsrGQfLSO-ZNrNTfJ8OTTMmNUtQusf91k3eEFVHYdQ/viewform?usp=send_form


 
[ESPAÑOL]  
 
Hola, 
Estamos realizando un estudio sobre proyectos de control de ratas en ambientes naturales en islas a fin de evaluar 
los costos y beneficios de tales proyectos en la conservación de la biodiversidad insular. Esto ayudará a la 
comunidad a desarrollar un primer marco de trabajo general para el control de roedores en islas. Hoy en día, el 
control poblacional de ratas es usado como herramienta de conservación cuando su erradicación no es una opción 
viable (por ejemplo cuando la isla es muy grande). A pesar de que el control de ratas invasoras es implementado de 
forma rutinaria en diversas islas del mundo, su aplicación correcta es un reto para quienes manejan vida silvestre y 
las características de los proyectos de control no han sido evaluadas. El objetivo de nuestro estudio es ayudar a 
cerrar los vacíos de información mediante el análisis de una muestra grande de proyectos de control alrededor del 
mundo y la evaluación de los motivos, características de los sitios, métodos, duración del control, así como costo 
financiero y eficacia de cada operación. Los resultados de las encuestas serán publicados. Para lograr esto, 
necesitamos ayuda de toda la gente que ha trabajado con control de ratas en ambientes naturales en islas. Si eres 
una de estas personas, por favor contesta este  cuestionario. Si conoces a alguien trabajando en el tema, por favor 
envía esta información.Con la ayuda de todos podremos priorizar, orientar y diseñar esfuerzos de restauración a 
favor de la biodiversidad insular a través del control de roedores invasores. 
Muchas gracias de antemano.  
Quiterie DURON*, Aaron SHIELS & Eric VIDAL* 
*Institut Méditerranéen de Biodiversité et d’Écologie marine et continentale (IMBE), Aix-Marseille Université, UMR 
CNRS - IRD – UAPV, Centre IRD Nouméa - BP A5, 98848 Nouméa Cedex, Nouvelle-Calédonie 

 
B) 
Assessment and review of rat control operation in island natural areas 
We are conducting a survey about rat control operations on island natural areas in order to evaluate the costs and 
benefits of such projects in conserving island biodiversity and managing invasive rodents. This will help the 
community to build a first general framework for rodent control on islands. Today, rat population control is largely 
used as an alternative restoration tool to eradication when eradication is not an option (too large of an island, for 
example). Despite the fact that invasive rat control is “routinely” performed on world islands and represents a 
challenging issue for biodiversity managers, the characteristics of rat control projects on island natural areas have 
not been previously examined. The goal of our work is to help fill this knowledge gap by analyzing a large sample of 
rat control projects worldwide by quantifying motivations of control, characteristics of control sites, methods used, 
duration of control, and economic cost or efficiency of the operation. To achieve this, we will ask you to answer the 
questionnaire below; your help will be essential to prioritize, orient, and design island biodiversity restoration 
efforts dealing with invasive rat control.  
BE CAREFUL: this questionnaire is only about rat control and NOT eradication. 
Many thanks in advance. 
A review paper about control operations in island natural areas will be prepared and will include this survey.  
Quiterie DURON*, Aaron SHIELS & Eric VIDAL* 
*Institut Méditerranéen de Biodiversité et d’Écologie marine et continentale (IMBE), Aix-Marseille Université, UMR 
CNRS - IRD – UAPV, Centre IRD Nouméa - BP A5, 98848 Nouméa Cedex, Nouvelle-Calédonie 
contact email : quiterie.duron@ird.fr 

 

 
 

  

mailto:quiterie.duron@ird.fr


Your information 
 Name: 
 Affiliation: 
 Job title (e.g., biologist, land manager...): 
 Email address (for any follow-up questions): 
 
Project information 
 
 Motivations of the project (you may choose more than one) 
What were the elements which motivated this control operation? 

 -to protect a special ecosystem 
- to protect endangered birds 
- to protect endangered reptiles 
- to protect endangered invertebrates 
- to protect endangered plants 
- to protect other endangered species 
- to set up a scientific experiment operation 
- to reintroduce endangered species 

 
 May you please specify your answer to the previous question? 
Which ecosystems, which species, which experiments? 
 
 What is the start date of your project? 
 
 What is the end date of your project? 
 
 What are the species of rats targeted? 

- Rattus rattus  
- Rattus exulans 
- Rattus norvegicus 
- Others 

 
 What is/are the date(s) of rat species introduction in your island/ site? 
 
 Are there other invasive species causing threat to the natural resource you are attempting to preserve? 

Yes 
No 
 

 What are these invasive species? 
 
 Do the rats pose the greatest threat? 

Yes 
No 

 
Characteristics of treated areas 
In this section, we will ask you to describe the area where you do/did your control project, hereafter named 
"treated area" 
 
 In which island and country is/was the control operation operated? 
 
 What is the name of the treated area? 



 
 Were the impact of rats assessed before rat control in this area? 

Yes 
No 

 
 If yes, how were the impact of rats assessed before rat control in this area? 
 
 Was it what triggered the decision to control rats in this area? 

Yes 
No 

 
 If not, why did you decide to control rats in this area? 
 
 What kind(s) of ecosystem do you find in the treated area? 
coastal, wet forest, dry forest, shrubland, meadows... 
 
 Is the island inhabited by humans or not? 

Yes 
No 

 
 Is the treated area inhabited by humans or not? 

Yes 
No 

 
 What is the size of the treated area? 
 
 What is the elevation (m) of the area treated? 
 
Control methods used 
Here, we would like to know which method(s) you use/used to control rats in order to draw up a report about 
the most effective methods. 
 
 What kind of control method do/did you use? 

- Poison  
- Traps 
- Other 

 
 Why do/did you choose one method rather than another? 
 
 If you use/used both poison and traps, do/did you begin with poison or with traps? 

Poison first 
Trapping first 
 

 Do/did you have two distinct phases in your control operation, one using poison and other using traps, or 
do you alternate between both methods? 

Two distinct phases 
Alternate methods 

 
Poison 
If you used poison, may you please answer to the following questions to specify your operational mode? 
 



 What kind of poison do/did you use? 
e.g cholecalciferol, brodifacoum... 
 
 What is/was the frequency of re-baiting/re-poisoning? 
 
 What kinds of bait do/did you use? 
peanut butter, oats with peanut butter, coconut etc.? 
 
 How do/did you broadcast the poison? 

- Aerial broadcast 
- Hand broadcast without bait station 
- Hand broadcast with bait stations 

 
 What is/was the space used between stations? 
 
 How many people does/did it take to conduct each re-baiting? 
 
 Do/did you quantify the number of baits removed during each period? 

- Yes, all the times 
- Yes, at the beginning of the project 
- No, none at all 

 
Traps 
If you use/used traps to control rats, may you please answer to the following questions to specify your 
operational mode? 
 
 What kind of traps do/did you use? 
 
 What is/was the frequency of resetting? 
 
 What kinds of bait do/did you use? 
peanut butter, oats with peanut butter, coconut etc.? 
 
 What is/was the space used between stations? 
 
 How many people does/did it take to conduct each trapping session? 
 
 Do/did you quantify the number of rats killed during each period? 

- Yes, all the times 
- Yes, at the beginning of the project 
- No, none at all 

 
Non target species 
The impact of rat control operations on non target species is an important issue 
 
 Do/did you assess whether there is/was a non-target species at risk before implementing the control 
operation? 

Yes 
No 

 
 If yes, which species are/were considered at risk? 



 
 How do/did you assess whether a non-target species is/was suffering from the rat control efforts? 
 
 Do/did you use special devices to avoid non target species accidents? 
e.g. bait stations, boxes for rat traps... 
 
 Does/did any non-target species suffer from the rat control efforts? 

Yes 
No 

 
 If yes, which species suffer/suffered from the rat control operation? 
 
 
People involved in the project 
 
 Are there other people/groups involved in the project besides you? 

Yes 
No 

 
If so, please list them here, indicate their affiliation (scientific laboratories, NGOs, native communities, 
volunteers...) and their role in the project (scientific support, fieldwork...) 
 
Budget of the rat control project 
 
 What was the whole budget for the project up to now? 
($US unless otherwise specified) 
 
 What is/was the budget per year? 
 
 What is/was the most expensive part of the rat control operation? 

- Material purchase 
- Personal payment 
- Travel fare 
- Other 

 
 What is the second most expensive part of the rat control operation? 
 
 What is/was the most expensive phase of the project? 

- Conception of the project 
- Preparation of fieldwork 
- Fieldwork operations 
- Evaluation and data analysis 
- Other 
 

Evaluation of the project 
 
 Do/did you monitor rat population abundance/density before and after the beginning of rat control 
operation? 

