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Abstract

Biological invasions represent a serious threat for the conservation of biodiversity in many ecosystems. While many social
insect species and in particular ant species have been introduced outside their native ranges, few species have been
successful at invading temperate forests. In this study, we document for the first time the relationship between the
abundance of the introduced ant, Pachycondyla chinensis, in mature forests of North Carolina and the composition,
abundance and diversity of native ant species using both a matched pair approach and generalized linear models. Where
present, P. chinensis was more abundant than all native species combined. The diversity and abundance of native ants in
general and many individual species were negatively associated with the presence and abundance of P. chinensis. These
patterns held regardless of our statistical approach and across spatial scales. Interestingly, while the majority of ant species
was strongly and negatively correlated with the abundance and presence of P. chinensis, a small subset of ant species larger
than P. chinensis was either as abundant or even more abundant in invaded than in uninvaded sites. The large geographic
range of this ant species combined with its apparent impact on native species make it likely to have cascading
consequences on eastern forests in years to come, effects mediated by the specifics of its life history which is very different
from those of other invasive ants. The apparent ecological impacts of P. chinensis are in addition to public health concerns
associated with this species due to its sometimes, deadly sting.
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Introduction

Ants are among the most economically [1,2,3] and ecologically

significant groups of biological invaders [4,5,6,7,8,9]. However,

despite the introduction of hundreds of ant species outside of their

native ranges and considerable research only a handful of

introduced ant species have been shown to have clear negative

effects on native ant species. Moreover, most studies on invasive

ants are conducted in heavily disturbed habitats. In contrast,

relatively few studies have examined the influence of invasive ants

on native ant diversity in undisturbed or relatively undisturbed

habitats and these studies primarily come from island ecosystems

[10,11], tropical ecosystems [10,12,13] or temperate ecosystems

such as riparian corridors and fire-adapted grasslands and

woodlands [14,15,16,17,18] which have a high frequency of

natural disturbance. To the extent that the literature on invasive

ants characterizes our understanding of them, it seems that in the

temperate and tropical, mainland, forests of the world invasive

ants are minor players.

As with other taxa including plants, birds, mammals and fish

(reviewed in [19]), highly invasive ants are relatively restricted in

their taxonomic and biogeographic distributions of origin [20].

Although there are 22 subfamilies of ants, the most widespread

and damaging ant invaders come from the three most diverse and,

arguably, ecologically dominant subfamilies ([21]; Dolichoderinae,

Formicinae, and Myrmicinae), and originate from sub-tropical or

tropical regions [6]. For example, although tens of species from the

diverse subfamily Ponerinae have been introduced outside their

native range [6,22,23,24,25], no species from this subfamily have

been recognized as invasive.

Recently, a non-native ant species in the ponerine genus

Pachycondyla has been found to be common in parts of the

southeastern U.S. [26]. In contrast to the other diverse ant

subfamilies, species of the subfamily Ponerinae, , have often been

described as possessing both morphological and behavioral traits

thought of as ‘‘basal’’ [21,27]. Although it is clearly abundant, it

is not clear whether Pachycondyla (Brachyponera) chinensis (Emery)

meets the requirement of being invasive as we define it here of

having negative ecological effects on native species. If it does, P.

chinensis represents an interesting exception to the rules of ant

invasion in being from the Ponerinae subfamily, invading

hardwood forests and originating from cold-temperate regions.

Due to its potent sting, this species has been identified as an

emerging public health threat [26]. However, no research has

considered its geographic distribution or the ecological conse-

quences of its invasion.
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Here we examine the changes in the diversity of native ant

assemblages and the abundance of key native ant species

associated with the invasion of P. chinensis in old forests of Eastern

North America. We surveyed ant communities in presence and

absence of P. chinensis in 50 plots at 25 sites in five different forest

landscapes in Wake County, North Carolina. Across these plots,

we tested the hypothesis that the presence and abundance of P.

chinensis is negatively associated with the diversity (measured as

species density) of native ant assemblages and the abundances of

native species. We measured the effect of P. chinensis presence and

abundance on native ant communities at pitfall, local, and

landscape scales. We examine these relationships overall and then

separately for key taxonomic and functional groups (Camponotus

spp., seed dispersers, specialist litter foraging ants…), in order to

determine whether there are particular functional groups whose

absence is likely to lead to cascading ecological effects on

ecosystem processes. In addition, we compare the diversity of

ants found in sites with and without P. chinensis to samples from

forests around the world to test whether the diversity of sites with

P. chinensis is unusual even in a global context. To our knowledge,

this is the first study of the consequences of an invasive ant in a

mature temperate forest ecosystem. While none of the forests in

eastern North America are pristine [28], our study sites are typical

of mature temperate forests from North Georgia to southern

Massachusetts and so any consequences of P. chinensis in these

forests have geographically broad implications.

