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Abstract In most studies about ant communities,

species are grouped into competitive hierarchies where

top dominants drive the majority of other species away

from resources. Nevertheless, in some ecosystems high

ground temperatures may disrupt this hierarchical

organization. Other changes in community structure

are caused by the arrival of invasive ant species, which

rapidly disassemble local communities. We studied the

effects of competition and temperature on ant commu-

nity organization on Surprise Island (New Caledonia).

Four different habitats were distinguished: a central

plain, a sea shore Argusia shrubland, a dense Scaveola

shrub, and an arboreal Pisonia strata. Eight ant species

were identified from pitfall traps (seven introduced

and only one native species, Pheidole oceanica).

Ant assemblages in each habitat had a different

ecologically dominant species, and a dominant species

in one habitat could be non-dominant and less abun-

dant in another. From interactions at baits, we built a

competitive hierarchy where the top dominant species

was the native Ph. oceanica. Daily foraging activity

rhythms of the different species mostly overlapped.

The relationship between bait occupation and ground

temperature followed a negative linear pattern at all

sites and for most species, except for the relatively

thermophilous Monomorium floricola. Indices of

co-occurrence in pitfall traps indicated that species

co-occurred randomly with respect to one another.

Conversely, species appeared to be segregated when

we examined co-occurrence at baits at the sites where

Ph. oceanica was abundant. Oceanic islands are very

susceptible to alien species, but on Surprise Island it

seems that the sole native species dominates in some

habitats when confronted by invasive species.

Keywords Exotic species � Biotic resistance �
C-score � Formicidae � Pheidole oceanica �
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Introduction

Oceanic islands may be regarded both as open sky

laboratories for studying biological attributes of

species (Brandao and Paiva 1994), and as model

systems for understanding how biological invasions

affect community structure and ecosystem function
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(O’Dowd et al. 2003). Many examples illustrate the

impact of alien arthropods on native arthropods on

oceanic islands (Gillespie and Roderick 2002); indeed,

the success of alien species on oceanic islands is

considered one of the classic observed patterns in

ecology (Herben 2005 and references therein). Ants

are among the most studied animals from island

ecosystems and have frequently been model organisms

in developing current ecological theory (MacArthur

and Wilson 1967; Simberloff 1969, 1976; Herben

2005). Before human intervention, ants were relatively

poor dispersers across oceanic islands, but they have

evidently been introduced by human travel from native

ranges scattered throughout the Old and New Worlds

(Suarez et al. 2005; Ingram et al. 2006). Because of

their great success and ecological dominance, ants are

also among the worst invasive species, being partic-

ularly harmful in the island ecosystems (see examples

in Kenis et al. 2009). Pacific archipelagoes abound

with ants of many species, but most of them have

evidently been introduced by humans (Wilson and

Taylor 1967a; Lester et al. 2009; Rizali et al. 2010) and

are tramp species according to Passera’s (1994)

criterion: i.e., they are invasive species with a world-

wide distribution, small worker size, polygyny, omni-

vory, and unicoloniality. A potential factor that

facilitates the invasion of oceanic islands is that many

of these tramp species can survive in very marginal or

highly disturbed habitats, and so can exist on relatively

small islands (Morrison 1996a, b).

Invasive ant species pose serious threats to com-

munity structure and ecosystem function worldwide,

not only because they reduce biodiversity but also

because they rapidly disassemble communities and, as

a result, alter community organization among the

species that persist (Sanders et al. 2003). While many

recent studies focus on how biodiversity may influ-

ence susceptibility to invasion, much less attention

has been given to the importance of abiotic suitability.

At small spatial scales, abiotic variability seldom

receives attention as a factor influencing the commu-

nity’s vulnerability to invasion (Holway et al. 2002a;

Menke and Holway 2006). This seems surprising

given that abiotic heterogeneity and species-level

differences in environmental tolerances are often

emphasized as factors promoting coexistence among

interspecific competitors (Cerdá et al. 1997, 1998;

Chesson and Huntly 1997; Menke and Holway 2006;

Wittman et al. 2010). Interspecific competition has

long occupied a pre-eminent position among factors

affecting composition and diversity of natural ant

communities (Fellers 1987; Andersen 1992; Cerdá

et al. 1997; but see Ribas and Schoereder 2002;

Andersen 2008). In very dissimilar environmental

conditions throughout different regions of the world,

strongly competitive ants behave similarly by exclud-

ing other potential competitors from their territory and

reducing the foraging success of subordinate species

(Savolainen et al. 1989; Andersen 1992; Bestelmeyer

2000; Lester et al. 2010). Otherwise, communities in

different regions would vary in the extent to which

specific invasive species establish, because of dispar-

ities in the competitive ability of their constituent

species (Thomas and Holway 2005). However, few

ecological studies have attempted to test how the

competitive ability of the resident biota might interact

with abiotic suitability to affect invasion success (but

see Holway et al. 2002a; Thomas and Holway 2005;

Menke and Holway 2006; Menke et al. 2007).

The main objective of this study was to understand

the patterns of community organization on a very

small Pacific island (Surprise Island, New Caledonia)

and how this structure could be affected by compe-

tition or abiotic environment (temperature). The

previous history of ant communities on Surprise

Island is unknown, and we aimed to capture an

ecological snapshot of these communities. Surprise

Island is an ideal location for this work because all but

one of the species are exotic, and, owing to its small

size, we could complete sample both the ant assem-

blages and the entire environmental spectrum. The

specific objectives of this study were (1) to identify

ant assemblages and to estimate the importance of

native and exotic species in the different habitats; (2)

to analyze the effects of temperature on foraging

ecology of the different ant species in these environ-

ments; (3) to test how temperature (abiotic factor) and

competition (biotic factor) affected the ant community

structure on Surprise Island, and whether temperature

influenced the outcome of interspecific interactions.

Materials and methods

Study area

Surprise Island is an uninhabited coral atoll of 24 ha

(400 9 800 m) belonging to the archipelago of
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Entrecasteaux reef. It is situated in the Pacific Ocean

130 miles (230 km) off the northern part of New

Caledonia mainland ‘‘Grande-Terre’’ (Fig. 1). The

climate is tropical, tempered by trade winds. Mean

temperature is 25.8�C with a minimum in August

(16.4�C) and a maximum in February (35.2�C). Aver-

age annual rainfall is 750 mm, with a minimum in

September and a maximum in March (CTRDP 1987).

