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Summary

1. Biological invasions represent a major threat to human health, ecosystem functioning and global

biodiversity. Insect pests affecting agriculture and forestry are of special importance. Estimations of

climatic similarity between a species’ native range and potential zones of invasion can be useful

for preventing new invasions, spreads and ulterior contacts among populations from multiple

invasions.

2. We estimated areas climatically favourable for the establishment of the western corn rootworm

(WCR), an insect pest of maize Zea mays in North America that has recently invaded Central

Europe through multiple invasions, and it has the potential of invasion mainly in the Northern

Hemisphere.

3. We used complementary techniques to assess the biological relevance of predictors and obtain

areas of climatic favourability. The biological relevance of variables was first assessed accounting

for two main components of the WCR’s environmental niche (marginality and specialisation).

Then, the most relevant predictors were used to obtain either climatic envelopes or environmental

distances regarding the WCR’s native range. Model outputs and predictor relevance were indepen-

dently assessed in the currently invaded region of Europe and through the spatial projection of pro-

posed physiological thresholds from previous empirical studies. Lastly, as examples of application

for given time periods, we fed back results of environmental distances with maize data for a 10-year

period in Europe, and refined global riskmaps with the mainmaize zones for the year 2000.

4. We present global zones of climatic favourability and invasion risk for the WCR, with emphasis

on the Northern Hemisphere. The northern and north-west range limits predicted by the climatic

envelope in the WCR’s native range mirrored the independently characterised physiological limits.

Also, our model outputs explained some of the patterns observed in Europe supporting the validity

of our procedures.

5. Synthesis and applications. Assessments of climatic favourability for the western corn rootworm

can provide information on areas of invasion risk. Our study highlights the combination of holistic

and reductionist approaches as a useful protocol to evaluate models and ⁄or infer causality. Our

methodology can be an efficient tool in combating future potential invasions, spreads and second-

ary contact zones of insect pests by reducing uncertainty regarding where to allocate prevention

and ⁄or eradication efforts.
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Introduction

Biological invasions have received a great deal of attention for

decades because they can affect human health (Tatem, Hay &

Rogers 2006), ecosystem functioning (Gewin 2005) and global

biodiversity (Vidal, Khulmann & Edwards 2005; Borges et al.

2006). In recent decades, globalisation of transport networks

has become an increasingly important human-mediated dis-

persal vector for species invasions far away from their native

geographical range (Vidal, Khulmann&Edwards 2005; Tatem

& Hay 2007; Kobel & Nentwig 2008; Hulme 2009; Wilson

et al. 2009). Among biological invasions, insect pests have had

some of the greatest ecologically and economically adverse

impacts on agriculture and forestry (Vidal, Khulmann &

Edwards 2005). Whereas pest eradication is indispensable

when establishment has already occurred, there is consensus

that prevention is the most cost-effective way to avoid conflicts

with human interests and biodiversity conservation (Miller

et al. 2005; Thuiller et al. 2005; Vidal, Khulmann & Edwards

2005).

Climatic similarity between the native range of invasive

species and potential areas of invasion has been widely recog-

nised as an important requirement for successful invasions

(Tatem & Hay 2007; Kobel & Nentwig 2008). Therefore,

techniques devoted to detecting areas of climatic favourabil-

ity for the persistence of the subject organism’s populations

are considered useful approaches for preventing invasions

(Thuiller et al. 2005; Tatem, Hay & Rogers 2006; López-

Darias, Lobo & Gouat 2008). This is of special relevance in

the case of insect pests, because climate is one of the most

important environmental factors limiting, through their

physiological dependence, the demography and colonisation

ability of insect species (Chown & Terblanche 2007).

Nichemodelling techniques have beenwidely used to predict

the potential geographic range of species invasions (Peterson&

Vieglais 2001; Peterson 2003; Thuiller et al. 2005; López-

Darias, Lobo &Gouat 2008). These correlative techniques are

based on the association between environmental factors and

species geographical position, and they are designed to identify

the environmental conditions in which species can maintain

populations. Once these associations are modelled, the suitable

conditions are projected into geographical space to derive spa-

tial hypotheses on the species’ potential distribution. Two limi-

tations of these techniques are the difficulty of disentangling

coincidence and true causation (Dormann 2007), and the fact

that the observed species presence can only partially unveil its

potential distribution. The realised species’ distribution is the

result of not only the abiotic factors but also the consequence

of other historical, unique and contingent factors such as cer-

tain dispersal constraints, biotic interactions, anthropogenic

effects and stochastic events (Dormann 2007; Jiménez-Valver-

de, Lobo &Hortal 2008), that might no longer be acting in the

new area of invasion. Thus, when we are to elucidate the suit-

able environmental conditions regardless of the above-men-

tioned contingent factors, these factors may input noise in

models because they may be different in the potential areas

of invasions. More importantly, it follows that these model

outputs cannot be fully evaluated with additional information

on species’ presence because it comes from its realised distribu-

tion (Jiménez-Valverde, Lobo & Hortal 2008). Therefore,

complementary independent information should provide valu-

able insights.

Alternatively, other techniques are based on physiological

information of the species used to translate it to the geographi-

cal space (e.g. Battisti et al. 2005; Deutsch et al. 2008; Kearney

& Porter 2009). While these approaches may allow more accu-

rate exploration ofmechanistic processes, it is exceedingly diffi-

cult to catch all of the relevant biological information. In other

words, whereas correlative approaches, such as niche model-

ling techniques, encompass toomuch information to give accu-

rate interpretations of causality, mechanistic models use more

directed information but derive overly reductive spatial

hypotheses on only one or few aspects of the species’ biology.

Therefore, because different sources of information may carry

different sources of limitations, it can be argued that the combi-

nation of different types of information can be complementary

to each other.