Methods

Study Organism
What is known about P. chinensis is fragmentary. It appears to

have been introduced to the United States no later than the 1930’s

from Japan [29,30]. It was described in the beginning of the last

century as having small, inconspicuous colonies [29]. Since then it

has only been studied once, and even then only in the context of its

potential public health threat [26]. Many reports have been noted

of humans suffering anaphylactic shock or dermatosis after being

stung by P. chinensis both in its native [31,32,33,34,35] and

introduced ranges [36]. The lack of study of P. chinensis is not

because it is rare. Our recent work suggests that the species is now

distributed in no fewer (and likely many more) than nine states in

the Eastern North American coast, from Connecticut to the

northernmost part of Florida (Figure S1). Further, where it is

present, P.chinensis has been found in anthropogenic habitats, such

as city sidewalks and backyards [29,37] and agricultural habitats

[38] but is particularly abundant in mature, temperate, hardwood

forests, including a national park (Great Smokey Mountains

National Park) and several state parks within North Carolina,

South Carolina (unpublished data), and Alabama [39]. Given the

distribution of this species, whatever its effects on native ant and

other species, they are likely to be widespread.

Ethics statement
This work was conducted according to relevant national and

international guidelines.

Study sites
This study was conducted in five mature closed-canopy, mesic

deciduous forests of Wake County, North Carolina, USA. The five

forest will be referred as 1) North Carolina State University

fragment forest (NCSU), 2) Yates Mill Pond forest (YMP), 3)

Schenck Memorial forest (SM), 4) Hemlock Bluff forest (HB), 5)

and Cary remnant forest (CRF). Two of the forests are remnants

of larger forest now situated in urban development (NCSU and

CRF), while the three others are larger protected forests (YMP,

SM and HB).

Each site consisted of two plots of 16 pitfall traps installed on a

square grid of 15615 m side (total area 225 m2); with pitfall traps

separated by 5 meters. Pitfalls traps had a diameter of 6.2 cm, and

were filled with 3 cm of antifreeze liquid as preservative. The two

plots within a site were placed so that one would have P. chinensis

present and the other would not. The ‘‘invaded’’ plot was installed

where we directly observed P. chinensis foragers or nests. Once the

invaded plot was installed, we installed a second plot (within 20–

100m of the invaded plot) where we observed no P. chinensis nests

or foragers. The second treatment (hereafter ‘‘non-invaded plots’’)

had similar vegetation cover, tree species composition, dead wood,

and slope exposure as the paired invaded plot. Thus the sampling

design was matched pair with an invaded and non-invaded plot.

Matched pair designs while not fully experimental, have the

advantage of controlling for environmental factors that vary

among sites independent of the ‘‘treatment’’ of interest.

We installed 21 sites for a total of 672 pitfall traps. All pitfalls

were active for 72 hours in the months of June–July in 2007 and

2008. Sites were located within the five chosen forests in the

following pattern, two sites at NCSU (one site in 2007 and 2008);

eight sites at YMP (five in 2007 and three in 2008); two sites at SM

in 2007; eight sites at HB (seven in 2007 and one in 2008); one site

at CRF in 2008. After 72 hours, the pitfall traps were collected.

Ants were sorted, identified to morphospecies and counted.

Vouchers were deposited in Rob Dunn laboratory’s collection

and in the NC State University Insect Museum.

Species richness estimates at the landscape scale for
areas with and without P. chinensis

Individual data from pitfall traps were separated into two

groups based on the presence or absence of P. chinensis within each

pitfall trap. For each group, we analyzed the data to evaluate the

species accumulation over our sampling effort with the software

Estimate S [40]. We used Chao1 as estimator for each group of the

total species richness in both invaded and non-invaded areas.

Association between P. chinensis and native species
abundance at a local and site scale

Local scale. We used an ANOVA to compare the effect of

the treatment, invaded vs. non-invaded, on the total ant

abundance and on native ant abundance at the pitfall trap scale.

All abundance data were Log(x+1) transformed to achieve

homogeneity of variance both for this and subsequent tests.

For a few plots, a small subset of pitfall traps in the ‘‘non-

invaded’’ treatment was actually found to contain P. chinensis. In a

second ANOVA, we considered at a pitfall trap scale the actual

presence or absence of P. chinensis and its effect on native ant

abundance. Pitfall traps were separated into two categories: those

without any P. chinensis individual per pitfall trap, and those with at

least one individual collected per pitfall trap.

Site scale. To compare native ant abundance between

treatments among sites, we standardized the sampling effort by

considering the the number of ants collected per pitfall trap.

