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Abstract

Species climate requirements are useful for predicting their geographic distribution. It is often assumed that the niche
requirements for invasive plants are conserved during invasion, especially when the invaded regions share similar climate
conditions. California and central Chile have a remarkable degree of convergence in their vegetation structure, and a similar
Mediterranean climate. Such similarities make these geographic areas an interesting natural experiment for testing climatic
niche dynamics and the equilibrium of invasive species in a new environment. We tested to see if the climatic niche of
Eschscholzia californica is conserved in the invaded range (central Chile), and we assessed whether the invasion process has
reached a biogeographical equilibrium, i.e., occupy all the suitable geographic locations that have suitable conditions under
native niche requirements. We compared the climatic niche in the native and invaded ranges as well as the projected
potential geographic distribution in the invaded range. In order to compare climatic niches, we conducted a Principal
Component Analysis (PCA) and Species Distribution Models (SDMs), to estimate E. californica’s potential geographic
distribution. We also used SDMs to predict altitudinal distribution limits in central Chile. Our results indicated that the
climatic niche occupied by E. californica in the invaded range is firmly conserved, occupying a subset of the native climatic
niche but leaving a substantial fraction of it unfilled. Comparisons of projected SDMs for central Chile indicate a similarity,
yet the projection from native range predicted a larger geographic distribution in central Chile compared to the prediction
of the model constructed for central Chile. The projected niche occupancy profile from California predicted a higher mean
elevation than that projected from central Chile. We concluded that the invasion process of E. californica in central Chile is
consistent with climatic niche conservatism but there is potential for further expansion in Chile.
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Introduction

Understanding the factors that lead to the successful spread of
species outside their native ranges is a fundamental issue in the
study of biological invasions [1,2]. The geographic distribution
of invasive species is controlled by factors such as climatic
requirements, dispersal ability and biotic interactions [3]. Among
these factors, species climate requirements are important and can
be useful for predicting the geographic spread of species at large
spatial scales [4,5].

Predicting the extent of geographic invasions is based on
suppositions stemming from climatic niche conservatism [6]. If the
climatic niche is conserved, then the projection of the potential
species distribution from native to invaded range is concordant
with the projection from the invaded range. These comparative
studies are generally done between climatic analogue regions [7].
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However, this protocol is controversial because it excludes the
possibility to detect niche shifts to non-analogous environments
that could be occupied by invasive species in the invaded range.
For example, invasive species could occupy new environments
(nonanalogous) due to adaptive evolution during invasions, the
absence of biotic constraints, the absence of dispersal limitations
[8], or because of the availability of suitable conditions present in
the invaded range that are not available in their native range [7].
There is evidence of niche conservatism in invasive plants [7];
however there are cases where invasive plants display climatic
niche shifts, thus occupying areas within climates that were not
expected, based on native climatic requirements [9-12].

One assumption commonly used in biogeographical studies is
that species are capable of covering the entirety of a given
geographic extent that best suits their climatic requirements,
rapidly reaching the geographic equilibrium [13]. In the case of
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invasive species, they may be far from full equilibrium [14] due to
of several ecological aspects preventing their establishment and
colonization, such as dispersal limitation [15,16], negative
interactions [17], key mutualists may be absent [18], or because
these species need time to occupy every suitable location [14,19].

California and central Chile are two distant geographic areas
with very similar Mediterranean climates, topography and
vegetation types [20,21]. These features have stimulated compar-
ative studies which have demonstrated that, despite their
similarities, each geographic area has distinctive native and exotic
flora [22,23] differing fire regimes [21,24], different soil nutrient
content [25], and different anthropogenic and economic activities
[23]. Overall, these quite distinctive floras have undergone
convergent evolution, expressed in similar native vegetation
structure and the functional traits of native plants [24,26,27].