Yes 
No 

 



 If yes, which method do/did you use to assess rat population status? 
(trapping, tracking tunnels, chewing block...) 
 
 How often do/did you test whether your control efforts are/were successful at reducing rat abundance to 
a low level? 

- Monthly 
- Bi-yearly 
- Yearly 
- Never 

 
 Do/did you monitor biodiversity before and after the beginning of rat control operation? 

Yes  
No 

 
 If yes, which taxa/species do/did you monitor? 
 
 Is/did the trapping/poisoning effort assess and readjust during the control operation? 

Yes  
No 
 

 How do/did you gauge whether your control efforts are/were successful in reducing rat abundance and 
protecting biodiversity? 
 
 
Communication of the results 
 
 Have/had the results been published in peer-reviewed publication(s)? 

Yes 
No 

 
 May you please indicate the reference of your publication(s) below? 
 
 Have/had the results been published in grey litterature? 
(e.g. government reports, newsletter, magazine...) 

Yes 
No 

 
 May you please indicate the reference of these grey publications? 
 
 Did/will you present the results of the control operation to locals? 

Yes 
No 

 
 What kind of communication medium will/did you choose to present feedbacks to locals? 
simplified reports, oral presentation, discussion... 
 
Rat control operation conclusion 
 
 Do you consider your rat control operation as successful? 

Yes 
No 



 
 Why do you consider this operation as successful or not? 
 
 Now, that you have been controlling rats using your methodology, would you do anything different if you 
were to start the control efforts today? What would you do differently? 
 

 
THANK YOU FOR YOUR PARTICIPATION 
Your participation will allow us to synthethize the control practices and give advices to researcher and stakeholders 
for more successful control operations.  
We would highly appreciate if you could send us a copy of the reports and publications related to your project. 
Please send it to Quiterie DURON (email: quiterie.duron@ird.fr).  
All the participants of this survey will be cited in a synthetic publication.  
Thank you again for your participation and good luck with your projects. 
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Annexe 3 : Location, rat species targeted (Rr : Rattus rattus; Re: R. exulans; Rn: R. norvegicus; Rsp : Rattus sp), method(s) of control used (TR : trapping and PO : 

poison), and origin of the information for the 136 control projects reviewed.   

Ocean Country Island(s) Name of the area Rat species Method(s) Origin of the information 

Australasia Australia Australia Beecroft peninsula Rr TR Stokes et al. 2009 

Australasia Australia Lord Howe  Rr TR + PO Questionnaire 

Australasia Australia Lord Howe  Rr PO 
(Billing 2000; Billing & Harden 2000; Department 
of Environment and Climate Change 2007; Auld et 
al. 2010) 

Australasia Cook Islands Rarotonga  Rr PO Robertson et al. 1994, 2008 

Australasia France Futuna  Rr TR + PO Questionnaire 

Australasia France Alofi  Rr TR + PO Questionnaire 

Australasia France 
New Caledonia 
(Grande Terre) 

Dzumac Rr + Re PO Personal communication 

Australasia France 
New Caledonia 
(Grande Terre) 

Nekoro Rr + Re PO Questionnaire 

Australasia France 
New Caledonia 
(Grande Terre) 

Thoven Rr + Re TR Questionnaire 

Australasia New Zealand Big South Cap Island  Rr TR Harper 2007 

Australasia New Zealand Coppermine  Re PO Pierce 2002 

Australasia New Zealand Browns Island  Rn TR Questionnaire 

Australasia New Zealand Great Barrier Windy Hill sanctuary Rr + Re TR + PO Questionnaire 

Australasia New Zealand North Island 
Waitakere ranges 
national park 

Rr + Rn TR + PO Bellingham et al. 2009; questionnaire 

Australasia New Zealand North Island Cape Maria Rsp PO Sherley et al. 1998 

Australasia New Zealand North Island Kaharoa forest Rr PO Innes et al. 1995, 1999 

Australasia New Zealand North Island Whirinaki forest park Rr TR + PO Ruscoe et al. 2012 



Australasia New Zealand North Island Makino Rr PO Innes et al. 1995 

Australasia New Zealand North Island Mapara Rr PO 
Buckle & Fenn 1992; Innes et al. 1995, 1999; 
Basse et al. 2003 

Australasia New Zealand North Island 
Mokaihaha ecological 
area 

Rr TR + PO Ruscoe et al. 2012 

Australasia New Zealand North Island Motatau forest Rr PO Innes et al. 2004 

Australasia New Zealand North Island Whirinaki forest park Rr PO Powlesland et al. 2003 

Australasia New Zealand North Island 
Paengaroa mainland 
island 

Rsp PO Armstrong et al. 2006a, 2006b 

Australasia New Zealand North Island Pikiariki ecological area Rr TR Innes et al. 1995 

Australasia New Zealand North Island Rereahu Rsp TR + PO Armstrong et al. 2014 

Australasia New Zealand North Island Rotoehu forest Rr PO Innes et al. 1999 

Australasia New Zealand North Island Pukawa Rr TR + PO King & Scurr 2013 

Australasia New Zealand North Island Trounson kauri park Rr + Rn TR + PO Gillies & Pierce 1999; Gillies et al. 2003 

Australasia New Zealand North Island Kaimai ranges Rr TR + PO Ruscoe et al. 2012 

Australasia New Zealand North Island Waiaro sanctuary Rr TR Thomas et al. 2011 

Australasia New Zealand North Island Waikato region Rr no data King et al. 2011 

Australasia New Zealand North Island Waipapa ecological area Rr PO Murphy et al. 1998 

Australasia New Zealand North Island 
Wenderholm regional 
park 

Rr PO Clout et al. 1995; James & Clout 1996 

Australasia New Zealand North Island 
Te Urewera national 
park 

Rr TR + PO Ruscoe et al. 2012a, 2012b 

Australasia New Zealand North Island  Rr TR + PO Questionnaire 

Australasia New Zealand North Island Ohope scenic reserve 
Rr + Rn + 
Rsp 

PO Questionnaire 

Australasia New Zealand North Island Puketi forest Rr TR + PO Questionnaire 



Australasia New Zealand North Island Pouiatoa forest Rr + Rn PO Questionnaire 

Australasia New Zealand North Island Maungaharuru range Rr + Rn PO Website (1) 

Australasia New Zealand North Island Eastbourne Rsp no data Website (2) 

Australasia New Zealand North Island Maungataniwha Rsp PO Website (3) 

Australasia New Zealand North Island Ngapukeariki Rsp TR + PO Website (4) 

Australasia New Zealand North Island Otanewainuku forest Rsp PO Website (5) 

Australasia New Zealand North Island 
Otari native botanical 
garden and Wilton’s 
bush 

Rsp TR + PO Website (6) 

Australasia New Zealand North Island Port Charles Rsp no data Website (7) 

Australasia New Zealand North Island Hawke’s bay Rsp no data Website (8) 

Australasia New Zealand North Island Pukaha Mount Bruce Rr + Rn TR + PO Website (9) 

Australasia New Zealand North Island Taranaki forest Rsp PO Website (10) 

Australasia New Zealand North Island Waikawau bay Rsp TR + PO Website (11) 

Australasia New Zealand North Island Whakaangi Rsp no data Website (12) 

Australasia New Zealand North Island Whakatene Rsp no data Website (13) 

Australasia New Zealand North Island Whangarei Rsp PO Website (14) 

Australasia New Zealand North Island Pukenui forest Rr + Rn no data Questionnaire 

Australasia New Zealand Quail Island  Rr PO Bowie et al. 2011 

Australasia New Zealand South Island Landsborough valley Rr PO O’Donnell & Hoare 2012 

Australasia New Zealand South Island Rotoiti forest Rr TR + PO Moorhouse et al. 2003 

Australasia New Zealand South Island Silver peak Rr PO Schadewinkel et al. 2014 

Australasia New Zealand South Island Waimangara bush Rsp PO Starling-Windhof et al. 2011 



Australasia New Zealand South Island Eglinton Rr PO 
O’Donnell et al. 2011; Pryde et al. 2013; 
questionnaire 

Australasia New Zealand South Island Rotoiti forest Rr PO Questionnaire 

Australasia New Zealand South Island 
Abel Tasman national 
park 

Rr PO Website (15) 

Australasia New Zealand South Island Sinbad gully Rsp PO Website (16) 

Australasia New Zealand Stewart Island Halfmoon bay Rr + Rn + Re TR Website (17) 