The western corn rootworm (WCR), Diabrotica virgifera

virgifera LeConte (Coleoptera: Chrysomelidae), is one of the

most severe pests of cultivated maize Zea mays. Damage due

to larvae feeding on maize roots causes important economic

costs in terms of maize yield and management efforts. For this

reason, the biology, physiology and ecology of the WCR have

been the subject of study for decades in the USA (Krysan &

Miller 1986), and are receiving increasing attention because of

recent invasion events outside the USA (Miller et al. 2005;

Vidal, Khulmann&Edwards 2005; Ciosi et al. 2009). In recent

years, this pest has invaded and spread in Europe (http://

www.eppo.org), and multiple invasions independent in time

and location have been detected near European airports (Ciosi

et al. 2008, http://www.eppo.org), thus representing a problem

of global importance. Prevention and eradication of this pest is

a challenge because some populations have been confirmed to

be resistant to management techniques like crop rotation

(Levine et al. 2002) and some insecticides (Meinke et al. 1998;

Ciosi et al. 2009). Furthermore, the expansion of the host spec-

trum of WCR from maize to other crops, such as soybean, oil

pumpkin and Miscanthus grass, has been suggested or con-

firmed (Meinke et al. 2009; Spencer &Raghu 2009).

The aim of this study was to define areas in Europe and

worldwide with climatic conditions similar to that of the

recordedWCRnative range in North America.We focused on

the WCR subspecies because it is both an invasive and pest

organism. The other subspecies (D. v. zeae), although it is a

pest, is not invasive and has not invaded Europe (EPPO 2004).

Another important key difference is that D. virgifera virgifera

is adapted to temperate climates through diapause, while

D. virgifera zeae is adapted to warm climates (without

diapause) (EPPO Standards. 2004). We sought to contrast the

results of correlative models with physiological information

from previous studies on this subspecies. We used different

complementary modelling techniques to select biologically

relevant predictors and to determine areas of climatic similarity.

First, estimation of the biological relevance of potential
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predictors was grounded on niche theory. Then, climatic

similarity was obtained using envelope models and environ-

mental distances. The relevance of predictors and predictive

capacity of the models were then independently assessed in

two ways, comparing predictions: (i) with the current Euro-

pean area of invasion and (ii) with the spatial projection of

physiological thresholds obtained from previous empirical

studies. Finally, model predictions and maize cultivation

areas were jointly examined in order to provide invasiveness

risk maps at a global extent.

Materials and methods

MODELL ING CLIMATIC FAVOURABIL ITY

The recorded presence of the WCR in the native region (northern

Mexico, USA and southeastern Canada) was digitised and geo-refer-

enced fromavailable sources (Krysan& Smith 1987) at a 5-km resolu-

tion. The current area of influence in the invaded Europe (as of 2008)

was digitised fromEdward &Kiss (2008). Environmental variables at

the same resolution were obtained from the WorldClim source

(Hijmans et al. 2005). To detect the key bioclimatic variables, we used

the Ecological Niche Factor Analysis (ENFA) implemented in the

GIS-statistical tool Biomapper (Hirzel et al. 2002). ENFA is analo-

gous to principal component analysis with the difference that it is

grounded in the niche concepts of the organism’s marginality and

specialisation (see Appendix S1 in Supporting information for a full

description of this procedure). Then, we estimated the climatic niche

using theWCR’s presences inNorth America.

We used two complementary modelling techniques to delimit risk

areas of invasion regarding departures from the WCR’s climate

optimum as characterised by the most relevant predictors assessed

by ENFA. Considering a potential-realised distribution gradient,

Jiménez-Valverde, Lobo & Hortal (2008) recommended the use of

simple presence-only methods, such as environmental envelopes,

when the purpose is to obtain predictions more related to the species’

potential distribution. Our delimitation of climatic favourability

areas for an invasive organism should be closer to the prediction of its

potential distribution along the above-mentioned distribution

gradient. Therefore, we used aMultidimensional Envelope modelling

procedure (MDE), which estimates the climatic species range regard-

ing its recorded presences (Busby 1991). We first used the simplest

procedure to generate a Boolean map of risk areas obtained from the

climatic hypervolume encompassed by the minima and maxima of

climatic variables within theWCR’s native range.

As a complementary approach, to obtain continuous risk areas, we

calculatedMahalanobis distances (MD) from each cell to the mean of

the hypervolume of the selected variables, with reference to WCR’s

presence records, a procedure widely used in studies of spatial ecology

(e.g. Corsi, Duprè &Boitani 1999; Farber &Kadmon 2003; Ethering-

ton et al. 2009). Specifically, the use of predictors selected by ENFA,

or analogous techniques, to then obtainMDhas been previously pro-

posed as a useful tool to estimate area favourability for a species (e.g.

Calenge et al. 2008).

MDE andMDare complementary to each other in potential short-

ages specific to each technique. Whereas the environmental mean

used to obtain MD is more susceptible to the unavoidable error aris-

ing when realised distributions are used to predict potential distribu-

tions, MDE is less susceptible to this noise as it considers only the

environmental extremes (sensu lato Jiménez-Valverde, Lobo&Hortal

2008). On the other hand, whereas MDE might extend the organism

niche to environmental combinations where the organism would not

persist, the MD takes into account the associations and interactions

among predictors (Farber &Kadmon 2003).

Finally, we also geographically projected physiological tempera-

ture thresholds regarding key WCR’s fitness components (oviposi-

tion, hatching and immature development) obtained from empirical

data (see Appendix S2, Supporting information for a full description

of the methodology used). Then, the geographical representation of

these physiological thresholds was compared with the outputs from

the above-mentionedmodels.

