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Summary

� Why are some introduced species more successful at establishing and spreading than

others? Until now, characteristics of extant species have been intensively investigated to

answer this question. We propose to gain new insights on species invasiveness by exploring

the long-term biogeographic and evolutionary history of lineages.
� We exemplify our approach using one of the best-studied invasive plant genera, Pinus. We

notably estimated the historical biogeography of pines and the rates of trait evolution in pines.

These estimates were analysed with regard to species invasiveness status.
� The results revealed that currently invasive species belong to lineages that were particularly

successful at colonizing new regions in the past. We also showed that highly mobile lineages

had faster rates of niche evolution, but that these rates are poor proxies for species adaptive

potential in invaded regions (estimated by niche shift among native and invaded regions).
� In summary, working at the interface of ecology, historical biogeography and evolutionary

history offers stimulating perspectives to improve our understanding of the drivers of invasion

success.

Introduction

The geographic distribution of organisms is dynamic. The range
of species, as well as their traits and niches, change in response to
many interacting biotic and abiotic factors (Sexton et al., 2009).
Range expansions and contractions over geological time shape
contemporary biogeographic zones and are known to be key
drivers of evolution (Wiens & Donoghue, 2004). One of the
most profound ways that humans have modified the planet is by
reshuffling its biota (transferring species to regions outside their
natural ranges), leading to dramatic range expansions in many
cases (Stohlgren et al., 2011). Such biological invasions are simi-
lar in many respects to natural range expansions, but few studies
have sought to understand or predict the dynamics of invasive
species in the current landscape by considering processes inferred
from the estimation of historical range expansions (Petit et al.,
2004).

Three hypotheses can be proposed to link historical range
changes and modern invasions. First, if species invasiveness (the
features of an organism that shape its capacity to invade) is driven
by particular traits (or climatic niche characteristics), these fea-
tures have probably also influenced the past biogeography of their
ancestors (Vermeij, 1991). Indeed, invasive species are often
characterized by good dispersal capacities and high establishment
success (Py�sek & Richardson, 2007). If these characteristics are
heritable then they must also have mediated natural range
changes in the past. Although we may not always know exactly

which traits drive dispersal and establishment success, it may at
least be possible to determine their effect on the long-term bio-
geography history of lineages. Following this hypothesis, one
would predict that extant species belonging to lineages that colo-
nized more regions in the past would be more likely to currently
be invasive than extant species belonging to poorly colonizing
lineages.

Second, the biogeographic history of species in general (not
only of invasive species) has driven, and in turn been influenced
by, the evolution of species characteristics. For instance, once a
species has dispersed into a new region with novel climatic condi-
tions, its climatic niche may then evolve through local adapta-
tion, extinction of maladapted individuals, and/or genetic drift as
a result of small population size (Crisp & Cook, 2012). Recipro-
cally, climatic niche evolution may help a species to establish in a
new region with novel climate. Such interactions between histori-
cal biogeography and evolutionary rates suggest that lineages that
have succeeded in colonizing many different regions during their
evolutionary history would have also experienced faster rates of
climatic niche and/or functional trait evolution.

Third, and following the second hypothesis, several authors
have suggested that differences in rates of niche (or trait) evolu-
tion among lineages are indicative of their relative capacity to
adapt to new environmental conditions (Salamin et al., 2010;
Lavergne et al., 2013; Quintero & Wiens, 2013). Consequently,
one could expect rapidly evolving lineages to have a higher capac-
ity to adapt (hereafter called adaptive potential ). Such adaptive
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potential has been shown to be an important characteristic of
some invasive species (e.g. cane toad, Phillips et al., 2010; earth
mite, Hill et al., 2013). This is, however, difficult to evaluate
without extensive genetic sampling. We propose to test this
hypothesis by measuring whether invaders, in their invaded
ranges, show larger adaptation to new climatic conditions when
their ancestors have had fast rates of niche evolution. In other
words, we test whether the rate of ancestral niche evolution is a
meaningful proxy for the magnitude of climatic niche shift
between the native and the adventive ranges of invasive species.

To explore these hypotheses, we used one of the best-studied
groups of invasive plants: the genus Pinus (Pinaceae). Studying
the natural history of this genus is particularly interesting because
most natural forests of the northern hemisphere are dominated
by pines, and > 20% of the 113 species in Pinus are invasive
(Rejm�anek & Richardson, 2013) – an extremely high proportion
compared with other clades (Richardson & Rejm�anek, 2004).
Another interesting feature of this genus is that at least 11 species
have been intensively planted outside their native ranges, yet have
failed to become invasive (Rejm�anek & Richardson, 1996). This
means that we can confidently compare successful and failed
invasions (Richardson, 2006).

