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Abstract Populations of invasive species are often

studied when their effects are perceived as a problem.

Yet observing the dynamics of populations over longer

time periods can highlight changes in effects on

invaded communities, and assist with management

decisions. In this study we revisit an invasion of the

yellow crazy ant (Anoplolepis gracilipes) in the

Tokelau archipelago to determine if the distribution

and abundance of the ant has changed *7 years after

surveys completed in 2004. We were particularly

interested in whether populations of a previously

identified invasive haplotype (D) had increased in

distribution and abundance, as this haplotype was

implicated in negative effects on resident ant commu-

nities. Indeed, haplotype D populations have become

more widespread since the initial survey, more likely

owing to new introductions or movement by humans,

rather than intrinsic characteristics of the haplotype.

We also found that despite no significant change in the

abundance of A. gracilipes overall, haplotype D

populations have declined in abundance. Residents

of the Tokelau atolls no longer consider the ant to be a

pest as they did 7 years ago, when populations of this

ant interfered with their food production and many

other aspects of daily life. We observed no significant

differences between A. gracilipes invaded and unin-

vaded communities, which suggests that the ant is at a

level of abundance below which significant negative

ecological effects may occur. Population declines of

invasive species are not infrequent, and understanding

these population dynamics, particularly the underlying

mechanisms promoting population declines or stabi-

lisation, should be a high priority for invasion ecology.

Keywords Haplotype � Abundance � Population

dynamics � Pacific � Anoplolepis gracilipes

Introduction

Populations of invasive species are often sampled, and

their effects described, when they are perceived as a

problem (Strayer et al. 2006). These populations

attract attention because of their high densities and

negative effects on biodiversity and human popula-

tions. Invading populations are less often re-examined

after long intervening periods (Strayer et al. 2006). It is

often expected that invading populations that are

already present in high numbers would persist and
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spread if left unchecked. Indeed, many studies have

found that invading populations become more abun-

dant and their impacts on the invaded community

intensify over time (e.g. O’Dowd et al. 2003;

Simberloff and Gibbons 2004; Hoffmann and Parr

2008). In other cases invading populations can expand

or contract their range and abundance over time, and in

some cases abundant populations can suffer local

declines, or disappear entirely (e.g. Lewis et al. 1976;

Morrison 2002; Hill et al. 2003; a number of studies

reviewed by Simberloff and Gibbons 2004; Cooling

et al. 2011). Thus, the predictive value of a single

point-in-time study has limitations in relation to longer

term invasion outcomes (Strayer et al. 2006).

In addition to changes occurring in population

dynamics and ecological effects over time, the genetic

nature of the population may affect invasion out-

comes. For example, non-native populations of the

reed grass Phragmites australis in North America

have faster rates of spread than native populations.

These cryptic non-native populations can only be

differentiated from native populations by analysis of

their genotypes (Saltonstall 2002). Similarly, the

whitefly (Bemisia tabaci species complex) has a

number of genetic biotypes, of which only two have

attained pest status (Perring 2001). Identification of

these genetic forms enables predictions regarding their

spread and displacement of other genetic forms. Thus,

genetic insights into the invading population can be an

important aid to management if the abundance, spread

and ecological effects of the invader vary according to

the genotype.

In 2004, Abbott et al. (2007) conducted surveys of

the invasive yellow crazy ant Anoplolepis gracilipes

on the Tokelau atolls. Anoplolepis gracilipes is one of

the most widespread invasive ants (Holway et al.

2002), and is listed among a selection of 100 of the

world’s worst invasive species (Lowe et al. 2000).

Abbott et al. (2007) found that populations of the ant

on the Tokelau atolls belonged to one of two common

and behaviorally distinct mitochondrial haplotypes

(A and D). Haplotype D was associated with more

abundant populations and strong negative effects on

the resident ant community. On Nukunonu atoll, these

haplotype D populations were found on the western

islets while haplotype A populations were found on

the eastern islets. This distribution appeared to reflect

the ages of the populations, with the western, more

abundant haplotype D populations likely to be

younger as they occurred on the inhabited islets

(Fig. 1; Lester and Tavite 2004; Abbott et al. 2007).

The less abundant haplotype A populations on the

eastern islets likely represented an older invasion

(Lester and Tavite 2004; Abbott et al. 2007). These

eastern populations appeared to be in densities low

enough to allow resident ant species to co-exist (Lester

et al. 2009). Haplotype D populations were also found

on one islet of Fakaofo atoll at high abundance. At the

time A. gracilipes was absent from the third atoll,

Atafu. Clearly, if there is a persistent (i.e., causative)

association between the haplotype, the abundance, and

ecological effects of the ant, knowledge of the genetic

identity of A. gracilipes populations would aid in the

prediction of harmful effects.

In this study we revisited the A. gracilipes invasion

on Tokelau after 7 years, focussing in particular on

differences in the distribution, abundance and effects

of populations of the different haplotypes on resident

ant communities. While 7 years may be a relatively

short time period for many organisms, changes in

the population dynamics and ecological effects of

A. gracilipes can occur over relatively short periods of

less than 2 years (e.g., Abbott 2006b). We addressed

three specific questions: (1) Has the distribution of

A. gracilipes among the three atolls changed? (2) Has

the abundance of A. gracilipes changed on Nukunonu

atoll? (3) Is there still an association between

A. gracilipes abundance and effects on the ant

communities it has invaded on Nukunonu atoll?