EVALUATION OF PREDICTORS AND MODELS

To examine the adequacy of the selected variables, we compared

among the predictions obtained from three sets of outputs: (i) those

obtained when using the seven most relevant ENFA variables, (ii)

those obtained when using the seven less relevant ENFA variables

and (iii) those obtained when using all variables. Prediction errors in

the MDE outputs were assessed by calculating the proportions of

wrongly predictedWCR absences (omission errors) and wrongly pre-

dicted presences (commission errors) (Fielding&Bell 1997) regarding

the observed presences and the area encompassed by the estimated

physiological thresholds respectively. We calculated the omission

errors as the percentage of 5-km cells withwrongly predicted absences

(i.e. wrongly predicted as climatically unfavourable) within the area

of invasion in Europe in 2008. Because the MDE models were built

using the extremes of the environmental predictors regarding pres-

ence records in America, there were no omission errors in the WCR’s

native continent. On the other hand, invasive organisms are not nec-

essary at equilibrium with the environment in the invaded area

because the invasion process might be not yet finished. Thus, model

outputs can predict areas of climatic favourability where the WCR is

currently absent but has the potential to colonize that area. There-

fore, commission errors cannot be fully assessed using the invaded

area. We performed an alternative partial approximation using the

area delimited by the physiological thresholds. As a partial estimation

of the commission error, we calculated for each set of predictors the

percentage of cells in America, Europe and worldwide predicted as

climatically favourable that were actually beyond the considered

physiological thresholds.

On the other hand, MD outputs were compared both for the pres-

ence records in America used for model building and for the current

area of invasion in Europe. These analyses were performed using

repeated measures anovas with the MD as the dependent variable,

and the set of predictors regarding relevance as a three level within-

subject factor. Pairwise post hoc comparisons were performed using

Tukey tests. Additionally, we plotted histograms for the WCR

records in America and for the region of the European invasion along

the MD corresponding to each set of predictors. Thus, the set of pre-

dictors reflecting the stronger constraints should show the highest

percentage of records toward the smaller distances in an exponential

manner.

Once the most relevant predictors were confirmed, we further inde-

pendently evaluated our MD output. We obtained a threshold value

from the histogram of the WCR presences in America along the

corresponding MD, and then applied it in Europe. The threshold

value a priori proposed was set at the first distance corresponding to

only 1% of presences, which encompassed 93% of all presences

(Fig. S1 in Appendix S3, Supporting Information). This threshold

proposes a division at aMDvalue of 4. Areas beyond this valuemight

be considered as less favourable with respect to the bioclimatic predic-

tors used, though this does not necessary imply that the WCR would
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not occur beyond this value. Finally, we examined the extent to which

the pattern obtained through this thresholdmatched with the invaded

region. That is, even if the organism is not at its climatic equilibrium

in Europe, we could examine whether the MD was lower in the

regions where populations persist (potentially secondary source pop-

ulations) than in those where they do not remain stable (potentially

sink populations).

COMBIN ING CLIMATIC FAVOURABIL ITY AND MAIZE

DATA

The variables designated most relevant according to ENFA were

shown to be the best predictors to map favourable climate areas

beyond the native region (see Results). Therefore, we present maps of

the MDE and MD predictions in Europe, superimposed on the digi-

tised region of invasion, as well as a global map to detect potential

areas of future invasion. To gain in precision, the MD for the global

map was restricted to the physiological temperature limits previously

calculated.

To refine our maps of invasion risk, and as an example of applica-

tion, we fed back our model outputs with both information on avail-

able maize statistics of most European countries, and geo-referenced

data of a worldwide maize map. Since maize is not the only host plant

for WCR, and as invasive organisms are not necessarily at equilib-

rium, we firstly performed an additional analysis to test to what

extent maize, climatic favourability and their interaction can predict

the current invasion in Europe. We generated three variables for each

country: the proportion of maize area (area of production in a given

country ⁄ country area), the proportion of area with high climatic

favourability (area with MD £ 4 in a given country ⁄ country area),

and the proportion of invaded area (area invaded in a given coun-

try ⁄ country area). We performed an ANCOVA where the response

variable was the proportion of invaded area per country, and the pre-

dictor covariables were the proportion of area covered with maize,

the proportion with high climatic favourability and their interaction.

The proportion of maize area were obtained from Eurostat (http://

epp.eurostat.ec.europa.eu) and averaged for the years 1999–2009.

The simultaneous effect of both covariables was plotted as the

isopleths generated by distance-weighted least squares regression con-

necting conditions of equal expected proportion of invasion, and the

situation of each country in the plot.

Then, we elaborated a refined risk map combining our model out-

puts with the available spatial data on maize over the world for the

year 2000 (Monfreda, Ramankutty & Foley 2008; http://www.geog.

mcgill.ca). We focused on the zones were the percentage of maize

area per grid cell was higher than 0Æ1, and where our models predicted

climatic favourability.

Results

EVALUATION OF PREDICTORS AND MODELS

Seven predictors were estimated by ENFA as the most rele-

vant: the mean temperatures of the wettest and warmest quar-

ters, minimum temperature of the coldest month, temperature

annual range, maximum temperature of the warmest month,

isothermality and precipitation of the warmest quarter

(Appendix S1, Supporting information). The predictions of

the MDE models revealed that the proportion of omission

errors in the European invaded region was the lowest when the

most relevant predictors were used, and the highest when all

fourteen bioclimatic variables were used (Table 1). In fact,

only the MDE prediction using the most relevant predictors

was able to predict subtle patterns such as the dispersal corri-

dor recently observed between the populations of Italy and

those of the Hungarian–Serbian core (Fig. 1a and Appendix

S4, Supporting information).

The proportion of commission errors, with regard to the

physiological thresholds, was the highest when the less relevant

variables were used, either for America, Europe and world-

wide, and was similar when either the most relevant or all

variables were used (Table 1). When the most relevant predic-

tors were included in the MDE models, the northern and

north-west limits of the predictionsmirrored the independently

characterised physiological limits (Appendix S4). In contrast,

when using the less relevant predictors, the MDE output in

America extended northward far beyond the limits of both the

physiological threshold and the observed presences (Appendix

S4). On the other hand, the considered physiological thresh-

olds seemed to be unable to offer a reasonable limit under trop-

ical or subtropical conditions when compared with MDE

models regardless of the set of predictors used (Appendix S4).