To investigate how the long-term history of pines relates to
their current invasiveness, we asked the following questions.
What has been the past biogeography of the genus Pinus, and has
it been characterized by only a few colonization events between
main biogeographic regions or by many such events? Do invasive
species belong to lineages that have a different colonization his-
tory from noninvasive lineages? Is the history of colonization of
lineages related to evolutionary rates of climatic niche and trait
characteristics? And do faster evolutionary rates of species charac-
teristics correlate with larger niche shifts across native and
invaded ranges?

We analysed these questions in five steps. First, we built a new
dated phylogeny of the whole genus Pinus and estimated its past
biogeography to identify the number of historical colonization
events per lineage (a lineage being defined as the evolutionary
path from the most recent common ancestor of pines to a given
extant pine). Second, we tested whether invasive species belong
to lineages that have colonized more regions in the past than is
the case for lineages comprising noninvasive species. Third, we
compiled a list of functional traits for all pine species and esti-
mated the climatic niche in their native and invasive ranges, to
estimate the rates of functional traits and niche evolution for each
lineage. Fourth, we tested the relationship between the number
of colonization events per lineage and the rates of evolution of
both species’ traits and niche characteristics. Finally, we tested
whether evolutionary rates of species’ characteristics are correlated
with larger niche shifts between native and invasive ranges.

Materials and Methods

Study species and distribution ranges

The genus Pinus L. contains 113 species, all but one with native
ranges confined to the northern hemisphere. Twenty-four species

are invasive in at least one location in the world (Rejm�anek &
Richardson, 2013), and at least 11 species have been widely
planted in other regions but have not become invasive (Rejm�anek
& Richardson, 1996). Invasive species were here defined as species
that have been transported by humans across major geographical
barriers, that have survived and reproduced in the new environ-
ment, and that successfully produced reproductive offspring
distant from the sites of introduction (Richardson et al., 2011).

Pine distribution data across the world were compiled from
freely available sources. Data on the native ranges were compiled
from a combination of digitized maps from Critchfield & Little
(1966), the global biodiversity information facility (GBIF,
www.gbif.org) and the forest inventory of the USA (FIA, www.
fia.fs.fed.us) databases (Fig. 1). Invaded ranges were compiled
from GBIF, the New Zealand virtual herbarium (NZVH; http://
www.virtualherbarium.org.nz), the Southern African Plant
Invaders Atlas (SAPIA), and Australia’s Virtual Herbarium
(AVH; http://avh.ala.org.au; see Supporting Information Notes
S1 for more details). The datasets were edited to remove erroneous
occurrences (i.e. occurrences in the ocean, ice sheets, deserts) and
records with a spatial precision lower than 5 km. Finally, to refine
this dataset, we removed all occurrences falling in pixels in which
forested habitats are absent, using global land cover maps
(GlobCover, http://www.due.esrin.esa.int/globcover).

Construction of the phylogeny

A phylogeny comprising all recognized pine species was built
with BEAST v1.8.0 (Drummond & Rambaut, 2007) from eight
plastid gene regions available in GenBank (matK, rbcL, trnV,
ycf2, accD, rpl20, rpoB and rpoC1; www.ncbi.nlm.nih.gov/gen-
bank), and for a large part originating from the study of Parks
et al. (2012). Ten outgroups were used, and four fossils were
included for time calibration (more details in Notes S2 and in
Saladin, 2013). As very little nuclear or mitochondrial data were
available for pines, we used only plastid markers to build our tree.
As a result, our phylogenetic estimation does not take events of
introgression and/or hybridization into account. However, we are
confident that our phylogeny is a good approximation of the true
evolutionary history of this group. For all further analyses we
used both the maximum clade credibility tree (MCCT) and 100
trees randomly sampled from the posterior of BEAST. This
enables us to quantify the robustness of our results with regard to
phylogenetic uncertainty.