Four distinct vegetation zones can be distinguished

on Surprise Island (Fig. 1 and Electronic Supplemen-

tary Material Fig. ESM_1): (1) a ring of shrubs around

the island with two dominant species, Argusia argen-

tea and Suriana maritima of 1–3 m height (Argusia or

ARG hereafter); (2) an arboreal strata with one tree

species, Pisonia grandis, of 3–10 m height (Pisonia or

PIS); (3) a dense monospecific patch with the bushy

shrub Scaevola sericea of 1–3 m height (Scaevola or

SCA); and (4) a central plain with different short plant

species (e.g. Graminae, Compositae, Portulaceae) (La

Plaine or LP). More details about vegetation can be

found in Caut and Angulo (2009).

In 2003, a preliminary survey of ant species was

carried out to identify ant species and their abun-

dances in each habitat with extensive pitfall sampling

throughout the island (see methods in Caut and

Angulo 2009). This allowed one representative plot

of 30 9 30 m to be chosen in each habitat, to study

ant communities (Fig. 1).

Pitfall trapping methods

The remoteness of the island, the difficult sea

conditions during much of the year (i.e., cyclones),

and the difficulties in transporting water, food and

equipment to this isolated oceanic island restricted

survey length and methods that were employed for

the assessment of fauna. An ant survey was con-

ducted during 10 days in November 2004 in a plot in

each vegetation type. To sample ant presence and

abundance within each site, 24 pitfall traps were

regularly placed in a square of 30 9 30 m with 5 m

spacing between traps. Pitfall traps were 6 cm-

diameter and 7 cm-deep plastic vials partially filled

with water and soap. They were placed on the ground

during 24 h. Each habitat (one plot per habitat) was

sampled on 1 day. The content of pitfall traps was

preserved in 70% ethanol and analyzed in the

laboratory to the species’ level (identifications were

confirmed by Hervé Jourdan, IRD, Nouméa, New

Caledonia, and Jacques H. Delabie, CEPEC-CE-

PLAC, Itabuna, Brazil).

Community parameters

To describe the structure of each ant community, the

components of species diversity (H), species richness

(S) and evenness (E) were estimated for each site

from pitfall traps. The Shannon diversity index

(H) was estimated as: H = -
P

(pi loge pi), where

pi is the proportion of workers of the ith species in

traps during the period of time considered. The Pielou

evenness index (J) was estimated as: J = H/ln S,

where S is species richness and H is the Shannon

diversity index. Evenness value ranges from 1 when

all species are equally abundant to 0 when all

individuals in the sample belong to the same species.

To estimate the true number of species in each

habitat (total ‘‘expected’’ species), a sample-based

randomization (re-sampling) procedure from Esti-

mateS (Colwell 2006) was used: we computed

species accumulation (rarefaction) curves, with the

expected richness function Mao Tau and their 95% CI

curves (Colwell 2006). We computed sample-based

rarefaction curves from empirical data of 23, 24, 22

or 21 pitfalls of LP, ARG, PIS or SCA, respectively

(in LP, PIS and SCA some pitfall contents were

emptied by rats or birds), sample order was random-

ized 50 times.

Foraging ecology of species: bait observations

Although ant species were readily distinguishable in

the field, samples of all species were taken back to

Fig. 1 Map of Surprise Island, Entrecasteaux Reefs, New

Caledonia, showing the four distinct vegetation zones and the

sampling plots
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the laboratory and sent to taxonomists to confirm

identification. Ant foraging activity was measured at

baits during the course of 1 day in each habitat. Baits

are an exceptionally rich food source useful to

establish the daily rhythms of species (Cros et al.

1997). Eighteen pairs of baits were laid regularly over

each study site. Baits were small plastic spoons with

two different large food rewards (water-diluted honey

and peanut butter). Each pair of baits (honey and

peanut butter) was inside a box (transparent plastic

container, 19 9 15 9 7.5 cm) to prevent food con-

sumption by rats, which had four lateral holes to

allow ant access to food. The distance between

spoons in the same box was 5-10 cm and the

distance between boxes was 1-10 m (Electronic

Supplementary Material, Fig. ESM_2). Baits were

installed at 05:00 a.m., and the first bait observation

was done at 06:00 a.m. (at least 30 min after bait

installation). Each hour from sunshine to sunset

(06:00 a.m. until 18:00 p.m.), the number of workers

of each ant species feeding at each bait was recorded.

Nocturnal activity at baits was not studied to prevent

disturbance to the chicks or fledglings of seabirds that

were in their nests (Surprise Island has an important

seabird population and our study was done during the

breeding season). The overall number of occupied

baits was used as a measurement of the external

activity of each species. Together with the hourly

measurements of activity on baits, ground surface

temperatures near the baits were measured every

15 min with HOBO’s Data-Logger (two HOBO

4-channel external logger with four external temper-

ature sensors were installed at each site). For each

bait record we assigned a temperature value from the

closest Data-Logger sensor and time. Distances

between bait and temperature sensor were between

0.3 and 5 m.

To quantify patterns of species activity rhythms

similarity between each given pair of species, we

used a proportional similarity index (PSI) or Czeka-

nowski’s index, based on Colwell and Futuyma

(1971) proportional overlap. It was calculated

between each species pair (species i and species j)

from hourly bait occupation (maximum bait occupa-

tion = 36, time: 13 different hours): PSIij =

1-0.5
P

|pik-phk| where pik is the number of baits

occupied by species i at the time k and phk is the bait

occupation of the species h at the same time k. The

PSI overlap measure takes its minimum value of 0

when both species do not overlap at all, and its

maximum value of 1 when activity rhythms of the

two species are the same. To test whether foraging

activity rhythms were influenced by competition

within the habitats (i.e. whether species within the

habitats were segregating their activity rhythms) a

null model obtained from PSI values was applied for

each habitat; a second null model was done for the

whole island (with all habitats pooled). We calculated

the observed PSI average of each habitat (or of the

island) as the average of all PSI between the different

species pairs found in the habitat (or in the island).

Observed PSI average (PSIOBS) was compared to the

average calculated from the randomized assemblages

(PSIEXP) using the RA2 randomization algorithm 2 of

the EcoSim niche overlap model (Gotelli and

Entsminger 2010). We used the same procedure

described in Wittman et al. (2010) (1,000 iterations,

niche breadth = relaxed, zero states = retained),

where details about randomization are given. In the

absence of interspecific competitive interactions, time

should be equally used by all species (RA2, resource

state = equiprobable). A significantly smaller

observed PSI than randomized PSI implies interspe-

cific competition and resource (activity time in this

case) partitioning, whereas a significantly larger

observed PSI might indicate shared resource utiliza-

tion and a lack of competition (Gotelli and Entsm-

inger 2010).