Homogenization was necessary due to pitfall removal by

macrofauna (3% in 2007 and 18% in 2008). We then performed

an ANOVA with site as a block effect. A Generalized Linear

Model was realized to predict the response of native ant species

abundance. The variables used in the model were native species

density, the number of pitfall trap per site, abundance of P. chinensis

and the saturation of P. chinensis per site (number of pitfall traps per

site where P. chinensis was collected). This method has two
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advantages over an ANOVA or an ordinary least squares

regression. First, it allows us to keep our full set of data, even

sites where one but not all pitfall traps in a control site had P.

chinensis. Second, it allows us to predict the native ant species

abundance or species density response to variation in the other

variables entered into the model.

Association between P. chinensis and native species
density at the local and site scales

Local scale. We used an ANOVA to compare the effect of

the treatment; invaded versus non-invaded, on the native ant

species density (our measure of species diversity) at the pitfall trap

scale. Data were first analyzed in the context of the matched pair

design and then according to the actual presence of P. chinensis

within the pitfall trap.

Site scale. We first compare species density among treatments

according to the matched pair design. To homogenize our sampling

effort among treatments and among sites, we randomly removed

pitfall traps to obtain a number of 13 pitfall traps per treatment.

Sites that had suffered high pitfall trap removal rates by vertebrates

and had less than 13 pitfall traps per plots have not been considered

in this analysis. A total of sixteen sites have been kept for this analysis

(five sites in 2008 had less than 10 pitfall traps left for at least one of

their treatment). We used an ANOVA with site number as a block

effect. A Generalized Linear Model was realized to predict the

native ant species density at the site scale. The variables used in the

model were native species abundance, the number of pitfall traps

per site, abundance of P. chinensis and the saturation of P. chinensis per

site.

Association between P. chinensis abundance and native
species groups

To measure the response of native ant species to the

abundance of P. chinensis we consider the abundance of P.

chinensis for each pitfall trap and its related native species density

and abundance. To do so, we consider as a control group the

pitfall traps where no P. chinensis have been collected for an entire

plot. The pitfall traps with no P. chinensis but for which at least

one individual of P. chinensis have been collected by one of the

pitfall traps installed at a plot were considered as a ‘‘0’’ group.

For the rest of the pitfall traps, the categories based on P. chinensis

abundance have been established (1–5, 6–10, 11–20, 21–50, and

51–500). Total native ants’ species density was considered, as the

effect on specific taxa/group. Groups of species were based

mainly on taxonomical relationship. However in order to include

species with natural low densities, we also create groups based on

ecological relationship. Species collected for a specific genus, tribe

or functional group were considered together. Those were:

Aphaenogaster, the main seed dispersal ants (7 species), Camponotus

(7 species), Crematogaster (5 species), Formica (3 species), the small-

medium sized Formicinae: Brachymyrmex, Lasius, Nylanderia and

Prenolepis (10 species), the small generalist Myrmicinae: Mono-

morium, Solenopsis and Temnothorax (8 species), and the hypogaeic

ants, also referred as leaf litter foragers: Amblyopone, Hypoponera,

Myrmecina, Ponera, Pyramica, Strumigenys (10 species). This last group

is essentially composed of predator specialist of small arthropods

such as Collembolan, Acari, or Chilopods (Traniello 1982,

Masuko 1984, 1994, 2009a, b). To compare the effect of the

abundance of P. chinensis on the different groups of ants, an

ANOVA was realized among the different categories, and if this

test was significant, multiple comparisons were realized with the

Tukey’s HSD test, which consider overall error rate in multiple

comparisons.

The association between P. chinensis and leaf-litter ants
While pitfall traps are efficient to measure ground foraging ants,

they are less effective at capturing litter dwelling (hypogaeic) ant

species. In contrast, Winkler litter extractors are useful for

sampling those species that nest and forage within leaf litter and

so provide a complementary picture of ant assemblages to that

derived from pitfall traps [41,42]. In July 2009, we monitored ant

communities with a focus on hypogaeic ants with the use of

Winkler bags extractors. We selected four new sites at Yates Mill

Pond Forest composed of two plots, each of 400 m2, one invaded

by P. chinensis and one non-invaded. Again, plots were chosen

according to a matched-pair design and were separated from each

other by 20 to 50 m. Leaf litter was collected at least at 12

locations within each plot to reach a volume of five liters of sifter

leaf-litter material [43]. Collection within each plot was done so as

to maximize the diversity of micro-sites chosen (leaf litter from

base of tree, near large size log, deep humus area…) and capture

as many species as possible. After collection, leaf litter was dried

with the Winkler extractor technique for five days. Ant species

density and abundance per plot were compared with a block

ANOVA, with site number as a block effect.