Biogeographic estimation

Given its generality, we used the BioGeoBEARS R package
(Matzke, 2013) to estimate the historical biogeography of pines,
comparing the three most commonly used models (i.e. DIVA,
DEC, and BayArea), as well as their more complex versions
incorporating founder-event speciation (hereafter DIVA + J,
DEC + J, and BayArea + J; details in Notes S3). We defined four
biogeographic regions representing the native ranges of all pine
species so that each species was only present within one region:
western North America, eastern North America, western Eurasia,
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and eastern Eurasia (Fig. 2). Because these regions are already
quite large, we allowed ancestral distributions to extend to a max-
imum of three regions. Finally, we applied model-averaging
methods to obtain ensemble predictions (Ara�ujo & New, 2007)
based on the six biogeographic models mentioned earlier.
Marginal likelihoods at each internal node were obtained by aver-
aging the marginal likelihoods of the six models based on their
Akaike information criterion (AIC) weights. Models were esti-
mated on the MCCT, as well as on the 100 independent trees to
account for phylogenetic uncertainty (Fig. S3.1 in Notes S3).

From the biogeographical estimations, we were able to trace
back in time how many regions were invaded by each lineage.
This was done by counting the number of colonization events
from the root of the phylogeny to each tip (i.e. to each extant
species). An ancestral species was considered to be present in the
biogeographic region that obtained the highest probability from
the BioGeoBEARS model. We retrieved both the number of col-
onization events (including repeated colonizations of the same
region) and the number of invaded regions, but as these two mea-
sures were highly correlated (r = 0.91), we ran all subsequent
analyses only with the number of invaded regions.

Trait data and trait syndrome estimates

We compiled a trait dataset comprising 15 morphological charac-
ters, including bark thickness, presence of serotinous cones,

presence of meristem protection (e.g. against fire), maximum
diameter at breast height (DBH), mean adult height, mean leaf
length, width and persistence, mean seed length and dispersal
mode (see Notes S4 for the full list of traits). These traits were
assembled from the literature (Richardson, 1998; Eckenwalder,
2009; Farjon, 2010) and from the Gymnosperm Database (Earle,
2007; Table S4.1 in Notes S4).

Traits can evolve individually, but may also coevolve and thus
form multiple-trait syndromes (e.g. as a result of morphological
constraints; Arnold et al., 2008). To test for such functional con-
straints, we grouped pine traits into two different trait syn-
dromes. The first group of traits was related to dispersal
capacities and propagule pressure, and the second group was
related to (fire) disturbance resistance and competitive ability (i.e.
early vs late successional species). Then for each category we seg-
regated the species based on their trait differences using a Hill
and Smith analysis (Hill & Smith, 1976; see Notes S4). Species
positions on the two first axes within these two ordinated trait
spaces (one space per trait syndrome) were then taken to repre-
sent their trait-syndrome similarities (see Fig. S4.1 in Notes S4).

Niche border estimates

To estimate the climatic niche characteristics of each species, we
used the occurrence dataset described earlier. We summarized
species’ niches by four niche border estimates rather than by

P. caribaea

P. pinaster
P. radiata

Native richness

0

2

4

6

8

10

12

14

P. clausa, P. mugo, 
P. nigra, P. sylvestris

P. koraiensis
P. luchuensis

P. banksiana, P. contorta, P. nigra, 
P. ponderosa, P. radiata, P. strobus

P. caribaea, P. contorta, P. elliottii, 
P. glabra, P. oocarpa, P. patula, 
P. ponderosa, P. radiata, P. taeda

P. banksiana, P. caribaea, P. contorta, P. elliottii, P. halepensis, 
P. mugo, P. muricata, P. nigra, P. patula, P. pinaster, P. pinea, 

P. ponderosa, P. radiata, P. strobus, P. sylvestris, P. taeda

P. elliottii, P. halepensis, 
P. patula, P. pinaster, P. pinea, 

P. radiata, P. taeda

Fig. 1 Native species richness of Pinus (calculated from individual range maps) and key regions where pines are invasive (areas roughly denoted by ellipses,
with prominent invasive and naturalized species listed in the boxes). The major invaded regions are highlighted with circles and their associated invasive
pine species are listed (see Supporting Information Notes S1 for more details on the data sources).
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simple climatic means across their ranges (details in Notes S5).
To do so we used climatic variables from the WorldClim
database (see Table S5.1 in Notes S5; http://www.worldclim.org)
at a resolution of 2.5 arc min (c. 5 km, to match the occurrence
dataset). Among the climatic variables, we selected four that
revealed the lowest correlation coefficients and collinearities
within the pine native ranges (Fig. S5.1 in Notes S5). We then
extracted a sample of the climate of the whole northern hemi-
sphere (10 000 randomly selected points), ran a principal compo-
nent analysis (PCA) on it, and located the sites occupied by each
species within this space (Fig. S5.2 in Notes S5). This allowed us
to represent all species in the same environmental space, and to
extract for each species the most extreme environmental condi-
tions that it experienced in its native and invaded ranges on the
two first axes of the PCA (i.e. minimum and maximum position
along the first and second axes).

