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N Ú R I A R O U R A - PA S C U A L *w , J O S E P M . B A S *, W I L F R I E D T H U I L L E R z, C A N G H U I w ,

R A I N E R M . K R U G § w and L L U Í S B R O T O N S }
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Abstract

Determining the geographical range of invasive species is an important component of

formulating effective management strategies. In the absence of detailed distributional

data, species distribution models can provide estimates of an invasion range and increase

our understanding of the ecological processes acting at various spatial scales. We used

two complementary approaches to evaluate the influence of historical and environmental

factors in shaping the distribution of the Argentine ant (Linepithema humile), a wide-

spread, highly invasive species native to South America. Occurrence data were combined

with environmental data at incremental spatial scales (extent and resolution) to predict

the suitable range of the ant invasion using ecological niche models. In addition, we also

used a spread model that simulated the jump dispersal of the species to identify the most

plausible scenarios of arrival of L. humile in the NE Iberian Peninsula at local scales.

Based on the results of both modelling practices, we suggest that L. humile might have

reached its maximum geographic range at regional scales in the NE Iberian Peninsula.

However, the species does not appear in equilibrium with the environment at small

spatial scales, and further expansions are expected along coastal and inland localities of

the Costa Brava. Long-distance jumps are ultimately responsible for the spread of the

Argentine ant in the area. Overall, our study shows the utility of combining niche based

models with spread models to understand the dynamics of species’ invasions.
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Introduction

An important consequence of globalization is the in-

crease in biotic exchange among regions worldwide.

The movement of species far away from their native

ranges produces a gradual replacement of native biota,

often exacerbating the threats already posed by changes

in biodiversity (Mack et al., 2000). Under these circum-

stances, the identification of areas at risk of invasion, as

well as the pathways of introduction and the rate at

which species spread are of paramount importance to

the control of nonnative species (Hulme, 2003). Deter-

mining the spatial dimensions of invasive species is not

only valuable for management purposes, it also pro-

vides excellent opportunities to test hypotheses about

the underlying processes controlling the spread of in-

troduced populations and resolve interesting questions

in invasion biology.

As such, modelling practices are acquiring greater

importance among researchers interested in assessing

the boundaries of biological invasions (Peterson, 2003).

Both ecological niche and spread models have been

used for such purposes. Ecological niche models corre-
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late environmental variables that influence species’

ecology with occurrence/abundance data to identify

areas suitable for the species (Guisan & Thuiller,

2005). On the other hand, spread models simulate the

spatiotemporal dynamics of species by not only con-

sidering variations in the environment, but also the

underlying processes driving range expansion and the

characteristics of species (Higgins & Richardson, 1996).

While ecological niche models provide a relatively easy

technique to assess the susceptibility of an area to

become invaded, models need to consider the spatial

dynamics of species to estimate their current distribu-

tion and the time required for an area to become

invaded (Hulme, 2003). Therefore, the major challenge

that spread models face is to integrate the various

modes of a species’ dispersal (spread by diffusion and

long-distance jump dispersal) into a realistic simulation

model (Hastings et al., 2005).

Despite their inherent complexities, both ecological

niche and spread models have been successfully ap-

plied to estimate the geography and dynamics of sev-

eral invasive species (Higgins et al., 1996; Peterson,

2003). Additionally, recent studies have shown the

potential when combining both modelling techniques

(Meentemeyer et al., 2008; Pitt et al., 2009). Such inte-

grated approaches permit a more comprehensive inter-

pretation of the species’ ecology and spread in

heterogeneous landscapes. This is especially important

for invasive species, since it allows developing robust

assessments about the areas susceptible for future es-

tablishment and/or infer hypothesis about the path-

ways of expansion.

The aim of this study is to provide a better under-

standing of the geographic limits of a highly invasive

species by combining ecological niche and dynamic

spread modelling techniques. We provide new insights

into the processes that influence the expansion of bio-

logical invasions, by using the Argentine ant (Linepithe-

ma humile) as a study case. The methodological

approach is composed of two major steps, each addres-

sing one of the questions below:

(1) Question 1: Is Argentine ant invasion in equilibrium

with its environment? We calibrated a series of eco-

logical niche models at various spatial scales (i.e.

different extent and resolution), which allowed us

to identify the most influential environmental fac-

tors and elucidate the status of the invasion by

comparing final predictions.

(2) Question 2: What are the main pathways of introduction

and expansion of the Argentine ant? By means of a

spread model, we tested several hypotheses about

the possible introduction of the species and its

subsequent expansion at local scales.

The combination of both approaches enabled us to

clarify the role of ecologic and anthropogenic factors

in shaping the current distribution of the Argentine ant

at the NE Iberian Peninsula at incremental spatial scales

(Fig. 1), and identify potential scenarios of introduction

by linking this local invasion process to the pathways of

species spread at the global scale.