To quantify patterns of species composition sim-

ilarity between each given pair of samples (bait vs.

pitfall within sites, or between different pair of sites),

the Chao’s abundance-based Sørensen index (cor-

rected for unseen species) (ChSI hereafter) was

calculated by using the procedure from EstimateS

(Colwell 2006). The standard deviation of Chao’s

estimator for ChSI was calculated from 200 random-

ized runs of data.

The position of each ant species in the dominance

hierarchy was determined by analyzing interspecific

interactions at baits, where species coexisting at the

same periods of the day interacted actively. To

determine the relative dominance of a species, the

dominance index (DI) of each species was calculated

as the ratio of encounters won (i.e., it drove away

another species) and total interspecific encounters

(Fellers 1987), there are many metrics for construct-

ing dominance hierarchies (see de Vries et al. 2006;

Bang et al. 2010; Dworschak and Blüthgen 2010), but
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this one is commonly used. To consider if the species

won or lost, we analyzed which species was occupy-

ing the bait 1 h after the first encounter. All the

Surprise Island species are mass-recruiters that may

occupy the baits during a long time period, which

excludes possible metrics biases due to different

foraging strategies. The cases in which the bait was

empty 1 h after the first encounter were not consid-

ered for calculations. If one or two species reappeared

2 h later (i.e. 1 h after the bait was ant free), it was

considered as a new bait occupation event.

Estimation of maximal activity temperature

and critical temperature

The maximal activity temperature (MAT) of each

species is the temperature at which the foraging

activity was greatest. It was estimated from field

observations on baits, MAT being the temperature at

which the species occupied the maximum number of

baits across all habitats types. Bait data and temper-

ature records were analyzed to estimate the effect of

temperature on bait occupation for the most abundant

species in each habitat. Statistical models were fitted

with General Regression Models, GRM package from

Statistica 8.0 (StatSoft 2007).

The critical thermal maximum (CTM) was mea-

sured at the laboratory by means of an electric

Plactronic Selecta hot plate with a 5–200�C temper-

ature range and 1�C accuracy. Following the Cerdá

et al. (1998) protocol, only foragers of each species,

i.e., workers collected outside the nest in the field,

were used in these experiments. Each ant was placed

on the surface of the hot plate in open containers with

Fluon-painted inner walls, which prevented ants

escaping. Each ant was exposed during 10 min to a

given temperature and its behaviour was noted. After

this test (thermal treatment), the individual was

discarded to avoid heat accumulation and a different

one was used. A total of twenty different individuals

of each species were used for each temperature. For

each temperature, the number of ants that began to

have muscle spasms and died was noted. The

temperature of the hot plate was progressively raised

at intervals of 2�C, from 20 to 50�C (depending on

the thermal tolerance of each species) and new

individuals were used each time. The CTM of each

species was considered to be the temperature at

which at least 50% of workers (10 individuals) died

or lost muscular coordination after 10 min of expo-

sure (Cerdá et al. 1998).

The difference between the CTM and MAT

temperatures (CTM–MAT) was calculated for each

species. This variable is an estimate of how close to

(low values) or far from (high values) risk temper-

atures (i.e., CTM) is the maximum foraging temper-

ature of the species (i.e., MAT).

Native and invasive ant species: testing

the temperature effect on competition

The baits were checked every hour and the replace-

ment of one species by another was noted. This

information was used to evaluate how each ant

species (native or introduced) interacted with the

other species: in which situations each ant species

succeeded in replacing any other ant species (success)

and in which situations it was replaced by other ant

species (failure). We also analyzed whether the

success or failure of the native or introduced ants

was regulated by temperature. A generalised linear

model per species (data from all habitats pooled) was

performed in which the success or failure was the

dependent variable and a binomial distribution and a

logit link function were used. Two independent

variables were analyzed in separate analyses: tem-

perature during the hour of the replacement and the

number of degrees temperature increased or

decreased during the hour when the replacement

occurred. Generalised Linear Models were performed

with the SAS package (GENMOD, v. 9.1.3., SAS

Institute Inc. 2004).

Quantifying species co-occurrence: testing

the competition hypothesis

The co-occurrence analysis tests whether the

observed pattern differs from the pattern expected

in the absence of the proposed mechanism, which in

our case is interspecific competition. Separate matri-

ces at each sampled site were created to analyze

species co-occurrence. Matrices were based on two

different sample lists of the species from each site

collected: (1) in 24 pitfall trap samples along 24 h;

(2) in baits during 13 h. EcoSim software was used to

test for non-random patterns of species co-occurrence

in the original presence/absence matrix. This original

matrix was randomized to create 5,000 random

Invaded ant communities from Surprise Island 327
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matrices by reshuffling the elements of each row and

column of the matrix, with the option of fixed sums

for columns and rows (SIM9 simulation algorithm of

EcoSim; Gotelli 2000; Gotelli and Entsminger 2001,

2010). A co-occurrence index, the Stone and Roberts’

(1990) C-score, was calculated from the original

matrix and compared to a frequency distribution

produced by the C-scores indices of the random

matrices. The C-score is an index negatively corre-

lated to species co-occurrence, and therefore in a

competitively structured community the C-score

should be significantly higher than that expected by

chance. If the C-score from the original matrix lies

within the 95% frequency distribution of the ran-

domized matrices, there is no evidence for determin-

istic processes influencing species distribution,

whereas, if the index is beyond the 95% confidence

limits of randomized matrices, there should be

biological mechanisms driving species co-occurrence

(Ribas and Schoereder 2002). In the latter event,

original species co-occurrence may be higher or

lower than expected by random chance, and the

biological explanations for such results are that there

is less pairwise species co-occurrence (segregation)

or more species co-occurrence (aggregation) than

expected by chance, respectively (Sanders et al.

2003). Tail probabilities (two-tailed test) of the

observed matrix were estimated by comparing it

with the histogram of simulated values.

