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Abstract

Lantana camara, a native plant from tropical America, is considered one of the most harmful invasive species worldwide.
Several studies have identified potentially invasible areas under scenarios of global change, on the assumption that niche is
conserved during the invasion process. Recent studies, however, suggest that many invasive plants do not conserve their
niches. Using Principal Components Analyses (PCA), we tested the hypothesis of niche conservatism for L. camara by
comparing its native niche in South America with its expressed niche in Africa, Australia and India. Using MaxEnt, the
estimated niche for the native region was projected onto each invaded region to generate potential distributions there. Our
results demonstrate that while L. camara occupied subsets of its original native niche in Africa and Australia, in India its
niche shifted significantly. There, 34% of the occurrences were detected in warmer habitats nonexistent in its native range.
The estimated niche for India was also projected onto Africa and Australia to identify other vulnerable areas predicted from
the observed niche shift detected in India. As a result, new potentially invasible areas were identified in central Africa and
southern Australia. Our findings do not support the hypothesis of niche conservatism for the invasion of L. camara. The
mechanisms that allow this species to expand its niche need to be investigated in order to improve our capacity to predict
long-term geographic changes in the face of global climatic changes.
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Introduction

The West Indian Lantana, Lantana camara L., is considered

among the most harmful invasive species in the world [1,2]. Its

ability to form dense monospecific stands through the high

reproductive capacity and allelopatic exclusion of other plant

species can significantly reduce the productivity of agricultural

systems and negatively impact the biodiversity of the invaded

regions [3]. Although its natural range extends from Mexico to

Brazil, the species has established populations in more than 60

countries worldwide [4] causing large economic losses in some of

these. For example, in Australia losses associated with the

introduction and expansion of this weed has been estimated in

the order of $2.2 million per annum [5].

Mechanical and chemical management are currently used for

the eradication and control of L. camara. These options, however,

are often costly and inefficient because invaded areas tend to be

vast with limited access [6,7]. On the other hand, biological

control agents seem insufficient for reducing the abundance of L.
camara to manageable levels (e.g. [8]). Thus, as with many

invasive plant species, prevention is the first recommendation to

limit the expansion of L. camara. The efficient implementation of

preventive actions to stop the arrival and establishment of invasive

species relies on the correct identification of potentially suitable

areas.

Species distribution models (SDMs) are powerful tools for

predicting the potential distribution of invasive plants (e.g. [9–11]).

Based on spatial correlations between species occurrence and

environmental variables, SDMs identify sets of variables associated

with the presence of invasive species to project their requirements

onto the geographic space [12–14]. One fundamental assumption

underlying SDMs is the principle of niche conservatism, which

states that species tend to preserve their ancestral niches

requirements over time and space [15–18]. In the context of

biological invasions, a niche is conserved whenever the species

occupies the same environmental conditions in its native and

invaded ranges [14,18]. If, on the contrary, the environmental

conditions where the species occurs differ between the native and

the invaded ranges, the species’ niche is considered to have shifted.

Recent studies have suggested that niche conservatism does not

occur in all invasive species [19–21]. Based on a comprehensive

study including 50 invasive plants species, Petitpierre et al. [21]

found that 15% of the invasive plants species evaluated did not
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conserve their niche during invasion. Although this represents a

small proportion of all invasive species, it highlights the need to test

the niche conservatism assumption before using SDMs. When the

assumption of niche conservatism fails, SDMs underestimate the

potential distribution of invasive plants. Alternative hypotheses

must be formulated to account for the observed niche shift and

new methods are required to increase predictive value of these

models [22].

Several authors have predicted current and future distributions

of L. camara, under possible scenarios of global change [23–26].

Some foresee a contraction of its distribution at global scale [24],

while others expect expansion in some particular regions (e.g.
Australia and China) [25,26]. All of these studies assume that the

niche of this species has been conserved, although this premise has

not been tested. Some characteristics of L. camara and its invasion

history could favor niche shifts due to adaptive evolution. First, the

species complex history of introductions (see [27]) has probably

involved several genetic bottlenecks. Second, its polyploid condi-

tion and ability to hybridize are characteristics that promote rapid

evolutionary changes [28,29]. Third, more than 600 ornamental

varieties have been produced as a result of artificial selection and

hybridization [6,29]. It is now widely recognized that naturalized

populations of L. camara are morphologically different than

populations in its native range [30]. Therefore, it is possible for

naturalized populations to differ genetically from the original

ancestral populations, to the extent that their niches are no longer

exact.