Methods

Study site

The atolls of the Tokelau archipelago lie in the humid

tropics, *500 km north of Samoa. The atolls expe-

rience a wet tropical rainforest climate with a mean

annual temperature of 28 �C, and mean annual rainfall

of[3,000 mm (Mueller-Dombois and Fosberg 1998).

Tokelau is made up of three atolls, Fakaofo, Nuku-

nonu and Atafu, each with 31–58 low-lying coral islets

encircling shallow lagoons. When Abbott et al. (2007)

first studied A. gracilipes on Tokelau in 2004 the ant

was observed on only two atolls: Nukunonu, where

seven of about 42 islets were invaded, and Fakaofo,

where two of about 51 islets were invaded by

A. gracilipes. By 2006, the abundance of A. gracilipes
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appeared to be diminished, perhaps owing to the

effects of Cyclone Percy in 2005 (K. Abbott, personal

observation), but the ants remained in high densities

in some areas. In 2006 poisoning was undertaken

on the inhabited islets at Fakaofo and Nukunonu,

using Indoxacarb (Advion). These islets were Fenua

Fala at Fakaofo atoll (at the time the only islet on

which A. gracilipes was present at Fakaofo), and on

Motuhaga and Nukunonu islets at Nukunonu atoll.

Since then A. gracilipes has also been reported on

Atafu atoll. Data for the current study were collected

during a single visit to all three atolls in September–

October 2011, which was seasonally comparable to

the timeframe the Abbott et al. (2007) data were

collected. The Tokelau atolls are serviced from Apia,

Samoa by one of three vessels every 7–14 days. Apart

from the occasional yacht these service vessels are the

only apparent source of ants present on the atolls.

Although distant from Samoa, the frequency of ship

transport and biosecurity challenges mean that the

likelihood of ant invasion is high.

Ecological surveys

To determine if A. gracilipes distribution has changed

over the intervening years since the Abbott et al.

(2007) study, we conducted hand searches on all islets

at Nukunonu and Atafu atolls (approximately 42 and

40 islets respectively). Logistical constraints made it

possible to survey Fakaofo only briefly (Fale islet).

We conducted an ecological survey to assess the

abundance of A. gracilipes, and ant community

structure on nine islets on Nukunonu atoll (Fig. 1).

Sites were selected based on the earlier presence of

distinct genetic haplotypes (Abbott et al. 2007). These

islets were Nukunonu, Motuhaga, Te Puka i Mua (all

haplotype D), Te Fala, Pukapuka, Tokelau, Fenua

Loa/Lalo (all haplotype A), Te Nonu and Te Palaoa

(both previously uninvaded by A. gracilipes). Follow-

ing the methods of earlier studies (Lester and Tavite

2004; Abbott et al. 2007), we selected two 15 9 15 m

plots on each islet that were at least 100 m distant from

each other. Pitfall traps were used to examine species
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Fig. 1 Map of the location of a the Tokelau atolls in the Pacific

Ocean, and b Nukunonu atoll, showing the detections of

Anoplolepis gracilipes in 2011, and the invasion status of each

islet with reference to the earlier survey in 2004. Disappearances

of A. gracilipes since 2004 are indicated with a white circle; new

detections in 2011 are indicated by a black circle; and islets that

were invaded in both 2004 and 2011 are indicated by a grey

circle. Islets without circles were uninvaded in 2004 and remain

uninvaded in 2011. The dashed arcs indicate the islets with

haplotypes A and D present in 2004. The pair of light solid lines
around the islets indicates the encircling reef. The inhabited

Nukunonu and Motuhaga islets had been treated with toxic bait

in 2006 (Abbott 2006a)
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richness and ant community composition, and assess

the relative abundance of A. gracilipes. At each plot

we installed five haphazardly placed pitfall traps

(75 mm diameter). Traps were 1/3 filled with propyl-

ene glycol and left for 24 h, after which all ants

collected were counted, identified and named to

species level where possible using the earlier collec-

tions of Abbott et al. (2007) and Lester et al. (2009) as

a reference. Specimens of all species have been

retained at Victoria University of Wellington (VUW).

In addition to A. gracilipes counts in pitfall traps, on

Nukunonu we also measured the abundance of

A. gracilipes at each site based on forager activity,

as described in Gruber et al. (2012). Briefly, this

method uses a count of the number of ants crossing a

laminated card in a 30 s period (Green et al. 2004). At

each site we measured A. gracilipes activity at 11

stations spaced at 5 m intervals along three replicate

50 m transects spaced 10 m apart. Counts at all

stations within each transect were summed, and the

mean value of the three replicate transects was used as

an index of relative abundance between sites. We also

conducted card counts of A. gracilipes on Atafu atoll,

and mapped the extent of the large invasion we found

there using a GPS (Garmin).

We also interviewed representatives of the local

communities on each atoll regarding their perceptions

of the A. gracilipes invasion. We asked whether the

people had observed changes in A. gracilipes distri-

bution or abundance over time, and if they perceived

the ant to be a pest.