Results

Species composition and community parameters

A total of eight different species were identified from

Surprise Island samples (Table 1). Among them,

seven were introduced (or exotic) invasive species,

and only one species, Pheidole oceanica, could be

considered as a native species. Tetramorium simill-

imum was the most abundant species on the island,

with 35.9% abundance (from pitfall catches), and the

second most abundant was Pheidole oceanica, the

native ant species, with 24.8% abundance at pitfall

traps. The two sampling methods, pitfall traps and

baits, gave a similar pattern of specific abundance

(Table 1), but note that Cardiocondyla emeryi was

only present in pitfall traps. There was a linear

statistically significant relationship between pitfall

catches and bait occupation (Pearson’s r = 0.867,

Table 1 Relative abundance of ant species in pitfall (% P) and baits (% B) at the four study sites

Study site LA PLAINE ARGUSIA PISONIA SCAEVOLA ALL SITES

Ant species %P %B %P %B %P %B %P %B %P %B

Brachymyrmex obscurior 2.5 25.0 0.9 – 22.2 11.2 4.6 5.4 3.0 8.9

Cardiocondyla emeryi 1.2 – 1.4 – 1.9 – 4.0 – 2.1 –

Monomorium floricola – – 13.4 15.6 – – 7.2 18.3 5.9 10.5

Paratrechina longicornis – – 77.8 79.2 13.0 11.2 1.0 3.3 22.2 25.8

Pheidole oceanica 11.0 37.5 1.2 – – 7.9 67.0 58.9 24.8 28.7

Tapinoma melanocephalum 0.8 – 1.7 4.9 42.5 39.9 3.7 3.3 2.3 9.5

Tetramorium bicarinatum – – – – 1.9 – 12.5 10.8 3.8 3.6

Tetramorium simillimum 84.5 37.5 3.6 0.3 18.5 29.8 – – 35.9 13.0

Total catches 1,260 861 54 921

% empty baits 56.2 40.6 63.1 31.1

S (observed species richness) 5 7 7 7

Mao Tau (richness estimator) 6 8 7 7

H 0.575 0.816 1.499 1.153

J 0.321 0.392 0.770 0.593

Bold values are the most abundant species in each site and method. S represents the observed specific richness, Mao Tau is the

expected richness (?95% CI) from pitfall traps, H the Shannon’s diversity index, J the Pielou’s evenness index. Total catches values

represent the total number of individuals caught in all pitfall traps of each site. The percentage of empty baits (n = 468 baits per site),

not taken into account when calculating the relative abundance in baits, is shown
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P \ 0.001). Not all species were present at all sites;

we did not find all eight species in every habitat: the

poorest habitat was LP, with only five species, while

the other three habitats, PIS, SCA and ARG each had

seven species. However, Mao Tau expected richness

including the upper 95% CI showed higher values

than observed in all habitats (expected vs. observed

species: LP, 6 vs. 5; ARG, 8 vs. 7; PIS, 7 vs. 6

species) except Scaevola (SCA, 7 vs. 7 species)

(Table 1 and Electronic Supplementary Material, Fig.

ESM_3). Shannon Diversity (H) and Pielou Evenness

(J) indexes also showed great variability, PIS being

the most diverse habitat, and LP the least diverse

habitat (Table 1). Total catches at pitfall traps gave

us an idea of ant abundances in each habitat: the

lowest value was in PIS, with only 54 individuals

collected (after 24 h), while the highest was that of

LP, with 1,260 individuals for the same trap period.

Daily activity patterns and foraging strategies

Foraging activity rhythms were measured to estimate

the foraging overlap between species. Notwithstand-

ing, daily activity patterns of all species studied were

very similar (Fig. 2): a bimodal curve with two peaks,

one after sunrise and another during the afternoon, and

a stop or low activity level during the hottest central

hours of the day. The only exception was Monomo-

rium floricola in the SCA site, which had the

maximum values of bait occupation between 10 and

15 h, during the central hours of the day (Fig. 2d).

Activity rhythm overlap between species pairs (PSI)

ranged between 0.86 (high similarity) and 0.17 (low

similarity), but 58% of values of the 31 species pairs

considered had PSI values higher than 0.60, showing a

high degree of similarity between species activity

rhythms. The observed PSI averages were larger than

expected by chance (than the PSI generated from the

null assemblages) in two sites, ARG and PIS (PSIOBS

[ PSIEXP, P = 0.002 and P \ 0.0001, respectively),

indicating that species shared the time of day in which

they were active; and were not significantly different

from randomness in the other two sites, LP and SCA

(additional details are given in Electronic Supple-

mentary Material, Tables ESM_4 and ESM_5). When

rhythm overlap between species pairs was considered

at the island level (all habitats pooled), observed PSI

averages were larger than the PSI generated from the

null assemblages (PSIOBS [ PSIEXP, P \ 0.0001,

Electronic Supplementary Material, Table ESM_5),

indicating that species were generally active at similar

times of day, considering the island as a whole.

Activity patterns were linked to daily temperature

values that varied according to vegetation (% of canopy

cover). Temperature showed great daily variability in

the more open habitats (between 22 and 60�C in LP; and

22 and 59�C in ARG), and less variability in the closed

habitats (between 25 and 45�C in PIS; and 26 and 46�C

in SCA) (Fig. 2). There was a significant linear negative

relationship between bait occupation in each habitat

and temperature (LP: R2 = 0.904, P \ 0.0001; ARG:

R2 = 0.692, P = 0.0004; PIS: R2 = 0.388, P = 0.02;

SCA: R2 = 0.809, P \ 0.0001). At higher tempera-

tures, there were more empty baits at all sites.

Baits also provided information about species

foraging strategies during food collection. Concern-

ing bait occupation at the species-level, the highest

value of the mean number of workers per bait

(Table 2) was that of T. simillimum (45.8 workers per

bait), followed by Ph. oceanica (40 workers per bait).

When the percentage of baits occupied by more than

50 workers (as another measure of worker recruit-

ment efficiency) was considered, T. simillimum had

the highest value, with 28.9% of baits with more than

50 workers, while Ph. oceanica was the second, with

27.1% of baits (Table 2). For both measures, both

species were the most efficient bait users; the third-

ranked bait-user was P. longicornis, with a mean

value of 25 workers per bait and 7.7% of baits with

more than 50 workers. Although the other species

recruited fewer workers (mean values from 8 to 14

workers per bait), they were able to recruit 50

workers to the bait, but they did so only rarely

(between 0.9 and 3.0% of baits). According to these

values, all species were mass-recruiters.