Here, we tested the niche conservatism hypothesis for L. camara
using a niche dynamics analysis [21,31]. Estimated niches were

projected onto the geographic space to identify potentially suitable

areas for L. camara, and to evaluate the possible implications of a

niche shift on its potential distribution in three invaded regions,

Australia, Africa and India (e.g. [19]).

Materials and Methods

Study species
Lantana camara (Verbenaceae, a perennial evergreen shrub

native to the Neotropics, was introduced into Europe from Brazil

as an ornamental plant in the 17th century [32]. For the next 100

years after its initial introduction, this species was extensively

exported from Europe to Africa, Asia, America and Oceania.

Although it established populations in several countries, L. camara
only became invasive throughout tropical, subtropical and warm

temperate areas [33]. This species currently occupies millions of

hectares in South Africa, Australia and India, and continues to

expand (reviewed by [27]). L. camara has several traits that

explain its high invasiveness: it is autocompatible; it is pollinated

by different groups of insects (e.g. butterflies and honey bees); it

has a high seed output with birds dispersing the seeds over long

distance; it forms large seedbanks and has high potential of

vegetative reproduction; it is a fire-tolerant and it has a high

phenotypic plasticity. Also, this species frequently outcompetes

native flora (for review see [3]).

Despite its cosmopolitan distribution, the taxonomic status of L.
camara has not been resolved yet. It is considered a species

complex, L. camara sensu lato, consisting of several taxa that are

morphologically and ecologically very similar to the initial

description of the species [29]. For the purpose of this study, L.
camara sensu lato will be hereafter referred as L. camara.

Occurrence data
The occurrences of L. camara from their native and introduced

ranges were obtained from several sources (Table 1). To filter

occurrence data, we selected records collected after to 1950 that

included a detailed description of the locality. A total of 896

occurrences were used: 167 from Australia, 96 from Africa, 84

from India and 549 from its native range in America (Figure 1;

Table S1). We defined its native range as the geographic area

between 24uN (Mexico) and 24uS (Southern Brazil), and

constrained our analysis to Australia, Africa and India, where

the species has invaded and caused major impact [27].

Environmental data
We chose 12 from the 20 environmental variables available in

the WorldClim dataset [34]. This selection was based on natural

history data of L. camara [3] and the contribution of these

variables to a previous test model. The remaining eight variables

were not included because they had no discriminatory power (low

contribution); for example, variables for which the species showed

wide tolerance (i.e. altitude) or those with most values outside the

physiological tolerance of L. camara (i.e. minimum temperature of

coldest month). Also, to minimize redundancy due to potential

multicollinearity among variables, we omitted highly correlated

Table 1. Biodiversity databases used to obtain occurrences of L. camara.

Database Description

GBIF Global Biodiversity Information Facility: Network for the exchange of biodiversity data through the internet. Compiles data from
specimens deposited in museums, herbaria, and published in atlases and references worldwide. Web page:
http://data.gbif.org/welcome.htm

REMIB ‘‘Red Mundial de Información sobre Biodiversidad’’: It is an interagency network that shares biological information. It
consists of research centers nodes that host the digitized scientific collections. Web page: http://www.conabio.gob.mx/
remib_ingles/doctos/remibnodosdb.html

TROPICOS TROPICOS is a Botanical Information System. It’s a public-access botanical database with records of millions of specimens, images and
references by the Department of Bioinformatics of the Missouri Botanical Garden. Here we used the’’Geographical Search’’ tool.
Web page: http://www.tropicos.org/SpecimenGeoSearch.aspx

PRECIS Information Computerized Pretoria: This is a digital database on the state of biodiversity in southern Africa by the South African
Biodiversity Institute (SANBI). It includes data from herbaria and published. Web page:

Zimbabwe Data collection of scientific research on plants in Zimbabwe. The data are collected and compiled by the authors of the website:
Hyde, M.A., Wursten, B.T. & Ballings, P.Web page: http://www.zimbabweflora.co.zw/