Molecular analyses

To ascertain the prevalence of A. gracilipes haplotypes

we sequenced one or two individuals from each

collection (pitfall traps and hand collections) on

Nukunonu atoll (19 samples). In addition, we

sequenced A. gracilipes from Fakaofo (2 samples)

and Atafu (5 samples) to determine the current

distributions of populations with different haplotypes

throughout Tokelau. We considered that one or two

sequences per collection was adequate as haplotype

diversity among A. gracilipes populations appears

low, with a single A. gracilipes population typically

corresponding to a single haplotype (Drescher et al.

2007; Thomas et al. 2010; Gruber et al. 2012). We also

amplified DNA extractions of ants from Tokelau (2

samples), Tonga (2 samples), and Samoa (4 samples)

that had previously been sequenced for cytochrome b

(cyt b) by Abbott et al. (2007) to confirm that our COI

haplotypes were congruent with the haplotypes found

by Abbott et al. (2007), and to enable comparison

between studies.

Ants collected for genetic analysis were stored in

*95 % ethanol at 4 �C. We extracted DNA using a

modified Chelex protocol (Sepp et al. 1994). Individ-

ual workers were placed in microcentrifuge tubes,

ground with sterile plastic pestles, and 150 ll of a

*10 % w/v Chelex-100 resin solution was added. The

tubes were centrifuged briefly, boiled for 15 min in a

water bath, chilled on ice for 5 min, and centrifuged at

15,000 9 g for 15 min at 4 �C. The supernatant

containing DNA was stored at 4 �C.

We used mitochondrial markers to determine if

multiple mitochondrial haplotypes were present, tar-

geting the COI (cytochrome oxidase I) region. Each

15 ll PCR consisted of *20 ng template DNA,

10 9 PCR Buffer, 0.4 lg mL-1 of bovine serum

albumin (BSA), 1.5 mM MgCl2, 0.2 mM of each

dNTP, 0.4 mM forward and reverse primer (CI-13 and

CI-14, Quek et al. 2004), and 0.3 U of Taq DNA

Polymerase (either Bioline BIOTAQ, Invitrogen Plat-

inum� or New England Biolabs). Thermal cycling

consisted of an initial denaturation at 94 �C for 2 min,

followed by 40 cycles of denaturation at 94 �C for 30 s,

annealing at 40 �C for 40 s, extension at 72 �C for

1 min, followed by a final extension at 72 �C for

10 min. Amplified products were purified using Exo-

SAP-IT (US Biochemicals) and sequenced on a 3730

Genetic Analyser (Applied Biosystems). We checked

and edited the sequences using ClustalW (Thompson

et al. 1994) implemented in MEGA4 (Tamura et al.

2007), and translated our aligned COI sequences of 533

base pairs to detect any premature stop codons that

could indicate a sequence of non-mitochondrial origin.

A BLAST search in GenBank confirmed the authen-

ticity of our sequences as A. gracilipes. We constructed

a parsimony haplotype network using TCS v 1.21

(Clement et al. 2000) to determine the relationships

among the sequences. We have deposited the cyt b

haplotypes of Abbott et al. (2007) in GenBank together

with our COI haplotypes (Accessions pending).

Statistical analyses

To determine if the abundance of A. gracilipes in 2011

differed from 2004, and if haplotype D populations

M. A. M. Gruber et al.
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differed in abundance from haplotype A populations,

we fitted a generalized linear model in R v 2.14 (Ihaka

and Gentleman 1996; R Development Core Team

2011). We included only those plots where A.

gracilipes was detected in 2004 or 2011. To account

for over-dispersion of the data, we used a negative

binomial distribution with a log link function and

theta = 1. Anoplolepis gracilipes abundance was the

response variable, and haplotype nested within sam-

pling year were the predictor variables.

We also used generalized linear models to deter-

mine if there still existed an association between the

abundance of yellow crazy ants, the haplotype of the

population, and the effects on ant species diversity in

the A. gracilipes invaded community. Again, we used

a generalized linear model with a negative binomial

distribution, log link function and theta = 1. The

response variable was species richness, and haplotype

identity and A. gracilipes abundance were predictor

variables. We included data for 2011 only and ran

models with the interaction term, main effects and

single predictors. We used AIC scores (Akaike 1973;

Burnham and Anderson 2002) to determine the model

that best fit the data, using AICc scores generated by

the ‘AICcmodavg’ package (Mazerolle 2011) in R.

To determine if the proportional change (decline) in

A. gracilipes abundance between 2004 and 2011 was

associated with a number of possible causative factors,

we used a beta-binomial generalized linear model with

a logit link function, implemented in the ‘aod’ package

(Lesnoff and Lancelot 2012) in R. The beta-binomial

generalized linear model specifically addresses over-

dispersed proportional data. To formulate the response

variable, first we calculated the proportion of total

abundance contributed to by the abundance at each

plot for 2004 and 2011. From these values we then

calculated the difference in proportional abundance

between 2004 and 2011. The predictor variables were

haplotype (A or D), location (longitude), and habita-

tion status (inhabited or uninhabited—which also

corresponded with whether the islands were treated

with poison). We had insufficient data to run models

with all interaction terms, so ran models with all main

effects, multiple and single predictors, and used AIC

scores to determine the model that best fit the data.