Finally, we compared our data from Winkler sampling with

those published in Ward [44] to understand the effect of ant

abundance and presence absence of P. chinensis on species density.

We used a stepwise model to determinate the importance of ant

abundance (after log transformation) and P. chinensis presence or

absence on species density.

Results

Out of 672 installed pitfall traps, 614 pitfall traps were collected

(58 were removed by vertebrates). A total of 14,437 individuals

(11,270 in 2007 and 3,167 individuals in 2008) representing 52

species were collected (Table S1). At least one individual of P.

chinensis was found in each of 306 pitfall traps. P. chinensis was

absent from 308 pitfalls.

Under the matched-pair design, 36 native species were recorded

in invaded areas, while 48 species were recorded in non-invaded

areas. Chao1 estimates of richness were only slightly higher (39

and 57.2 species in the invaded and non-invaded areas

respectively) than observed numbers of species suggesting that

our sampling captured most ant species possible given the methods

used. Our sampling completeness is estimated at <91% for

invaded areas and <84% for non-invaded areas of the species

sampleable given the methods.

Association between P. chinensis and native species
abundance at a local and site scales

Local scale (Pitfalls). Ant abundance (the total number of

individual ants of all species per sample) was more than twice as

high in invaded plots ( �XX invaded = 32.3648.3) than in non-invaded

plots ( �XX non-invaded = 14.2614.3) (F [1–612] = 83.11; p,0.0001) due

to the abundance of P. chinensis. The abundance of native ants

actually showed the opposite pattern, with many more individuals

in non-invaded than in invaded plots (F [1–612] = 99; p,0.0001).

The abundance of individuals of native species was almost twice as

high in non-invaded plots ( �XX non-invaded = 14.2614.3) as in invaded

plots ( �XX invaded = 7.168.1). When presence/absence of P. chinensis

was considered, a similar pattern was observed (F [1–612] = 148.1;

p,0.0001). The number of individuals of native species was more

than two times higher in non-invaded plots ( �XX invaded = 6.567.7;
�XX non-invaded = 14.3614.1).

The abundance of native ant was negatively associated

(F[6–606] = 14.69; p,0.0001) with the abundance of P. chinensis at

Invasion in the Understory
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the local scale (Fig 1B). The mean abundance of native species

captured in pitfall traps without P. chinensis was 2 to 3 times higher

than on pitfall traps where P. chinensis abundance was high (more

than 20 P. chinensis per pitfall trap).

Site scale. Mean total ant abundance per site was higher in

invaded sites ( �XX invaded = 32.1615.2) than for non-invaded plots

( �XX non-invaded = 14.3615.1) (F [1–20] = 11.95; p = 0.0025). However,

mean native ant abundance per site was two times lower within

invaded plots ( �XX invaded = 7.163) than in non-invaded plots

( �XX non-invaded = 13.863) (F [1–20] = 19.56; p = 0.0003). Block effect

were not significant whether for all ants (p = 0. 43) or when just

native species were considered (p = 0. 13).

The results of the Generalized Linear Model (Table 1) indicated

that in addition to the overall abundance of P. chinensis in a plot,

the coverage of P. chinensis within a plot (number of pitfall traps

with P. chinensis for a given plot) had a negative effect on native

species abundance. All else equal, for example, the complete

coverage of P.chinensis across a site (P. chinensis) was associated with

a reduction in the abundance of native ants collected per pitfall

trap by 10 individuals relative to a site where P. chinensis is absent.

Association between P. chinensis and native species
density at a local and site scale

Local scale (Pitfalls). Native ant species density was

significantly lower within pitfall traps in invaded plots

( �XX invaded = 2.2861.63) than in non-invaded plots ( �XX non-invaded =

3.3461.65) (F [1–612] = 77.35; p,0.0001). When actual P. chinensis

presence/absence was considered for the local scale, a similar but

more pronounced pattern was observed (F [1–612] = 119.9;

p,0.0001). Native species density was lower in presence of P.

chinensis ( �XX invaded = 2.161.53) than in its absence ( �XX non-invaded =

3.561.66).

The density of native ant species (F[6–606] = 30.69; p,0.0001)

was negatively associated with the abundance of P. chinensis at the

local scale (Fig 1A). No significant differences in native species

density have been observed between pitfall traps without P.

chinensis but on sites where P. chinensis was present (category ‘‘0’’)

and the pitfall traps on control sites.

Site scale. Native ant species density was lower in invaded

plots ( �XX invaded = 8.962.1) than in non-invaded plots ( �XX non-invaded =

13.162.1) (F [1–15] = 16.48; p = 0.001). The block effect of the site

was not significant (p = 0.21).