Rates of trait and niche evolution

To estimate lineage average rates of phenotypic evolution, and
test whether the differences among species explain differences in
their modern invasiveness status we used the Bayesian analysis of
macroevolutionary mixtures (BAMM) model (Rabosky et al.,

2013; details in Notes S6). We ran BAMM for each trait syn-
drome and for the niche border estimates (see details in Notes
S6). BAMM was first run on the MCCT and then on the 100
posterior trees to account for phylogenetic uncertainty. To obtain
lineage-specific measures of macroevolutionary rates, we first
computed the mean of the marginal distribution of macroevolu-
tionary rates on each branch, and then averaged rates over all
branches for each extant species from the root to the tips of the
phylogeny. Although closely related species share many internal
branches in their ancestry, this procedure allows us to compare
the average rates of phenotypic evolution from the origin of the
clade to the present for any two extant species.

Phylogenetic autocorrelation

As different pine species might share similar characteristics
because of common ancestry, we used phylogenetic regression
(Paradis & Claude, 2002; Ives & Garland, 2010). We did so first
to test whether pine invasiveness was a function of the number of
past colonization events, and second to estimate the correlation
between the average rates of niche and trait evolution and colo-
nization events (among biogeographic regions). This was done
using the ‘phyloglm’ (with a binomial logit model where invasive

Fig. 2 Historical biogeography estimation on
the maximum clade credibility tree of Pinus
genus. Four biogeographical areas are
considered: western North America (red),
eastern North America (light blue), western
Eurasia (yellow), and eastern Eurasia (dark
blue). The pie charts at nodes indicate the
relative probability that the ancestral species
was present in each area. Note that ancestral
species were allowed to occupy up to three
regions at the same time (the colours of the
combined regions are indicated in the top-
right legend). Invasive extant pine species are
indicated in green (**), and noninvasive
extant pine species (introduced with the
roughly the same effort as the invasive pines)
are indicated in black (*).
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species were coded as 1 and noninvasive species as 0) and ‘phy-
lolm’ functions, respectively, in the PHYLOLM R package (Ho &
An�e, 2014). In this framework, the residuals of the regressions
are not assumed to be independent but they might be correlated
as a result of common ancestry, that is, they might exhibit phylo-
genetic signal. We used phylogenetic regression to relate events
that had happened on branches of the pine phylogeny (i.e. rates
of evolution, colonization events) to invasiveness. Although phy-
logenetic regressions were designed for tip data, they are also well
suited for our use, as the assumptions are identical: two adjacent
branches should have more similar rates of evolution or coloniza-
tion events than two distantly related branches (more details in
Notes S7). Importantly, as phylogenetic signal in this model is
not assumed a priori but its strength is estimated along with
model parameters (Ho & An�e, 2014), our approach does not
require strong assumptions about the phylogenetic correlation
between different branches.

Among the invasive species, we additionally tested whether the
number of past colonization events could explain the increase in
climatic tolerance occurring when the species moved from their
native to their invaded ranges, using phylogenetic regressions.

All models were tested against intercept-alone (= null) models
and the one with the lowest AIC score was selected. The good-
ness-of-fit of the selected models was evaluated by the adjusted
D2 (Dadj

2), as 1 minus the ratio between the tested and the inter-
cept model likelihoods (corrected by the number of degrees of
freedom of the tested model). Dadj

2 can thus vary between 0 and
1, and is maximal when the model perfectly fits the data.

Results

Phylogenetic estimation

Phylogenetic analyses yielded a rather well resolved phylogeny for
Pinus, with most deep nodes receiving strong posterior support
(> 95%), confirming defined sections and subsections in the
genus (Gernandt et al., 2005; He et al., 2012; Parks et al., 2012;
see Fig. S2.1 in Notes S2). As in previous studies, however, reso-
lution within subsection Australes was very low (Fig. S2.1 in
Notes S2), justifying our strategy of taking phylogenetic uncer-
tainty into account in all downstream analyses. Divergence time
estimates differed slightly from those obtained in other studies
(Hern�andez-Le�on et al., 2013; Hao et al., 2015), probably
because of differences in the calibration procedures used (see
Notes S2 for more details). Besides using our own tree, we
repeated all analyses described below on the phylogeny of Parks
et al. (2012; although it contained fewer species and fewer cali-
bration points) to confirm the robustness of our results to differ-
ences in divergence time estimates (Notes S8).