Only three plots showed an increase in pitfall trap

abundance so we could not perform a similar analysis

of the factors associated with an increase in

abundance.

To assess differences in ant community composition

between sampling years, and in 2011 between

A. gracilipes invaded and uninvaded plots, and between

different haplotypes we used non-metric Multi-Dimen-

sional Scaling (MDS) and PERMANOVA ? imple-

mented in PRIMER v 6.1.11 (Clarke and Gorley 2006).

Data for A. gracilipes were excluded from the analysis,

along with two plots where no ants were recorded

(Tokelau [2011] and Te Palaoa [2004]). We log-

transformed data to even out the effects of rare and

abundant species, and used the Bray-Curtis index as a

similarity measure as recommended by Clarke and

Warwick (2001). The MDS was run using 1000

iterations with a Kruskal stress formula 1 and a

minimum stress of 0.01. The significance of differences

between groups was tested with PERMANOVA ? run

over 99999 permutations (Anderson et al. 2008).

Results

Changes in the distribution of Anoplolepis

gracilipes in Tokelau

Since 2004 the distribution of A. gracilipes has

increased on the Tokelau atolls, and the majority of

new detections were of haplotype D. On Fakaofo atoll

we were able to visit only one of the two inhabited

islets. Along with the known presence of A. gracilipes

on the first inhabited islet (Fenua Fala), the second

inhabited islet (Fale) that was not invaded by

A. gracilipes in 2004 was found to be invaded in

2011 with a haplotype D population.

Of the 40 islets searched on Atafu, the sole

inhabited islet, which was not invaded by A. gracilipes

in 2004, was found to be invaded in 2011, also with a

haplotype D population. The major Atafu invasion

covered an area of approximately 37 Ha. At Nuku-

nonu atoll, where we searched 42 islets, we found

a number of differences in the distribution of

A. gracilipes compared to 2004 (Table 1). Although

we were unable to find A. gracilipes on a number of

islets where it was abundant in 2004 (and it was thus

presumed absent), populations of the ant were found

on new islets in 2011, and populations were still

present on other islets (both haplotypes; Fig. 1).

All the populations that have remained on Nuku-

nonu atoll since 2004 were of the same haplotype as

detected in the Abbott et al. (2007) study. However,

Population decline but increased distribution

123



the definite pattern of haplotype D populations occur-

ring on the western islets and haplotype A populations

occurring on the eastern islets (Abbott et al. 2007) was

no longer present, as the newly found eastern Te Nonu

islet population was of haplotype D. New invasions

were more often of haplotype D. The new invasions at

Nukunonu atoll were primarily of haplotype D (three

islets), along with one invasion of haplotype A

(Table 1). The new invasion on Motu Akea at

Nukunonu atoll also included a single ant with a new

haplotype (E), which was closely related to haplotype

D (Table 1; Fig. 2). The populations that had appar-

ently disappeared since 2004 included the most

abundant haplotype D population sampled in 2004

(Te Puka i Mua islet: Fig. 1; Table 1), and three

haplotype A populations (Lalo, Pukapuka and Tokelau

islets: Fig. 1; Table 1).

Changes in the abundance of Anoplolepis

gracilipes on Nukunonu atoll

While the overall abundance of A. gracilipes at

Nukunonu atoll appeared to be lower than in 2004,

only the haplotype D populations had declined signif-

icantly (Figs. 3 and 4; Table 1). In 2011 the mean

abundance of A. gracilipes per pitfall trap among

haplotype D islets was 64.8 ± 23.2 SE (n = 30,

3 islets) compared to 2004, when haplotype D islands

had 243.0 ± 112.6 SE ants per pitfall trap (n = 30, 3

islets: Abbott et al. 2007). Among haplotype A islets,

mean pitfall trap abundance of A. gracilipes was

18.7 ± 4.7 SE in 2011 (n = 20, 2 islets), and

34.8 ± 8.3 SE ants per pitfall trap in 2004 (n = 40,

4 islets: Abbott et al. 2007). Pitfall trap abundances

were highest for the new haplotype D invasion on Te

Nonu islet (Table 1). Although the differences in

pitfall trap abundance were not statistically significant

between sampling years (GLM: estimate = -0.623,

t = -0.681, P = 0.503), or between haplotypes in

2011 (Fig. 3; GLM: estimate = 1.243, t = 1.294,

P = 0.210), haplotype D abundance had significantly

declined since 2004 (Fig. 3; GLM: estimate = 1.943,

t = 2.421, P = 0.025).

Our card counts ranged from 0 to 63 at Nukunonu

atoll, and were highly correlated with pitfall trap

counts for each plot (Spearman’s rank correlation

Rs = 0.83, S = 27.9, P = 0.001). Both card counts

and pitfall trap abundances were highest for the new

haplotype D invasion on Te Nonu in Nukunonu

(Table 1). By comparison, the card counts for the 37

Ha invasion of haplotype D on Atafu atoll were 20, 52

and 63. The lowest of these card counts was at a fuel

storage area where local residents first noticed the

ants.