Temperature and bait exploitation

Differences in bait exploitation could be due to

different specific thermal requirements. Firstly, we

analyzed the effect of temperature on bait occupation

for the most abundant species in each habitat. At LP

site, the relationship between ant presence on baits

and temperature of the two most abundant species

followed a very similar negative linear pattern

(T. simillimum, y = 86.88 - 1.80x, R2 = 0.887,

P \ 0.0001; Ph. oceanica, y = 92.38 - 1.94x, R2 =

0.779, P \ 0.0001) (Fig. 3a). At ARG site, the
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relationship was also negative and linear for

P. longicornis (y = 151.9 - 2.78x, R2 = 0.783,

P \ 0.0001) (Fig. 3b); but the relationship for

M. floricola fitted a quadratic curve, with a slow

increase of the number of occupied baits according to

temperature, and a fall after 38�C (y = -141.6 ?

8.57x - 0.117x2, R2 = 0.604, P = 0.0091) (Fig. 3b).

At PIS site, the relationship of the two most abundant

species fitted well a very similar quadratic curve for

both species (T. melanocephalum, y = -676.6 ?

47.7x - 0.813x2, R2 = 0.668, P = 0.004; T. similli-

mum, y = -638.6 - 44.3x - 0.747x2, R2 = 0.778,

P = 0.0002) (Fig. 3c); at this site, the maximum

temperature value was only 35�C, but bait occupation

by both ant species decreased when temperatures were

higher than 30�C. At SCA site, two of the most

abundant species showed a negative linear relationship

between bait occupation and temperature (T. bicarin-

atum, y = 42.88 - 1.06x, R2 = 0.594, P = 0.002;

Ph. oceanica, y = 294.94 - 7.54x, R2 = 0.928,

P \ 0.0001), but a third species showed a positive

linear relationship, increasing its bait exploita-

tion when temperature increased (M. floricola, y =

-43.54 ? 1.68x, R2 = 0.742, P = 0.0002) (Fig. 3d).

We analyzed MAT (temperature at which species

performs the maximal foraging activity), and CTM

(critical thermal temperature, which limits foraging

activity of the species) of each species (Table 2).

MAT ranged from 24�C (P. longicornis) to 37�C (M.

floricola); and CTM was very similar among species,

ranging from 38�C (Ph. oceanica minor workers) to

44�C (M. floricola, P. longicornis, B. obscurior). The

native Ph. oceanica had a low value of MAT (26�C)

and the lowest CTM values, but its activity rhythm

Fig. 2 Daily variation of

temperature and relative

presence of the different ant

species on baits in each

habitat: a La Plaine;

b Argusia; c Pisonia;

d Scaevola. Abbreviations:

BO—Brachymyrmex
obscurior; MF—

Monomorium floricola;

PL—Paratrechina
longicornis; PO—Pheidole
oceanica; TB—

Tetramorium bicarinatum;

TM—Tapinoma
melanocephalum; TS—

Tetramorium simillimum.

Temperature values are

mean (±SE) of 8 sensors

(except Scaevola: 3

sensors), recording ground

temperatures every 15 min

during 24 h
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greatly overlapped with the introduced species (see

Fig. 2a, d).

Temperature and interference on baits: hierarchy

of dominance

From the outcome of bait interactions between pairs

of species (a total of 71 observed interspecific

interactions) we calculated the Dominance index

(DI) of each species, which ranged from 0.23

(T. melanocephalum) to 0.69 (Ph. oceanica)

(Table 2). The hierarchy of species from top to

bottom according to DI was: Ph. oceanica [
M. floricola [ T. bicarinatum [ B. obscurior [
P. longicornis [ T. simillimum [ T. melanoceph-

alum. The only native ant species, Ph. oceanica,

was the top competitor in the dominance hierarchy. It

was frequently observed (23 cases from a total of 71

observed interspecific interactions) attacking and

displacing other species from baits.

Generalised linear model of the success of the

native ant in replacing invasive ants on baits showed

that decreasing temperatures significantly benefited

the success of the native ant Ph. oceanica, while the

temperature itself did not significantly affect its

success (Table 3). Ph. oceanica successfully replaced

invading ants when the temperature decreased and

was replaced on a bait when the temperature

increased (Fig. 4a). Indeed, the native ant succeeded

in replacing the invading ant species in the evening

(between 15.00 and 18.00 h. LST), while it was

replaced by invasive ants in the late morning

(between 7.00 and 10.00 h LSD).

On the other hand, the success of the non-native

ants in replacing Surprise Island’s other species

(native or otherwise) on baits was not affected by

temperature, except in the case of M. floricola, whose

success was significantly but negatively affected by

temperature (Table 3; Fig. 4b). It succeeded in

replacing the other ant species in the early morning

(between 6.00 and 9.00 h LST) when temperatures

were lower, while it was replaced by other ants in

the afternoon (between 14.00 and 17.00 h LST).

M. floricola was significantly more successful in

replacing its competitors when the temperature

Table 2 Ecological traits of the ant species from Surprise Island

Ant species Geographical

native origin

Worker

length (mm)

N workers

per bait

(mean ± SE)

% of baits

with [50

workers

Dominance

index

CTM

(8C)

MAT

(8C)

CTM–

MAT

Brachymyrmex
obscurior

Neotropicsa 1.5–2.0 8.6 ± 1.4 1.1 0.480 44 26 18

Cardiocondyla
emeryi

West Africab 1.8–2.1 – – – – – –

Monomorium
floricola

Tropical Asiac 1.5–2.0 12.7 ± 1.3 0.9 0.517 44 37 7

Paratrechina
longicornis

SE Asiad 2.3–3.0 25.5 ± 1.5 7.7 0.476 44 24 20

Pheidole oceanica South Pacifice Major 3.5–4.2 mm

Minor 2.1–3.0 mm

40.0 ± 2.0 27.1 0.686 40

38

26 14

12

Tapinoma
melanocephalum

Unknwonb,e 1.3–1.9 14.2 ± 2.1 3.4 0.235 42 30 12

Tetramorium
bicarinatum

SE Asiaf 3.4–4.5 10.4 ± 1.4 2.3 0.500 ? 32 –

Tetramorium
simillimum

Tropical Africae 2.0–2.7 45.8 ± 5.6 28.9 0.333 42 28 14

Dominance index of each species is calculated as the ratio of won cases and total (won ? lost) cases for observed replacements on

baits in all habitats

CTM critical thermal maximum, MAT maximal activity temperature
a McGlynn (1999); b Seifert (2003); c Wetterer (2010); d Wetterer (2008); e Wilson and Taylor (1967a, b); f Bolton (1979)

Invaded ant communities from Surprise Island 331

123



increased (Fig. 4b), and a similarly significant effect

was observed for Brachymyrmex obscurior; but

Tetramorium simillimum was significantly more suc-

cessful in bait replacement when the temperature

decreased (Table 3).