Regarding the MD in the locations where the WCR is pres-

ent in America, there were significant differences among the

different sets of predictors (repeated measures anova:

F2,2056 = 2543Æ46,P < 0Æ0001; Fig. 2). TheMDoutputs were

smallest when calculated using the most relevant predictors

and the largest when calculated with the less relevant variables

(Tukey tests: P < 0Æ0001 in all cases). Comparison of theMD

in the European region of invasion also showed significant dif-

ferences (F2,105414 = 561054Æ58, P < 0Æ0001; Fig. 2), and

were likewise smallest when calculated using the most relevant

predictors and the largest for the less relevant variables

(P < 0Æ0001 in all cases).
Finally, the histograms showing the number of presences in

America along theMD revealed that the majority of presences

(71%) were associated with the smallest class of MD

(MD < 0Æ5) when using the most relevant predictors. How-

ever, the peak of the distribution was displaced to the right

when using the less relevant predictors (29%) or all variables

Table 1. Prediction errors for the MDE output using the most

relevant predictors, the less relevant predictors and all predictors

according to ENFA. Omission errors in the European area of

invasion (% wrongly predicted absences) and commission errors (%

potentially wrongly predicted presences) regarding physiological

temperature thresholds (see ‘Materials and methods’) in America,

Europe andworldwide

Omission

error (%)

Physiological commission

error (%)

Invaded

Europe America Europe Global

Most relevant

ENFA vars.

33 1Æ71 0Æ02 1Æ23

Less relevant

ENFA vars.

41 25Æ18 3Æ74 12Æ13

All vars. 47 1Æ47 0Æ02 0Æ82
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(28%), and was wider in both cases (Fig. S1 in Appendix S3).

Thus, when fitting each model to an exponential function, the

MD calculated with the most relevant predictors showed the

greatest slope, and those calculated with all variables showed

the smallest slope (Fig. S3a in Appendix S3). For the invaded

region of Europe, we found an analogous trend. The peak of

the distribution was more skewed to the right of the distribu-

tion forMD calculated with the less relevant predictors or with

all variables (Fig. S2 in Appendix S3). Fitting these histograms

to the exponential function gave the greatest slope for the most

relevant predictors and the smallest slope for all variables

(Fig. S3b inAppendix S3).

COMBIN ING CLIMATIC FAVOURABIL ITY AND MAIZE

DATA

The ancova showed that the proportion of maize area alone

cannot predict the invasion probability for each country in

Europe (F1,31 = 0Æ79, P = 0Æ779), and that the proportion of

area with high climatic favourability for theWCRwas close to

significance (F1,31 = 3Æ20, P = 0Æ083). However, the interac-

(a)

(b)

Fig. 1. Areas of climate similarity in Europe

regarding presence records of Diabrotica vir-

gifera virgifera in America. (a) Climatic range

obtained from the MDE technique (red area)

together with the observed area of invasion

(white contour). (b) Increasing Mahalanobis

distances (from red to grey) together with the

observed area of invasion (black contour).

Larger distances were grouped (grey) beyond

an estimated threshold (Appendix S3). Out-

puts of both techniques were obtained using

the most relevant ENFA predictors (Appen-

dix S1).

Recorded presences in America Invaded Europe
1
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ta
nc
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 Most relevant ENFA vars.

 Less relevant ENFA vars.

 All vars.

Fig. 2.Mean ± SE Mahalanobis distances (MD) for the recorded

presences of Diabrotica virgifera virgifera in America, and in the

European area of invasion when using (a) the most relevant ENFA

predictors, (b) the less relevant ENFApredictors and (c) all predictors

(see ‘Materials and methods’). Higher MD values denote higher

departures from the species’ environmental mean in America.
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tion effect between maize area and climatic favourability on

the invasion rate was significant (F1,31 = 6Æ86, P = 0Æ013;
Fig. 4). In the light of these results we generated maps of the

main areas of maize cultivation in the world combined with

both the MDE outputs and the MD denoting high climatic

favourability (Fig. 5).

Discussion

Weused biologically relevant climatic predictors of theWCR’s

native range (NorthAmerica) to estimate the degree of climatic

favourability in Europe, where an invasion is taking place, and

globally. Climatic similarity was represented by combining

outputs of two complementary techniques (BooleanMDE and

continuousMD). Our procedure followed several steps to gen-

erate risk maps. First, relevance of predictors was grounded on

the niche concepts ofmarginality and specialisation to estimate

which factors may constraint the WCR’s climatic range, and,

therefore, better forecast potential areas of future invasions.

Then, we tested our procedure of variable selection by compar-

ing the predictive power of models when using different sets of

predictors (most relevant, less relevant and all predictors). Fur-

ther, both modelling techniques were evaluated independently

in two ways: (i) by examining to what extent the contour limits

of themodel outputsmatch the spatial projection of physiolog-

ical temperature thresholds based on key fitness components

of the WCR’s life cycle and (ii) by cross-validating our model

outputs in the European area of invasion. Finally, as an exam-

ple of how the proposed protocol can be refined for specific

time windows, we fed back our model outputs with available

data on the areas covered with maize. Thus, we tested for a 10-

year period of maize data the extent to which maize, WCR’s

climatic favourability or their simultaneous action can predict

the invasion probability for most of the European countries.

Furthermore, we generated refined risk maps at a global scale

combining our model outputs with the main maize cultivation

zones for the year 2000.

The proportion of omission errors with respect to climatic

favourability, tested in the invaded area of Europe, and com-

mission errors, beyond the proposed physiological thresholds,

confirmed that the selection of the most relevant predictors

was adequate for MDE. In the same way, MD calculated with

these predictors showed the highest climatic similarity both for

the recorded presences in the native range and within the area

of invasion. Taken together, the predictors used in both tech-

niques to estimate areas of climatic favourability in Europe

and worldwide are indeed biologically relevant. These results

agree with previous studies encouraging the identification of a

minimum set of biologically relevant environmental predictors

(Beaumont, Hughes & Poulsen 2005), preferably with regard

to environmental availability (Hirzel et al. 2002; Calenge et al.