Historical biogeography of Pinus

For all three biogeographic models tested, the addition of
founder-event speciation led to a strong increase in log-likelihood
(models with founder events were at least 25 times more likely
than models without founder events; Table S3.1 in Notes S3).

Overall, the DIVA + J model had the lowest AIC, being closely
followed by a DEC + J model (DAIC = 0.4 with DIVA + J). The
BayArea + J model had a much lower performance (DAIC = 4.5
with DIVA + J). As a result, DIVA + J and DEC + J shared most
of AIC weights, with 51% and 42%, respectively. The similar
performance of these two models further justifies our use of
model averaging (see Notes S3).

Averaging biogeographic estimations over all possible models
showed that uncertainty is high for the deepest nodes in Pinus
(Fig. 2). Two vicariance events may have occurred in subgenus
Pinus: one between western and eastern Eurasia corresponding to
the split between subsection Pinus and subsection Pinaster
(c. 45 million yr ago (Ma), the other between western and eastern
North America when subsection Contortae diverged from subsec-
tions Ponderosae and Australes (c. 45Ma). There is also strong evi-
dence that the ancestor of subgenus Strobus extended from
eastern Eurasia to western North America and that it gave rise to
section Quinquefoliae and section Parrya through a vicariance
event concomitant with the break-up of Laurasia (c. 60Ma).
Finally, since the late Eocene the history of Pinus has been domi-
nated by founder-event speciation. In particular, we found evi-
dence for several recent dispersal events which probably gave rise
to species like P. cembra, P. contorta, P. glabra, P. peuce,
P. resinosa, P. roxburghii, P. strobus and P. tropicalis (Fig. 2).

Colonization history and invasiveness in species lineages

When comparing invasive species (24 species) with noninvasive
species that have all been introduced with roughly the same effort
(11 species), we found that currently invasive pines belong to lin-
eages that have colonized more regions in the past than noninva-
sive pines (phylogenetic logistic regression: P = 0.018, D2 = 0.11,
slope = 1.123; Fig. 3; Table S9.1 in Notes S9). This relationship
is even stronger when corrected for phylogenetic relatedness
between species than when uncorrected (classical logistic regres-
sion, P = 0.001, D2 = 0.07, slope = 1.067; Fig. 3). We repeated
this analysis on 100 trees and found this relationship to hold for
56% of the phylogenies (i.e. showing significant relationships;
with an average D2 = 0.07� 0.02), and to remain marginally
significant for 75% of them (i.e. with a P < 0.1).

Relationship of colonization history and trait or niche
evolution

The colonization history of all (113) pine species showed no sig-
nificant correlation with any of the 15 traits. They were also not
related to the position of taxa within the two trait syndromes,
depicting either disturbance resistance vs fast growth rate strategy
or wind- vs animal-mediated dispersal. Additionally, none of the
trait evolutionary rates was significantly correlated with the num-
ber of colonization events (Table S9.2 in Notes S9).

The number of colonization events per lineage was positively
correlated with rates of niche border evolution among the 113
pine species: significantly positive correlations were found for the
warmest temperatures, the highest precipitations and the lowest
precipitations (Table 1). Two of these relationships remained in
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the majority of the tested phylogenies: 60% of the phylogenies
showed significant correlations (P ≤ 0.05) for the warmest temper-
ature (average D2 = 0.40� 0.15, and 74% marginally significant
relationships with P ≤ 0.1), and 57% significant for the highest
precipitations (average D2 = 0.29� 0.15, and 73% marginally sig-
nificant relationships). The relationship between the number of
historical colonization events and the rate of evolution for toler-
ance to low precipitation was less robust to phylogenetic uncer-
tainty, with only 10% of the trees showing a significant signal
(average D2 = 0.44� 0.06, and 24% marginally significant). It
can also be noted that phylogenetic regressions show stronger sup-
port for the effect of the number of colonization events than clas-
sical regressions not corrected for phylogenetic relatedness
between species (classical regression having D2 between 0.08 and
0.26, and slope estimates between 0.01 and 0.06).

Linking evolutionary rates with niche shift dimensions

Considering only the 24 invasive species, we estimated the degree
to which invaders had higher tolerances to extreme climates (i.e.

niche borders) in the invaded range when compared with the
native range. This test was carried out to evaluate whether
invaders from lineages that have higher rates of niche border evo-
lution would indeed show a larger increase in niche breadth dur-
ing invasions. Yet, none of the niche border shifts in the invaded
ranges was significantly correlated to the rates of niche evolution
(Table S9.3 in Notes S9).