Eschscholzia  californica Cham. (Papaveraceae) (California
poppy) is a native herb from the west coast of North America,
mainly found in California. This species is distributed between
latitude 32°and 41° N, in climatic conditions very similar to those
recorded in its distribution in Chile [28]. This species is usually
found at low elevations (below 2000 m altitude) and thrives in
warm temperatures [28]. Naturalized populations are found in
Australia, Chile, New Zealand and South Africa, among other
countries. Beetles pollinate E. californica in its native range and. If
pollinated, the resulting fruit is a long, slender pod that dries and
splits, shooting tiny round black seeds in all directions. This species
persists in the seed bank during dry season, lying dormant as seed
for years in some areas. When enough rain falls seeds rapidly
germinate and become reproductive in a matter of a few months
[28].

E. californica was first introduced into Chile in the mid-1800s,
via botanical gardens [29]. In 1890, the first specimen from a
naturalized population was collected near Valparaiso (coastal
central Chile). This species is currently distributed in Chile
between latitudes 30° and 38° S, and between 0 and 2,200 m
altitude [30,31]. E. californica is particularly interesting for
studying the niche dynamics because plant size, fecundity, and
resistance to herbivores are significantly greater in the invaded
range (central Chile) than in the native one [32-34].

In this study, we addressed two questions: (i) has E. californica
conserved its climatic niche in Chile? and (i) has E. californica
reached a geographical equilibrium or can we expect it to spread
further in Chile? To answer these questions, we carried out
climatic niche analyses based on principal component analysis
(PCA) [35] to identify parts of the climatic niche spaces that are
stable in the invaded range (conserved), and either unfilled or
expanded (non-equilibrium cases). We also constructed species
distribution models (SDMs) to examine whether this species has
achieved geographical equilibrium in central Chile. This infor-
mation could also be used to plan management practices in order
to prevent invasive species from spreading or to contain them.

Methods

Occurrence data

Data for the presence of E. californica in its native range
(California, USA) was compiled from the Consortium of California
Herbaria (available at http://ucjeps.berkeley.edu/consortium/,
public repository online) and Calflora online databases (available
at http://www.calflora.org/, public repository online). The data
were carefully filtered according to the following criteria: (i) the
data contained associated geo-referenced information (e.g. datum),
(i) they were recorded after 1950 to minimize erroneous geo-
referenced information and (iii) they had an associated voucher or
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were labelled under the name of the botanist who determined the
sample. This last criterium was utilized to control taxonomic
problems with this species [36].

After pooling and filtering the data, we obtained a total of 311
records for its presence in California. For central Chile, we found
50 registered occurrences at the Herbarium of the University of
Concepcion (CONC, http://www?2.udec.cl/~herbconc/, public
repository), and 10 from (SGO, http://www.mnhn.cl/, public
repository). To enlarge the dataset, we conducted field campaigns
during 2009 and 2010 (Austral spring—summer), covering Andean
and coastal ranges from 30° to 38° lat. S, and arrived at a total of
778 occurrences. The dataset is available in Table S1. Duplicated
records were removed from both datasets using ENMtools version

1.3 [37].

Environmental layers

Bioclimatic variables were obtained from the Worldclim
database (http://www.worldclim.org/, public repository online)
with a spatial resolution of 30 arc-seconds [38]. This data set
included a total of 19 bioclimatic variables, which summarized
information on temperature and precipitation. Since variable co-
linearity may lead to over-fitting [39], we chose a sub-sample of
the bioclimatic variables checked for cross-correlation using the
Pearson correlation test; only one variable from highly correlated
pairs of variables (r>0.90) was included in the model. This
procedure was conducted using ENMtools version 1.3 [37].

Our final selection came down to altitude and 14 climatic
variables: annual mean temperature (biol), mean diurnal range
(bio 2), isothermality (bio3), temperature seasonality (bio4),
maximum temperature of warmest month (bio5), minimum
temperature of coldest month (bio6), temperature annual range
(bio7), mean temperature of wettest quarter (bio8), mean
temperature of driest quarter (bio9), mean temperature of warmest
quarter (biol0), mean temperature of coldest quarter (bioll),
annual precipitation (biol2), precipitation seasonality (biol5), and
precipitation of warmest quarter (biol8). We used ArcGis 9.3 [40]
to process the environmental layers.

Climatic niche

Principal Component Analysis (PCA) [35] was conducted using
information from background zones chosen for two study areas,
which also included locations for E. californica occurrences. This
analysis was used to compare the niche of E. californica between
the native range (California) and the invaded range (central Chile)
using the 14 selected bioclimatic variables.