AVH Australia’s Virtual Herbarium: It is a compilation of occurrence data and specimens from several herbaria in Australia. Web
page : http://chah.gov.au/avh/avhServlet?task=simpleQuery

doi:10.1371/journal.pone.0111468.t001
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variables. Using a cross-correlation analysis in software R [35], we

estimated the Pearson’s correlation coefficient between pairs of

variables, and when .0.9, we selected from the pair that variable

more relevant for the ecology of the species. Thus, the initial set of

12 variables was further reduced to six: i) annual mean

temperature (BIO1), ii) maximum temperature of the warmest

month (BIO5), iii) annual precipitation (BIO12), iv) precipitation

of the driest month (BIO14), v) precipitation seasonality (BIO15)

and, vi) precipitation of the warmest quarter (BIO18). Raster

layers (resolution = 2.5 arc-min,25 km2) for these climatic vari-

ables were obtained from WorldClim dataset (http://www.

worldclim.org/) [34].

Niche analysis
We used PCA-env analyses [31] to assess the similarity between

niches. This procedure allowed us to evaluate the hypothesis of

niche conservatism between native and invaded ranges. Three

PCA were conducted to compare the native niche of L. camara
with its niches estimated for each invaded region: Australia, Africa

and India. For each PCA, we used the first two axes to define the

environmental space. The environmental space was divided into

1006100 cells, and the occurrence points were converted into

densities of occurrences, oij, using a kernel smoothing function.

Then, 10,000 randomly generated points (i.e. pseudo-absences)

were used to estimate the density of available environments, eij, in

each cell of the environmental space. Based on the values of oij and

eij an occupancy index, zij, was estimated. This metric allowed for

the unbiased comparison of occurrence densities, when environ-

ments were not equally available. Finally, the values of zij were

plotted on the environmental space to delimit the climatic niche

occupied by L. camara in their native and invaded ranges.

We used four approximations to compare invaded niches with

native niche [36]: (i) qualitatively changes in the niche center, cells

with the highest values of zij; (ii) niche overlap D; (iii) niche

equivalence, the correspondence between an observed D and that

expected by randomly reallocating the occurrences from both

entities on both ranges, and (iv) the niche similarity, the

comparison between an observed D and that expected by

randomly reallocating the occurrences in only one of the ranges.

For the equivalence test, the null hypothesis (i.e. niches are not

identical) is rejected if p,0.05. For the similarity test, in contrast, a

p value.0.05 indicated that niches were no more similar than

expected by chance.

Additionally, we indentified niche zones within the environ-

mental space by overlapping the native and invasive niches

according to Petitpierre et al. [21]: (i) unfilled (U), the zone on the

native niche not shared with the invaded niche; (ii) overlap (O), the

zone shared between native and invasive niches; and (iii)

expansion (E), the zone on the invaded niche not shared with

the native niche. While the O values measured the proportion of

niche conserved, the E values estimated the proportion niche

expanded. The unfilled zone (U) assesses the fraction of niche not

yet occupied by the species in the invaded range.

Species distribution models
We used species distribution models (SDMs) to predict potential

suitable areas for the invasion of L. camara. One limitation of

these models is that they do not distinguish if a particular

Figure 1. Filtered occurrences of L. camara used for this study.
doi:10.1371/journal.pone.0111468.g001
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occurrence is associated with a high abundance (source) or a low

abundance population (sink). Therefore, an area classified as

‘‘suitable’’ corresponds to an area with high establishment risk of

the species, but not necessarily with a high invasion risk [37].

However, for exotic plants with high invasive potential, as L.
camara, the risk of establishment can be considered equivalent to

of the risk of invasion.