In the Generalized Linear Model (Table 2) the abundance of P.

chinensis was negatively associated with native ant species density.

Association between P. chinensis abundance and native
ant species groups

Species of Aphaenogaster, the small Myrmicinae, the small

Formicinae and the leaf litter foraging ants, showed no difference

between the control and the ‘‘0’’ treatment (P. chinensis not

collected in the pitfall but present in the plot), but show a strong

(negative) association with the abundance of P. chinensis (Fig 2 I,V,

VI,VII). Species of the genus Aphaenogaster, one of the most

common groups of species in absence of P. chinensis were absent

where P. chinensis reached high abundances. Crematogaster species

density, in turn, decreased with increases in P. chinensis abundance,

though non-significantly (Fig 2 III). Species densities of Camponotus

and Formica increased with increases of the abundance of P.

chinensis, except where P. chinensis was at its most dense (Fig 2

II,IV).

Association between P. chinensis and leaf-litter ants
Leaf litter samples yielded 1923 ants from 27 species. Only 16

individuals of 2 native ant species were collected in invaded plots,

while 1347 individuals of 25 species were collected in non-invaded

plots.

The abundance of native species was significantly lower in

invaded plots ( �XX invaded = 4683.36) than in non-invaded plots

( �XX non-invaded = 336.75683.36) (F [1–3] = 39.34; p = 0.0082). Native

ant species density was significantly lower in invaded plots

( �XX invaded = 0.7561.41) than in non-invaded plots ( �XX non-invaded =

11.7561.41) (F [1–3] = 53.13; p = 0.0053). The block effect of the

site was not significant (p = 0.61) or species density (p = 0.44).

When the sites we sampled for litter ants were considered in a

global context, ant species density was positively correlated with

both log-abundances of ant collected (R2 = 0.46; p,0.00001) and

negatively correlated with P. chinensis presence (R2 = 0.08;

p,0.00001). Sites with P. chinenis in North America had low

Figure 1. Responses of the species density and abundance of
native ants to P. chinensis abundance. (A) Relationship between the
abundance of P.chinensis and the species density of native ants per
pitfall trap. (B) Relationship between the abundance of P.chinensis and
the abundance of native ants per pitfall trap. Numbers in parenthesis
represent the number of pitfall traps for each category.
doi:10.1371/journal.pone.0011614.g001
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species abundance given the number of individuals they included

and more generally compared to other sites, even those at much

higher latitudes or elevations (Fig 3).

Discussion

While invasive ants are often associated with a strong disruption

of the abundance and diversity of native ants

[10,15,16,17,45,46,47,48,49,50,51,52], such effects have seldom

been documented in mature, hardwood forests, be they temperate

or tropical. In our study of mature forests, the presence of P.

chinensis was negatively correlated with both abundance and native

ant species density at each of the scales considered. Furthermore

the abundance of several native ant species was strongly negatively

associated with increasing densities of P. chinensis (Fig 4). We

suggest that P. chinensis be regarded as an invasive species on the

basis of its abundance alone, but also its apparent impacts,

expansion in range over the last 80 years [39], and known public

health threat [26,36].

Pachycondyla chinensis presence and increasing abundance were

associated with lower native ant abundance at both local (pitfall

traps grain) and site scales. For all scales considered, the native

species abundance in areas with P. chinensis was half as great as that

in control plots for all designs and scales considered. Where

present, P. chinensis accounts for 75% of the overall abundance of

ants collected; and its abundance is two times higher than the

abundance of all native ants collected in non-invaded areas. The

ability of invasive species to reach larger abundance than native

species for similar habitat has been reported for the big-headed ant

Pheidole megacephala [13], the Argentine ant, Linepithema humile

[14,53], and the fire ant Solenopsis invicta [46]. While the exact

mechanisms that allow invasive ants to sustain such abundance

Table 1. Four nested Generalized Linear Models of native ant abundance.