Species co-occurrence: testing null models

When we analyzed the set of species from catches in

24 h-pitfall traps at each of the four sites studied,

species co-occurred randomly with respect to one

Table 3 Effects of temperature and of the increment of temperature on the success of each ant species in replacing other ant

competitors at baits

Effect Temperature Temperature increment

Ant species df |2 P Sign df |2 P Sign

Brachymyrmex obscurior 27 0.40 0.530 27 12.95 0.0003 ?

Monomorium floricola 28 4.80 0.028 - 28 10.39 0.001 ?

Paratrechina longicornis 17 1.47 0.226 17 0.29 0.593

Pheidole oceanica 29 3.31 0.068 29 41.05 <0.0001 -

Tapinoma melanocephalum 13 0.11 0.743 13 2.00 0.157

Tetramorium bicarinatum 5 2.47 0.116 5 1.36 0.243

Tetramorium simillimum 12 1.02 0.312 12 7.60 0.006 -

df, |2, and P are statistics for the Generalized Linear Models performed; in bold when the analysis was significant. The sign of the

relationship is shown only for statistically significant models: ? means that replacement success increases when temperature is higher

or when temperature is increasing; - means that success is negatively related with temperature, or that success increases when

temperature is decreasing

Fig. 3 Effect of

temperature on bait

occupation by the most

abundant species in each

site: a La Plaine, b Argusia;

c Pisonia; d Scaevola. All

fitted relationships are

statistically significant (see

‘‘Results’’ section for fitted

equations and statistical

details). Most abundant

species abbreviations:

TS—Tetramorium
simillimum, PO—Pheidole
oceanica,

PL—Paratrechina
longicornis,

MF—Monomorium
floricola, TM—Tapinoma
melanocephalum,

TB—Tetramorium
bicarinatum
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another in any of the habitats (Fig. 5a): no significant

pattern of co-occurrence between the species of

Surprise Island was observed in each different

habitat. When we ran the analysis using only the

species that were recorded on baits during the day, we

obtained different results (Fig. 5b). At two of the sites

(LP and SCA), species co-occurrence less frequently

(higher C-score) than expected by chance; that is ant

species were segregated with respect to one another.

At the other two sites (ARG and PIS), species co-

occurred randomly with respect to one another

(additional details are given in Electronic Supple-

mentary Material Table ESM_6).

Discussion

Ant communities on the small Surprise Island were

composed of seven introduced species and only one

native species that dominated the habitats where it

was present. The native ant Pheidole oceanica can be

considered native of the Pacific region (Wilson and

Taylor 1967b; Wetterer 2002). The introduced spe-

cies are from very different corners of the world

(neotropics, Africa, and Asia; see details and refer-

ences in Table 2), but are very successful tramp

species (Wilson and Taylor 1967b; McGlynn 1999).

On Surprise Island local assemblages seem not to

respond to competitive processes: species-specific

activity rhythms mostly overlapped and were simi-

larly temperature limited. However, temperature

affected the competitive success of the dominant

species Ph. oceanica.

Ant species richness and diversity had very low

values in all four habitats, as is common for oceanic

islands (Wilson and Taylor 1967a; Morrison 1996a;

Herben 2005; Ingram et al. 2006). Ant species

composition was not very original: most of the

species (six exotic and the native species) are present

Fig. 4 Effects of temperature on the success of a Pheidole
oceanica in replacing exotic ant species at baits; and

b Monomorium floricola in replacing other ant species. Left
Y-axis (black dots): ground temperature (in �C), right Y-axis

(white dots): difference of temperature before and after the

species replacement at bait

Fig. 5 Standardized C-score values at each study site (LP La

Plaine, ARG Argusia, PIS Pisonia, SCA Scaevola) from a pitfall

catches and b bait observations. The dotted lines represent 1.96

standard deviations, the approximate level of statistical

significance (P \ 0.05). Thus, the larger standardized C-scores

(filled circle) the less co-occurrence compared with a randomly

assembled community, while values within the dotted lines
(open circle) correspond to a random pattern of organization
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on other Pacific islands, such as Samoa (Wilson and

Hunt 1967), Tonga (Wetterer 2002), Fiji (Ward and

Wetterer 2006) and some of the Society islands

(Morrison 1996a). Each habitat on Surprise Island

had a different ant composition with a different most

abundant species: Tetramorium simillimum in LP,

Paratrechina longicornis in ARG, Tapinoma mela-

nocephalum in PIS, and Ph. oceanica in SCA. The

native Ph. oceanica is among the ecologically

dominant species on many Pacific oceanic islands

(Morrison 1996a, b). Background information about

the biology and ecology of these introduced species

in their native communities is non-existent. In its

introduced range, T. simillimum can achieve dense

populations in open and disturbed habitats, but on

Floreana Island in the Galápagos it is more abundant

in natural non-human-impacted habitats (von Aesch

and Cherix 2005); T. bicarinatum is mostly arboreal

(on Surprise Island it nested inside the Scaevola or

Pisonia branches), while workers forage both arbo-

really and on the ground (Wilson and Taylor 1967a);

T. bicarinatum is found in mangrove habitats around

the world, M. floricola has large colonies nesting in

trees and bushes (McGlynn 1999; Wilson and Taylor

1967a); B. obscurior is well suited to extreme,

marginal environments such as small Bahamian cays,

probably because it is not a strong competitor

(Morrison 2006); T. melanocephalum is an urban

pest, but it has never been described as replacing

native species in natural environments (von Aesch

and Cherix 2005); P. longicornis is an opportunist

tramp species that may become ecologically domi-

nant in some introduced habitats (Wetterer 2008;

O’Dowd et al. 2003). All these exotic species are

opportunists: they are the first to find the baits, but

they abandon the food resources when workers of

more dominant species arrive (McGlynn 1999; von

Aesch and Cherix 2005; Wetterer 2008). This is not

the case of Ph. oceanica on Surprise and other Pacific

islands, where it always acts as a dominant species

which recruits large numbers of workers and aggres-

sively excludes other species from baits (Morrison

1996b).