Table 1 Comparison of the genetic haplotypes and total pitfall trap abundance per site of Anoplolepis gracilipes on invaded islets on

Nukunonu Atoll, Tokelau in 2004 (Abbott et al. 2007) and 2011. In addition, for 2011 we included card counts of ant activity

Islet Haplotype Abundance Card count 2011

2004 2011 2004 2011

Te Nonu – D – 1937 63

Te Puka i Mua D – 6776 – –

Nukunonu D D 108 0 0

Motuhaga D D 405 8 0

Te Fala A A 379 298 23

Pukapuka A – 9 – –

Tokelau A – 71 – –

Fenua Loa – A – 76 18

Lalo A – 934 – –

Motu Akea – D E – NA NA

Te Afua – D – NA NA

Dashes indicate the islet was not invaded. Zero values for abundance indicates non-detection in pitfall traps rather than absence, as

the presence of the ant was confirmed at the site. The abundance of A. gracilipes on Motu Akea and Te Afua atolls was not assessed

as we had insufficient time for pitfall trapping or card counts after the ants were detected. However, the ants were difficult to find on

these two islets and thus abundance was assumed to be very low
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We found significant relationships between haplo-

type, human habitation and the proportional decline in

A. gracilipes abundance between 2004 and 2011. The

beta-binomial generalized linear model with the

lowest AICc score included the main effects of

haplotype and human habitation (AICc = 302.62).

The next best fitting models included the main effects

of longitude and human habitation (AICc = 304.11),

or haplotype and longitude as main effects

(AICc = 303.39). The proportional decline of A.

gracilipes was higher for haplotype D populations

(Beta-bin GLM: estimate = 3.275, z = 5.626, P \
0.001), and lower on islets that were inhabited by

humans (Beta-bin GLM: estimate = -2.872, z =

-4.626, P \ 0.001).

The association between Anoplolepis gracilipes

abundance and effects on resident ant communities

Excluding A. gracilipes we collected a total of 19 ant

species in our pitfall traps (Table 2), compared to 16

species collected by Abbott et al. (2007). In 2011

species richness per plot ranged from 0 to 8 species

(mean ± SE: 3.8 ± 0.7 species in A. gracilipes

invaded sites and 3.4 ± 0.7 species in uninvaded

sites). Mean abundances of ants other than A. gracil-

ipes ranged from 0 to 143 ants per plot (mean ± SE:

30 ± 15.2 ants in A. gracilipes invaded sites and

18 ± 7.8 ants in uninvaded sites).

We found no significant relationship between

haplotype or A. gracilipes abundance and species

richness of the resident ant community in 2011. The

generalized linear model with the lowest AICc score

included haplotype as a main effect (AICc = 59.01;

GLM: estimate = 0.2485, t = 0.608, P = 0.560).

The next best fitting models included either

A. gracilipes abundance (AICc = 59.10), or haplo-

type and A. gracilipes abundance as main effects

(AICc = 64.97). In all the models no effects were

statistically significant.

Fig. 2 Parsimony network describing the relationships

between A. gracilipes COI haplotypes detected in Tokelau in

2004 and 2011. The number of samples included for each

haplotype is given in brackets. Nucleotide substitution differ-

ences between haplotypes and their position in the sequence

fragment are indicated. Table 1 details the islets on which the

haplotypes were found. All substitutions were synonymous.

Also included in the haplotype network were sequences using

DNA extractions of 2004 samples from Tokelau, Samoa and

Tonga for haplotype A (3 sequences), and Samoa and Tokelau

for haplotype D (4 sequences), and 2011 samples from Atafu

and Fakaofo (haplotype D, 7 sequences). The sizes of the circles

reflect the number of sequences for the given haplotype
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Fig. 3 Interaction plot comparing differences in mean pitfall

trap abundance (per plot ± SE) of A. gracilipes haplotype A

(open circles) and D (closed circles) in 2004 and 2011 on

Nukunonu atoll, Tokelau. The differences in abundance were

not significant between sampling years (GLM: estimate =

-0.623, t = -0.681, P = 0.503), or between haplotypes in

2011 (GLM: estimate = 1.243, t = 1.294, P = 0.210) but

haplotype D was significantly more abundant in 2004 (GLM:

estimate = 1.943, t = 2.421, P = 0.025)

Population decline but increased distribution
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Two-dimensional MDS and PERMANO-

VA ? also revealed no significant differences in ant

community composition in 2011 between A. gracili-

pes invaded and uninvaded sites (Pseudo F =

1.011,15, P = 0.421) or between haplotypes (Pseudo

F = 1.301,8, P = 0.218). The PERMANOVA ?

analysis did however, reveal significant differences

between ant communities in 2004 and 2011 (Pseudo

F = 5.781,32, P \ 0.001; Fig. 5), which is consistent

with a high rate of species turnover. PERMDISP

analysis found that dispersions were homogeneous in

2011 between A. gracilipes invaded and uninvaded

sites (Pseudo F = 0.6721,15, P = 0.429) and between

haplotypes (Pseudo F = 2.441,8, P = 0.214), but

there were significant differences in dispersion

between ant communities in 2004 and 2011 (Pseudo

F = 7.481,32, P = 0.011), which indicates differences

between years was specifically owing to differences in

dispersion among sites.