Carribean Great Britain 
Bermudes: Nonsuch 
Island 

 Rsp no data Carlile et al. 2003 

Carribean France Martinique: Boisseau  Rr TR + PO Questionnaire 

Carribean France Martinique: Madame   Rr TR + PO Questionnaire 

Carribean France 
Martinique: Petit 
Piton  

 Rr TR + PO Questionnaire 

Carribean France Martinique: Grotte   Rr TR + PO Questionnaire 

Carribean France 
Martinique: Sainte 
Marie  

 Rr TR + PO Questionnaire 

Carribean France 
Martinique: Pointe 
pain de sucre 

 Rr TR + PO Questionnaire 

Carribean France 
Martinique: Caravelle 
Peninsula 

 Rr TR Questionnaire 

Carribean Great Britain Montserrat  Rr + Rn TR + PO Questionnaire 

Carribean Puerto Rico Culebra  Rr TR + PO Schaffner 1991 

Carribean Puerto Rico Culebra  Rr TR Questionnaire 

Carribean Puerto Rico Maria Langa islet  Rsp TR Ruiz 2014 

Indian Ocean France Europa  Rr TR Questionnaire 

Indian Ocean France Mayotte: Hajangoua   Rr TR + PO Questionnaire 



Indian Ocean France 
Mayotte: Gombé 
Ndroumé  

 Rr TR + PO Questionnaire 

Indian Ocean France La Réunion La Roche Ecrite Rr PO Salamolard & Fouillot 2012, questionnaire 

Indian Ocean France M'Bouzi  Rr TR Questionnaire 

Indian Ocean Mauritius Mauritius 
Black river gorge 
national park 

Rsp TR + PO Maggs et al. 2015 

Indian Ocean Mauritius Mauritius 
Black river gorge 
national park 

Rr + Rn TR + PO Questionnaire 

Indian Ocean Seychelles Mahé  Rr + Rn TR + PO Questionnaire 

Indian Ocean Seychelles Sainte Anne  Rr + Rn TR + PO Questionnaire 

Indian Ocean Seychelles Silhouette  Rr PO Questionnaire 

Mediterranean France Lavezzu  Rr PO Pascal et al. 2008 

Mediterranean Italia Zannone  Rr PO Questionnaire 

Mediterranean Spain Congreso  Rr TR + PO Igual et al. 2006 

Mediterranean France Pomegue   Rr TR Questionnaire 

Mediterranean France Jarre   Rr TR Questionnaire 

Mediterranean France Riou  Rr TR Questionnaire 

Mediterranean Spain Dragonera   Rr TR + PO Questionnaire 

Mediterranean Spain Vedra   Rr TR + PO Questionnaire 

Mediterranean Spain Colom  Rr TR + PO Questionnaire 

Mediterranean Spain Cabrera  Rr TR + PO Questionnaire 

North Atlantic Denmark no data  Rn PO Møller 1983; questionnaire 

North Atlantic Portugal Corvo  Rr + Rsp TR + PO Questionnaire 



North Atlantic Portugal Madeira  Rr PO 
Buckle & Fenn 1992; Zino et al. 1995; Carlile et al. 
2003; questionnaire 

North Atlantic Spain Cíes archipelago  Rr PO Carro et al. 2006 

South Atlantic Great Britain Ascension Island  Rr TR + PO Questionnaire 

South Pacific Chile 
Juan Fernández: 
Robinson Crusoe 

 
Rr + Rn + 
Rsp 

TR + PO Questionnaire 

Sub-Antarctic France Crozet: Possession  Rr TR + PO Jouventin et al. 2003 

Tropical Pacific Ecuador Galapagos: Floreana  Rr PO Cruz & Cruz 1996 

Tropical Pacific Ecuador Galapagos: Isabela  Rsp PO Fessl et al. 2010 

Tropical Pacific Ecuador Galapagos: Pinzon  Rr no data 
Rodent Workshop, Puerto Ayora (Galapagos) 
2007 

Tropical Pacific Ecuador Galapagos: Santa Cruz  Rr no data Cruz & Cruz 1996 

Tropical Pacific Ecuador Galapagos: Santiago  Rr PO Cruz & Cruz 1996 

Tropical Pacific Fidji Laucala  Rr + Rsp TR + PO Questionnaire 

Tropical Pacific France 
French Polynesia: 
Raiatea 

 Rr + Re TR + PO Questionnaire 

Tropical Pacific France 
French Polynesia: 
Tahiti 

 Rr + Re PO Blanvillain et al. 2003, questionnaire 

Tropical Pacific France 
French Polynesia: Fatu 
Hiva  

 Rr + Re PO Blanvillain et al. 2003, questionnaire 

Tropical Pacific 
Marshall 
Islands 

Enemanit Islet  Re+ Rn TR + PO Questionnaire 

Tropical Pacific Tonga Vava'u  Rr + Rn + Re PO Questionnaire 

Tropical Pacific Tonga Tongatapu  Rr + Rn + Re PO Questionnaire 

Tropical Pacific USA Hawaii, Big Island 
Hakalau forest national 
wildlife refuge 

Rr + Re TR + PO Nelson et al. 2002 

Tropical Pacific USA Hawaii, Big Island Kaupulehu preserve Rr + Re PO Cabin et al. 2000 

Tropical Pacific USA Hawaii, Big Island Saddle road kipuka Rr + Rn + Re TR Questionnaire 



Tropical Pacific USA Hawaii, Kauai 
Alakai wilderness 
preserve 

Rr + Re + 
Rsp 

TR Questionnaire 

Tropical Pacific USA Hawaii, Kauai Limahuli preserve Rr + Re TR Questionnaire 

Tropical Pacific USA Hawaii, Kauai 
Hono o Na Pali natural 
area reserve 

Rr + Re TR Questionnaire 

Tropical Pacific USA Hawaii, Kauai Kawaikoi stream Rsp TR + PO Tweed et al. 2006 

Tropical Pacific USA Hawaii, Kauai Mohihi Rr PO Snetsinger et al. 2005 

Tropical Pacific USA Hawaii, Maui Haleakala national park Rr + Rn TR + PO Carlile et al. 2003 

Tropical Pacific USA Hawaii, Maui 
Hanawi natural area 
reserve 

Rr + Re TR + PO Malcolm et al. 2008; Sparklin et al. 2010 

Tropical Pacific USA Hawaii, Maui 
Kealia pond national 
wildlife refuge 

Rr + Rn + Re TR + PO Underwood et al. 2014 

Tropical Pacific USA Hawaii, O'ahu 
Pearl Harbor national 
wildlife refuge 

Rr + Rn + Re TR + PO Underwood et al. 2014 

Tropical Pacific USA Hawaii, O'ahu 
Kahanahaiki 
management unit 

Rr + Re TR Pender et al. 2013 

Tropical Pacific USA Hawaii, O'ahu Ko’olau range Rr + Rn + Re TR + PO VanderWerf & Smith 2002; Mosher et al. 2010 

Tropical Pacific USA Hawaii, O'ahu 
James Campbell 
national wildlife refuge 

Rsp TR + PO Underwood et al. 2014 

Tropical Pacific USA Hawaii, O'ahu Waianae mountains Rr + Re TR + PO Mosher et al. 2010 

Tropical Pacific USA Hawaii, O'ahu Pahole Rr + Rn + Re no data Questionnaire 

Tropical Pacific USA Hawaii, O'ahu Kaala Rr + Rn + Re no data Questionnaire 

Tropical Pacific USA Hawaii, O'ahu Ka Iwi coast Rr TR + PO Questionnaire 

Tropical Pacific USA Hawaii, O'ahu  Rr TR + PO Questionnaire 

Tropical Pacific USA Hawaii, O'ahu 
Honolulu watershed 
forest reserve 

Rr TR + PO VanderWerf 2001; questionnaire 

Tropical Pacific USA 
Channel islands: San 
Clemente 

 Rr PO Heath et al. 2008 
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Annexe 4: Rat diet studies including at least one species of Rattus (R. rattus, R. norvegicus, R. exulans)
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Annexe 5: PERMANOVA results on the effects of various rat variables and capture session variables on relative 

volume scores of plants, invertebrates, reptiles and birds. Rat variables include species (R. rattus and R. exulans), 

age (adult, juvenile), sex (male, female) and capture session variables included four sessions of rat trapping (May 

2013, December 2013, September 2014, April 2015). Distances between each individual were calculated with the 

“gower” method. For PERMANOVA conducted on capture session variables, post hoc tests allowed conducting 

pairwise comparisons; the p values were adjusted with the Holm correction. 