The background zone for California was a polygon within
125°~115° W and 45°-30° N whilst the background for central
Chile was a polygon within 74°-70° W and 29°-38° S. For
California, this polygon encompasses the California Floristic
Province which includes the semiarid, sub-humid region and a
portion of the humid region of the area covered by the
Mediterranean climate [41]. For central Chile, the chosen polygon
is the climatic analogue zone in California as documented in other
studies [27].

Occurrence points were converted into density values using a
kernel function to smooth the distribution of the densities [35].
These figures were then gridded within the environmental
envelope obtained by the previously chosen background zones
(10,000 randomly generated points) in the native and invaded
range. The occurrence points, converted in occurrence density
were ordered along the PCA axes constructed from the climatic
environment within the background zones. Two graphical models
were constructed for niche analysis: the first, describing the
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ecological niche of the species in its native range, and the second,
describing the ecological niche of the species in the invaded range.
A comparison between the native and the invaded range was
used to assess whether E. californica’s niche has been conserved in
central Chile. For this comparison, niche similarity was measured
using Schoener’s D overlap index [37], the result falling between 0
(no overlap) and 1 (complete overlap). The D overlap index was
tested against chance using re-sampling procedures [7,35,37].
Following Petitpierre et al. 2012 [7], three regions of the niche,
either in the native and invaded range, were considered
representative of niche dynamics for invasive species:

i)  Stability niche area (S); the area shared between niches of the
native and the invaded range. This area is an estimation of
niche conservatism (S is the proportion of the densities in the
invaded niche that overlap the native niche) [7];

i) The unfilling niche area (U); this is the niche space of the
native range that isn’t shared with the niche of the species in
the invaded range and this area indicates the potential space
of the invaded niche that has not yet been occupied in the
native range. In other words, U is an estimation of how far
the species is from geographical equilibrium (U is the
proportion of densities in the native niche found in different
conditions to the invaded niche) [7];

ii) The expanded niche zone (E); the niche zone in the invaded
range which is not shared with the native niche. This area is
the degree of niche shift; it indicates new climatic
environments occupied by the species in the invaded range
(E is the proportion of densities in the invaded niche found in
different conditions to the native niche) [7].

These estimations were made considering 75% climatic
similarity between the native and invaded range climatic envelopes
(following [7]). All the analyses were performed using R software
(version 2.15.1) [42] using the function proposed in [35] and [7].

Predicted distributions

From climatic variables and occurrence data, we constructed
‘species distributions models’ (SDMs) for E. californica in its native
and invaded range using Maxent [43], a machine-learning method
that assesses the distribution probability of a species by estimating
the distribution probability of maximal entropy [43]. This software
generally performs better than other software commonly used for
SDMs using presence-only datasets [44—46].

We divided the presence data into two parts: 75% for training
and 25% for testing the model. The model’s performance was
evaluated using the AUC (area under the ROC curve [43]). AUC
is a composite measure for model performance and provides a
global comparison of model fitting relative to a random prediction.
AUC ranges from 0.5 for a model that performs no better than
chance to 1.0 for perfect ability to predict presence [43,47]. For
SDMs, we used the same regional background chosen for the
Californian niche analysis and the central Chilean analysis.

For SDMs regularization, we smoothed the models to avoid
over-parameterization [43,48]. The regularization refers to
smoothing the model, making it more regular, so as to avoid
fitting too complex a model [48]. In Maxent, the fit of the model is
measured at the occurrence sites, using a “log likelihood™ (see Box
1 in [48]). A highly complex model will have a high log likelihood,
but may not generalize well [43,48]. The aim of regularization is
to trade off model fit and model complexity [43,48]. The
smoothing was achieved by modifying a B parameter ie. the
value that smoothens the model, making it more regular. =1 was
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the best choice as it led to the most conservative model [48],
penalizing over-parameterization (Table 1).