Temperature and activity rhythms

The influence of environmental conditions on activity

rhythms may determine the diversity and structure of

ant communities in different habitats (Cros et al. 1997).

Ant communities typically display complex temporal

dynamics, with co-occurring species often having

markedly different foraging times (Andersen 2008

and references therein). The adoption of alternative

activity rhythms by different sympatric species might

reduce the intensity of their interaction and permit

more effective partitioning of available resources

(Baroni Urbani and Aktaç 1981; Cros et al. 1997).

Thermal conditions are of special importance because

the activity of small ectothermic ants will be

restricted to those periods when surface conditions

permit physiologically tolerable body temperatures

(Marsh 1985; Cros et al. 1997; Cerdá et al. 1998).

Abiotic effects on communities with few native and

one invader species have been relatively well studied

(e.g. Holway et al. 2002a; Menke and Holway 2006;

Thomas and Holway 2005). However, previous

information about these effects on communities

composed of different invaders is very scarce (but

see Wetterer et al. 2006).

On Surprise Island, daily temperature fluctuations

were relatively similar in the four habitats, but in the

two more open habitats (LP and ARG) temperatures

showed a greater daily variation, with maximum

values of ground surface temperature close to 60�C,

while in the closer habitats (SCA and PIS) they

‘‘only’’ reached 46�C. Thus, areas with greater

vertical stratification of vegetation, such as ‘‘forest’’

(PIS) or closed shrub (SCA), were better protected

against sun exposure than more open habitats, and

had less fluctuating temperatures over a greater

proportion of their ground surface. Adoption of

alternative activity rhythms by sympatric species

may reduce interactions and permit more effective

partitioning of available resources (Baroni Urbani

and Aktaç 1981; Cros et al. 1997). Temporal

separation is especially pronounced in hot environ-

ments, which often support highly thermophilic and

risk-prone species capable of tolerating high temper-

atures that are lethal to other ant species, giving them

exclusive access to resources during these times

(Cerdá et al. 1998; Andersen 2008). On Surprise

Island, however, local processes were different: at the

hottest hours there were no foragers of any species.

All species were potentially dominant and had similar

thermal requirements (see CTM and MAT). Most of

the Surprise species were risk-averse in the Cerdá

et al. (1998) sense: they were heat-intolerant species

that foraged well far from their critical thermal limits;
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their MAT values were between 24 and 30�C (ground

surface temperatures), and differences CTM–MAT

varied between 12 and 20�C. The only exception was

Monomorium floricola, which had a higher MAT

value (37�C) and a lower CTM–MAT difference

(only 7�C). However, its relative thermophyly was

not sufficient to consider a temporal partitioning of

food exploitation: 65% of values of activity rhythm

overlap between species pairs (PSI) were higher than

0.60, showing a high degree of similarity between

Surprise species activity rhythms.

Temperature and competition: effects

on dominance

Ant species have been grouped into competitive

hierarchies based mainly on behavioural differences

in communication and aggressiveness (Savolainen

and Vepsäläinen 1988; Savolainen et al. 1989; Cerdá

et al. 1997; Bestelmeyer 2000): behaviourally dom-

inant species are highly aggressive and subordinates

are less aggressive. Each ant community from

Surprise Island had a different dominant species,

but the same species that was dominant in one habitat

(because it won on interspecific interactions at baits)

was dominated (it lost at bait interactions) in another

habitat (we use the term dominated because it is only

locally or temporally subordinate). Many studies

focus their attention on the role of dominant species

in communities (Savolainen and Vepsäläinen 1988;

Gibb and Hochuli 2004; Parr 2008). However, any

species that is abundant and tends to win competitive

interactions with other species could be considered

locally dominant. In all Surprise Island habitats, the

species most represented at baits was the most

abundant (abundance in pitfall catches). It could be

considered a mosaic-like pattern, but the mosaic

concept, according to Room (1971) is defined as the

distribution of dominant ant species in patches, with

mutually exclusive territories that do not overlap.

This was not the case for the Surprise communities,

because there was no mutual exclusion between

locally dominant species.

The relationship between bait occupation and

temperature on Surprise Island was chiefly linearly

negative, although quadratic for some species. When

temperature was higher than 35�C, most baits (ca.

80%) were empty. The only exception was Paratre-

china longicornis at ARG site, which at a ground

surface temperature of 45�C was present on 33% of

baits, although it occupied baits in the shade or very

close to vegetation. Another case of relative thermo-

phyly was Monomorium floricola at SCA site: its

presence on baits increased linearly with temperature,

but it achieved no more than 22% occupation when

temperature reached 38�C. From SCA bait observa-

tions, it seemed that M. floricola had a preference for

foraging in the morning and at midday. Other authors

have observed the same diurnal pattern of activity in

this species in the Galapagos islands (Meier 1994;

von Aesch and Cherix 2005) suggesting that it allows

the species to prevent or diminish interspecific

competition.

In Mediterranean communities, where environ-

mental factors show important daily variations (sim-

ilar to the observed daily pattern on Surprise Island),

the limited thermal tolerance of behaviourally dom-

inant species compared with that of subordinates

disrupts the expected transitive hierarchies. This

thermal tolerance allows a far greater dominance in

the ecosystem by subordinate species than might be

expected from their relative abundance and fighting

abilities (Cerdá et al. 1997). In Surprise Island

communities, where there were no marked differ-

ences to classify the species as dominant or subor-

dinate (except Ph. oceanica, all are opportunists and

may behave as dominant or not), it is more difficult to

disentangle the effect on different species. In a New

Zealand ant community, Stringer et al. (2007)

observed that the native Pheidole rugosula occupied

more baits when temperatures were between 20 and

30�C, and the invasive Monomorium sydneyense

when temperatures were between 30 and 40�C; it

appears that Ph. rugosula dominates in all but the

highest temperature ranges. When we analyzed the

effect of temperature on the outcome of interspecific

interactions for the two highest dominance-ranked

species we observed the following pattern: the top

dominant and native Ph. oceanica was more suc-

cessful when the temperature decreased (afternoon

and evening) and mean temperature value was ca.