 

Differences between rat species 

  d.f. SS MS F R² (%) P 

Species 1 4.034 4.034 288.89 38.63 0.001 

Residuals 459 6.410 0.014   61.37   

Total 460 10.444         

 

 

Rattus rattus 

Differences between adults and juveniles 

  
 d.f. SS MS F R² (%) P 

Age 1 0.028 0.027 1.688 0.45 0.222 

Residuals 372 6.052 0.016   99.55   

Total 373 6.080         

              
 

Differences between males and females 

  d.f. SS MS F R² (%) P 

Sex 1 0.0008 0.0008 0.051 0.014 0.844 

Residuals 372 6.079 0.0163   99.99   

Total 373 6.080         

 

Differences between the four capture sessions  

  d.f. SS MS F R² (%) P 

Session 3 0.367 0.122 7.932 6.04 0.001 

Residuals 370 5.712 0.015   93.96   

Total 373 6.080         

 



Session pairs F.Model R2 p.value p.adjusted 

May 2013 vs December 2013 0.916 0.42 0.4027 0.5328 

May 2013 vs September 2014 12.408 7.88 0.0003 0.0012** 

May 2015 vs Avril 2015 15.251 7.62 0.0001 0.0006*** 

December 2013 vs September 2014 7.588 3.94 0.0023 0.0069** 

December 2013 vs Avril 2015 10.734 4.55 0.0002 0.0010** 

September 2014 vs Avril 2015 1.427 0.93 0.2664 0.5328 

 

 

Rattus exulans 

Differences between adults and juveniles 

  d.f. SS MS F R² (%) P 

Age 1 0.029 0.029 0.96078 1.12 0.366 

Residuals 85 2.530 0.030 0.98882     

Total 86 2.559         

 

Differences between males and females 

  d.f. SS MS F R² (%) P 

Sex 1 0.091 0.091 3.1475 3.57 0.07 

Residuals 85 2.467 0.029 0.96429     

Total 86 2.559         

 

Differences between the four capture sessions  

  d.f. SS MS F R² (%) P 

Session 3 0.201 0.067 2.3558 7.85 0.069 

Residuals 83 2.358 0.028 0.92153     

Total 86 2.559         
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Abstract Native frugivores play an important role in

native plant community dynamics by participating in

seed dispersal. Today many island forests are invaded

by introduced omnivores, such as rats, but their role in

dispersing native plants is still little known. Here, we

evaluated whether native seeds from New-Caledonian

rainforests can germinate after passing through an

invasive rat digestive tract and compared seed ger-

minability and germination time between seeds

ingested by invasive rats and native frugivores. We

offered native fruits of Ficus racemigera and Fr-

eycinetia sulcata to the rats Rattus rattus and R.

exulans, three flying foxes Pteropus spp. and the

pigeon Ducula goliath. Our results showed that seeds

can germinate after passing through an invasive rat

digestive tract, and suggest that rats can disperse seeds

of both plant species. However, invasive rats may be

less efficient than native frugivores, as more seeds

were destroyed when passing through rat digestive

tracts than through native frugivores, and because

germinability was lower and germination time was

longer for seeds passing through invasive rats than

through native frugivores. The reduced efficiency of

rats may result from their generalized diet, the

structure of their digestive tract, and/or their feeding

behavior. In New-Caledonian rainforests, dispersal

services on both plant species are likely well fulfilled

by flying foxes and Ducula pigeons, but rats do not

seem to be as efficient dispersers. Consequently,

management measures to protect native frugivores

should help to conserve seed dispersal services.

Keywords Seed dispersal � Seed destruction �
Rattus � Flying foxes � Frugivorous pigeon

Introduction

Seed dispersal is a key process in plant community

dynamics as it allows species to colonize new areas

and avoid competition with siblings, predation, and

spread of pathogens (Traveset et al. 2014). Frugivo-

rous vertebrates, especially mammals and birds, play

an important role in seed dispersal (Jordano 2014).

Vertebrates disperse seeds from 70 to 94 % of all

woody species in tropical rainforests, and seeds from

65 to 74 % in subtropical humid forest (Jordano 2014).

One of the main ways for frugivores to disperse seeds

is by endozoochory, i.e. by the ingestion and excretion

of seeds. While frugivores benefit by obtaining energy
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and nutrients from the fruit pulp, endozoochory

benefits the plant by facilitating the transport of seeds

away from the parent plant location, and can also help

germination (Traveset 1998; Reid and Armesto 2011;

Jordano 2014). Passage through a frugivore’s diges-

tive tract can enhance germination success by abrasion

of the seed coat and the removal of the pulp (Barnea

et al. 1991; Traveset 1998; Jordaan et al. 2011).

Endozoochory is crucial for the dispersal of many

fleshy fruited plants (Traveset et al. 2014) and it is

recognized that these mutualistic interactions are

currently threatened by human disturbance and the

drivers of global environmental change, such as

invasive species (Tylianakis et al. 2008; Markl et al.

2012). On islands, endozoochory relations are even

more particularly prone to be disturbed by invasive

species because of the uniqueness and the low

diversity of native frugivore assemblages (Traveset

and Richardson 2006; Traveset et al. 2014).

Invasive species can affect dispersal processes

negatively by disrupting plant-seed disperser interac-

tions (Kelly et al. 2006; Traveset and Richardson

2006), or positively by compensating when native

seed dispersers are few or have disappeared (Kaiser-

Bunbury et al. 2010; Pattemore and Wilcove 2011).

For example, the efficiency of introduced birds as

native seed dispersers was already demonstrated in

Hawaiian forests (Foster and Robinson 2007), and the

capacity of invasive rats to disperse small seeds of

both native and invasive plants was studied in New

Zealand and Hawaiian forests (Williams et al. 2000;

Grant-Hoffman and Barboza 2010; Shiels 2011; Shiels

and Drake 2011). However, invasive species can

belong to groups or taxa that did not exist among

native species, in particular flightless terrestrial mam-

mals that have historically been absent from most

oceanic islands (Lever 1985; Whittaker and Fernan-

dez-Palacios 2007; Scheiner and Willig 2011) and did

not evolve together with native plant species (Nogales

et al. 2005). These two particularities may result in

lower seed dispersal performances of invasive verte-

brates versus native vertebrates. The effects of inva-

sive species on seed dispersal can be ambiguous and

our objective was to study the relative capacities of

invasive rats and native frugivores to facilitate the

dispersal process in an island system.

On islands, native vertebrate frugivores include

birds, flying foxes and many Squamata but few

terrestrial mammals (Olesen and Valido 2004;

Nogales et al. 2005). Nonetheless, most islands have

been invaded by exotic terrestrial mammals (Cour-

champ et al. 2003; Blackburn et al. 2004), some of

them being partly frugivorous like pigs, deer, rabbits

and rats. These species can strongly affect plant

communities and mutualisms directly, through preda-

tion and competition (Traveset and Richardson 2006;

Traveset et al. 2009). Invasive rats (Rattus spp.), and

particularly the Black rat Rattus rattus, even if their

diet is omnivorous and depends on seasonal resource

availability (Caut et al. 2008; Shiels et al. 2014), feed

mainly on plant material (seeds, fruits, vegetative

parts; Sugihara 1997; Meyer and Butaud 2008; Grant-

Hoffman and Barboza 2010; Shiels et al. 2012).

Invasive rats are generally considered to be seed

predators and are known for their detrimental effects

on plants (Meyer and Butaud 2008; Grant-Hoffman

and Barboza 2010; Shiels and Drake 2011), but they

may also have positive effects by acting as seed

dispersers (Williams et al. 2000; Grant-Hoffman and

Barboza 2010). When eating fleshy fruits, small seeds

may pass intact through the rat digestive tract and may

be dispersed by endozoochory (Traveset 1998; Wil-

liams et al. 2000; Bourgeois et al. 2005; Grant-

Hoffman and Barboza 2010; Shiels 2011). The length

limit of seeds reported to pass intact through the rat

digestive tract was about 2.0–2.5 mm for R. rattus and

0.11 mm for the Pacific rat R. exulans (Williams et al.

2000; Shiels 2011). However, our knowledge on the

capacity of invasive rats to participate in native seed

dispersal is still limited (Shiels and Drake 2011).