Native species
density

+ Number of pitfall
traps per site + P. chinensis abundance + Saturation of P. chinensis

Parameter
estimates Effect test

Parameter
estimates Effect test

Parameter
estimates Effect test

Parameter
estimates Effect test

Intercept 3.62 P,0.0001 3.18 P,0.0001 3.30 P,0.0001 3.32 P,0.0001

Native species density 0.12 P,0.0001 0.11 P,0.0001 9.761022 P,0.0001 8.161022 P,0.0001

Number of pitfall trap
per site

Not included Not included 3.361022 P,0.0001 4.361022 P,0.0001 6.361022 P,0.0001

P. chinensis abundance Not included Not included Not included Not included 24.061024 P,0.0001 21.561024 P,0.0001

Saturation of P. chinensis Not included Not included Not included Not included Not included Not included 22.861022 P,0.0001

2Log likelihood 571.26 584.4 607.8 664.6

Models are arranged according to increasing complexity, from left to right. The first model includes only the native species density. ‘‘+number of pitfall traps per site’’
includes the number of native species as well as the number of pitfall traps collected per site. ‘‘+P. chinensis abundance’’ model includes the number of native species,
the number of pitfall traps per site and the total abundance of P. chinensis per site. ‘‘+Saturation of P. chinensis’’ model adds the effect of the number of pitfall traps
collected where P. chinensis was present. Note that the effects of native species density and number of pitfall traps are positive on native species abundance, while both
the effects of abundance and saturation of P. chinensis are negative on native species abundance. All more complex models are significantly better using 2log
likelihood ratio than the simpler model. All four models are exponentials of the form species abundance = eS parameter i*value j.
doi:10.1371/journal.pone.0011614.t001

Table 2. Four nested Generalized Linear Models of species density of native ants.

Abundance of native ants
+ Number of pitfall traps per
site + P. chinensis abundance + Saturation of P. chinensis

Parameter
estimates Effect test

Parameter
estimates Effect test

Parameter
estimates Effect test

Parameter
estimates Effect test

Intercept 2.06 P,0.0001 2.01 P,0.0001 1.99 P,0.0001 1.96 P,0.0001

Abundance of
native ants

2.161023 P,0.0001 2.161023 P,0.0001 1.461023 P = 0.0091 1.261023 P = 0.045

Number of pitfall
trap per site

Not included Not included 3.461023 Not significant 1.861022 Not significant 2.561022 Not significant

P. chinensis
abundance

Not included Not included Not included Not included 25.361024 P = 0.0021 24.561024 P = 0.016

Saturation of
P. chinensis

Not included Not included Not included Not included Not included Not included 29.261023 Not significant

2Log likelihood 10.67 12.20 15.43 15.85

Models are ordered according to increasing complexity, from left to right. The first model includes only the abundance of native ants. ‘‘+number of pitfall traps per site’’
includes the abundance of native ants as well as the number of pitfall traps collected per site. ‘‘+P. chinensis abundance’’ model includes the abundance of native ants,
the number of pitfall traps per site and the total abundance of P. chinensis per site. ‘‘+saturation of P. chinensis’’ model includes the effect of the number of pitfall traps
collected where P. chinensis was present. Only the effect of the abundance of native ants is positively associated with native species density, while only P. chinensis
abundance is negatively associated with native species density. All four models are exponentials of the form species density = eS parameter i*value j.
doi:10.1371/journal.pone.0011614.t002
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Figure 2. Relationship between P. chinensis abundance and the native species density. (A) Aphaenogaster (B) Camponotus (C)
Crematogaster (D) Formica (E) small Myrmicinae, and (F) small Formicinae.
doi:10.1371/journal.pone.0011614.g002
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remain unknown, several authors have noticed the ability of

invasive ants to tend Homopteran insects or to exploit sweet-

secretions from plants to obtain carbohydrate resources

[13,16,54,55]. Hypothesis linking invasion success by ants and a

sugar-rich diet have been proposed [6,52,54,56,57,58,59]. In the

case of the invasion by P. chinensis, this mechanism seems unlikely.

Foragers are very rarely observed on vegetation, and are

essentially unable to climb trees or vertical surfaces (B. Guénard,

personal observation), likely as a function of an absent or reduced

arolium structure as is the case for most ground-dwelling

Pachycondyla species [60].

However, even though P. chinensis does not appear to benefit

from sugar sources, the availability of key dietary resources may be

important. P. chinensis has been described as a termite specialist in

its native range [61,62] and observations to date suggest that

termite and other insects, including native ant species, are also

important in its introduced range [26] (B. Guénard, personal

observation). Furthermore, nests of P. chinensis are often found in

vicinity or within colonies of termites [62] (B. Guénard, personal

observation). Colony densities of the termite Reticulitermes flavipes, for

example, can be extremely high, reaching 300 colonies per hectare

within forests close to our sites [63]. Colonies of R. flavipes contain

between 25 000 [64] to 365 000 individuals [65] such that

conservative estimates suggest several million termites may be

present in an acre of temperate forests typical of our study sites. If

P. chinensis is better able to harvest termite resources than native

ants, termites may serve to increase the total energy diverted to

ants in temperate forests. Future studies could usefully focus on the

nesting and foraging abilities of P. chinensis relative to termite nests

and their inhabitants, the effects of termite resources on P. chinensis

colony growth and behavior, and the direct and indirect effects of

P. chinensis on termite densities and decomposition rates within

forests.