Discussion

Understanding the origins of species invasiveness is a major
challenge for invasion ecologists. Here we propose to expand
our understanding of biological invasion over large evolution-
ary scales to better appreciate how migrations and evolution
have shaped the differences between invasive and noninvasive
species.

Historical biogeography of Pinus

Pinus is the coniferous genus with the largest global distribution
(Richardson, 1998), being spread across almost the entire north-
ern hemisphere. Accordingly, many biogeographic movements
have marked its history. Our results largely corroborate previous
findings regarding the early history of pines (Millar, 1993; Eckert
& Hall, 2006; see Notes S2 for differences with Hern�andez-Le�on
et al., 2013 and Hao et al., 2015) but capture finer details of the
later history of pines than previous studies (Eckert & Hall,
2006). While we could not determine the precise geographic cen-
tre of origin of Pinus, we found that pines had probably colo-
nized the entire supercontinent of Laurasia by the end of the
Cretaceous, in agreement with the fossil record (Millar, 1993).
Our results also confirm that most major transitions between
North America and Eurasia took place between the late Creta-
ceous and the Eocene (Fig. 2), while vicariance probably played a
minor role after the late Eocene and dispersal events had been
much more frequent in Pinus than previously thought (see Wang
& Ran, 2014 for a similar conclusion). In particular, founder-
event speciation seems to have been especially important in the
history of the genus, as demonstrated in other clades where this
process had been tested (Matzke, 2014; Pyron, 2014). Overall,
our results indicate that Pinus has been a very dynamic group
whose members have continuously colonized new regions and/or
environments.

To our knowledge, our study is the first to use model aver-
aging in historical biogeography, and more generally in phylo-
genetic comparative analysis. The main advantage of this
strategy is that it makes it possible to account for uncertainty
in model selection (Ara�ujo & New, 2007). This is especially
important in comparative analyses, where the models that are
used are rather phenomenological and might only represent
crude descriptors of the actual processes driving the evolution
of species’ characteristics over phylogenies (Pennell et al., 2015;
see also Notes S3). Given that most modern methods for com-
parative analysis use a likelihood framework, applying model
averaging when estimating ancestral characters on a phylogeny
is straightforward.

Fig. 3 Relationship between the number of historical colonization events
and species invasiveness status (invasive vs noninvasive) in the Pinus
genus. The solid black line shows the fitted model corrected for
phylogenetic relatedness between species, and the grey shading shows the
errors around the fitted values. The black dots represent the observed
proportions of invasive species, and the dashed black line shows a fitted
model without correction for phylogenetic relatedness between species.

Table 1 Relationship between the number of historical colonization events
(i.e. along the phylogeny) and the rate of climatic niche evolution in the
Pinus genus for the warmest, the coldest, the wettest, and the driest
climatic niche borders, as estimated by phylogenetic regressions

Niche border D2 P Beta Sigma2

Warmest 0.28 0.012 8.875 0.0056
Coldest 0.10 0.141 1.360 0.0058
Wettest 0.25 0.017 2.042 0.0057
Driest 0.55 0.001 16.309 0.0053

D2 estimates the goodness-of-fit of the models; P, significance of the esti-
mated parameter; beta, slope parameter estimated by the model; sigma2,
rate of evolution of the regression’s residuals, measured under a Brownian
motion model.
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Do current invaders belong to colonizing lineages?

Previous studies have shown that invasiveness in pines is related
to ruderal strategies (Rejm�anek & Richardson, 1996; Grotkopp
et al., 2002), large niche breadth (McGregor et al., 2012) and
human use (Essl et al., 2010; McGregor et al., 2012; Proches�
et al., 2012). Our study further elucidates the origins of invasive-
ness by suggesting that currently invasive pine species (compared
with noninvasive species introduced with the roughly the same
effort) belong to lineages that always had a tendency to colonize
new regions. The eastern white pine (P. strobus) is exemplary in
this respect: its ancestors probably successively migrated from
eastern Asia to western North America, and finally to eastern
North America (Fig. 2). This species is now invading Europe.