From each occurrence point in central Chile, we extracted a
prediction for occurrence probability from the distribution models.
Probability values below the 10% percentile [49] were discarded
under the assumption that these figures represented unsuitable
climatic zones. In both cases the threshold was 0.13. To compare
distribution models, we projected potential distribution from the
native range (California) to central Chile, and compared it with
the projected potential distribution for central Chile [50].

Both SDMs were replicated 100 times, and then averaged.
Finally, to predict altitudinal distribution of E. californica in
central Chile, we generated prediction for niche occupancy
profiles [47] from the native and invaded ranges to the invaded
range. This method integrates the occurrence probabilities for
SDMs (raw data) over a climatic layer, generating a profile for
habitat suitability across environmental gradient [47]; in this study
we used altitudinal gradient.

Results

Climatic niche

The niches of California and central Chile were significantly
more similar than chance (D = 0.428; Figure 1), from California to
central Chile (P=0.001) and from central Chile to California
(P =0.04). More specifically, the niche in central Chile was almost
completely included (nested) within the Californian niche
(S =0.993) (Figure 1). Moreover, the native climatic niche includes
a space not shared with the climatic niche in the invaded range
(U=0.532) and the climatic niche of central Chile had a reduced
expansion (E =0.006) (Figure 1).

Predicted distributions

The projected distribution models performed well (Table 1). In
the invaded range, the predicted distribution of E. californica from
central Chile covers 48,391 km? (Figure 2A) and the projection
from California covers 139,526 km® (Figure 2B). Comparisons
between these projected distributions revealed that almost the
complete projected distribution from central Chile was included in
the projected distribution from California (99.9%). A large portion
of the projected distributions (65%) was also predicted only from
California model. This area extended approximately 2° further
north and approximately 1° further to the south (Figure 2C).

The niche occupancy profiles projected from California
and central Chile were significantly different to each other
(Kolmogorov-Smirnov test; D =0.53; P<<0.001; Figure 3). The
niche occupancy profile projected from California predicted a
higher altitudinal range in central Chile (weighted mean elevation:
905 m; Figure 3) compared to the model projected from central
Chile (weighted mean elevation: 422 m; Figure 3).

Discussion

Our results indicate that the climatic niches of E. californica in
California and central Chile were very similar to each other. This
similarity had two particular characteristics: the climatic niche in
central Chile was almost completely included within the niche of
the native range, and a minor fraction of niche in the invaded
range expanded to new environments. However, the larger
fraction of unfilled niche predicted from the native niche suggests
that E. californica hasn’t colonized a substantial fraction of the
climatic environments in central Chile. An alternative explanation
is that the species has colonized only the environments in Chile
that overlap between the Californian and Chilean background
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Table 1. Parameters of species distribution models (SDMs) for Eschscholzia californica in central Chile projected from the invaded
range (central Chile) and the native range (California).

Range N° occurrences B Parameters Threshold AUCain. AUC, s
Invaded range 778 1 118 0.13 0.936 0.919
Native range 311 1 24 0.13 0.918 0.881

The threshold values correspond to P(occurrence) observed in the lowest percentile (10%) of the occurrence distribution for each range. The 3 parameter is a measure
of SDM regularization. We used =1 because it generates the most conservative models by penalizing over-parameterization.
doi:10.1371/journal.pone.0105025.t001
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Figure 1. Principal Component Analysis (PCA). The climatic niche of Eschscholzia californica in the native range in California (green) and in the
invaded range in central Chile (red). The blue area corresponds to niche areas shared in both ranges (niche stability).The solid and dashed lines show
100% and 75% of the climatic envelope from the native (green) and from the invaded range (red), respectively. The green area is the unfilled climatic
niche space in the invaded range, and the red area, is the expanded climatic niche in the invaded range. The more intense blue cells represent zones
with higher occurrence densities in the invaded niche (central Chile). In the PCA analysis the first axis accounts for 47.66% of the total variance and
mainly represents mean annual precipitation, precipitation during the warmest quarter and altitude; the second PCA axis accounts for 29.68% of the
total variance and mainly represents precipitation seasonality. In the correlation circle, the hidden label (behind bio7) corresponds to temperature
seasonality (bio4).