Methods

Study species

Native to South America, L. humile is considered as one

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

Despite their limited dispersal abilities (i.e. absence of

winged dispersal by queens, and colonies only grow

and bud off into separate units an averaged distance of

150 m yr�1), Argentine ants have been able to establish

in many Mediterranean and subtropical areas primarily

due to long-distance jump dispersal associated with

humans (Suarez et al., 2001). The first observations of

the invasion in the Iberian Peninsula date back to 1894

in Oporto (western side) and 1923 (probably 1919) in

València (eastern side). L. humile is currently distributed

along coastal areas and in some inland localities (Espa-

daler & Gómez, 2003). Although the processes respon-

sible for this distribution are unknown, it is possible

that Argentine ants may have been introduced directly

from its native range via various trans-Atlantic routes

that connected South America with the Iberian Penin-

sula during the last centuries (Barbaza, 1988; Yáñez,

1996). However, the strong relationship between south-

western Iberian Peninsula (Portugal; Extremadura and

Andalusia, Spain) and cork industries located at the

northeastern side (Barbaza, 1988) could also have been

the cause of long-distance dispersal of Argentine ant

populations within the Peninsula.

Correlative modelling approach to identify suitable areas
across spatial scales

In ecological niche models, occurrence and environ-

mental data influencing species’ distributions are com-

bined into a statistical model to determine the role of

environmental factors, and predict those areas suitable

for the species. As models are sensitive to calibration

data and spatial scales (McPherson et al., 2006; Menke

et al., 2009), we estimated the potential distribution of

Argentine ants at the NE Iberian Peninsula using in-

dependent occurrence datasets at global (worldwide),

regional (Catalonia) and local (Costa Brava) scales.

Global scale models were calibrated using a wider

range of environmental conditions, and were therefore

expected to perform better in estimating the potential
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range of the species than those models calibrated using

a narrow range. On the other hand, local scale models

dealt well with the fine-scale heterogeneity of the land-

scapes (Thomas & Abery, 1995; Guisan et al., 2007).

Therefore, by comparing them, we expected to test

hypotheses about the status of the invasion; the closer

the concordance among predictions, the more likely the

species is at equilibrium with its environment (i.e. the

species has reached all its suitable areas and no further

expansion is expected) at that specific spatial scale.

Although a similar conclusion can be drawn by looking

at the performance of the models (i.e. the higher the

value of the performance index, the closer to equili-

brium), indices were not directly comparable because

models were calibrated using independent occurrence

datasets and evaluated with testing data at different

prevalence (Manel et al., 2001; McPherson et al., 2006).

We used generalized additive models (GAM) to as-

sess the potential distribution of the species. GAMs are

semiparametric extensions of generalized linear mod-

els, which allow for nonparametric and complex rela-

tionships between the response and predictor variables

in addition to the parametric forms (Hastie & Tibshir-

ani, 1990). A nonparametric smoothed function of all

explanatory variables is fitted to the response variable

without prejudging the shape of the relationship be-

tween both terms. Consequently, it attains more com-

plex response curves than most classical linear models.

We used a cubic spline smoother, and the appropriate

level of smoothness for each predictor was bounded to

four.

Instead of applying a usual stepwise selection proce-

dure using Akaike’s information criterion (AIC, Akaike,

1974) to select the most parsimonious solution among

several models, we used a multimodal inference meth-

od to estimate the weights of evidence for each variable

and predict the distribution of the species (Burnham &

Anderson, 2002). Multimodal inference makes inference

based on multiple models and generates a final

weighted average prediction, giving higher weight to

models with higher relevance. The weight in favour of

Fig. 1 Locality maps for Catalonia and Costa Brava, indicating

the main topographic features and the most important urban

centres. Darker shades indicate higher altitudes, and linear

features main watercourses. Northern (N), central (C) and south-

ern (S) sections of the Costa Brava are differentiated according to

the main water basin and main topographic and geologic units.

[The N area is a schistous massif (named Cap de Creus) with

Mediterranean shrubland vegetation influenced by strong north-

ern winds. The C area (encompassing Golf of Roses and Begur

Massif) presents an heterogeneous landscape mainly composed

of sedimentary, intensively cultivated plains and small calcar-

eous and siliceous massifs (mainly covered by kermes oak

forests accompanied by aleppo pines), considerably shaped by

human presence. The S area is a low granite mountain range

(Gavarres-Cadiretes massif) mainly covered by cork oak forests,

highly influenced by nearby urban concentrations. All three

areas are affected by fast-growing urbanization processes, which

are strong in the South and near the coastline].
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each model (wi) is estimated by:

wi ¼
exp � 1

2Di

� �
PR

r¼1 exp � 1
2Dr

� � ;

where Di corresponds to the difference between the AIC

of the model (i) and the minimum AIC value of all

possible combinations of variables. By analogy, the

weight of evidence of each predictor variable is esti-

mated as the sum of the model weight over all models

in which the selected predictors appear. The calculation

of the absolute weight of evidence is then done through

a randomization procedure, in which each predictor

variable is randomly permutated in the original dataset

to assess its absolute influence on the response vari-

ables. This approach is appealing because it reduces

biases due to model selection and infers the importance

of each variable across all the fitted models, and not

only based on one single stepwise selected model

(Thuiller et al., 2007).