Like abundance, the species density of native ants was

negatively correlated with increases in the abundance of P.

chinensis. Native ant species collected in invaded areas with pitfall

traps were in average 30 to 40% less diverse than in non-invaded

areas. At the landscape scale, eighteen native species, 30.5% of the

total, have never been collected in invaded areas (Tables S1 and

S2). As a consequence, Chao 1 estimates of total species richness

are 32% lower in invaded areas. In addition, twelve species (23%)

present in invaded areas had their abundance reduced by at least

an order of magnitude, if not two. Collectively, more than half of

the species we collected were negatively associated with the

presence of P. chinensis. Furthermore, native ant species density was

strongly negatively correlated with increases in the abundance of

P. chinensis (Fig 2), suggesting a direct effect between P. chinensis

densities and the measured effects on native ants. The Argentine

ants are associated with similar changes in native ant communities

in upland coastal habitats in California [17].

Interestingly, many but not all native ant species were rarer

where P. chinensis was more common. A strong negative

relationship between the abundance of P. chinensis and species of

the keystone seed dispersing ant (Aphaenogaster species) was

observed, with similar patterns for the small species of the

subfamilies Formicinae and Myrmicinae, and litter foraging ant

species. For those groups, the species density collected for the

control areas and the ‘‘0’’ areas was similar, but was lower with the

presence and increasing density of P. chinensis. In contrast, species

density for larger species from the genera Camponotus and Formica

Figure 3. Ant species density as a function of the number of
individuals collected with Winkler techniques. Grey circles
represent sites presented in Ward (2000) and our own sampling using
Ward’s method (site details in supplement). Red circles represent sites
sampled within North Carolina where P. chinensis was absent. Black
circles represent sites collected in North Carolina where P. chinensis was
present.
doi:10.1371/journal.pone.0011614.g003

Figure 4. Species density of native ants per site as a function of
the abundance of native ants and the presence of P. chinensis.
Sites with P. chinensis are represented by grey circles and sites without
P. chinensis are in black. Width of circles is relative to the abundance of
P. chinensis found per site (after data transformed with a log +2). (A)
Matched pair design (15 paired sites of 13 pitfall traps used for each
site). (B) Actual presence of P. chinensis design (9 paired sites with 12
pitfall traps used for each site).
doi:10.1371/journal.pone.0011614.g004
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responded positively for low to medium abundance of P. chinensis,

and had similar species density to the control areas even for large

densities of P. chinensis. Tolerance to invasive species by a subset of

native species is known for the fire ant, S. invicta [66,67,68,69],

Anoplolepis gracilipes [11], and the Argentine ant, L. humile

[14,17,43,49,53]. Mechanisms suggested to explain which species

persist alongside invasives are typically based on temporal-seasonal

[17,43,53] or spatial avoidance of the invasive species [17].

However, the traits that allow species to persist in the presence of

an invasive are likely to depend on the life history of the invasive.

In sites where fire ants and Argentine ants are present, hypogaeic

species persist by foraging in microsites where the invasives are

unlikely to encounter them [14,43,52,53]. In contrast, in our study

hypogaeic species were strongly negatively correlated with P.

chinensis presence (Table S2), perhaps for the simple reason that P.

chinensis is itself more of a hypogaeic forager than either Argentine

ants or fire ants. In contrast, the species that persist with P. chinensis

are larger-bodied Camponotus and Formica. Why these species

survived, where others did not is unclear.

A key question in light of the strong correlations between the P.

chinensis abundance and presence and the composition of native

ant communities is whether P. chinensis tends to invade sites with

few native ants or whether it leads to the decline in native ant

abundance. While several recent studies on fire ant tend to

suggest that some invasive ants tend to invade where diversity is

already low [70,71,72], at least for the regions considered, studies

following the progression of invasive species and the associated

reduction of native species through time in natural habitat of

Australia on Pheidole megacephala [13] or on Argentine ant in

California [52] lend to support to the idea that invasive ants can

have direct impacts on native ants over short time scales. Our

study was not experimental and so we cannot say with absolute

certainly which of these two mechanisms is at play with P.

chinensis. However, several lines of evidence suggest that P.

chinensis is actually driving native ant diversity rather than the

other way around. First, most of our sites were located in

protected forests where recent human disturbances have been

marginal, such that low ant diversity in invaded sites due to

disturbance is unlikely. Second, our matched pair design

accounts, to the extent possible, for environmental differences

between invaded and uninvaded sites by comparing similar,

adjacent, sites. In this regard, if the presence of specific species in

our study provides information on the quality of habitat, the

absence of exotic or native open-habitat specialists in our

sampling is also relevant. Invasive and exotic species like fire

ant, the Argentine ant, or the pavement ant (Tetramorium caespitum)

are common species in open-disturbed habitat of Wake county,

North Carolina [59,73,74], and are well established in open-areas

around the forests sites we used (B. Guénard, personal observation).