This result confirms that colonization of new ranges is a com-
mon process in the history of life, and that some lineages have
always been more successful as colonizers than others (Vermeij,
1991, 2005). Colonizing lineages might thus have particular
characteristics that favour either their dispersal or their establish-
ment in new biogeographic regions (e.g. large niche breadth,
good competitive ability, tolerance to small population sizes).
However, as the number of colonization events was not corre-
lated with the simple traits related to disturbance resistance and
competitive abilities or with trait syndromes, other complex traits
that we did not identify must be hidden in the lineage biogeo-
graphic history. This suggests that the number of past coloniza-
tion events may be used as a proxy for single or combined life-
history traits that are difficult to measure (or even to identify)
and that directly mediate invasion success. These traits could, for
instance, be related to species colonization capacity, ability to
persist in small populations, or establishment capacity. Following
this line, the number of historical colonization events may become
a useful covariate in models predicting future invasiveness of
species by using species characteristics as direct or indirect predic-
tors.

While confirming theoretical expectations (Vermeij, 1991),
our results rely on ancestral biogeographic estimates, a methodol-
ogy with known drawbacks (Matzke, 2014). By using a model-
averaging procedure, we aimed at mitigating possible
methodological biases, but cannot avoid them completely. Addi-
tionally, the choice of the biogeographic units might influence
ancestral biogeographic estimates. For instance, we have included
the Caribbean islands as part of the eastern North America
region, which is in agreement with several authors (Myers et al.,
2000; Santiago-Valentin & Olmstead, 2004). Alternative delimi-
tation of biogeographic units, and in particular of the Caribbean,
led to qualitatively similar but nonsignificant results (P = 0.19).
Our results thus provide the first empirical indication that the
past biogeographic history of species may influence their current
invasiveness, yet they should be interpreted with caution.

Do colonizing lineages have faster or slower trait
evolution?

Should species with high dispersal capability show faster or
slower trait evolution than species with limited dispersal

capability? This interesting question has been tackled in several
theoretical and empirical examples spanning relatively short
timescales (Kirkpatrick & Barton, 1997; Bowler & Benton,
2005), but not yet for evolutionary timescales relevant for histori-
cal biogeography. Over short timescales, long-distance dispersal
has been shown to slow down local adaptation because mal-
adapted individuals continuously enter the locally adapting pop-
ulations (a process also known as gene swamping; Sexton et al.,
2009). Over long timescales, it has been suggested that it is more
likely for a species to migrate to habitats for which it has already
developed adaptations than to new environmental conditions for
which no adaptations have occurred yet (‘it is easier to move than
to evolve’; Donoghue, 2008).

Here, we demonstrate that over long timescales and large geo-
graphical areas, the lineages that have moved most across biogeo-
graphical regions indeed had faster rates of niche (border)
evolution. Two mechanisms can explain this result. On the one
hand, a species colonizing a new area has the opportunity to
adapt to the new local climatic conditions, leading to a higher
rate of climatic niche evolution. On the other hand, the evolution
(via adaptation or drift) of species’ climatic preferences may have
enabled them to colonize new areas that were previously unsuit-
able. This would mean that the capacity to evolve faster might
lead to a higher likelihood of successful colonization. Nonethe-
less, with the existing methodological tools available in compara-
tive analysis, it is impossible to distinguish between these two
mechanisms.

One criticism that can be raised in a study such as ours is that
we used extant species occurrences to estimate their niches.
Indeed, by doing so, the estimated niche is not the species funda-
mental niche, but instead the realized niche (Hutchinson, 1957),
which is influenced not only by physiology, but also by dispersal
limitation, competition and climate availability in their distribu-
tion range (Boucher et al., 2014). However, as the evolutionary
rates of half of the niche edges (two out of four climatic variables)
revealed significant correlations with the number of colonization
events, and as realized niche edges have been shown to match
physiological limits in a variety of organisms (Ara�ujo et al.,
2013), we believe that our interpretation is sound.

Finally, we detected no significant relationships between the
lineage colonization history and the traits of extant species. This
result suggests that the dispersal and establishment capacities of
pines may not be well captured by these traits or trait syndromes.
This emphasizes the potential utility of using the lineage colo-
nization history as a proxy for complex functional traits related to
species invasiveness. Also, we found no significant relationships
between lineages’ colonization history and rates of trait evolution,
which was surprising because we expected that trait syndromes
related to competitive ability or dispersal capability would evolve
faster in lineages that migrated most. Indeed, highly migrating
lineages are more likely to have encountered many different
biotic environments (similar argument as for the rates of niche
evolution) than poorly migrating ones. Five main explanations
for the lack of relationship can be given, namely the biotic envi-
ronment is not a strong mediator of pine fitness; the biotic envi-
ronment that is important for pine species migrated with the
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pines; the same functional groups can be found in all continents,
and thus the biotic environment was always qualitatively the
same; the interactions between pines and their biotic environ-
ments are not well captured by our traits; the relationship exists
but the models were not able to capture it (i.e. high type II error).
It is difficult to disentangle these different explanations, but
future work on pine functional traits related to biotic interactions
will probably offer opportunities to do so.