Tokelau residents perceptions of the Anoplolepis

gracilipes invasion

The perceptions of the people of Tokelau were

consistent with our ecological findings regarding the

distribution and abundance of A. gracilipes. In 2003

and 2004 residents considered A. gracilipes to be a

major pest. This ant had a devastating effect on crop

production, irritated livestock, and interrupted the

sleep of local residents by crawling over them during

the night. Residents attempted to halt the spread and

limit the density of the ant by burning of trees (Lester

and Tavite 2004). In 2011 the residents of Nukunonu

atoll considered that the abundance of A. gracilipes

had decreased markedly since 2004 and they no longer

considered the ant a serious problem. Nor did they

report variations in abundance throughout the year.

Management via poisoning had taken place in 2006 on

inhabited islets at Nukunonu and Fakaofo atolls

(Abbott 2006a). However, a cyclone in late 2005

shortly before poisoning was also attributed by the

residents to be responsible for a significant reduction

in A. gracilipes abundance.

At Fakaofo atoll residents were similarly uncon-

cerned with the abundance of the ant on the islet that

had been initially invaded (Fenua Fale), as it had

declined substantially. However, people were con-

cerned with the new invasion on the islet of Fale,

where they reported the ant was a nuisance around

outdoor kitchens. It was uncertain when A. gracilipes

was first detected on Fale, but it was some months

rather than years prior to the current study.

Since the 2004 study, A. gracilipes has been

observed on the inhabited islet at Atafu atoll. The

ant first became apparent to residents in 2008 around a

fuel storage area, had spread from there to cover

approximately 37 Ha bordering on the village, and was

also found at low abundance in a garden within the

village. Many residents and the Atafu village council

expressed serious concerns about the threat of the ant
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Fig. 4 The relationships between A. gracilipes abundance

(total number of ants per invaded plot) and resident ant species

richness in a 2004, and b 2011. Dashed lines indicate the

smoothed spline line of best fit with a span of 1, and solid lines

indicate the line of best fit under the assumptions of a linear

model for data from invaded plots only. Plots with haplotype D

ants are indicated by black circles, haplotype A by grey circles,

and uninvaded plots by open circles. In 2011 we found no

relationship between the abundance of A. gracilipes, or

haplotype D, and species richness of the invaded ant community

(GLM: estimate = 0.2485, t = 0.608, P = 0.560)
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encroaching on the village, and were eager for

management action.

There is no doubt that the supply vessels are a major

source of ant species to the atolls. During our voyage

from Samoa, we observed seven species of ants on the

vessel These ant species were all later found to be

resident on Tokelau, and included Tetramorium bic-

arinatum, Paratrechina bourbonica, P. vaga, P lon-

gicornis, Tapinoma melanocephalum, Cardiocondyla

nuda and Monomorium floricola. No arrivals on the

atolls during our visit were subjected to a quarantine

process, and no biosecurity checks were in place in

Apia prior to our departure for Tokelau.

Discussion

Although the effects of invasive species are often most

severe when the invading population is in high

numbers (Ehrlich 1986; Crawley 1987; Mack et al.

2000), their abundance and ecological effects clearly

do vary temporally, and population declines or

collapses occasionally occur (e.g. Lewis et al. 1976;

Morrison 2002; Hill et al. 2003; a number of studies

reviewed by Simberloff and Gibbons 2004; Cooling

et al. 2011). The distribution of A. gracilipes and the

abundance of haplotype D populations in Tokelau in

2011 differed substantially from 2004. Although

haplotype D populations were responsible for most

new invasions between 2004 and 2011, these popula-

tions were not significantly more abundant than those

of haplotype A at Nukunonu atoll. Thus, the pattern of

numerical dominance of the resident ant communities

by haplotype D populations was no longer evident.

Indeed, the resident ant communities invaded by

A. gracilipes in 2011 did not differ from the uninvaded

communities in structure or species richness, and other

ants often suffer the earliest and most severe effects of

invasive ants (Holway et al. 2002). The perceptions of

the local Tokelauan people also indicated a substantial

decline in A. gracilipes abundance and residents were

no longer concerned about the ant when it was in low

abundance.

Changes in Anoplolepis gracilipes distribution

on Tokelau

The distribution of A. gracilipes among the atolls of

Tokelau had increased to all three atolls, and although

the abundance of haplotype D populations had

declined, this haplotype featured in the majority of

new detections. Although we were unable to sample

ants from Samoa (the most likely origin of ants in

Tokelau), haplotype D was present in Samoa and

Tokelau in 2004 (Abbott et al. 2007). While we found

a single occurrence of a new haplotype (E), this new

haplotype may or may not be associated with a new

invasion, as Abbott et al. (2007) also found rare

haplotypes among the populations they sampled. We

Table 2 Comparison of the ant species caught in pitfall traps

on Nukunonu Atoll, Tokelau in 2004 (Abbott et al. 2007) and

2011, and the number of islets on which they were found

Species A. gracilipes
invaded islets

Islets not invaded by

A. gracilipes

2004

(7 islets)

2011

(7 islets)

2004

(2 islets)

2011

(4 islets)