2008), in order to improve predictive capabilities.

In correlative studies, it is always challenging to disentangle

which specific mechanisms limit a species’ geographical range.

For instance, it is known that climatic factors play an impor-

tant role in the life cycle of both D. v. virgifera (Meinke et al.

2009) and maize (Payero et al. 2006), but causality often can

only be speculated upon. Nevertheless, we aimed to go further

inferring potential mechanisms in two ways: (i) with the pro-

posed physiological thresholds and (ii) examining the predic-

tive capacity of maize and the WCR’s climatic favourability

either separately or jointly. The north and north-west contour

limits of the MDE output for its native range in America,

where the WCR should be closer to the equilibrium, mirrored

the spatial projection of physiological temperature thresholds.

This matching strongly suggests that the predictors estimated

as most relevant and subsequently used for model-building are

linked, at least in part, with physiological constraints of the

WCR. In concordance with the physiological information, the

overall specialisation value obtained from distributional data

revealed the WCR as quite restrictive, especially regarding

minimum temperatures (Appendix S1). On the other hand, the

fact that our proposed physiological temperature thresholds

did not match the southern and eastern limits of the WCR’s

Fig. 3. Global map showing the areas of climate similarity based on presence records of Diabrotica virgifera virgifera in America. The output

combinedMahalanobis distances (MD) andMultidimensional Envelope techniques (MDE, black contours), and an estimated partial physiolog-

ical threshold. MD were restricted within an independently estimated partial physiological range (see ‘Materials and methods’). Increasing MD

(from red to grey) denote increasing departures from the environmental mean of the species in America.
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native range suggests that other factors, either abiotic or biotic,

constrain these flanks. For instance, water availability also

plays an important role in the biology of both D. virgifera

(Krysan 1978; Ellsbury & Lee 2004) and maize (Payero et al.

2006). Thus, while our proposed physiological thresholds did

not include moisture thresholds, our procedure to select

relevant predictors formodel building did include precipitation

of the warmest quarter. Whatever the processes involved in

shaping the southern range limits of theWCR, it is unlikely that

maize as the main host plant is constraining these limits. This

can be argued because there are important extents of maize

beyond the southern limits of theWCR inMexico (Fig. 5a). In
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Fig. 5. Riskmaps of invasion byDiadrotica virgifera virgifera combiningmainmaize zones and climatic favourability estimated by the twomodel

outputs. Increasing risk is categorized as no current risk (area without maize, grey), moderate risk (with maize but without climatic favourability,
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agreement, a simple linear model to predict the proportion of

invasion area for each European country revealed that maize

alone cannot predict it, while the joint effect of maize and

climatic favourabilitywas the best predictor.

COMBIN ING CLIMATIC FAVOURABIL ITY AND MAIZE

DATA

After refining model outputs through the main maize areas for

the year 2000 the main patterns remain similar in Europe

(Figs 1 and 5; see Appendix S5, Supporting information, for a

full description and discussion on the climatic favourability

maps). Thus, bothmodel outputs andmaize areas converged in

the core areas of the current area invaded by the WCR. Also,

models and maize data converged revealing Bulgaria, Roma-

nia, Moldova, Ukraine and Azerbaijan as areas of potential

future invasions and ⁄or new spread directions. On the other

hand, higher latitudes in Russia and Scandinavia are no longer

at high risk once the main maize areas were included (Figs 1, 3

and 5b). In agreement, the invasion risk areas predicted in

Scandinavia can also be ruled out onceMDoutputs were anal-

ysed jointlywithmaize data for a 10-years period (Fig. 4).

Once the climatic favourability map for Asia was combined

with the maize areas, China was revealed as the zone with lar-

ger continuous extents of concordance between the twomodels

(Fig. 5c), this denoting a higher risk of spread in the case of

invasion. After refining with maize data in the Southern Hemi-

sphere, the areas of model convergence remained compact in

Argentina and in the so-called maize triangle (South Africa

and Lesotho), and scattered in Zimbabwe and Zambia

(Fig. 5d and e), whereas in Australia the maize areas were very

small in comparison. It is important to highlight that the prob-

ability of colonisation success in the Southern Hemisphere

should be substantially lower than in the Northern Hemi-

sphere, as this is a univoltine species (see Appendix S5 for fur-

ther discussion).

MANAGEMENT IMPLICATIONS

Obviously, there are other environmental conditions that

would also be necessary for the WCR’s colonisation success

and spread. Therefore, similar climatic conditions can be

argued as necessary but not sufficient conditions for successful

invasions. The most evident factor is the maize planting distri-

bution. However, human-mediated land uses, including crop-

land areas, are not static (Foley et al. 2005). Thus, our

predictions can be used as a more dynamic tool for managers,

organisations and policymakers to decide where it is necessary

to concentrate monitoring and economic efforts to prevent the

pest in zones where there are maize plantings (as in our exam-

ples of application for given periods) or where its cultivation is

planned or recommended, as well as to decide where to culti-

vate it.

As in other invasive species (Wilson et al. 2009), one of the

biggest challenges to prevent and monitor the WCR colonisa-

tion success and spread is that it is necessary to cope with two

types of dispersal: (i) human-mediated dispersal by air trans-

port, which can be considered as almost a universal dispersal

capacity and (ii) the natural dispersal capacity inherent to the

WCR. A previous study revealed that there are considerable

numbers of airports that, although geographically distant, they

have similar climatic conditions, representing potential links

between native and invasion areas.Moreover, this climate simi-

larity among airports is the highest in the June–August period,

which matches the annual peak in air traffic (Tatem & Hay

2007) and with the oviposition period of the WRC (Meinke

et al.2009).Therefore, ourmaps canbeused todetect those air-

ports located within zones of high climatic favourability for the

WCR to detect potential foci of invasion. Among those coun-

tries with predicted areas of continuous climatic favourability,

China has undergone a rapid increment of airport traffic,which

is partially responsible of the concomitant recent increase of

biological invasions there (Ding et al. 2008). Our results can

also be useful in detecting the direction of potential spreads in

zoneswhere invasion is taking place since theWCR is not yet at

equilibriumwith its bioclimatic niche. Thus, our estimations of

climatic favourability suggest that theWCRmight spread from

theHungarian–Serbian core towardEasternEurope.