Since most of the world’s islands (82 %) are now

occupied by invasive rats (Atkinson 1985; Capizzi

et al. 2014), a better understanding of the role of

invasive rats in their host ecosystems is essential

before considering their management. In the New

Caledonia archipelago, two common invasive rats R.

exulans and R. rattus coexist in all natural areas from

sea level to 1629 m a.s.l (Beauvais et al. 2006). R.

exulans reached the archipelago 3000 years ago with

the initial Melanesian settlements, while R. rattus

arrived with European colonization about 150 years

ago (Beauvais et al. 2006). New Caledonia is listed as

one of 35 biodiversity hotspots with exceptional rates

of floral endemism that reach 83.2 % in rainforests

(Mittermeier et al. 2011; Morat et al. 2012). A study

conducted on 123 new-Caledonian rainforest tree

species revealed that 72 % have adaptations for

dispersal by vertebrates (Carpenter et al. 2003), and

Q. Duron et al.
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pinpointed the importance of conserving native fru-

givorous species to maintain dispersal processes of

endemic plants. Native frugivores on New Caledo-

nia’s main island (Grande Terre) include 47 species of

Squamata (42 gekkos and 5 skinks) (Hervé Jourdan,

personal communication), 15 species of birds (Barré

and Dutson 2000; Tassin et al. 2010), and four species

of flying foxes (Flannery 1995), and may have been

more diversified before human and rat colonization

(Balouet and Olson 1989; Balouet 1991).

Few comparisons of the effects of passage

through invasive versus native species’ digestive

tracts on seed germination have been conducted

(Nogales et al. 2005). To the best of our knowl-

edge, only one study conducted in the Cook

Islands, on Ficus prolixa, compared the differences

in native seed germination after passage through

native frugivorous (bird and flying foxes) and

invasive rat species digestive tracts (Staddon et al.

2010). Therefore, the presence of both native

frugivores (birds and flying foxes) and invasive

rats in New-Caledonian rainforest represented a

unique opportunity to test their relative effects on

seed germination. In this study, we focused on the

first steps of dispersal by endozoochory i.e. seed

survival and germination after passing through the

digestive tract, and compared these in native

frugivores and invasive rats. Our aims were to

evaluate whether seeds can survive and germinate

after passing through the invasive rat digestive tract

and to compare seed germination effectiveness

(germinability and germination time), between non

ingested seeds and seeds ingested by native frugi-

vores or invasive rats.

Methods

Fruits and seeds characteristics

Two native plant species were selected based on

morphological, ecological, and phenological criteria

and their accessibility: Ficus racemigera (Bureau,

Moraceae) and Freycinetia sulcata (Warb., Pan-

danaceae). Their fruits are known to be eaten by both

native frugivorous birds and flying foxes, as well as by

invasive rats in New Caledonia (M. Boissenin and

H.Vandrot, personal communication). Moreover, spe-

cies of the genera Ficus and Freycinetia are known to

be eaten by flying foxes (Parsons et al. 2006;

Nakamoto et al. 2009; Heer et al. 2010) and bats

(Burrows 1996) in other parts of the world. Ficus

species were also noted as the most common food

source for Ducula galeata in the Marquesas archipe-

lago (Blanvillain and Thorsen 2003) and are con-

sumed by Ducula pacifica in Tonga (McConkey et al.

2005). Ducula goliath was observed feeding on

Freycinetia arborea, a species closely related to

Freycinetia sulcata, in Mont Panié, New Caledonia

(personal observation). Seeds of both the genera Ficus

and Freycinetiawere found in R. rattus and R. exulans

stomach and caecum contents for specimens collected

in Mont Panié rainforest area, and these results

oriented our choice to study germination of these

two plant species. Ficus and Freycinetia have small

seeds (\1.5 mm) which may allow dispersal by

endozoochory by both native frugivores and invasive

rats (Williams et al. 2000; Shiels 2011; Shiels and

Drake 2011). For both species, a sample of fruits and

seeds was weighed with a precision balance Mettler

AE 240 (precision 0.1 mg), fruits were measured

using a digital caliper (precision 0.001 mm) and seeds

from binocular photography with ‘‘Image J’’ software

(Table 1).

Ficus racemigera (hereafter Ficus) is a species of

tree endemic to New Caledonia and Vanuatu, found in

dense rainforests at various elevations. The fig ‘‘fruit’’,

called a syconium, is a multiple pseudocarp, which

includes several achene fruits. Each achene is made up

of a seed surrounded by its calyx and fixed by a pedicel

to the syconium fleshy receptacle. Each fig contains

more than 300 small brown and rounded seeds (length

1.03 ± 0.89 mm; width 0.72 ± 0.84 mm). Mature

fruits, selected for their reddish color and smooth

texture, were collected in rainforest areas on Mont

Koghi (22�1003800S, 166�3003000E, 450 m a.s.l.) in

February and March 2015. Freycinetia sulcata (here-

after Freycinetia) is a hemiepiphyte native liana. Their

fruits, or berries, are gathered in a yellow scented

infructescence. Each infructescence contains more

than 1000 seeds (length 1.15 ± 0.08 mm; width

0.28 ± 0.03 mm), which are covered by a thick

mucilaginous flesh. Seeds are slightly curved with

hyaline membrane margins on each side (Stone et al.

1998). Mature fruits, distinguished by their yellow

color and their strong scent, were collected on Mont

Panié (20�3703000S, 164�4605600E, 650 m a.s.l.) in

March and May 2015.

New-Caledonian rainforest plants
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Frugivorous vertebrate species tested

We tested two groups of vertebrate disperser species

i.e. native frugivores (three species of flying foxes,

Pteropus ornatus, P. tonganus and P. vetulus, and the

imperial pigeon, or Notou, Ducula goliath), and

introduced omnivorous rodents (two invasive rat

species, R. rattus and R. exulans). P. ornatus is

endemic to New Caledonia. Adult males can weigh

570 g with body size of 23 cm (Flannery 1995). P.

tonganus is native to New Caledonia and has a large

distribution in the Pacific. Adults weigh between 530

and 710 g (Flannery 1995). P. vetulus is endemic to

New Caledonia and it is the smallest species of flying

fox of the genus Pteropus in New Caledonia, weighing

between 180 and 220 g (Flannery 1995; Brescia

2007). D. goliath is reputedly the largest arboreal

pigeon in the world and its exclusively frugivorous

regime confers an essential role as dispersal agent for

many fruit species in rainforests (Barré et al. 2003).

The feeding experiments were done on animals held in

captivity in a zoological park. For P. ornatus, we

worked with a group of five males held in a

3.4 m 9 3.1 m 9 6.2 m aviary; for P. tonganus, we

worked with one male and two females held in a

3 m 9 2.5 m 9 4.6 m aviary; and, for P. vetulus we

worked with two males and four females held in a

3 m 9 2.5 m 9 7 m aviary. For D. goliath, we did

the experiments with two males and three females,

each one being held in an individual cage of

4.9 m 9 2 m 9 1.5 m. All the animals were fed daily

in the morning by zookeepers, with fresh fruits and

water was provided ad libitum.

The two invasive rats, R. rattus and R. exulans, were

also considered. In Mont Panié area, adult R. rattus

usually weigh around 177.4 ± 30.1 g (±SD,

min = 120 g, max = 263 g) whereas adult R. exulans

weigh around 69.5 ± 12.8 g (±SD, min = 50 g and

max = 95 g). Ten adult R. rattus and four R. exulans

were live trapped from two locations in forests near

Nouméa (Ouen Toro dry forest, 22�1803600S,
166�2701600E and Koghi rainforest, 22�1003800S,
166�3003000E). Each rat was held in an 40 cm 9

33 cm 9 28 cm or 60 cm 9 41 cm 9 37 cm individ-

ual metal mesh cage with bedding material and shelter.

They were fed daily with mixed seeds and water was

provided ad libitum.

Fruit consumption trials

All the feeding trials were performed from February

through May 2015 with fresh fruits of Ficus and

Freycinetia collected the day before. Before each

feeding trial, all the cages were cleaned entirely to

remove all remains of old faeces and uneaten food, in

order to facilitate faeces collection. For native frugi-

vores, the fruits were offered at the same time as their

usual diet during their morning meal for one or 2 days

depending on the species. Fruits were offered to five

D. goliath, five P. ornatus, three P. tonganus, and six

P. vetulus. Rats were deprived of their usual food

(mixed seeds) 24 h before feeding trials to ensure that

they consumed the tested fruits. The fruits were

offered to four R. rattus and four R. exulans by

offering fruits in each cage for 2 days. Rats were

returned to their regular diet for at least 48 h between

Table 1 Summary of fruit

and seed color, size, weight,

and numbers for Ficus

racemigera and Freycinetia

sulcata. Fruits measures for

Freycinetia were made on

the whole inflorescence

Ficus racemigera Freycinetia sulcata

Family MORACEAE PANDANACEAE

Life form Shrub or tree Secondary hemiepiphyte

Fruit color Red Yellow

Fruit length (mm) 14.42 ± 1.47 (n = 33) 81.28 ± 11.1 (n = 21)

Fruit width (mm) 16.09 ± 1.85 (n = 33) 46.57 ± 7.03 (n = 21)

Fruit fresh mass (mg) 2.00 ± 0.22 (n = 25) 70.45 ± 8.6 (n = 6)

Number of seeds per fruit 329 ± 15 [1000

Seed color Brown Yellow

Seed length (mm) 1.03 ± 0.90 (n = 31) 1.15 ± 0.08 (n = 36)

Seed width (mm) 0.72 ± 0.85 (n = 31) 0.28 ± 0.04 (n = 36)

Seed mass (mg) 0.21 ± 0.04 (n = 100) 0.31 ± 0.00 (n = 90)

Seed shape Reniform Curved

Q. Duron et al.
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feeding trials. The faecal material was collected 24

and/or 36 h after consumption tests. In order to avoid

any influence on germination induction or a hypothet-

ical dormancy, faeces were stored at room temperature

and were rapidly processed for germination tests in the

24 h following collection.