Before the development of the models, occurrence

data at each spatial scale were randomly divided into

two datasets for calibrating (70%) and testing (30%)

models, respectively. Model validation was done using

the testing data set aside from model development at

each spatial scale and the area under the receiver

operating characteristic (ROC) curve (AUC), where

values of 0.5 indicate model discrimination no better

than random and values of 1 highest model agreement

(Hanley & McNeil, 1982). Since ROC analysis could

have been affected by differences in the range of pre-

dictions (Lobo et al., 2008), a series of additional para-

meters were also reported: k index at the threshold that

maximizes the parameter, and specificity and sensitivity

(i.e. proportion of correctly predicted presences and

absences, respectively) measured at the threshold that

maximizes the sum of both parameters (i.e. also known

as the Youden’s index, this criteria minimizes the mean

error rate for positive observations and the error rate for

negative observations) (Youden, 1950). All analyses

were conducted in R v2.5.1 (rR Foundation for Statis-

tical Computing, Vienna, Austria), and model perfor-

mance parameters were calculated using the Presence–

Absence Model Evaluation package (Freeman, 2007).

Occurrence data. Occurrence data from native (64

presences) and worldwide invaded (650 presences)

ranges were extracted from Roura-Pascual et al. (2004)

to calibrate and evaluate the model at global scales

at the aforementioned proportions. Since absence data

were not available, an equal number of pseudoabsences

were randomly generated around areas densely

sampled from the overall study area without

confirmed presence of the species. In contrast, the

regional dataset was composed of 125 presences and

77 absences extracted from personal collections and an

urban survey, during which the main human

settlements in Catalonia were surveyed for Argentine

ants (half an hour searching at each) during summer

2003 (Fig. 2). The local dataset consisted of 1120

absences and 817 presences obtained strictly from a

road survey carried out during summers 2004 and

2005. The main roads of the Costa Brava were

surveyed at intervals of 500–1000 m distance; at these

stopping sites, we searched for Argentine ants within a

radius of 10 m for a time period of 10 min (Fig. 2).

Environmental datasets. For the model at global scales,

we used six climatic variables: annual precipitation

(PAN), mean diurnal range, minimum temperature of

the coldest month (TMIN), maximum temperature of

the warmest month (TMAX), precipitation of the

coldest quarter (PCQ), and precipitation of the

warmest quarter (PWQ) from the WorldClim (Hijmans

et al., 2005; 1 km� 1 km). For the regional and local

models, we used eight digital coverages summarizing

aspects of topography [aspect (ASP), slope (SLO), and

topographic position index (TPI), derived from the

Digital Elevation Model of Catalonia (ICC, 2008;

30 m� 30 m)], climate [annual solar radiation (RAN),

annual mean precipitation (PAN), mean winter

minimum temperatures (TWI), and mean summer

maximum temperatures (TSU), from the Climatic

Digital Atlas of Catalonia (Ninyerola et al., 2000;

180 m� 180 m)], and distances to environmental

features [water courses (DRIV), derived from vectorial

coverages of Environmental and Housing Department

of the Government of Catalonia (GENCAT, 2008)].

These environmental datasets were selected

according to current knowledge of the species: the

influence of temperature and humidity in determining

its distribution, and also on annual cycles of species

activity (Way et al., 1997; Holway et al., 2002;

Krushelnycky et al., 2005; Heller et al., 2006; Abril

et al., 2007; Menke et al., 2007). Mean winter minimum

temperatures (TWI) were obtained by calculating the

mean of December, January, February and March

minimum temperatures, and mean summer maximum

temperatures (TSU) by calculating the mean of May,

June, July, August, September and October maximum

temperatures. Months were selected according to the

Argentine ant activity range; the period from May to

October is when the species is more active at the NE

Iberian Peninsula (Abril et al., 2007). The TPI is a scale-

dependent index that classifies the landscape into

landform categories, from valleys to flat areas and

mountain ranges (Tagil & Jenness, 2008), which

indirectly influence Argentine ant presence (Holway,
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Fig. 2 Predicted potential distribution for the Argentine ant in Catalonia and Costa Brava using occurrence data at different spatial

scales to calibrate ecological niche models: global (G), regional (R) and local (L). Occurrence data from the urban (a) and road (d) surveys

were used to develop models (b) and (e), respectively. Model (c) was developed using worldwide occurrence data extracted from Roura-

Pascual et al. (2004). For each model, the prevalence (P) of the testing occurrence data and several measures of model performance are

presented: AUC (A), k index (K), optimal cutoff (co), sensitivity (se) and specificity (sp).
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1998). The TPI was calculated based on the difference in

elevation between a cell and the average elevation of the

neighbouring cells at 1000 m distance, while accounting

for the slope of that cell, using a GIS extension (Jenness,

2005). Because biotic interactions do not seems to limit

Argentine ants in introduced ranges (Carpintero &

Reyes-Lopez, 2008), predictions from ecological niche

models provided a good spatial representation of the

species’ ecological profile across spatial scales. Data for

the global model were prepared at 1 km resolution in

ARCGIS v9.2 (rESRI, Redlands, CA, USA), and at 180

and 30 m spatial resolution for the regional and local

models, respectively. Climatic data were resampled at

30 m spatial resolution for the local model, but

topographic and distance-related variables were

directly generated at 180 and 30 m. Correlated

environmental variables (r40.7, such as mean annual

temperature) were excluded from the initial datasets.