On the other hand, of special importance is the detection of

potential secondary contact zones between genetically differen-

tiated populations coming from independent transatlantic

introductions (Prentis et al. 2008). A previous study revealed

genetic differences between the populations of northwestern

Italy and the Hungarian–Serbian core before the connection

occurred between them (Ciosi et al. 2008). Ulterior contacts

between populations might result in an increment of genetic

variability, thus increasing the adaptive potential of an orga-

nism in the invaded zone (Ellstrand & Schierenbeck 2000).

Using presence records of the native continent ourmodels con-

verged to detect the dispersal corridor connecting the Italian

and Hungarian–Serbian core. Therefore, our model outputs

might be useful for detecting other potential contact zones

among currently invaded areas and ⁄or potential areas of inva-
sion.

To conclude, while climatic similarity may not be sufficient,

it can be implemented in integrated pest management together

with other techniques to prevent successful invasions. Our pro-

cedures to obtain areas of climatic favourability were able to

reflect at least part of the patterns observed in the European

area of invasion. Our results advocate for the complementary

use of physiological information and bioclimatic models to

build more reliable predictions and evaluate distributional-

based estimations. Although it is always necessary to consider

that distributional data might provide a partial picture of cli-

matic suitability (Jiménez-Valverde, Lobo &Hortal 2008), our

results provide basic information for the design of manage-

ment strategies devoted to preventing potential future inva-

sions of the WCR, at least in the Northern Hemisphere. For

instance, it is worthy the regular monitoring around potential

colonization localities via human-mediated dispersal (e.g. air-

ports) that are in turn climatically favourable for the persis-

tence of the WCR. Also, the direction of future spreads can be

assessed regarding dispersal corridors of climatic favourability

andmaize cultivations.
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Appendix S1: Assignment of predictor relevance to model climatic favourability 

 

We initially considered 19 climatic and one topographic (altitude) variables. Predictors 

were normalised with the Box-Cox transformation. To reduce redundancy and 

collinearity we used Pearson correlations among variables to select explanatory 

variables for further use. Six variables were excluded because they were strongly 

correlated with other variables. For instance, altitude was excluded because it is strongly 

correlated with other variables, and it is known that it is not representing a dispersal 

barrier for WCR colonisation (Meinke et al. 2009). A total of 14 bioclimatic variables 

were used: eight temperature predictors (minimum temperature of the coldest month, 

maximum temperature of the warmest month, mean temperature of the wettest quarter, 

mean temperature of the warmest quarter, mean temperature of the driest quarter, 

temperature annual range, mean diurnal range and isothermality), and six precipitation 

predictors (annual precipitation, precipitation of the warmest quarter, precipitation of 

the coldest quarter, precipitation of the wettest quarter, precipitation of the driest quarter 

and precipitation seasonality). 

Our protocol aimed to detect key predictors determining climatic barriers to new 

invasions, which we used to delimit areas of invasion risk. To assess the degree of 

ecological relevance of predictors, we based our approach on the Grinellian niche 

concept (Soberón 2007). We estimated the climatic niche using the digitized presences 

of Diabrotica virgifera virgifera in North America. To detect the key bioclimatic 

variables, we used the Ecological Niche Factor Analysis (ENFA) implemented in the 

GIS-statistical tool Biomapper (Hirzel et al. 2002). ENFA is analogous to principal 

component analysis with the difference that it is grounded in the niche concepts of 

marginality (the ecological distance between the species’ optimum and the mean 



conditions within the study area) and specialisation (the ratio of the ecological variance 

in mean conditions to that associated to the focal species). Thus, assuming that variables 

with lower variability associated to the presence locations are playing a key role 

limiting the species distribution (Rotenberry, Preston & Knick 2006; Calenge et al. 

2008), this procedure provides factors with ecological significance. Environmental 

variables are synthesised in few orthogonal factors where the first factor maximises the 

marginality and the other factors maximise the specialisation of the focal species. The 

distribution of the eigenvalues was compared with the MacArthur’s broken stick 

distribution to decide the subset of factors to be used to assess ecological relevance of 

climatic predictors (see Hirzel et al. 2002 for a more detailed description). 

 We ranked all climatic predictors with respect to the absolute value of their 

factor scores, using the factor axes accounting for the greatest amount of the variance 

explaining the marginality and specialisation. Following this protocol, predictors were 

categorised into two groups: predictors of higher ecological relevance (the half with the 

higher scores) and predictors of lower relevance (the half with the lower scores). We 

used the predictors of higher relevance to model the WCR’s climatic favourability. 

Our results showed that the three first factors extracted using ENFA accounted 

for most of the variation (80%) and, according to the broken stick rule, were used to 

select the most biologically relevant predictors (Table 1). Seven predictors were then 

categorised as the most relevant and the other seven as less relevant (Fig. 1). Among the 

most relevant predictors, the mean temperatures of the wettest and warmest quarters and 

the precipitation of the warmest quarter had the largest coefficient values on the 

marginality factor. Their positive signs indicate that the presence of the WCR is 

associated with higher values of these variables than the average conditions in the native 

area (Table 1). On the other hand, the remaining bioclimatic variables of the most 



relevant category had the highest scores for the specialisation factors (minimum 

temperature of the coldest month, temperature annual range, maximum temperature of 

the warmest month and isothermality). 
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Fig. S1. Maximum absolute values obtained among the three first ENFA factors for 
each Worldclim bioclimatic variable. Asterisks denote those variables with higher 
scores on the marginality factor (Factor 1) than in the two main specialization factors (2 
and 3; see Table 1 in Appendix S2). 
 