Anochetus graeffei 1 3 2 2

Anoplolepis gracilipes 7 5

Cardiocondyla nuda 2 2

Iridomyrmex anceps 1

Monomorium floricola 3 5 1

Monomorium minutum 1

Nylanderia vaga 2 1 2

Nylanderia
bourbonica

3

Paratrechina
longicornis

1 2

Pheidole fervens 6 2

Pheidole oceanica 4 1 1 2

Pheidole sexspinosa 4 2 2

Pheidole umbonata 3 2

Pheidole sp. 2 1

Ponera sp. 1

Pyramica
membranifera

1

Rogeria stigmatica 2 1

Strumigenys
godeffroyi

1

Tapinoma
melanocephalum

3 2

Tapinoma minutum 2 1

Tetramorium
bicarinatum

2 1 2

Tetramorium
lanuginosum

5 4 1 2

Tetramorium
simillimum

2 2 1

Tetramorium tonganum 1 1 1

Tetramorium sp. 1
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cannot be certain whether the new detections of

A. gracilipes were due to arrivals from within Tokelau

or new arrivals from Samoa. Indeed, the ant commu-

nities at Nukunonu atoll are strikingly different to

those of 2004, indicating high species turnover, and

we found seven ant species in our brief survey of the

ship to Tokelau. In 2002 three species (Monomorium

minutum, P. vaga, and T. bicarinatum) were observed

in only four small potted plants being moved onto the

supply vessel to Nukunonu atoll (Lester and Tavite

2004). While these species were all found in our pitfall

traps at Nukunonu atoll, the risk of re-invasion (and

invasion of new species) is clearly high as there were

no biosecurity measures in place either before our

departure from Samoa or on arrival in Tokelau.

Haplotype D populations seem more likely to

feature in new detections because they were present

on the inhabited islets in Tokelau, and are thus more

likely to be transported. An alternative hypothesis, that

haplotype D populations have displaced other ants due

to enhanced competitive ability, seems less likely

given the decline in abundance of haplotype D

populations that were formerly abundant.

Density-dependent effects of Anoplolepis

gracilipes invasion

Frequently the earliest and worst effects of invasive

ants are on the resident ant community (Holway et al.

2002). Thus, these communities, which are straight-

forward to sample, can provide an indication of the

potential wider ecological effects of the invasive ant. It

is often the case that the effects of invasive ants on the

resident ant communities are density-dependent (e.g.

Ross et al. 1996; Le Breton et al. 2005; Krushelnycky

and Gillespie 2008). The ecological effects of A.

gracilipes are clearly density-dependent on ant com-

munities (Hill et al. 2003; Abbott et al. 2007; Lester

et al. 2009; Hoffmann and Saul 2010; Drescher et al.

2011; Gruber 2012) and other invertebrates (McNatty

et al. 2009; Boland et al. 2011). It is also clear that not

all populations of A. gracilipes are sufficiently abun-

dant for negative ecological effects to occur (Abbott

et al. 2007; Hoffmann and Saul 2010; Boland et al.

2011; Drescher et al. 2011; Gruber 2012), and that

abundance also varies naturally over time (Lewis et al.

1976; Haines and Haines 1978; Hill et al. 2003; Abbott

2006b; this study). The overall A. gracilipes abun-

dance we measured at Nukunonu atoll appeared to be

below a threshold at which negative ecological effects

may be significant on the resident ant community.

While this threshold is difficult to ascertain quantita-

tively, card count abundances may provide an approx-

imate indicator. On Christmas Island in the Indian

Ocean for example, management of A. gracilipes is

initiated if card count values exceed 37, the point

beyond which negative effects on native land crabs

become apparent (Boland et al. 2011). With the

Stress: 0.09Stress: 0.12

Uninvaded Invaded Haplotype A Haplotype D

(b) (c)

2004 2011

Stress: 0.17

(a)

Fig. 5 Two-dimensional MDS plots of Nukunonu, Tokelau ant

communities comparing differences between a sites in 2004 and

2011, b Anoplolepis gracilipes invaded and uninvaded sites in

2011, and c Anoplolepis gracilipes haplotypes in invaded sites in

2011. The analysis used Bray-Curtis similarity of log (X ? 1)

transformed abundance data. Anoplolepis gracilipes were

excluded from the analysis. On MDS plots stress values less

than 0.2 indicate a good fit. The accompanying PERMANO-

VA ? revealed significant differences between ant communi-

ties in 2004 and 2011 (Pseudo F = 5.781,32, P[perm] \ 0.001),

but no differences in ant community composition in 2011

between invaded and uninvaded sites (Pseudo F = 1.011,15,

P[perm] = 0.421) or between haplotypes (Pseudo F = 1.301,8,

P[perm] = 0.218)
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exception of the new haplotype D invasions on Te

Nonu islet (card count 63) and Atafu atoll (maximum

card count 63), our card counts did not exceed this

value. By contrast, card count abundance measured on

Christmas Island ranged between *14 and 136 in

2000–2002 (Abbott 2005), and card count abundance

in the Northern Territory of Australia in 2009 ranged

from 0 to 42 (Gruber et al. 2012). We advocate the use

of card counts in A. gracilipes studies. Such an

approach could enable a more accurate identification

of the threshold at which density-dependent effects

become apparent, enable comparison among studies,

and highlight populations for which management

options may be considered.