doi:10.1371/journal.pone.0105025.g001
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Figure 2. Species distribution models (SDMs) for Eschscholzia californica in central Chile. A) Generated with occurrences recorded in the
invaded range (central Chile). B) Generated with occurrences recorded in the native range (California). C) Overlap of both SDMs. It shows that 99.9%
of the invaded range predicted from central Chile (blue) is included in the area predicted from California; 65% of the area predicted from California
(green) is not predicted by the SDM from central Chile; only a small proportion of area (0.1%) in Chile (red) is not predicted from California. AUC
values for these models are displayed in Table 1.

doi:10.1371/journal.pone.0105025.g002

climates due to the arrival of a biased set of colonizers, with a potential distribution predicted from the native range should be
narrower climatic niche. concordant with predictions based on occurrences in the invaded

Climatic niche conservatism has been largely detected in range [51]. However, we can find mismatches between native and
invasive plant species [7]. If the niches are conserved, then the invaded range projections due to other ecological factors, even
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Figure 3. Niche occupancy profile in relation to altitude in central Chile. The red curve is the projected profile from the invaded range
(central Chile); the green curve is the projected profile from the native range (California).

doi:10.1371/journal.pone.0105025.g003

if the climatic niche 1s conserved (dispersal limitation, biotic
interactions) [8,15-19].

In E. californica, the projected potential distribution from the
native niche differs from the projected distribution from the
invaded range. In fact, this area was 2.9 times larger than that
projected from the invaded range and extended further north and
south (Figure 2). These large differences were not concordant with
the slight niche differences between native and invaded range
obtained from PCA analysis. In fact, the niche differences were
proportionally minors than potential distributions differences
between the two ranges. The niche - biotope duality (the
conceptual base of the SDMs) [52] explain this asymmetric
relationship. The duality means that the niche and the geographic
space are closely interconnected [53]. However this duality is not
one-to-one [52,53] i.e. one small and regular zone in the niche
space may correspond to many areas in the geographic space [3].
This asymmetric property of the niche- biotope duality has been
largely reviewed and discussed in the literature [5,52,53,54].

The causal factor that might explain this discrepancy is that
E. californica is a “generalist species” spreading over a wide range
of habitats from southern Washington to Baja California and from
the Channel Islands and Pacific coastline to the Great Basin and
regions of the Sonoran Desert [28], thus encompassing a wide
range of temperature and precipitation regimes also existent in
Chile.

We have estimated that populations of E. californica in central
Chile, have a positive finite growth rate homogeneously distrib-
uted along latitudinal as well as altitudinal gradients [30],
suggesting that it performs well across a variety of environments,
thus reinforcing the idea that it is a generalist species. If it has
no demographic limitations, it could spread covering large
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geographical ranges as predicted by the native niche model.
However, this species could be also dispersal limited based on
genetic evidence that indicates that gene flow between populations
is limited (Castillo, Master thesis, unpublished data).

High-elevation ecosystems are considered more resistant to
plant invasions than other ecosystems [55]; as elevation increases,
the environment changes dramatically: mean temperatures
decrease, the growing season shortens and UV-B radiation
becomes more intense [56]. The differences between the niche
occupancy profile (Figure 3) for E. californica, from the native and
invaded ranges lead us to agree with this assertion. In fact, the
mean altitude predicted from California was more than double the
central Chile model’s, further supporting the non-equilibrium
condition of E. californica to higher altitudes.

One explanation is that E. californica is dispersal limited along
elevational gradients (low propagule pressure sensu [57]). Another
explanation is that before an alien plant species can reach
mountain areas, it presumably passes through a “low altitude
filter” that excludes those genotypes well-adapted to higher
altitudes [58]. In this way, the flow of pre-adapted genes, which
evolved at higher altitudes in the native range, is disrupted, and
then no expansion would be expected until such adaptations
emerge, as it has happened in other species along elevation
gradients [55,59].

From our study, in spite of the climatic niche E. californica has
been conserved, this species is not in geographical equilibrium and
has the potential to continue spreading along Chile, especially into
warm regions and to higher altitudes. Reaching geographical
equilibrium will depend on its dispersal abilities and to what extent
native communities will resist invasion.