Dynamic modelling approach to simulate the jump-
dispersal process at local scales

To determine the role of human factors in shaping the

distribution of the Argentine ant and to understand the

spatiotemporal dynamics of the invasion, we aimed at

reconstructing the history of the invasion at local scales

(Costa Brava) using a spread model (Hanski, 1999). The

species is known to spread mainly through jump-dis-

persal events associated with humans, which vary from

a few to thousands of kilometres (Suarez et al., 2001).

However, we limited the dispersal to short-distance

jump dispersal because: (i) localities of Argentine ant

tend to appear aggregated around certain nuclei, sug-

gesting that dispersal occurs mainly among neighbour-

ing areas; (ii) the pattern of spread in the study area is

unknown and long-distance jumps are highly unpre-

dictable; and (iii) the study area is small and highly

urbanized, making human movement more frequent at

short distances. Long-distance jump dispersal (across

the region) was however incorporated by postulating

different scenarios of arrival of the species. In doing so

we combined long- and short-distance jump dispersal,

and reconstructed the spatiotemporal dynamics of the

Argentine ant after introductions without adopting a

particular frequency distribution.

We adopted a deterministic approach and calculated

the occupancy probabilities after each time step based

on the initial conditions and a spread parameter. The

study area (55.8 km� 59.22 km) was divided into cells

of size 180 m� 180 m, resulting in a grid of

310 m� 529 m cells. Metapopulation principles were

used for governing the cell-state transition called the

interacting particle system model (Hanski, 1999; Lee

et al., 2007). The time step t was 1 year and the model

was run according to the following transition rule:

Pi;jðtþ 1Þ ¼ð1� ei;jÞPi;jðtÞ þ
ci;j

ð2zþ 1Þ2 � 1

ð1� Pi;jðtÞÞ
Xiþz

x¼i�z

Xjþz

y¼j�z

Px;yðtÞ

0
@

1
A� Pi;jðtÞ

0
@

1
A;

where Pi;jðtÞ is the probability that cell (i, j) is occupied,

ci,j and ei,j indicate the colonization rate and the

extinction rate, and z indicates the colonization dis-

tance per time step (Hui & Li, 2004). We chose

ci;j ¼ 1� expð�5 �Qi;jÞ and ei;j ¼ expð�5Qi;jÞ; where Qi,j

is the quality of cell (i, j). Qi,j was defined as the suit-

ability predicted by the ecological niche model if the cell

corresponded to an urban area, or zero for nonurban

areas. Nonurban areas were set to zero as jump dispersal

takes primarily place among urban areas. The coloniza-

tion range used in the simulation was z 5 5 (five cells),

representing a maximum dispersal distance of 0.9 km (5

cells� 180 m) per time step and a square area of

1.98 km� 1.98 km (11 cells� 11 cells) that could be po-

tentially covered with ants coming from one occupied

cell in the centre. Suarez et al. (2001) reported a jump

dispersal of 410 km yr�1 in North America, while in

New Zealand a distance of 2–3 km yr�1 was described

(Pitt et al., 2009). Considering the level of urbanization

and human mobility in the Costa Brava, an annual

dispersal distance of � 1 km is reasonable and provides

a sound baseline for the model. The selection of this

dispersal distance did not affect the spatial dimension of

the simulated range expansion, but only the temporal

one (i.e. the speed of spread by slowing or accelerating

the advance of the invasion).

To test several hypotheses about the introduction

pathways of Argentine ants in the Costa Brava, the

model was run under different scenarios of introduc-

tion and four environmental suitability mosaics [three

derived from ecological niche models developed earlier

at global (G), regional (R) and local (L) spatial scales; the

other fixing the urban cells with a suitability of one to

overcome the effect of habitat heterogeneity (U)]. The

scenarios of introduction were:

� Maritime commerce in principle ports (MP): Argen-

tine ants arrived at two main ports in trans-Atlantic

shipping routes (St Feliu de Guı́xols and Palamós,

Fig. 1).

� Maritime commerce in principal and main second-

ary ports (MPS): In addition to the main ports

(scenario MP), the species was also introduced in

some of the most relevant secondary ports during

the 19th and beginning of 20th century (Blanes,

Roses and Cadaqués).
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� Maritime commerce in all ports (Mall): The Argen-

tine ant arrived to all previous ports (scenario MP

and MPS), but also in Lloret de Mar, Tossa de Mar,

Calella de Palafrugell, l’Escala, and Port de la Selva

by means of local maritime routes.

� Cork industry (C): The main activity promoting the

spread of the invasion was the cork industry, which

imported raw cork from other parts of the Iberian

Peninsula where L. humile was first detected (Oporto

and València). The main factories during that period

were located in Cassà de la Selva, Llagostera and

Palafrugell, and around the main ports (scenario MP).

� Maritime commerce in all ports and cork industry

(MallC): Argentine ant arrived simultaneously by

means of maritime commerce (scenario MP, MPS

and Mall) and cork industry (scenario C).

These 20 combinations (five scenarios of arrival� four

suitability mosaics) were run for 160 time steps using

Mathematica Version 6.0 (rWolfram Research Inc.,

Champaign, IL, USA). The performance of models to

predict the distribution of L. humile observed during the

road survey was calculated using the AUC and k
indices, as well as sensitivity and specificity at thresh-

old 0.5. Contrary to the correlative modelling approach,

the latter three indices were measured at a specific

threshold to compare the performance of the spread

model over time. Models presenting the highest perfor-

mance were interpreted as the most plausible scenarios

to explain the expansion of L. humile in the Costa Brava.