Figure 2. Niche dynamics of Lantana camara: from native to invaded ranges. The contour lines delineate the available niche in its native
range (green) and in its invaded range (red) in India (column a), Australia (column b) and Africa (column c). The solid and dashed contour lines
illustrate, respectively, 100% and 50% of the available (background) environment. The colored areas correspond to the unfilled zone (green; line 1),
the overlap zone (blue; line 2), or the expansion zone (red; line 3) resulting from overlaying the native niche with the invaded niche. The last line
shows the correlation circles, which indicate the weight of each bioclimatic variable on the niche space defined by the first two principal component
axes. The predictor climatic variables are BIO1 (annual mean temperature), BIO5 (temperature of warmest month), BIO12 (annual precipitation), BIO14
(precipitation of driest month), BIO15 (precipitation seasonality), BIO18 (precipitation of warmest quarter).
doi:10.1371/journal.pone.0111468.g002
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We generated potential distributions of L. camara in their native

and invaded regions using MaxEnt (v. 3.3.3.k) [38]. Using a

maximal entropy function, this software estimates the probability

of occurrence based on the environmental characteristics of the

habitats where the species is present [38]. We choose use the

MaxEnt’s default settings after contrasting several models, and

corroborating that this selection gave the best model based on the

Akaike information criterion (AIC). For each study region,

presence data was used to construct a set of 10 candidate models.

Then, we selected the best four models (one for each region) based

in the AIC, to generate potential distributions of L. camara in its

native region (native-to-native distributions), and in each of the

invaded regions (invaded-to-invaded distributions). We then

projected the model for the native region onto each invaded

region to generate three additional native-to-invaded distributions

(native-to-Africa, native-to-Australia, and native-to-India). When-

ever the niche analyses indicated expansion (E.0) or niche shift

(niche similarity,expected), we projected this modified niche onto

the rest of the invaded regions (modified-niche-to-invaded). The

latter illustrates the effect of possible niche changes in the potential

distribution of L. camara in the invaded regions. All potential

distributions were determined using a threshold value equivalent

to the 10th percentile of the probability of occurrence. We overlaid

the predicted native-to-invaded distributions with the predicted

invaded-to-invaded distributions to estimate the unfilled area (U),

the overlap area (O), and the expansion area (E). This similar

procedure was used to overlay the modified-niche- to-invaded

distribution with the invaded-to-invaded distribution [21].

Model evaluation and validation
To evaluate model accuracy we used a cross-validation method.

For each region, 90% of the occurrence points were set as training

data, and the remaining 10% as test data. To assess the model’s

accuracy in predicting the species’ presence in a particular grid

cell, we used the area under the curve (AUC) of the receiver

operating characteristic (ROC) estimated by MaxEnt for the

training and test data sets. Using an R package developed by B.

Petitpierre, we also estimated the Boyce Index, i.e. threshold-

independent accuracy estimator based on the Spearman rank-

correlation coefficient between the predicted points and the

predicted areas for both data sets. For latter analysis, we randomly

selected 10,000 pixels for each model prediction to reduce

computational time. The omission rates of occurrences in each

invaded region were also calculated to assess how accurately the

native-to invaded distributions predicted the occurrence points on

the invaded regions.

Climatic analogy between native and invaded ranges
To assess the risk of extrapolating species distributions to regions

with substantially different climates [39], we evaluated the climatic

Table 2. Niche dynamics values estimated using climatic conditions in the native and invaded regions.

Niche comparisons Overlap (O) Unfilled (U) Expansion (E)

Native vs. Australia 1 0.17 0

Native vs. Africa 1 0.47 0

Native vs. India 0.79 0.23 0.20

doi:10.1371/journal.pone.0111468.t002

Figure 3. Statistical tests for niche comparisons between native and invaded regions. Observed frequencies for the niche overlap index
(D) in relation to the expected D for p = 0.05. The first line shows the tests for niche equivalency (a, b and c) and the second line for niche similarity (d,
e, and f). The first column compares niches between the native range and Australia (a and d), the second column between the native range and Africa
(b and e) and the third column between the native range and India (c and f).
doi:10.1371/journal.pone.0111468.g003
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analogy between native and invaded regions using the Multivar-

iate Environmental Similarity Surface (MESS) analysis in MaxEnt

[40]. We identified the ‘‘most dissimilar’’ climatic variable and its

geographic location, and then we compared the values of these

climatic variables for the non-analogous regions by a Student-t
test.