August 2014 | Volume 9 | Issue 8 | 105025



Supporting Information

Table S1 Occurrence data of Eschscholzia californica in
central Chile.

(PDF)

Acknowledgments

Thanks to B. Petitpierre and O. Broennimann for providing R functions.
We would like to acknowledge Jake Alexander and Marina Fleury for their

References

1.

Sax DF, Stachowicz JJ, Brown JH, Bruno JF, Dawson MN, et al. (2007)
Ecological and evolutionary insights from species invasions. Trends Ecol Evol
22: 465-471.

Sexton JP, Mclntyre PJ, Angert AL, Rice KJ (2009) Evolution and ecology of
species range limits. Annual Rev Ecol Evol Syst 40: 415-436.

. Alexander JM, Edwards PJ (2010) Limits to the niche and range margins of alien

species. Oikos 119: 1377-1386.

. Pearson RG, Dawson TE (2003) Predicting the impacts of climate change on the

distribution of species: are bioclimate envelope models useful? Glob Ecol
Biogeogr 12: 361-371.

Soberén J, Nakamura M (2009) Niches and distributional areas: concepts,
methods, and assumptions. Proc Natl Acad Sci USA 106: 19644-19650.

. Wiens JJ, Graham CH (2005) Niche conservatism: integrating evolution,

ecology, and conservation biology. Ann Rev Ecol Syst 36: 519-539.

. Petitpierre B, Kueffer C, Broennimann O, Randin C, Dachler C, et al. (2012)

Climatic niche shifts are rare among terrestrial plant invaders. Science 335:

1344-1348.

. Webber BL, Le Maitre DC, Kriticos DJ (2012) Comment on “Climatic niche

shifts are rare among terrestrial plant invaders”. Science 338(6104): 193-193.

. Broennimann O, Treier UA, Muller-Scharer H, Thuiller W, Peterson AT,

et al. (2007) Evidence of climatic niche shift during biological invasion. Ecol Lett
10: 701-709.

. Beaumont IJ, Gallagher RV, Thuiller W, Downey PO, Leishman MR, et al.

(2009) Different climatic envelopes among invasive populations may lead to
underestimations of current and future biological invasions. Divers Distrib 15:
409-420.

Gallagher RV, Beaumont IJ, Hughes L, Leishman MR (2010) Evidence for
climatic niche and biome shifts between native and novel ranges in plant species
introduced to Australia. J Ecol 98: 790-799.

. Barbosa FG, Pillar VD, Palmer AR, Melo AS (2012) Predicting the current

distribution and potential spread of the exotic grass Eragrostis plana Nees in
South America and identifying a bioclimatic niche shift during invasion. Austral
Ecoll0: 1442-1463.

. Aratjo MB, Pearson RG (2005) Equilibrium of species’ distributions with

climate. Ecography 28: 693-695.

. Vaclavik T, Meentemeyer RK (2011) Equilibrium or not? Modelling potential

distribution of invasive species in different stages of invasion. Divers Distrib 18:
73-83.

. Wilson JR, Richardson DM, Rouget M, Proches $, Amis MA, et al. (2007)

Residence time and potential range: crucial considerations in plant invasion

ecology. Divers Distrib 13: 11-22.

. Le Maitre DC, Thuiller W, Schonegevel L (2008) Developing an approach to

defining the potential distributions of invasive plant species: a case study of
Hakea species in South Africa. — Global Ecol. Biogeogr. 17: 569-584.

. Bridle JR, Vines TH (2007) Limits to evolution at range margins: when and why

does adaptation fail? Trends Ecol Evol 22: 140-147.

. Geber MA, Eckhart VM (2005) Experimental studies of adaptation in Clarkia

xantiana: 1I. Fitness variation across a subspecies border. Evolution 59: 521
531.

. Theoharides KA, Dukes JS (2007) Plant invasion across space and time: factors

affecting non-indigenous species success during four stages of invasion. New

Phytol 176: 256-273.

. Mooney HA (1977) Convergent Evolution in Chile and California: Mediterra-

nean climate ecosystems. Dowden: Hutchinson and Ross. 238 p.
Sax DF (2002) Native and naturalized plant diversity are positively correlated in
scrub communities of California and Chile. Divers Distrib 8: 193-210.