Assessment of seed percent survival

Visual inspection of faeces showed us that passage

through native species digestive tracts did not destroy

seeds. Moreover, D. pacifica, a species closely related

to D. goliath, was observed defecating seeds up to at

least 26 mm in diameter (McConkey et al. 2005),

which is 20 times greater than the size of our tested

seeds. Similarly, Pteropus conspicillatus can defecate

seeds of at least 3.7 mm (Richards 1990). Conse-

quently, we assumed that 100 % of seeds ingested by

native frugivores survived. However, flying foxes also

spit out fruit pulp and some seeds after squeezing the

juice from the fruits (Banack 1998; Shilton et al.

1999). Consequently a portion of the seeds may be not

dispersed as far as the others. For invasive rats, in

parallel to the consumption trials described above, a

parallel experiment was set up to estimate the

percentage of seed survival when seeds were ingested

by the two species of rats (Williams et al. 2000; Shiels

and Drake 2011). The number of seeds offered to rats

was controlled by placing a precise number of seeds

(100 seeds forFicus and 50 seeds forFreycinetia), into

a highly palatable bait composed of a mixture of

crushed kibbles and peanut butter. This bait was

offered individually to sixR. rattus and fourR. exulans

but faeces could only be collected from five R. rattus

and two R. exulans. All the droppings were carefully

collected and inspected under a binocular microscope

Leica MZ75 (49 magnification) in order to determine

the percentages of damaged and undamaged seeds

passing through the rat digestive tract. Seeds were

considered undamaged when there was no visible

change in the seed coat after passage through the

digestive tract (Nogales et al. 2005). The removal of

the calyx for the Ficus seeds was not considered to be

damage.

Germination trials

Undamaged seeds were removed from native and

invasive species faeces and were cleaned with tap

water in order to avoid the potential effects of nutrients

coming from faeces. Then seeds were quickly placed

on water-wet cotton (humidity 100 %) in transparent

Petri dishes. Four replicates of 25 seeds each (pooled

from different individual plants and different individ-

ual animals) were tested for each treatment (Tassin

et al. 2010; De Carvalho-Ricardo et al. 2014) except

for R. exulans, for which very few seeds were obtained

from the faeces (n = 12 for Ficus and n = 9 for

Freycinetia). There were six ingested seed treatments:

R. rattus, R. exulans, P. ornatus, P. tonganus, P.

vetulus, and D. goliath. Non ingested seeds, used as a

control treatment, were manipulated in the same

manner as ingested seeds. In the case of Ficus, two

sets of control treatments were carried out: seeds

without calyx (‘‘no calyx’’ treatment) and seeds with

calyx (‘‘calyx’’ treatment). The reason for this was that

when non-ingested seeds were hand-extracted, the

seeds came with the calyx, though ingested seeds were

found without the calyx. Freycinetia seeds do not have

an individual calyx, so the second control group was

not necessary in this case. The Petri dishes were placed

in an incubator at 26.5 �C with a natural photoperiod.

Germination, defined as the emergence of 2 mm of the

primary root (De Carvalho-Ricardo et al. 2014), was

checked daily with a binocular microscope Leica

MZ75 (4x magnification). Germination was moni-

tored 15 days after sowing for Ficus and after 49 days

for Freycinetia.

Statistical analysis

Seed percent survival was compared between rat and

seed species with Chi-square tests for homogeneity

with Yates’ continuity correction. Concerning germi-

nation data analysis, for each Petri dish, the percentage

of seeds that had germinated (‘‘germinability’’) at the

end of germination monitoring was calculated. Ger-

mination times were also measured. The ‘‘date of

germination start’’ was noted as the day when the first

seed had germinated in a Petri dish, and ‘‘T5000

corresponded to the number of days required to reach

50 % germination of the total number of sown seeds.

We assessed whether the germinability varied

according to the different treatments using General-

ized Linear Models (GLMs, quasibinomial family to

account for over- or under-dispersion). We used a Chi-

square test to assess the significance of the deviance

change between the null model and the model with the
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‘‘treatment’’ variable. GLMs were performed initially

on data when grouped into four categories of treat-

ments: controls (with and without calyx), invasive rats

(R. rattus and R. exulans), native pigeons (D. goliath)

and native flying foxes (P. ornatus, P. tonganus, and

P. vetulus). Secondly, all treatments were compared

by pairs using post hoc Tukey’s tests, with the Holm

correction (Aickin and Gensler 1996).

The germination times for each treatment were

analyzed using Generalized Additive Models (GAMs)

with the proportion of seed germinated as a response

variable and quasibinomial errors to account for over-

or under-dispersion. Seed germination is not a linear

function of time so we fitted change in number of seeds

germinated with time using a thin plate regression

spline (Wood 2006).We set the spline basis dimension

‘k’ to 6 to limit the complexity of the splines and

prevent overfitting. GAMmodel predictions were then

used to calculate the T50 of each treatment. All

analyzes were performed under R Version 3.1.2 with

packages multcomp and mgcv.

Results

Assessment of seed percent survival

Visual inspections of faeces showed that 100 % of

seeds were undamaged after passing through native

frugivore guts. By contrast, the seed survival results

showed that the invasive rats destroyed a large

proportion of the seeds that they ingested. For Ficus,

the percentage of intact seeds passed through the R.

rattus’ digestive tract averaged 30.6 ± 13.5 % (±SD,

n = 5) and was significantly higher than the percent-

age of intact seeds that passed through R. exulans:

14 ± 1.4 % (±SD, n = 2, v2 = 7.02, df = 1,

p = 0.008). For Freycinetia, 30 ± 19.0 % (±SD,

n = 5) of seeds were found intact in R. rattus faeces

and only 16 ± 2.8 % (±SD, n = 2; v2 = 4.77,

df = 1, p = 0.029) in R. exulans faeces. No difference

in survival rates was recorded between Ficus and

Freycinetia species (v2 = 0.014, df = 1, p = 0.905).

Germinability

The low number of seeds (n = 12 for Ficus and n = 9

for Freycinetia) found in R. exulans faeces did not

allow comparison of germinability and germination

time with other treatments, so the R. exulans data were

excluded from the statistical analysis of separate

species. When analyzes were performed on treatment

category, R. exulans data were grouped with R. rattus

data in the ‘‘invasive rats’’ group.

For Ficus, the Chi-square test conducted in GLM

results showed the existence of a significant effect of

the treatment category, i.e. a difference in germinabil-

ity among controls, native pigeons, native flying foxes

and invasive rats (deviance explained by the model:

6.69 %, p\ 0.001). Seeds passing through native

flying foxes (Pteropus spp.) had a higher germinability

than those passing through invasive rats (p = 0.012).

However, no difference in germinability was recorded

between invasive rats and the control treatments

(p = 1) nor with native pigeons (D. goliath,

p = 0.140). When all treatments were compared

(Table 1a; Fig. 1), control seeds with calyx had lower

germinability than control seeds without calyx

(p = 0.013). Control seeds with calyx also had lower

germinability than seeds ingested by Ducula goliath

(p = 0.004), Pteropus ornatus (p = 0.005), P. ton-

ganus (p = 0.005) and P. vetulus (p = 0.005). How-

ever, no significant difference was registered between

control seeds with calyx and R. rattus (p = 0.355). For

R. rattus, if we take into account the seed percent

survival after gut passage, only 27 % of ingested seeds

are likely able to germinate.

For Freycinetia, the Chi-square test conducted in

GLM results also showed the existence of a significant

effect of the treatment category on the germinability

(deviance explained by the model: 24.8 %,

p\ 0.001). Seeds ingested by invasive species (i.e.

Rattus spp.) had a 50 % lower germinability than those

ingested by native pigeons (p\ 0.001), native flying

foxes (p\ 0.001) and the control seeds (p\ 0.001).