Results

Niche analysis
The PCA-env analyses of native and invaded regions showed

changes in the size of the niches and in the position of the areas

with the highest values of zij (i.e. highest density of occurrences)

(Figure 2). In all cases, the native region had a greater niche

breadth than any of the invaded regions. In India, the shift on the

highest density of occurrences surpasses the limits of the native

niche (Figure 2 a), while in Africa and Australia, this shift occurs

within these limits (Figures 2 b and c, respectively). In the

correlation circle, the arrow directions show that, in India, the

niche moved towards lower values of precipitation (BIO18), and

greater seasonality of the latter (BIO 15) (Figure 2 a). In Africa

towards colder climates (BIO1) (Figure 2 b), and in Australia, the

niche moved towards lower temperatures (BIO1) (Figure 2 c).

These plots also identified presence of unfilled niches in all invaded

regions and niche expansion only in India, where the ,20% of

climatic conditions occupied in India are not available in the

native region (Table 2; Figure 2).

The niche equivalency tests confirmed that niches from the

three invaded regions are not identical to the native niche

(Figure 3 a–c). The niche similarity tests showed that the niches of

L. camara in Australia and Africa are more similar to the niche of

the native region than would be expected by chance (Australia:

D = 0.3, p = 0.02; Africa: D = 0.4, p = 0.02; Figure 3 d–e). In

Australia and Africa, L. camara only occupies areas with similar

Table 3. Evaluation index values (AUC and Boyce Index) and omission rate for the obtained models.

Model AUCtraining AUCtest Btraining Btest

Native 0.811 0.717 0.998 0.899

Australia 0.976 0.944 0.977 0.669

Africa 0.968 0.962 0.934 0.576

India 0.823 0.802 0.959 0.610

Values for training and test evaluation are shown.
doi:10.1371/journal.pone.0111468.t003

Figure 4. Potential geographic distribution of L. camara in its native region. Predictions are based on current occurrences in the Neotropics
and the climatic data from the places where this plant inhabits there.
doi:10.1371/journal.pone.0111468.g004
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climatic condition to those found in its native range. In contrast,

the climate niches in India and the native region are not more

similar than expected by chance (D = 0.3, p = 0.4, Figure 3 f). This

indicates that in India the occupation of the species does not follow

a pattern expected by native niche requirements and seems to be

random. In India, L. camara occupies various climatic conditions,

some of which are similar to the climatic condition in its native

range, while others are different.

Species distribution models
The selected model showed proper fit of the data. The AUC

and the continuous Boyce index were high for the training or test

data sets (Table 3). The projection of native model onto all

invaded regions had an omission rate of 10% of occurrence points,

indicating an adequate prediction. Most of these omissions

occurred in India. Similarly, the model training with the Indian

range and their extrapolation to Australia and Africa had a low

omission rate (14%) (data not shown). These results suggest that

both models are informative and did fairly well predictions.

The native potential distribution showed the highest probabil-

ities of presence across southwest of Mexico, the lower slopes of the

Andean cordillera in Colombia, and some savannas and evergreen

forests in southern Venezuela – all characterized by dry and warm

climates – showed the highest presence probabilities (Figure 4). In

general, native-to-invade models generated wider distributions

than invade-to-invade models (Figure 5 a–f). In the invadedtoin-

vaded distribution the higher probability of presence occurred in

Cape Town, South Africa, center of India and all of the east coast

of Australia (Figure 5 a–c). In the native-to-invaded distribution

(Figure 5 d–f), the higher probability of presence occurred in

Madagascar, around the Malawi Lake in Africa, in northeast India

and northern Australia. No climatically suitable areas for L.
camara were identified in central or southern Australia.

Australia and Africa were the regions with the highest unfilled

areas; more than 70% of the predicted distribution for L. camara
in both regions are not occupied yet (Table 4). India, on the

contrary, was the region with the highest value of overlap area;

68.3% of the predicted distribution is occupied by the species.

Expansion areas were small for Australia and Africa (,3%). Only

in India L. camara occupied areas not predicted by its distribution

in the native range (Table 4). When the India model was projected

onto Australia or Africa (modified-niche-to-invaded), the unfilled

area in both regions (i.e. new potential distribution areas) increased

in 6.1% in Australia and 24.3% in Africa (Table 5; Figure 6).

Climatic analogy between native and invaded ranges
According to the MESS analysis, India was the only region with

climatic conditions non-analogous to those observed in the native

region (Figure 7). In India, 34% of the occurrences are in locations

where maximum temperatures of the warmest month (BIO 5)

reach in average 43uC, a value that is significantly higher (t-test,

t = 87.159, p,0.001, see Figure 8) than the average of maximum

temperature of the warmest month in the native region (35uC).