Additionally, differences and similarities between mod-

els predictions were also tested using the k index as a

measure of agreement.

Results

Correlative modelling approach to identify suitable areas
across spatial scales

The urban survey in Catalonia corroborates the invasive

pattern described by Espadaler & Gómez (2003), which

restricts Argentine ant distribution near the coast and

suggests that the species is absent from inland and high

altitude areas (Fig. 2a). However, the road survey

indicates that the almost continuous distribution pre-

sented in the Costa Brava is further fragmented into

several invasion patterns presenting different degrees

of spatial continuity (Fig. 2d). Species presence in-

creases towards the southernmost coastal areas, where

the species is known to invade natural habitats (i.e. pine

and cork oak forests, shrublands and dry cultivated

fields). Although the Argentine ant is mainly present

near urban areas in the North, it was also found invading

natural environments (such as shrublands dominated by

Quercus coccifera and Cistus spp. in the Cap de Creus,

Fig. 1). Similarly, in inland areas, the species showed a

patchy distribution near human settlements, even

though it has also been found occupying natural habitats

quite a distance away from human dwellings (e.g. the

invasion was found in cork oak forests at 42 km from

inhabited areas). These latest findings are extremely

important because it shows the species ability to invade

northern habitats with more extreme environmental

conditions and interior natural habitats, which was not

known to occur until now at NE Iberian Peninsula.

To determine the status of the invasion, we compared

the prediction of the model calibrated at global scales

using worldwide occurrences (in addition to the pre-

sence data obtained from the urban survey) with the

regional and local models developed using occurrences

from the urban and road surveys, respectively. Besides

the lack of true absence data to calibrate and evaluate

the model at global scales, tests indicate good model

agreement in predicting data set aside from model

development (AUC 5 0.90/k5 0.69). The regional and

local models developed using a more specific set of

environmental data also showed high model perfor-

mance (AUC 5 0.82/k5 0.54 and AUC 5 0.79/k5 0.48,

respectively).

For Catalonia, the global and regional models predict

a similar pattern and indicate areas along the coast as

highly suitable for the Argentine ant (Fig. 2c and b).

This result suggests that L. humile already reached its

maximum geographic extent at the regional scale, and

future spread will probably occur within the actual

geographic limits of the invasion. For the Costa Brava,

the model developed at local scales indicates that a

further spread of the species is still possible near the

coast, but inland areas appear less suitable (Fig. 2e).

These results differ to some degree from those obtained

by the global and regional models, which predict most

of the Costa Brava as highly suitable. Although the

model at local scales correctly predicts the occurrence

data set aside as testing data, it omits some urban

localities where the species is known to occur. This

model adjust predictions close to areas where the

Argentine ant is present at high densities (such as

coastal areas) and tends to underpredict its inland

distribution, probably due to the inclusion of false

absences that correspond to environmentally suitable

areas that have not been occupied yet.

There were some slight divergences in the influential

environmental variables across spatial scales (Table 1).

While the regional model only considered few variables

as the most relevant ones in determining the distribu-

tion of the species, the local model included several

factors at similar levels of relevance. As in the global

model, this might be due to the difficulties of the model
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to reach a unique consensus prediction in highly het-

erogeneous environments. In other words, the occur-

rence set influences the calibration of the model

substantially. This shows the relevance of adopting a

multimodel inference method that permits the devel-

opment of multiple realisations of the calibration data.

Besides these divergences, both models include tem-

perature (TWI) and precipitation (PAN) as the most

influential variables. This is in concordance with pre-

vious studies (Krushelnycky et al., 2005; Menke et al.,

2007), which demonstrated the influence of climatic

factors, especially temperate climates and humidity,

on the species distribution. Thus, the inclusion of dis-

tance to rivers (DRIV) in the local model could probably

be explained by the preference of Argentine ants to

occupy habitats near water courses in xeric environ-

ments and the scale of the analysis (Holway et al., 2002).

In general, we did not find dramatic differences in the

relative importance of environmental variables when

changing scales, even though ecological processes ac-

quire new nuances when perceived from different

spatial scales (Mackey & Lindenmayer, 2001).

Dynamic modelling approach to simulate the jump-
dispersal process at local scales

Spread models developed by combining scenarios of

introduction and urban mosaics of environmental suit-

ability for the Argentine ant in the Costa Brava predict a

fast rate of spread in the first years, and a posterior

stabilization when the most suitable areas become oc-

cupied (Fig. 3, Appendix S1). This pattern, however,

varies depending on the scenario and suitability mo-

saic. The rate of spread under scenario MP (maritime

commerce in principle ports) is slow during the first 100

years and then increases exponentially, whereas in the

rest of scenarios the predicted area occupied increases

gradually along the time period of our analysis (160

years). Scenario MallC (maritime commerce in all ports

and cork industry) gives the greatest range under all

suitability mosaics. When comparing for the effects of

suitability, mosaics U (all urban cells highly suitable), G

and R (derived from the global and regional models,

respectively) promote the greatest range expansion. By

contrast, suitability L (derived from the local model)

produces the smallest expansion (since there are less

areas suitable for its establishment) and the maximum

number of occupied cells is reached sooner than in the

other suitability contexts.