However, there was no difference between seeds

ingested by native pigeons or native flying foxes and

the control (p = 0.191 and p = 0.086 respectively).

When regarding native species, seeds ingested by D.

goliath had a higher germinability followed by P.

vetulus and P. tonganus. In contrast, P. ornatus

treatment had the lowest germinability among native

species (Table 1b; Fig. 1). Seeds ingested by R. rattus

and P. ornatus had lower germinability than control

seeds (p\ 0.001 and p = 0.006 respectively). Seeds

subjected to R. rattus treatment had lower germinabil-

ity than those subjected to D. goliath (p\ 0.001), P.

tonganus (p\ 0.001) and P. vetulus treatments
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(p\ 0.001). For R. rattus, if we take into account the

seed percent survival after gut passage, only 12 % of

ingested seeds are likely able to germinate.

Germination time

First germinations of Ficus seeds were registered

2 days after sowing for seeds subjected to passage

through D. goliath whereas seeds subjected to R.

rattus treatment began to germinate 5 days after

sowing (Table 2a; Fig. 2). The last germination was

recorded on day 13 for the control without calyx

treatment. T50 (number of days required to reach

50 % of the total number of sown seeds) differed for

all treatments (Table 2a; Fig. 2). Whereas seeds

ingested by native species germinated quickly

(4.35\T50\ 5.65 days), seeds ingested by R. rattus

reached T50 about 3 days later (T50 = 8.25 days,

Table 2a).

First germinations of Freycinetia seeds were reg-

istered 15 days after sowing for seeds ingested by D.

goliath, P. ornatus and P. vetulus, whereas seeds

ingested by R. rattus began to germinate on day 20

(Table 2b; Fig. 3). The last germinations were

recorded on day 40 for R. rattus and Pteropus spp.

treatments (Table 2b; Fig. 3). For the native species

treatments, the smaller T50 s were recorded for P.

vetulus (T50 = 19.95 days), followed by D. goliath

(T50 = 20.22 days), and the control treatment

(T50 = 22.36 days, Table 2b). As only 39.7 % of

seeds have germinated with R. rattus treatment, the

T50 was not estimated.

Discussion

Our results suggest that both native frugivorous

vertebrates (D. goliath and Pteropus spp.) and intro-

duced rodents (Rattus spp.) are potential dispersers of

Ficus racemigera and Freycinetia sulcata seeds.

However, seed dispersal by invasive rats is likely less

efficient than by native frugivores as (1) more seeds

were destroyed when passing through rats’ digestive

tracts than native frugivores’, (2) germinability was

lower for seeds passing through rat digestive tracts

than native frugivores’ and (3) T50 was longer when

seeds were eaten by rats than by native frugivores.

These results are consistent with other studies, which

showed that invasive dispersers may be not as

effective as native dispersers. For example, in the

Canary Islands, invasive vertebrate frugivores defe-

cated more damaged seeds of Rubia fruticosa than

natives and fewer seeds germinated (Nogales et al.

2005). Invasive rats were found to be less effective

than native species in dispersing Ficus prolixa in the

Cook Islands (Staddon et al. 2010). This may be

explained by the fact that, especially on islands, non-

native seed dispersers generally have a more generalist

and opportunistic diet than many native species, which

are more specialized and so adapted to disperse native

plant species (Aslan et al. 2012).

Differences in seed percent survival, germinability

and germination time, may occur because of frugivore

morphology and behavior, or from fruit and seed

characteristics (Traveset 1998). First, vertebrate’s

body size determines the size of seeds that can pass

Fig. 1 Germinability (%

mean ± 1SD) of Ficus

racemigera and Freycinetia

sulcata seeds according to

the following treatments:

controls (i.e. non-ingested

seeds: CN control without

calyx, and CC control with

calyx), introduced

omnivorous rodents: RR R.

rattus, and native

frugivorous species (DG

Ducula goliath, PT Pteropus

tonganus, PO P. ornatus and

PV P. vetulus). Within a

plant species, means sharing

the same letter are not

significantly different

(p[ 0.05)
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intact through its digestive tract (Traveset 1998;

Pérez-Méndez et al. 2015). Rats are smaller than

flying foxes or imperial pigeons, and this difference

may partly explain the lower percent survival for seeds

in the rat treatment. The size limit for seeds passing

intact through the digestive tract is reported to be

2.0–2.5 mm for R. rattus and 0.11 mm for R. exulans

(Williams et al. 2000; Shiels 2011) whereas a limit of

Table 2 Germinability (%, mean ± SE) for each treatment

and significant differences between treatments, day of first

germination, and T50, i.e. number of days required to reach

50 % of the total number of sown seeds; for a) Ficus

racemigera and b) Freycinetia sulcata

Treatment Germinability (%) Day of first germination T50 (days)

(a)

ControlN (CN, n = 6) 99.0 ± 0.01/CC* 4 6.04

ControlC (CC, n = 5) 75.0 ± 4.6/CN*, DG**, PO**,PT**, PV** 4 7.58

R. rattus (RR, n = 4) 88.0 ± 3.4 5 8.25

P. ornatus (PO, n = 4) 96.0 ± 2.0/CC** 2 5.65

P. tonganus (PT, n = 4) 98.0 ± 1.4/CC** 3 4.06

P. vetulus (PV, n = 4) 98.0 ± 1.4/CC** 3 4.10

D. goliath (DG, n = 4) 97.0 ± 1.7/CC** 4 4.56

(b)

Control (CN, n = 5) 94.4 ± 2.1/PO**, RR*** 17 22.36

R. rattus (RR, n = 5) 39.7 ± 4.6/DG***, PT***, PV***, PO***,CN*** 20 70

P. ornatus (PO, n = 4) 78.0 ± 4.2/DG**, RR***, PT., PV*, CN** 15 23.16

P. tonganus (PT, n = 5) 91.2 ± 2.5/PO., RR*** 18 26.21

P. vetulus (PV, n = 4) 93.0 ± 2.6/PO*, RR*** 15 19.95

D. goliath (DG, n = 4) 98.0 ±1.4/PO**, RR** 15 20.22

Treatment initials are used to indicate when a significant difference exists between treatments and the number of * indicates the

degree of significance (.: p = 0.05; * p\ 0.05; ** p\ 0.01; *** p\ 0.001). Controls (non-ingested seeds) are denoted as ControlN

when calyx was removed and ControlC when calyx was left

Fig. 2 Cumulative

proportion of seeds (%)

germinated of Ficus

racemigera according to the

treatment. Control CN

control without calyx and

Control CC Control with

Calyx
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3.7 mm has been noted for a species of flying fox

(Pteropus conspicillatus) (Richards 1990). In our case,

Ficus and Freycinetia seeds were about 1.0–1.15 mm

which might explain the lower survival of seeds from

rat treatment, particularly for R. exulans. Second,

small ground-dwelling mammals, flying foxes, and

birds differ in the structure of their digestive tracts, and

seed survival and germination may be affected differ-

ently throughout the digestive process, from ingestion

to excretion (Traveset 1998). For example, invasive

rats can destroy seeds by chewing themwith their teeth

before swallowing fruit fragments, whereas birds do

not have teeth and usually swallow the whole fruit

without mastication. Moreover, seed retention time in

the digestive tract can influence the seed coat because

the greater the retention time, the greater the mechan-

ical and chemical abrasion to the seed coat which can

lead to variable germination efficiency (Barnea et al.

1991; Traveset 1998). Seed retention times were noted

to range from 12 to 45 min to several hours for some

other species of the genus Pteropus (Funakoshi et al.

1993; Shilton et al. 1999; De Carvalho-Ricardo et al.

2014). According to the fruit species ingested seed

retention time went from 37 to 181 min in a New

Zealand frugivorous pigeon, Hemiphaga novaesee-

landiae, (Clout and Tilley 1992; Wotton et al. 2008),

and would be about 30 min for a New-Caledonian

dove, Ptinolopus greyii, when eating Ficus spp.

(Boissenin et al. 2006). By contrast, it is reported to

range from 12 to 48 h for rats (Perrin and Maddock

1983; Sakaguchi et al. 1987). The longer time passed

in the rat digestive tract may lead to an excessive seed

chemical abrasion, which may explain the lower seed

germinability (Traveset 1998).