Discussion

For the first time the hypothesis of niche conservatism is

evaluated for the L. camara invasion. Our results demonstrate that

even though the niches occupied by L. camara in Africa and

Australia are subsets of its native niche in the Neotropics, in India

this species’ niche shifted significantly towards warmer climates,

with temperatures that frequently exceed the maxima recorded in

its native region. The presence of L. camara in novel climatic

conditions indicates that its niche has not been conserved

throughout the process of invasion, therefore suggesting a greater

capacity to invade new regions than previously thought.

Niche shift has been documented in several invasive plant

species [20,21]. In Australia, a continent where biological

invasions are common, 19 invasive plant species are known to

have shifted into novel biomes not present in their native range

[20]. In theory, niche shifts may conceal one of two mechanisms.

First, the species could find new suitable conditions in the invaded

regions that are absent from their native range (i.e. non-analog

climate) but lie within their tolerance ranges or fundamental niche

[41]. This mechanism involves a shift only in the realized niche

(i.e. filling a pre-adapted niche) and whether it should be

considered as a true niche shift is still controversial [21,41].

Secondly, the species can undergo genetic changes that allow it to

adapt to conditions outside their tolerance ranges, changing its

fundamental niche [42]. Identifying the underlying mechanism

using SDMs is difficult, and has prompted a recent discussion on

whether these analyses should be constrained to niche shifts

between analog climates exclusively [21], or include non-analog

climates [41]. Either way it is not possible to distinguish whether a

species evolved or had pre-adaptations to the conditions in the

invaded region using a correlative approach (i.e. SDMs) [43].

Thus, we do not know the contribution of these mechanisms to the

niche shift observed in India. This species could have filled a niche

space absent in its native range but for which it was pre-adapted,

or it could have evolved adaptations to the new climate

encountered in India. A recent study suggests that many invasive

Figure 5. Potential geographic distributions of L. camara in each invaded region. The first line shows the predicted geographic
distributions in Africa (a, d), the second line in India (b, e) and the third in Australia (c, f). The first column illustrates predictions based on invaded-to-
invaded projections (a, b, c), and the second column based on native-to-invaded projections (d, e, f).
doi:10.1371/journal.pone.0111468.g005

Table 4. Percent overlap, unfilled and expansion areas in Australia, Africa and India obtained by overlaying the native-to-invaded
distributions with the invaded-to-invaded distributions in each invaded region.

Distribution comparisons Overlap area Unfilled area Expansion area

Native vs. Australia 10.6% (,3.06105 km2) 89.2% (,2.86106 km2) 0.2% (,5.36103 km2)

Native vs. Africa 26.8% (,1.96106 km2) 70.2% (,6.86106 km2) 3.0% (,2.16105 km2)

Native vs. India 68.3% (,8.86105 km2) 19.8% (,1.96106 km2) 11.9% (,2.66105 km2)

Percentages were adjusted by the predicted total area for L. camara in each invaded region.
doi:10.1371/journal.pone.0111468.t004
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plants have evolved co-adaptations to new environmental condi-

tions in their introduced ranges [44]. Ray et al. [45] found that

individuals of L. camara in India were originated from genetically

differentiated native allopatric populations that gradually homog-

enized. In addition, several ornamental varieties have been

produced since its introduction in India through hybridization

and artificial selection [29,46]. Thus, it is possible for mixtures of

different genetic pools to have increased the species’ ability to

evolve adaptations to novel climates (i.e. [47]). However, genetic

characterization of populations, reciprocal transplant experiments

or a mechanistic modeling approach at a global-scale are required

to differentiate between filling a pre-adapted niche and rapid

evolution of L. camara in India.