33�C; the second dominant, the invasive M. floricola,

was more successful when the temperature increased

(morning and midday) and mean temperature value

was ca. 31�C. On Floreana Island (Galapagos),

M. floricola had a lower dominance score, and von

Aesch and Cherix (2005) suggested that it is not a

good competitor in direct interspecific interactions.
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On Surprise Island it ranked second in dominance

from bait interactions, but we had no observations at

night. This species produces a venomous substance

(2.5-dialkylpyrrolidines) in its poison gland which it

uses to repel other ant species in competitive

interactions at food resources (Jones et al. 1982).

Our observations agree with those of Sarty et al.

(2006) in Tokelau atoll, where M. floricola have

fighting abilities superior to Anoplolepis gracilipes

(which sprays formic acid) and displaced other ant

species from baits. This may be a similar case to

Monomorium minimum in North America, which

persists on baits both through its use of chemical

defensive compounds and its tolerance of warm

temperatures (Adams and Traniello 1981). According

to Wetterer (2010), although there is little informa-

tion on the importance of M. floricola in natural

environments, it is probably often overlooked and

its abundance and ecological importance is

underestimated.

Ant community composition in each Surprise

Island habitat seems not to respond to competition

or other deterministic processes. Ribas and Schoere-

der (2002) suggested that in ant species distributed in

mosaics, species distribution may arise due to

stochastic processes—biotic or abiotic processes—

that have not been taken into account. Von Aesch

(2006) attributed the lack of competition-derived

structure in Floreana Island ant communities to the

dynamics of the system (temporal changes in species

abundance and composition). While it is an important

factor in community organization on other Pacific

islands (Morrison 1996a, b), interspecific competition

does not seem to be intense enough to influence the

actual distribution of species within or among islands.

This holds with the important exception of Pheidole

fervens—Ph. oceanica—Solenopsis geminata inter-

action (Morrison 1996a, b). Even if the distribution of

different species in each habitat of Surprise Island

seems to be random, we detected some degree of

structure/co-occurrence in the ant community of two

habitats (LP and SCA) when foraging at baits.

Differences between results from pitfall trap and bait

C-scores could be explained by the fact that pitfall

traps measured the presence of each species in each

habitat along a day (that is, during 24 h), while baits

measured the presence of each species in a bait at a

specific moment of the day. Thus, although from

pitfall data we obtained a random co-occurrence of

the presence of species in each habitat, segregation

occurred when foraging in LP and SCA habitats.

Nevertheless, segregation is not temporal but spatial

because foraging activity overlap in both habitats and

is not significantly different from randomness. Both

habitats had the highest abundance of Ph. oceanica

and segregation could be the effect of its presence.

Native ant species holding out against invaders?

Probably the most salient result of our study is the

‘‘resistance’’ ability of the native species currently

confronted by the exotic tramp species on Surprise

Island. In some New Caledonian ant communities, Le

Breton et al. (2007) observed an ‘‘inappropriate’’ or

non-adaptive response of native dominant Pheidole

species (no Ph. oceanica) to the invading little fire

ant Wassmannia auropunctata, and, thus, the impor-

tance of enemy recognition in the organization of ant

communities. In this study, we have shown that Ph.

oceanica has an adequate response to several exotic

species. The traditional view of biotic resistance

against invaders has been either black or white,

success or failure (Carlsson et al. 2010); in the case of

invasive ants, they are mostly successful (especially

on oceanic islands or in disturbed habitats), but

studies showing cases of native ant biotic resistance

against invaders are increasing (Rao and Vinson

2004; Wetterer et al. 2006; Blight et al. 2010;

Masciocchi et al. 2010).

As Feener et al. (2008) stated, invasive species

increase the global biota homogenization, which may

increase as interactions between invasive and native

species lead to local extirpation of native species.

Alternatively, it may occur in the absence of such

interactions simply because invasive species have

broader environmental tolerances and can thus spread

more widely than native species (Feener et al. 2008).

For example, climatic niche partitioning allows

coexistence between some invasive fruit flies on La

Réunion Island, but the only endemic species lacks a

private climatic niche and it has become a very rare

species (Duyck et al. 2006). We do not know the

previous history of ant communities on Surprise

Island, but the snapshot that we have obtained from

our data shows that the ‘indomitable’ native species

Pheidole oceanica is currently holding out against the

invaders. Two important life history traits of Ph.

oceanica may provide it with an advantage to resist
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invasion: its very efficient mass recruitment system

(with a mean of 40 workers recruited for a bait, to

collect food or to defend the food resource) and the

existence of a big-headed soldier caste (it is the only

species with ‘‘soldiers’’ or major workers on the

island), specialized in defending food resources and,

when necessary, attacking the workers of other

species. Invasion on islands could be seen as a

lottery: depending on the invaders and the native

ants’ life traits, invasion could have a low or a high

success rate. In ants, the outcome of interference

competition at the colony level depends on asymme-

tries in recruitment response or local density (often

reflective on colony size) (Holway et al. 2002b); but

on Surprise Island these asymmetries are not met: Ph.

oceanica is one of the most efficient species recruit-

ing for food sources, and its colony size is similar to

the non-native species. The two most harmful tramp

species in New Caledonia, Wasmannia auropunctata

and Pheidole megacephala (Le Breton 2003; Le

Breton et al. 2005) or Anoplolepis longipes on other

Pacific islands (O’Dowd et al. 2003; Sarty et al. 2006;

Ward and Beggs, 2007), are absent from Surprise

Island. These species are ‘‘extirpators’’ or super-

dominants, monopolizing food resources and con-

trolling territory. Their absence allowed communities

of Surprise Island to have a hierarchy of dominance

between invasive ants and a natural habitat where the

top dominant is the only native species. This study

constitutes a first approach, the absence of historical

records making it difficult to discuss the processes in

a more general framework. Since 2003, a long-term

research project about Surprise Island ant communi-

ties has been underway which will, we hope, fill the

current gap. More in-depth studies to elucidate the

mechanisms of ecological dominance of Ph. oceanica

and comparison with ant communities of other

similar islands (with the same or other native species)

could provide information conducive to a better

understanding of invasibility, one of the most

important threats to biodiversity.
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Cros S, Cerdá X, Retana J (1997) Spatial and temporal varia-

tions in the activity patterns of Mediterranean ant com-

munities. Ecoscience 4:269–278

CTRDP (1987) Ecologie en Nouvelle Calédonie. Centre Ter-
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Réunion. J Anim Ecol 75:518–526. doi:10.1111/j.1365-

2656.2006.01072.x
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