To identify the most plausible scenario of introduc-

tion, we compared the performance of all models using

both AUC and k indices. Besides their differences, both

measures show similar patterns: high increase in model

performance during the first 20–40 years since introduc-

tion and then a slight decrease over time (Fig. 4). This

decrease is specially accentuated when models are

calibrated using suitability U, G and R, and almost

nonexistent for suitability L. In general, the model

showing the highest performance over time under all

suitability mosaics is scenario Mall (maritime commerce

in all ports), followed by scenario MallC under suitabil-

ity R and L and during the first years under the other

suitability mosaics. It is important to note that models

developed under scenario MP tended to outperform

models calibrated using other scenarios at the end of

the temporal sequence. This is partly due to the nature

of the evaluation indices, which penalize the inclusion

of both false predicted presences and absences.

These patterns can also be observed by identifying

the year at which models attain the highest perfor-

mance (Fig. 5). Besides the limitations of the spread

model for assessing the year of introduction of the

invasion, the number of years required to reach the

maximum model performance varied quite uniformly

depending on the scenario of arrival (MP4MPS4
C4Mall4MallC) and the suitability mosaic (L4G �

Table 1 Relative importance (in %) of predictor variables included in the ecological niche models assessing the potential

distribution of the Argentine ant using occurrence data at global (G), regional (R), and local (L) scales

Model G Model R Model L

Variables Relative importance (%) Variables Relative importance (%) Relative importance (%)

PAN 16.40 ASP 26.95 5.60

MDR 16.76 SLO 5.59 4.49

TMIN 16.76 TPI 2.84 15.16

TMAX 16.76 RAN 7.68 15.29

PCQ 16.76 PAN 25.53 15.29

PWQ 16.58 TWI 27.03 15.29

TSU 2.26 14.92

DRIV 2.10 13.95

See ‘Methods’ for the description of abbreviations.
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R � U). All predictions indicate that areas near the

coast are probably the most occupied at present day,

and a more patchy distribution up to northernmost

areas. This pattern was also observed during the road

survey (Fig. 2d). Argentine ants tend to cluster near the

original focuses of introduction forming a small sample

of historically related populations which are not inde-

pendent of the distance from the focus of introduction,

as often assumed as a result of jump-dispersal pro-

cesses. Comparisons among predictions (Fig. 5) across

suitability mosaics indicate that scenarios MP and C

produce different spatial results than scenarios MPS,

Mall and MallC (Table 2a). On the other hand, when

comparing for the effects of the suitability mosaic, it

seems that predictions derived from suitability U, R and

G tend to be slightly more similar than those represen-

tations derived from suitability L (Table 2b).

Comparing the performance of the spread models

under suitability L (Fig. 5, last row) with that from the

ecological niche model at local scales (which reflects a

scenario of unlimited dispersal, Fig. 2e), the spread

model performed almost as well as the ecological niche

model. The only difference is that the spread model

presents a slightly lower sensitivity and a slightly high-

er specificity than the other. As a result, the spread

model can be recommended as a refinement of the

ecological niche model, keeping in mind the risk of

underestimating the current distribution range of the

Argentine ant in the Costa Brava. Comparisons among

all model predictions (Figs 2 and 5) were not possible

due to differences in prevalence among datasets (Manel

et al., 2001; McPherson et al., 2006).

Discussion

Question 1: Is Argentine ant invasion in equilibrium with
its environment?

The development of ecological niche models at nested

spatial scales appears to be an appropriate approach to

assess the range of suitable conditions for invasive

species. It enables a reasonable estimate of the geo-

graphic dimensions of the invasion, and provides in-

formation about its equilibrium status. In this sense,

global/regional models are expected to be more robust

than local models in predicting the potential distribu-

tion of species, even when the species is not in equili-

brium (Bolliger et al., 2000). Models built at global/

regional scales tend to capture a larger proportion of the

species potential distribution than local models, which

are calibrated using a narrower range of environmental

conditions. Therefore, while areas predicted as highly

suitable by the model calibrated at local scales are prone

to invasion, nonsuitable areas cannot.

Comparison of models calibrated at global and regio-

nal scales showed that differences between predictions

are insignificant, suggesting that L. humile might have

already reached its maximum geographic extent at

regional scales (Catalonia). However, comparisons be-

tween predictions at regional and local scales suggest

Fig. 3 Percentage of area predicted occupied by the Argentine

ant in 160 years time. y-axis refers to the area predicted occupied,

measured as the sum of all cells’ probability (Spi).

x-axis indicate the number of years since introduction. Lines

refer to scenarios of introduction: MP (——), MPS (- - - -), Mall

( � � � � ), C (– – –), and MallC (— – —).
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that the invasion is not in equilibrium at local scales

(Costa Brava), and indicate that the species still has

potential to occupy optimal urban areas within the

limits predicted at global/regional scales and spread

into natural habitats in our study system. In fact,

Casellas (2004) reported an increasing net expansion

rate of the invasion by budding (similar to diffusion

dispersal) of 19.00 � 6.83 m yr�1 (n 5 1) in a forested

area of the southern Costa Brava. Even though this rate

of spread is somewhat smaller than the rates reported in

Fig. 4 Models performance measured using AUC and k indices. y-axis refer to the value of the indice, and x-axis the number of years

since introduction. Lines refer to scenarios of introduction: MP (——), MPS (- - - -), Mall ( � � � � ), C (– – –), and MallC (— – —).