Similarly native species of the genera Pheidole, Dorymyrmex or

Forelius, usually found in urban or open habitat [73,75], and also

considered as disturbance specialists [76,77], have been totally

absent from our sampling. Perhaps most telling, however, is our

comparison of the sites with P. chinensis to a study of forests

around the world by Ward [44], complemented by our own

additional data (Table S3). Even when considered in the context

of samples from forests around the world, the sites with P. chinensis

were low in diversity, particularly given the total number of ants

present therein. Finally, we note that anecdotally the sites

invaded by P. chinensis appear to be ‘‘great anting grounds,’’ sites

with thick litter, sticks and logs under a tall forest canopy where

we would expect to find many native species. In the end, we

cannot definitively reject the hypothesis that P. chinensis simply

invades low diversity sites, but we find it very unlikely.

In light of our interpretation of the patterns we have observed,

the presence and the potential spread of P. chinensis within natural

habitat, particularly those being managed for conservation, may

represent a threat to the local diversity and the functioning of

ecosystems. The impact of P. chinensis on native ant community

could also indirectly affect some of the ecological processes within

forested habitats. In eastern North American forests, about a third

of understory plants are ant dispersed [78,79] and species from the

Aphaenogaster genus, more specially A. rudis, have been clearly

identified as the most important seed dispersers for myrmecochor-

ous plants [78,79,80,81,82]. Abundance of Aphaenogaster species

within forests of North Carolina appears to be correlated with the

abundance of immature myrmecochores [83]. These plants are

known to be very sensitive to disturbance [84] and to possess

limited dispersal abilities and low germination rates [85]. Despite

an anecdotal seed dispersal observation by P. chinensis in its native

range [86]; it seems likely that the strong reduction or absence of

the Aphaenogaster species may disrupt the population replacement of

understory myrmecochorous plants. As another example of the

potential consequences of the abundance of P. chinensis, the

reduction of hypogaeic ants, the specialist predators on small

arthropods, can be predicted to lead to a reduction of the top-

down effects on the control of the small arthropods populations.

Finally large population of P. chinensis may reduce termite

abundance (J. Brightwell pers. obs.), with consequent effects on

decomposition rates.

In conclusion, our study presents the first demonstration of

invasion by an ant from the subfamily Ponerinae [21,27];

moreover this invasion has occurred primarily within undisturbed

habitats, most of them presently being managed for conservation.

The large geographic distribution of P. chinensis over the east coast

of the USA and its large scale consequences should be considered

in more detail. This ant’s influence may ramify widely because of

its effects on human health and on native ant species and the

processes they mediate, but also because of the extent to which

this ant appears to break some of the ‘‘rules’’ of ant invasion.

Many traits associated with invasion success in ants, such as

monopolization of carbohydrate resources [6], supercoloniality

and disturbance should be investigated in more details to

understand at which extent P. chinensis fits the model developed

for ant invasions. More than anything, the success of P. chinensis,

may be evidence that when hundreds ant species are introduced

each year from one region to another, many different ways exist

to succeed.

Supporting Information

Figure S1 Known distribution by county of P. chinensis in its

introduced range on the East Coast of the USA.Counties where P.

chinensis populations have been recorded appear in red on the map.

Found at: doi:10.1371/journal.pone.0011614.s001 (8.95 MB TIF)

Table S1 Species richness, abundance and occurrence of the

species collected with pitfall traps. Number of individuals and

percentage of occurrence (in parenthesis) of each species as a

function of how the study design was treated statistically and the

presence or absence of P. chinensis in pitfall traps.

Found at: doi:10.1371/journal.pone.0011614.s002 (0.10 MB

DOC)

Table S2 Species richness, abundance and occurrence of the

species collected with Winkler extractors. Number of individuals

(and percentage of occurrences) of each species in Winkler bag

extractions from sites with or without P. chinensis. Hypogaeic

(subterranean) species are represented in bold.
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Found at: doi:10.1371/journal.pone.0011614.s003 (0.05 MB

DOC)

Table S3 Species density and abundance of ants collected in

areas with and without P. chinensis. Leaf litter ant species richness

and abundance data were extracted from Ward [44], with the

addition of data from the sites below. P. chinensis was absent for the

last four sites presented in the table.

Found at: doi:10.1371/journal.pone.0011614.s004 (0.04 MB

DOC)
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