Table S1. Variance explained by the first three ENFA factors (shown within brackets), and 
coefficient values for the WorldClim bioclimatic variables. Variables in bold are those selected 
as the most relevant ones (Fig. 1). Asterisks denote those variables with higher scores on the 
marginality factor (Factor 1) than in the two main specialization factors (2 and 3). 
 
 
Predictors 
 

 
Factor 1 (35%) 
 

Factor 2 (28%) 
 

Factor 3 (17%) 
 

 
Minimum temperature coldest month 
 

 
0.05 -0.73 -0.55 

Temperature annual range 
 

 0.24 -0.51 -0.56 

Mean temperature wettest quarter* 
 

 0.44 -0.01 0.03 

Maximum temperature warmest month 
 

 0.32 0.41 0.07 

Mean temperature warmest quarter* 
 

 0.40 -0.05 0.15 

Precipitation of the warmest quarter* 
 

 0.39 0.11 -0.20 

Isothermality 
 

 -0.32 -0.04 -0.39 

Mean diurnal range 
 

 -0.10 0.01 0.30 

Mean temperature driest quarter* 
 

 -0.29 0.01 -0.02 

Precipitation wettest quarter 
 

 0.18 -0.06 0.26 

Annual precipitation* 
 

 0.23 -0.06 -0.02 

Precipitation coldest quarter* 
 

 -0.16 -0.06 0.00 

Precipitation driest quarter* 
 

 0.12 0.05 -0.06 

Precipitation seasonality 
 

 -0.09 -0.02 -0.07 

 
Additionally, we obtained the WCR’s overall marginality (M) and specialisation 

(S) regarding all variables in order to explore their relative importance in the WCR’s 

distribution. Most often, increasing overall M ranges from 0 to 1, and for overall S, any 

value exceeding 1 indicates increasing specialisation (Hirzel et al. 2002). Thus, ENFA 

provided an overall marginality of M = 0.56 (i.e. WCR’s optimum would not differ 

extremely from the average climatic conditions available in the native region), and an 

overall specialisation of S = 4.58 (i.e. WCR’s range of habitable conditions would be 

more than four times narrower than the whole available range). 
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Appendix S2: Estimation of physiological temperature thresholds 

 

An independent way to evaluate the our models is to examine the extent to which 

different limits of the organism range, estimated from the different MDE models, match 

with physiological constraints. Several studies have investigated the response of the 

WCR to temperature variations at different stages of its life cycle and regarding 

different fitness components (Meinke et al. 2009). We considered key fitness 

components at the egg and immature stages when the mortality rate is the highest 

(Toepfer & Kuhlmann 2006) and therefore potentially limits the subspecies 

geographical range. We took into account the following fitness components: 

oviposition, hatching and immature development (Table 1). 

While our climatic predictors are of coarse resolution and time interval, 

temperature thresholds should be restricted to the time interval of each life stage. To 

gain precision, we linked two variables from the WorldClim dataset (mean temperature 

of both the warmest and coldest quarters) to the monthly temperature values of the 

Dayment data set (1 km resolution) in the U.S.A. (www.Daymet.org). To establish 

correspondences between values of the two datasets, we performed linear regressions 

between each WorldClim variable and the mean temperature of the appropriate month 

for each life stage. We then used the corresponding output to map an approximation of a 

physiological temperature threshold in the world (Table 1). 

 



Table S1. Physiological temperature thresholds for different fitness components were entered in the Daymet dataset to obtain each corresponding 

value for the WorldClim dataset through the regression between the two datasets. 

 

 
Life cycle key 
fitness event 
 

 
Physiological 
threshold (ºC) 

 
Daymet variable 

 
Surrogate WorldClim variable 

 
WorldClim output (ºC) value from the 
regression with the Daymet variables 
and variance explained (R) 

 
Oviposition 

 
Optimal at ≥ 16 (EPPO 
report, PRA document 
97/6445; 
www.eppo.org) 
 

 
Mean T August 
 

 
Mean T of the warmest quarter 

 
15·21 (0·984) 

Hatching Reduced to 0 by 1 week 
at -15 (Chiang 1973) 

Mean T January 
and February* 
 

Mean T of the coldest quarter -14·61 (0·949) 

Immature 
development 

Detrimental ≥ 30 
(Jackson & Elliott, 
1988) 

Mean T June 
 

Mean T of the warmest quarter 30·49 (0·983) 

* Multivariate regression. T (temperature). 
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Appendix S3: Number of presence records along the Mahalanobis distances. 
 

 
Fig. S1. Number of presence records of Diabrotica virgifera virgifera in North America 

along the Mahalanobis distances obtained using a) the most relevant ENFA predictors, 

b) the less relevant ENFA predictors, and c) all predictors (see methods). Increasing 

Mahalanobis distances denote increasing departures from the environmental mean of the 

subspecies in America. 
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Fig. S2. Number of grid cells within the area invaded by Diabrotica virgifera virgifera 

in Europe along the Mahalanobis distances obtained using a) the most relevant ENFA 

predictors, b) the less relevant ENFA predictors, and c) all predictors (see methods). 