Fig. 5 Model predictions of Argentine ant spread in the Costa Brava under five scenarios of introduction (scenario MP, MPS, Mall, C,

MallC) and four suitability mosaics [all urban areas equally suitable (U), and suitability based on global (G), regional (R), and local (L)

predictions] for the year attaining the maximum model performance based on the k index (threshold 0.5). Maximum AUC (A) and k (K)

indices, as well as the year in which they are attained between parentheses, are presented. Sensitivity (se) and specificity (sp) at threshold

0.5 are also included. * Instead of using year 151 (when AUC index was highest), we provide the AUC corresponding to the first peak at

32 years.
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other parts of the world (Suarez et al., 2001), it shows the

potential of the species to invade new areas in the region

without human assistance. Therefore, it is necessary to

monitor the invasion in other urbanized areas and

natural habitats of the Costa Brava, and identify the

environmental constraints that might limit its expansion

at local scales.

Question 2: What are the main pathways of introduction
and expansion of the Argentine ant?

Besides the complex processes governing the dispersal

of species, considerable progress has been made in the

development of spread models of invasions (Hastings

et al., 2005). Similar to Pitt et al.(accepted) that simulated

local diffusion and long-distance events as differen-

tiated processes, we considered human-mediated short-

and long-distance jump dispersal as the primary me-

chanisms governing the spread of the Argentine ant in

the Costa Brava. The range expansion through local

diffusion was not considered because the expected

yearly rate of spread by budding (o150 m yr�1 on

average; Suarez et al., 2001) would not be sufficient for

the Argentine ant to reach its current distribution if

initially introduced in only one or two localities. Our

model, however, did not consider the frequency dis-

tribution of jump-dispersal distances (Suarez et al.,

2001), but focused only on the extreme limits of the

dispersal spectrum. Long-distance jump dispersal was

incorporated into the design through the scenarios of

introduction, and short-distance jump dispersal simu-

lated using the spread model. By limiting the dispersal

of the species we avoided the calculating complexity

with a certain risk of underestimating the capacity of

the species to disperse among distant areas. This is

reflected in the lower sensitivity values of the spread

models in comparison to the ecological niche model,

which can be interpreted as a scenario of unlimited

dispersal. However, based on our current knowledge of

the invasion and the lack of data on the dynamics of the

invasion, our spread model constitutes a reasonable

trade-off between the development of a realistic, prac-

tical model and the inclusion of unavailable records or

unverified assumptions. Overall, the spread model

enabled the reconstruction of the spatiotemporal dy-

namics of the invasion, and identified the influence of

various environmental suitability mosaics and human-

mediated scenarios of arrival.

The hypothetical arrival of the Argentine ant through

maritime commerce and subsequent jump dispersal

associated with humans (Suarez et al., 2001) appears

to be the most plausible hypothesis explaining the

introduction of the species in the NE Iberian Peninsula.

The first propagules most likely arrived at the south-

ernmost coastal areas of the Costa Brava. Boats from

South America (especially from Rio de la Plata) stopped

at the main southern harbours (scenario MP), and from

there cargo were delivered by boat or wheeled transport

to the rest of the coast (scenario Mall) (Barbaza, 1988).

Before their arrival, these boats followed strategic trans-

Atlantic routes that surprisingly linked the main in-

vaded areas of eastern America with the NE Iberian

Peninsula: Rio de la Plata, Montevideo/Buenos Aires,

Cuba and New Orleans (Fradera & Yáñez, 1995).

Although the importation of raw cork from SW Iberian

Peninsula does not seem to play an important role, the

performance of models calibrated under scenarios

MallC and C is quite relevant and its importance in

inland areas cannot be dismissed. In fact, most of the

inland localities occupied by Argentine ants were close

to cork deposits (N. Roura-Pascual, personal observa-

tion) and this finding suggests that cork industries may

have facilitated secondary jump dispersal.

While we cannot identify the exact date of introduc-

tion and the type of cargo involved in the expansion of

the Argentine ant, our results suggest that the species

must have been successfully introduced into different

areas along the Costa Brava. This supports our hypoth-

esis that L. humile arrived by means of several jump-

dispersal events at multiple sites. However, the almost

continuous distribution of the species in the southern-

most coastal areas seems to indicate that the Argentine

ant arrived earlier. The importance of southern harbours

(those included in scenario MP) for trans-Atlantic routes

during 19th century and cork industries during 20th

century, and the fast expansion of the urban develop-

ment in the last decades (Barbaza, 1988; Martı́ Llambrich,

2005), are the most probable reasons explaining the high

occupancy of the Argentine ant in this southernmost

coastal area. It is also noteworthy that the first reported

records of Argentine ants in the Costa Brava (to our

knowledge) date back to 1940s in S’Agaró (near Sant

Feliu de Guı́xols, Catalonia; Fig. 1) (Goetsch, 1942).