. Mooney HA, Dunn EL (1970) Vegetation comparisons between the mediter-

ranean climatic areas of California and Chile. Flora 159: 480-496.

. Jiménez A, Pauchard A, Cavieres LA, Marticorena A, Bustamante RO, et al.

(2008) Do climatically similar regions contain similar alien floras? A comparison
between the Mediterranean areas of central Chile and California. J Biogeogr 35:

614-624.

. Cowling RM, Rundel PW, Lamont BB, Arroyo MTK, Arianoutsou M (1996)

Plant diversity in Mediterranean-climate regions. Trends Ecol Evol 11: 362-366.

. Rundel PW (1982) Nitrogen utilization efficiencies in mediterranean-climate

shrubs of California and Chile. Oecologia 55: 409-413.

. Cowling RM, Campbell BM (1980) Convergence in vegetation structure in the

mediterranean communities of California, Chile and South Africa. Vegetatio 43:
191-197.

PLOS ONE | www.plosone.org

Niche Conservatism & Equilibrium in Invasive Plant

valuable suggestions and constructive comments on an earlier version of
this manuscript.

Author Contributions

Conceived and designed the experiments: FTP PCG ROB. Performed the
experiments: FTP MD. Analyzed the data: FTP GB MD. Contributed
reagents/materials/analysis tools: FTP GB MD. Wrote the paper: FTP
ROB.

27.

28.

30.

31.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

Arroyo MTK, Cavieres L, Marticorena C, Mufoz-Schick M (1995) Compar-
ative biogeography of the mediterranean floras of central Chile and California.
In: Arroyo MTK, Zedler PH, Fox MD, editors. Ecology and biogeography of
mediterranean ecosystems in Chile, California and Australia. New York:
Springer-Verlag. pp. 43-88.

Hickman JC (1993) The Jepson manual: higher plants of California. California:
University of California Press. 1424 p.

. Frias DL, Godoy R, Iturra P, Koref-Santibafiez S, Navarro J, et al. (1975)

Polymorphism and geographic variation of flower color in chilean populations of
Eschscholzia californica. Plant Syst Evol 123: 185-198.

Pefia-Gomez FT, Bustamante RO (2012) Life history variation and demography
of the invasive plant Eschscholzia californica Cham. (Papaveraceae), in two
altitudinal extremes, Central Chile, Gayana Bot 69(1): 113-122.

Arroyo MTK, Marticorena C, Matthei O, Cavieres L (2000) Plant invasions in
Chile: present patterns and future predictions. In: Mooney HA, Hobbs R]J,
editors. Invasive species in a changing world. Washington, DC: Island Press. pp.
385-421.

. Leger EA, Rice KJ (2003) Invasive California poppies (Eschscholzia californica

Cham.) grow larger than native individuals under reduced competition. Ecol
Lett 6: 257-264.

. Leger EA, Forister ML (2005) Increased resistance to generalist herbivores in

invasive populations of the California poppy (Eschscholzia californica). Divers
Distrib11: 311-317.

. Leger EA, Rice KJ (2007) Assessing the speed and predictability of local

adaptation in invasive California poppies (Eschscholzia californica). J Evol Biol
20: 1090-1103.

. Broennimann O, Fitzpatrick MC, Pearman PB, Petitpierre B, Pellissier L, et al.

(2012) Measuring ecological niche overlap from occurrence and spatial
environmental data. Global Ecol Biogeogr 21: 481-497.

Clark C (1978) Systematic studies of Eschscholzia (Papaveraceae). The origin
and affinities of E. mexicana. Syst Bot 3: 374-385.

Warren DL, Glor RE, Turelli M (2008) Environmental niche equivalency versus
conservatism: quantitative approaches to niche evolution. Evolution 62: 2868~
2883.

Hijmans R]J, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high
resolution interpolated climate surfaces for global land areas. Int J Climatol 25:
1965-1978.

Beaumont L], Hughes L, Poulsen M (2005) Predicting species distributions: use
of climatic parameters in BIOCLIM and its impact on predictions of species’
current and future distributions. Ecol Model 186: 251-270.