Increasing Mahalanobis distances denote increasing departures from the environmental 

mean of the subspecies in America. 
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Fig. S3. Exponential functions fitted to the number of records of Diabrotica virgifera 

virgifera in a) North America and b) the region of the European invasion along the 

Mahalanobis distances obtained using the most relevant ENFA predictors (solid line), 

the less relevant ENFA predictors (dashed line), and all predictors (dotted line). 
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Appendix S4: Fig.S1. Global maps composed of the climatic range of Diabrotica virgifera virgifera estimated by the Multidimensional 
Envelope (MDE) technique (red area) and by a partial physiological range estimated independently (dashed area). MDE was performed using: a) 
the most relevant ENFA predictors and the recorded presences in America (yellow dots); b) the less relevant ENFA predictors; and c) all 
predictors (see methods). 
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Appendix S5: Detailed description and further discussion on the Climatic 

Favourability areas 

 

AREAS OF CLIMATIC FAVOURABILITY IN EUROPE 

 

The MDE prediction for Europe superimposed on the actual invaded region shows that 

there are extensive areas climatically favourable where the WCR presence has not been 

yet detected (Fig. 1a in the main text). In fact, the proportion of the invaded area in 

relation to the area predicted by the MDE model is 33%. This proportion would suggest 

that the WCR’s distribution in Europe is still far from its equilibrium with climate, and 

that the observed spread in previous years might continue. The whole range proposed 

by the MDE output in Europe is within the independently estimated physiological 

temperature range. The MD values for Europe superimposed on the invaded region 

(Fig. 1b in the main text) revealed that similar MD values predicted within the area of 

invasion also extend out of the invaded area, which might therefore be considered as 

climatically favourable. However, part of this area predicted by this rule as potentially 

favourable out of the invaded area also goes beyond the independently proposed 

physiological threshold, mainly in the Scandinavian region. Although there are some 

areas where both model outputs disagree, MDE and MD predictions converge 

reasonably well in some patterns of the current state of the invasion, and in other areas 

out of the invasion range. 

Regarding the invaded area, both models predict favourability not only in the 

Italian and Hungarian-Serbian core of invasion, but also in the thin connection detected 

in 2008 between the two regions. In agreement with the physiological threshold, both 

model outputs match the current northern limit of the Italian populations at the Southern 



Alps (Fig. 1 in the main text). Whereas the MDE output extends to the south beyond the 

current limit of invasion, the proposed division for the MD (≤ 4) matches the southern 

contour front of the invasion. Besides, in addition to the Italian-Hungarian core corridor, 

the MDE output also matches some subtle observed invasion patterns, such as the 

southeast population in Germany and the propagule in Austria. Both model outputs also 

coincide in under-predicting areas where WCR presences were previously reported in 

isolated sites in England, Netherlands, Belgium, and several in France. Interestingly, 

according to the map of the European invasion, nearly all of these sites are currently 

categorised as “eradicated” or “no captures in 2008” (www.eppo.org). In fact, during 

the writing of this article, the pest status of the WCR in the Netherlands and U.K. was 

confirmed as absent after official surveys (EPPO reporting service 2009; 2010). Among 

the different non-exclusive possible causes for this differential eradication success, such 

as population or management differences, an additional one is that eradication might be 

more achievable in populations where the WCR’s bioclimatic favourability is lower. 

This does not necessarily imply that potential future invasions should not be monitored 

in these countries because these populations still fall within our proposed physiological 

temperature limit. 

Out of the invaded area, both models coincide to some extent in predicting high 

favourability from south-eastern France to north-eastern Spain with a gap at the 

Pyrenees. Also, models coincide in predicting a continuous area of favourability from 

the eastern front of the invasion toward eastern Bulgaria, Romania, Moldova and 

Ukraine. Both models also predict climatic favourability to the north and south of the 

Caucasus Mountains. Finally, models disagree in the predictions at higher latitudes in 

Russia and Scandinavia, where only the MD output predicts relatively high 

favourability (MD ≤ 4) and partly goes beyond the physiological threshold. 



 

WORLDWIDE AREAS OF CLIMATIC FAVOURABILITY 

 

The MDE projection in Asia gave three main regions of climatic similarity with the 

WCR’s native climatic range in North America (Fig. 3 in the main text): one mainly 

encompasses eastern Kazakhstan, reaching Russia and China, another mainly 

encompassing Pakistan, and the easternmost reaches from south Mongolia to central 

and northeast China. These MDE outputs converge with MD of relatively high climatic 

favourability at both sides of the Kazakhstan-Russia frontier and in China. The MD 

output also presented low values in western Russia, where the MDE output did not 

predict favourability. 

 The MDE output in the Southern Hemisphere gave more compact zones of 

climatic similarity. These zones converge to some extent with MD outputs of relative 

high favourability in South America and South Africa. It is important to highlight that 

the probability of colonisation success in the Southern Hemisphere should be 

substantially lower than in the Northern Hemisphere, mainly due to seasonal differences 

between the two hemispheres. Thus, if adults of this subspecies were translocated by 

airplane transport from the Northern Hemisphere in summer, individuals would face the 

winter in the Southern Hemisphere. As this is a univoltine species (only one generation 

per year), this abrupt seasonal change would compromise the WCR’s life cycle 

regarding its environmental tolerances at different life stages, and also cause a mismatch 

with the maize phenology. However, despite these strong constraints, the aggressively 

invasive nature of the WCR and its capacity to cope with environmental changes are 

quite remarkable. For instance, a small proportion of eggs exhibited prolonged 

diapause, hatching after two simulated winters (Levine, Oloumi-Sadeghi & Ellis 1992). 



On the other hand, post-diapause egg quiescence is facultative and thermal-dependent 

(Krysan 1978; Gustin 1981, Krysan, Jackson & Lew 1984). Also, it seems that the 

alternation of maize with break crops in the U.S.A. resulted in selection for longer 

diapause in larvae of D. barberi and D. virgifera (Tollefson 1988; Levine et al. 1992). 

Moreover, the WCR has evolved, in part of its range, a reduction in fidelity to maize for 

oviposition (Meinke et al. 2009). Even stronger changes in evolutionary life history 

traits have been reported in other invasive insects. A previous study concluded that the 

alien moth species, Hyphantria cunea, has experienced a rapid voltinism change as an 

adaptation parallel with its invasion (Yamanaka, Tatsuki & Shimada 2008). Whether the 

colonisation success of D. v. virgifera in the Southern Hemisphere is impossible, 

unlikely, or at least substantially less probable remains open to discussion. 
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