In our experimentation, germinability differences

between native and invasive treatments were higher

for Freycinetia sulcata than for Ficus racemigera. As

noted by Traveset (1998), a frugivorous species can

have different effects on seed germination depending

on fruit and seed traits, such as size, shape, pulp

consistency, seed coat thickness, etc. Seeds with high

permeability and a thin coat may germinate more

rapidly thanks to faster water absorption (Traveset

et al. 2008). Freycinetia seeds have thicker coats than

Ficus (personal observation) which may explain why

the first germination was on day 15 for Freycinetia and

on day 2 for Ficus. For Ficus, a higher germinability

was observed when seeds were ingested or when the

calyx was removed. In other Ficus species, the effect

of seed passage through various vertebrates (primates,

bats and birds) has also generally been enhancement of

germination (Traveset 1998). Likewise, regarding

morphological features of Freycinetia fruits, the

hypothesis that seeds need to be released from the

mucus sheath through ingestion by frugivores is a

possibility, but, to the best of our knowledge, it has

never been experimentally demonstrated before.

When compared with non-ingestion of seeds and

ingestion by flying foxes, ingestion by the native

imperial pigeon (Ducula goliath) seemed to better

Fig. 3 Cumulative

proportion of seeds (%)

germinated of Freycinetia

sulcata according to the

treatment
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enhance germination for Freycinetia. By contrast, for

Ficus, the native pigeons did not have a greater

facilitative effect than when no ingestion or ingestion

by flying foxes occurred. The effects of birds on

germination are variable according to seed species,

sometimes enhancing and other times inhibiting

germination, whereas no influence of ingestion by

flying foxes on seed germinability has been reported

(Traveset 1998). However, flying foxes and frugivo-

rous pigeons are recognized to play an important role

in seed dispersal, as they can allow seeds to germinate

far from the mother plant (Galindo-Gonzalez et al.

2000; Olesen and Valido 2004; Nakamoto et al. 2009).

Ficus is a key genus for flying foxes; for example,

Pteropus dasymallus in Japan consumed nine different

species of Ficus (Nakamoto et al. 2009), and Pteropus

conspicillatus in Australia ate 13 different species of

Ficus (Parsons et al. 2006). Ficus species were

frequently eaten by Pteropus conspicillatus in a study

conducted in the Australian wet tropics (Parsons et al.

2006). In the Cook Islands, native pigeons and doves

appeared to be the most effective native dispersers of

Ficus prolixa (Staddon et al. 2010) and Ducula

galeata fed principally on fruits of Ficus in the

Marquesas archipelago (Blanvillain and Thorsen

2003). Likewise, Ficus racemigera may be well

dispersed by native Pteropus spp. and Ducula goliath

in New Caledonia. Almost no information on Fr-

eycinetia germination or dispersal is known except

that Freycinetia spp. can be dispersed by bats (Van

Der Pijl 1957; Lord 1991) and thatDucula goliathwas

observed feeding on Freycinetia arborea in Mont

Panié (personal observation), a Freycinetia sulcata

closely related species.

Seed survival and germination are just two of many

required steps for the development of a new plant

individual. Another important condition is that ani-

mals have to defecate in suitable sites for germination

(Calviño-Cancela 2004). To avoid competition, it is

better for seeds to be taken away from the mother tree.

Ducula pigeons and flying foxes help fulfill this

condition by travelling long distances. In New Cale-

donia, Boissenin and Brescia (2014) showed that by

night P. ornatus and P. tonganus equipped with

satellite transmitters can fly distances between 8 to

15 km, from their day roosts to feeding areas. In

contrast, rats are territorial and do not travel long

distances (Bramley 2014; Ringler et al. 2014). On an

island in the Indian Ocean, spool-line experiments

showed that R. rattus made trips from 63 to 192 m

inside the forest (Ringler et al. 2014). In a New-

Caledonian rainforest, spatially explicit capture-re-

capture analyzes showed that R. rattus and R. exulans

home ranges vary from 0.41 to 1.34 ha (Duron et al.

unpublished results). These results suggest that inva-

sive rats are not able to disperse seeds as far as native

species. However, small movements may still help

plants to avoid competition with siblings and, spread

of pathogens and may allow colonization of treefall

gaps (Traveset et al. 2014).

In view of these elements, invasive rats do not seem

to be efficient dispersers when native pigeons and

flying foxes are still present. Moreover, some species

of passerines and Squamata are frugivorous or partly

frugivorous and may play a disperser role in the

rainforest, but very little is actually known. Nonethe-

less, the question of the importance of rats in the

dispersal process is crucial as invasive rat populations

are more and more subject to management operations

i.e. eradication (complete removal) or control (rat

population reduction). In New Caledonian rainforest,

dispersal services for both species studied seem well-

fulfilled by native flying foxes and imperial pigeons.

However, flying foxes and imperial pigeons are

popular game species in New Caledonia, and their

populations are globally considered as decreasing

(Mickelburgh et al. 1992; Barré and Dutson 2000;

Brescia 2007). Low population densities i.e. less

competition between individuals can lead to a cessa-

tion of dispersal function (McConkey and Drake

2006). If native dispersers’ populations become small

or disappear entirely, the role of invasive rats in seed

dispersal may become more important (Staddon et al.

2010).

In New Caledonia, an assessment has been under-

taken to determine whether controlling invasive rats

would be beneficial for native biodiversity. Studying

the trophic interactions and functional roles of inva-

sive rats before making decisions about their manage-

ment is crucial in order to avoid causing undesirable

changes in the ecosystem (Zavaleta et al. 2001).

Today, controlling rats in New Caledonia does not

seem to pose a threat to essential seed dispersal

services. Assuming that fruit resources may be

limited, controlling rats may reduce competition with

native frugivores. In some studies, a decrease in

competition was hypothesized to foster seed dispersal

(Bourgeois et al. 2005; Chimera and Drake 2010;
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Shiels 2011; Jordaan et al. 2011), but to the best of our

knowledge, this has not been demonstrated. Moreover,

in some cases, competition may reduce seed dispersal

by reducing the necessity of longer travels for animals

to find food (McConkey and Drake 2006; McConkey

and O’Farrill 2016). Consequently, it is difficult to

predict the effect of rat control on seed dispersal.

Stringent management measures to protect native

frugivores should be reinforced in order to maintain

frugivore populations at high densities, in order to

ensure continuing seed dispersal services.
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velle-Calédonie. Institut Agronomique néo-Calédonien
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34:179–221. doi:10.5252/a2012n2a1

Nakamoto A, Kinjo K, IzawaM (2009) The role of Orii’s flying-

fox (Pteropus dasymallus inopinatus) as a pollinator and a

seed disperser on Okinawa-jima Island, the Ryukyu

Archipelago, Japan. Ecol Res 24:405–414. doi:10.1007/

s11284-008-0516-y

Nogales M, Nieves C, Illera JC et al (2005) Effect of native and

alien vertebrate frugivores on seed viability and germina-

tion patterns of Rubia fruticosa (Rubiaceae) in the eastern

Canary Islands. Funct Ecol 19:429–436

Olesen JM, Valido A (2004) Lizards and birds as generalized

pollinators and seed dispersers of island plants. Ecol Insul

Ecol Cabil Insul Palma Asoc Espanola Ecol Terr 229–249

Parsons JG, Cairns A, Johnson CN et al (2006) Dietary variation

in spectacled flying foxes (Pteropus conspicillatus) of the

Australian Wet Tropics. Aust J Zool 54:417–428. doi:10.

1071/ZO06092

Pattemore DE, Wilcove DS (2011) Invasive rats and recent

colonist birds partially compensate for the loss of endemic

New Zealand pollinators. Proc R Soc B Biol Sci

rspb20112036
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Annexe 6: Mean distances (± se) of trapped rats from the edge of control area during the four control sessions. The grey dotted 

line represents the mean distance of the 209 traps to the edge of control area. When histogram bars are under the grey line, 

rats were captured closer to the edge than the mean.  

 

a) May 2015 

 

b) July 2015 

 



c) September 2015 

 

d) November 2015 
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Annexe 7: Distances (in meters) travelled between the rat home range centers in CMR area and their recapture in the removal 
area for 27 individuals and mean (± se) of distances travelled according to species, sex and age . 

 

 
  

Species Sex Age ID rat Distance (m) Mean (±se) per group

Adult 09806 16.4 16.4 ± 0.00

10271 76.97

10310 39.55

09830 50.15

09946 203.78

10142 160.96

09720 68.46

09846 99.41

09945 59.97

09998 33.33

09999 76.1

10074 79.51

10092 44.01

10577 52.19

09955 196.23

10044 148.51

10341 46.24

10491 189.07

09917 82.46

09979 67.36

10036 41.79

10233 38.09

10250 141.44

10259 13.08

10401 81.31

10433 96.88

10598 93.42

Adult

R. exulans

Female

Male

Juvenile

Adult

Adult

Female

R. rattus

Male

Juvenile

58.26 ± 26.46

138.30 ± 79.28

64.12 ± 21.24

145.01 ±  69.12

72.87 ±  38.15
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