ESRI (2011) ArcGIS Desktop: Release 9.3. Redlands, CA: Environmental
Systems, Research Institute.

Di Castri F (1973) Climatographical comparisons between Chile and the western
coast of North America. In: Di Castri F, Mooney HA, editors. Mediterranean
type ecosystems. Berlin, Heidelberg: Springer. pp. 21-36.

R (2006) Development Core Team. R: A language and environment for
statistical computing, R Foundation for Statistical Computing. Available: http://
www.R-project.org.

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy modeling of
species geographic distributions. Ecol Model 190: 231-259.

Elith J, Graham CH, Anderson RP, Dudik M, Ferrier S, et al. (2006) Novel
methods improve predictions of species’ distributions from occurrence data.
Ecography 29: 129-151.

Graham CH, Elith J, Hijmans R], Guisan A, Peterson AT, et al. (2008) The
influence of spatial errors in species occurrence data used in distribution models.
J Appl Ecol 45: 239-247.

Ortega-Huerta MA, Peterson AT (2008) Modeling ecological niches and
predicting geographic distributions: a test of six presence-only methods. Rev
Mex Biodivers 79: 205-216.

Evans MEK, Smith SA, Flynn RS, Donoghue M]J (2009) Climate, niche
evolution, and diversification of the ‘bird-cage’ evening primroses (Oenothera,
sections Anogra and Kleinia). Am Nat 173: 225-240.

Elith J, Phillips SJ, Hastie T, Dudik M, Chee YE, et al. (2011) A statistical
explanation of MaxEnt for ecologists. Diversity and Distributions 17(1): 43-57.
Peterson AT, Soberon J, Pearson RG, Anderson RP, Martinez-Meyer E, et al.
(2011) Ecological Niches and Geographic Distributions. Monographs in
Population Biology 49. New Jersey: Princeton University Press. 328 p.

August 2014 | Volume 9 | Issue 8 | 105025


http://www.R-project.org
http://www.R-project.org

50.

51.

52.

54.

Medley KA (2010) Niche shifts during the global invasion of the Asian tiger
mosquito, Aedes albopictus Skuse (Culicidac), revealed by reciprocal distribution
models. Global Ecol Biogeogr 19: 122-133.

Peterson AT, Papes M, Kluza DA (2003) Predicting the potential invasive
distributions of four alien plant species in North America. Weed Sci 51: 863—
868.

Colwell RK, Rangel TF (2009) Hutchinson’s duality: the once and future niche.
Proc Natl Acad Sci USA 106(2): 19651-19658.

. Hutchinson GE (1978) An introduction to population Ecology. New Haven,

London, Yale University Press. 260 pp.

Guisan A, Petitpierre B, Broennimann O, Dachler C, Kueffer C (2014) Unifying
niche shift studies: insights from biological invasions. Trends in ecology &
evolution, 29(5): 260-269.

PLOS ONE | www.plosone.org

56.

57.

58.

Niche Conservatism & Equilibrium in Invasive Plant

. Alexander JM, Edwards PJ, Poll M, Parks CG, Dietz H (2009) Establishment of

parallel altitudinal clines in traits of native and introduced forbs. Ecology 90:
612-622.

Korner C (2007) The use of “altitude” in ecological research. Trends Ecol. Evol
22: 569-574.

Alexander JM, Naylor B, Poll M, Edwards PJ, Dietz H (2009) Plant invasions
along mountain roads: the altitudinal amplitude of alien Asteraceae forbs in their
native and introduced ranges. Ecography 32(2): 334-344.

Becker T, Dietz H, Billiter R, Buschmann H, Edwards PJ (2005) Altitudinal
distribution of alien plant species in the Swiss Alps. Perspectives in Plant
Ecology, Evolution and Systematics 7: 173-183.

. Monty A, Mahy G (2009) Clinal differentiation during invasion: Senecio

inaequidens (Asteraceae) along altitudinal gradients in Europe. Oecologia 159:
305-315.

August 2014 | Volume 9 | Issue 8 | 105025