The different directions of niche change observed among

continents (i.e. expansion in India vs. contraction in Australia and

Africa) may be attributed to contrasting scenarios encountered

during the early stages of invasion. Although the first introductions

of L. camara in these three regions were relatively contemporary

(1807–1858), its invasion appeared to have been faster in India

[27]. There, L. camara extends over 13 million ha whereas in the

other two continents it occupies less than 5 million ha [27]. One

possible explanation is that the initial introductions in India [27]

occurred in highly suitable habitats, as suggested by our model (see

Figures 4 b and e), while in Australia and Africa [27] the species

arrived to less suitable habitats (see Figures 4 a, c, d and f). A

difficult and slow establishment in Australia and Africa could have

delayed subsequent invasion phases to leave no sufficient time for

L. camara to colonize its entire climatic niche, a phenomenon

known as the colonization-lag non-equilibrium [48]. Non-equilib-

rium distributions can be generated by local community or

demographic processes that prevent the full occupancy of suitable

habitats. For instance, the large extensions of dense forests in

Africa and Australia could have acted as a barrier to the dispersal

of L. camara by inhibiting its growth through light competition

[3]. Empirical examination of dispersal capacity, extinction-

colonization dynamics and a more precise assessment of the

habitat suitability when colonization occurred are necessary to test

the non-equilibrium hypothesis. Alternatively, the observed niche

contractions could have resulted from genetic bottlenecks during

early invasion (i.e. [49–51]) that reduced the genetic variability of

L. camara, and its ability to invade its entire niche. Although this is

a possible explanation, the number and origin of founders involved

in the invasion of Australia and Africa are not known.

Finally, our results highlight the influence that the choice of

geographic scale may have on the ability a particular study has to

test the hypothesis of niche conservatism. If we had restricted the

exotic range to Australia or Africa (e.g. [23]) omitting India, we

would have missed the evidence that L. camara could expand its

niche and occupy novel climatic conditions. Biological invasions

are a global problem and, thus, a global-scale approach is

necessary to test the underlying mechanisms –biogeographic,

demographic and evolutionary– involved in this process.

Table 5. Percent unfilled and expansion areas in Australia and Africa obtained by overlaying the modified-niche-to-invaded
distributions with the invaded-to-invaded distributions in both invaded region.

Distribution comparisons Unfilled area Expansion area

Expanded vs. Australia 90.0% (,2.76106 km2) 6.1% (,1.76105 km2)

Expanded vs. Africa 78.7% (,7.76106 km2) 24.3% (,2.46106 km2)

Percentages were adjusted by the predicted total area for L. camara in both invaded regions.
doi:10.1371/journal.pone.0111468.t005

Figure 6. New potentially invadable areas resulting from the observed niche shift in India. Overlay of the potential geographic
distributions in Africa (a) and Australia (b) estimated from the native niche and the modified niche in India. The orange areas identify new vulnerable
areas. They correspond to locations predicted as unsuitable according to its current distribution in its native range, but as suitable based on its
current distribution in India.
doi:10.1371/journal.pone.0111468.g006
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Niche shift and invasion potential of L. camara
Our capacity to predict long-term changes in the geographic

distribution of L. camara appears to be hindered by its ability to

invade novel environmental conditions. The presence of L. camara
in warmer climates in India suggests that this plant could invade

similar habitats in other regions. In Africa, potentially vulnerable

areas include the Democratic Republic of the Congo, Cameroon

and Centro-African Republic, where several Reserves and Nation-

als Parks are located. In Australia, southern Queensland and

southeastern Victoria may also be invaded by L. camara. While

some authors already highlighted the vulnerability of some of these

regions [23–26], here we add Canberra, Melbourne and their

surroundings, and Tasmania to the list of potentially invasible areas

(see Figure 5b). In light of possible niche shifts, predictions under

climate-change scenarios must be done with caution (e.g. [24]).

Supporting Information

Table S1 Occurrence records of L. camara used in this
study.

(CSV)

Figure 7. Climatic analogy between the native range of L. camara and its invaded range in India. Using the multivariate environmental
similarity surface (MESS) we identified BIO1 (annual mean temperature), BIO18 (precipitation of the warmest quarter) and BIO5 (temperature of the
warmest month) as the most dissimilar variables. The red, blue and yellow areas identify locations in India with values for BIO5, BIO1 and BIO18,
respectively, outside the observed value range in its native region.
doi:10.1371/journal.pone.0111468.g007

Figure 8. Differences in maximum temperature of the warmest
month between the native range of L. camara and its invaded
range in India. The mean values and their standard errors were
estimated using the temperature of the warmest month at each
location where this plant is present in India and in its native range.
doi:10.1371/journal.pone.0111468.g008
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