Anoplolepis gracilipes population dynamics

Although the differences in A. gracilipes abundance

between 2004 and 2011 could be attributed to seasonal

variation (Greenslade 1971; Baker 1976; Suwabe et al.

2009), we do not consider this to be the case. First,

people on Tokelau were not concerned about the ant

where it had persisted at low abundance since 2004.

Residents were, however, concerned about the new

A. gracilipes invasions, particularly on Atafu, where

the ant had been noticeably abundant since 2008.

Second, we found no differences in ant community

structure or species richness between A. gracilipes

invaded and uninvaded sites on Nukunonu atoll in

2011. As ant communities may take time to assemble

(Badano et al. 2005), they have likely adjusted to

lower densities of A. gracilipes over some time.

Finally, overall we found no significant difference in

overall abundance between years - the differences in

abundance were primarily owing to the decline in

haplotype D populations.

Explanations for the decline in abundance of

A. gracilipes haplotype D populations are not imme-

diately obvious, as is often the case for population

collapses of invasive species (Simberloff and Gibbons

2004). Decline of A. gracilipes on Mahé in the

Seychelles was attributed to a reduction in protein

resources (Haines and Haines 1978), although a

decline in protein availability appears unlikely on

Tokelau. The decline in A. gracilipes abundance on

inhabited islets was attributed by Tokelauan people to

Cyclone Percy in 2005, prior to poisoning. We found

the largest declines on uninhabited atolls, in particular

Te Puka iMua, which was not poisoned. Although we

cannot be certain of the relative effects of the cyclone

or of poisoning, new invasions have certainly occurred

since the cyclone, and many of the existing popula-

tions appear to have persisted. The eagerness of Atafu

residents for A. gracilipes to be controlled there

provides an opportunity to undertake management,

and determine its efficacy, focussing on areas where

A. gracilipes is highly abundant.

Cycles of population explosion and decline appear

to be a feature of a number of A. gracilipes invasions.

Documented declines have occurred on the Seychelles

(Lewis et al. 1976; Hill et al. 2003), and temporal

variation has been noted on Christmas Island (Abbott

2006b). Similar declines have occurred in the North-

ern Territory of Australia (B. Hoffmann, personal

communication). The causes of such declines among

invasive species are not well understood, although

disease is sometimes invoked (Simberloff and Gib-

bons 2004). A number of endogenous parasites are

known to affect ant population dynamics, and have

been explored as methods for biological control. For

example, the red imported fire ant Solenopsis invicta

has populations infected with a number of parasites

including a microsporidian and viruses (Oi et al. 2008;

Briano 2009; Valles et al. 2010). Anoplolepis gracil-

ipes is known to harbour multiple endogenous bacteria

(Sebastien et al. 2012), although it is not yet known if

these bacteria affect population dynamics. If parasites

or disease are involved, their effects need not be

catastrophic by themselves. Rather, they may decrease

the population size to a point where Allee effects

may result in compromised fitness (Allee 1931).

The exploitation of Allee effects could be employed

to more effectively manage invasions (Taylor and

Hastings 2005; Pachepsky and Levine 2010; Tobin

et al. 2011).

Although it is tempting to assign a pathogenic cause

to population declines, invertebrate population

dynamics often involve strong cycles of alternating

high and low abundance (Lester and Burns 2008). In

addition, the abundance of invasive ants and their

effects on the recipient ant community may be higher

shortly after arrival, and then decline to an equilibrium

(Morrison 2002). Lester and Tavite (2004) and Abbott

et al. (2007) inferred that the abundant A. gracilipes

populations on the inhabited islets were newer arriv-

als, and we also observed the same pattern. The

association that Abbott et al. (2007) found between

A. gracilipes haplotype D abundance and effects on

Population decline but increased distribution
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the resident ant community may thus have been owing

to their recent arrival, rather than to the haplo-

type itself. The abundance and potential effects of

A. gracilipes on the Tokelau atolls may therefore be

higher in the period shortly after the initial invasion,

although how long this period may be is unknown, as

is any preceding lag time when the ants are not

observed. By contrast, on Christmas Island, high

abundance has been inferred to occur at a later stage in

the invasion process (Abbott 2006b).

Conclusion

In Tokelau the correlation that Abbott et al. (2007)

identified between haplotype D and greater abundance

of A. gracilipes was no longer detected in 2011. While

haplotype D populations have declined numerically,

they are still most prevalent in new detections.

Although overall the distribution of the ant has

increased in Tokelau, many A. gracilipes populations

have declined or disappeared on some islets. Under-

standing the population dynamics of invasions, par-

ticularly the underlying mechanisms promoting

population decline, should be a high priority for

invasion ecology (Taylor and Hastings 2005; Pachep-

sky and Levine 2010; Cooling et al. 2011; Tobin et al.

2011). Anoplolepis gracilipes has significant effects

not only on ant communities and invertebrates, but

also on forest birds (Davis et al. 2008; Davis et al.

2010), and arboreal- and ground-nesting seabirds

(Feare 1999), which are common on Tokelau. Thus,

we do not suggest that occasional population declines

may eliminate the need for invasive species manage-

ment, as considerable ecological damage may occur in

the interim. Rather, understanding and exploiting the

underlying mechanisms of decline of these popula-

tions could provide a useful aid to management.
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