Can trait evolutionary rates be used as proxies for species
adaptability?

Identifying which species will have more difficulties coping with
climate change, or which invader will be able to adapt to a large
variety of new environmental conditions is important to protect
biodiversity and mitigate invasion impacts. Recently, it has been
proposed that the rate of trait evolution or diversification might
be related to species’ ‘evolvability’ (Salamin et al., 2010). For
instance, Lavergne et al. (2013) found that species’ demographic
decline is associated with slow rates of niche evolution in
European birds, suggesting that fast niche evolution may rescue
certain lineages from environmental change. Another example by
Quintero & Wiens (2013) measured past rates of climatic niche
evolution in tetrapods and found them to be much slower than
the predicted rate of climate change from 2000 to 2100, conclud-
ing that species will have difficulty adapting to current climate
change.

We measured the increase in climatic niche breadth after
invasion and tested whether this increase in niche breadth is
related to faster or slower evolutionary rates of niche characteris-
tics. Our results show that past rates of niche evolution cannot
explain the increase in climatic tolerances between the native
and invaded range. In other words, we found no support for the
hypothesis that faster rates of niche and trait evolution indicate
higher species adaptability to new environmental conditions.
Indeed, evolutionary rates measured from comparative data are
averaged over thousands or millions of yr (i.e. at least over
branches of a phylogenetic tree; M€unkem€uller et al., 2015) and
thus they do not capture the short-term evolutionary changes
involved in invasions of new areas or in adaptations to ongoing
climate change.

Yet, as mentioned before, the measure of climatic niche shift
across native and invaded ranges may have an important limita-
tion: the climatic niche estimates are based on the realized dis-
tribution of the species, and thus cannot fully reveal the ‘true’
climatic tolerance of the species (i.e. cannot measure their fun-
damental niche; Gallien et al., 2010). Therefore, it is possible
that the increase in climatic niche breadth between the native
and invasive ranges is not caused by local adaptation but rather
by the opportunity to occupy climatic conditions that were not
available in their native range despite the capacity to tolerate
them. The best way to cope with such an issue would be to
experimentally grow these trees under a large range of con-
trolled conditions, to precisely measure their fundamental niche
borders. Another (though less precise) way would be to run our
analyses only with those species for which the expanded climate

characteristics of the invaded range are also available in the
northern hemisphere in close vicinity to their native range.
Indeed, we applied this strategy to our dataset by removing five
species (P. caribaea, P. contorta, P. mugo, P. strobus and
P. sylvestris), but the relationship between rate of niche evolution
and amount of niche shift remained nonsignificant (results not
shown).

Overall, our results do not show that the past rates of niche
evolution have influenced the current capacity of species to adapt
to new environmental conditions. Therefore, we urge caution
when relating evolutionary history to species’ capacity to cope
with current climate change.

Linking lineage history and extant species features: the way
forward

Although intense efforts are being made to understand how fine-
scale processes drive invasiveness, much work remains to be done.
Several recent studies have compiled knowledge on several groups
of invasive taxa, including the development of invasive species
lists (Essl et al., 2010), detailed reviews of the characteristics of
particular invasive genera (Richardson et al., 2011), or large-scale
analysis of niche conservatism in invasive species (Petitpierre
et al., 2012). Now that large phylogenies are becoming increas-
ingly available, new opportunities exist to explore the effects of
long-term evolutionary processes and historical biogeography on
current patterns of invasiveness. Importantly, the approach that
we proposed here is not restricted to invasive species, and could
also be applied to other groups of organisms, like rare species for
example.

Although the analyses that we conducted in this paper remain
exploratory and require further support from studies of other
clades, the results suggest that elucidating historical events is
essential for understanding the current and future structure and
composition of the world’s biota (Vermeij, 1991). This study also
proposes an example of how macroecological and macroevolu-
tionary analyses can be linked to microecology in the context of
biological invasions. We believe that such studies at the interface
of ecology, historical biogeography and evolutionary history
applied to other species groups have huge potential for improving
our understanding of the invasion process, and also of other char-
acteristics of extant species.
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