Relating this hypothesis on the arrival of the Argen-

tine ant with the actual knowledge on the population

biology of the species, raises interesting and challenging

unresolved questions about the origin of the introduced

populations. Compared with North America (Tsutsui

et al., 2001), there are only two supercolonies present in

the Mediterranean basin; while most of the region

seems occupied by the same (so-called the European)

supercolony, Giraud et al. (2002) also identified another

supercolony at the NE Iberian Peninsula (so-called

Catalan). Both colonies appear intermingled in the

Costa Brava (S. Abril, personal observation), indicating

that at least two different sources of introduction could

have been in the area. These two sources could be the

trans-Atlantic routes and cork industries as highlighted
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by our results. However, other circumstances could also

be responsible for such distributional patterns. Although

southern harbours (scenario MP) had direct contacts with

the native range of the species, they also received pro-

ducts from South America indirectly via Barcelona. More

comparisons on the genetics of L. humile in its native and

introduced ranges are needed to test this hypothesis and

broaden our understanding of its population structure in

introduced ranges (Corin et al., 2007).

Conclusions

In summary, our results suggest that the Argentine ant

might have reached its maximum distribution in Cata-

lonia at the regional scale, but a further expansion of the

species at local scales is highly probable. This is espe-

cially true for urban areas in the Costa Brava, which

provide suitable environmental conditions for the estab-

lishment of the species. The current distribution of

L. humile seems to be mainly restricted to the major focus

of introduction, coastal areas. Our simulations suggest

that the species would have been introduced success-

fully at multiple coastal localities (scenario Mall),

although some inland localities (scenario MallC) could

have also been occupied at an early stage of the invasion.

Therefore, further expansions of the species into coastal

and inland urban areas could be expected in the future.

From a methodological perspective, the use of occur-

rence data at different spatial scales and the combina-

tion of these two modelling approaches provide new

insights into the understanding of the Argentine ant

invasion. The most remarkable contribution of adopting

a multiscalar modelling approach is that it allowed us to

evaluate the equilibrium status of the invasion, and

estimate the geographic dimensions of the Argentine

ant invasion. As found in other studies (Thomas &

Abery, 1995; Hartley & Kunin, 2003), it seems that

coarse scale predictions are poorer indicators of changes

in the expansion of species than fine scale ones. Addi-

tionally, the combination of both ecological niche and

spread models allowed us to infer hypotheses about the

introduction of the species in the Costa Brava and also

to determine future patterns of spread. Several studies

have assessed its geographic limits by means of ecolo-

gical niche and spread models (Roura-Pascual et al.,

2004; Krushelnycky et al., 2005; Hartley et al., 2006;

Roura-Pascual et al., 2006; Menke et al., 2009), but none

of these studies combined both approaches to disen-

tangle the invasion of the species across spatial scales

and reconstruct the pathways of introduction. In the

future, similar sampling and modelling practices on

natural habitats at different spatial scales will be neces-

sary to determine the exact geographic dimensions of

the Argentine ant invasion outside urban areas.

Table 2 Comparisons between predictions derived from the

dynamic spread models (presented in Fig. 5) using the k index.

Results are presented grouped by: (a) suitability mosaic [all

urban areas equally suitable (U), and suitability based on

global (G), regional (R), and local (L) predictions], and (b)

scenario of introduction (MP, MPS, Mall, C, MallC). See Methods

for the description of abbreviations

(a) K by suitability mosaic

MP MPS Mall C

Suitability U

MPS 0.51

Mall 0.46 0.88

C 0.59 0.25 0.22

MallC 0.46 0.61 0.61 0.41

Suitability G

MPS 0.48

Mall 0.49 0.79

C 0.61 0.25 0.27

MallC 0.49 0.69 0.84 0.44

Suitability R

MPS 0.51

Mall 0.52 0.77

C 0.74 0.36 0.38

MallC 0.39 0.73 0.69 0.58

Suitability L

MPS 0.54

Mall 0.51 0.93

C 0.99 0.53 0.51

MallC 0.54 0.91 0.96 0.54

(b) K by scenario of introduction

U G R

Scenario MP

G 0.89

R 0.99 0.89

L 0.73 0.72 0.74

Scenario MPS

G 0.90

R 0.98 0.91

L 0.86 0.87 0.87

Scenario Mall

G 0.71

R 0.80 0.89

L 0.84 0.82 0.88

Scenario C

G 0.96

R 0.81 0.78

L 0.49 0.45 0.60

Scenario MallC

G 1.00

R 0.68 0.68

L 0.75 0.75 0.70
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Likewise, genetic analysis among historically related

populations are recommended in order to retrace the

history of the Argentine ant invasion in more detail and

provide new insights into the capacity of different

genotypes to establish viable populations. This infor-

mation enables the identification of the factors respon-

sible for its present distribution, and formulates

guidelines to prevent/mitigate the expansion of the

Argentine ant invasion in highly sensitive areas. The

spatial dimensions of the Argentine ant invasion are

enormous and somewhat out of control, but the estab-

lishment of different colonies with different genotypes

and unicolonial behaviours could potentially reduce the

expansion of the invasion and mitigate its ecological

impacts in some specific areas.
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ine) en un área mediterránea. Boletı́n de la Asociación Española
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