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Abstract

To improve our ability to prevent and manage biological invasions, we must understand their eco-
logical and evolutionary drivers. We are often able to explain invasions after they happen, but
our predictive ability is limited. Here, we show that range expansions of introduced Pinus taeda
result from an interaction between genetic provenance and climate and that temperature and pre-
cipitation clines predict the invasive performance of particular provenances. Furthermore, we
show that genotypes can occupy climate niche spaces different from those observed in their native
ranges and, at least in our case, that admixture is not a main driver of invasion. Genotypes
respond to climate in distinct ways, and these interactions affect the ability of populations to
expand their ranges. While rapid evolution in introduced ranges is a mechanism at later stages of
the invasion process, the introduction of adapted genotypes is a key driver of naturalisation of
populations of introduced species.
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INTRODUCTION

In recent years, great advances have been made to improve
our understanding of biological invasions. We can now short-
list ecological and evolutionary factors and organismal traits
contributing to invasion success (Moles et al. 2008; Van Kle-
unen et al. 2010b; Colautti & Barrett 2013). However, even
though we are now competent at explaining how and why
many biological invasions happened, we are largely unable to
predict invasive range expansions. Two probable explanations
for this limitation are the predominant focus on species-level
variation, whereas invasions occur at intraspecific levels (Petit
2004; Zenni & Nu~nez 2013), and the heavy reliance on correl-
ative instead of mechanistic models (Peterson & Vieglais 2001;
Broennimann et al. 2007). Studies of the process of range
expansion of introduced species are fundamental for under-
standing the impacts these organisms can have on popula-
tions, communities and ecosystems of recipient regions
(Wardle et al. 2011; Simberloff et al. 2012). Also, understand-
ing and predicting organisms’ responses to novel environ-
ments is a key issue for global change biology. Human-
mediated introductions can provide valuable insights on how
organisms respond to climate change and novel interactions
(Hampe & Petit 2005; Caplat et al. 2013).
A biological invasion is likely to happen if high-perfor-

mance genotypes exist in the introduced pool and produce a
disproportionate fraction of offspring that, in turn, repeat the
parental reproductive performance. Empirical evidence shows
that individual mother plants contribute differentially to
future generations (Gonz�alez-Mart�ınez et al. 2006) and that
some genotypes have higher reproductive output in favourable
conditions (Matesanz & Sultan 2013). However, invasiveness,
defined as the invasion capacity of a taxon, is often consid-
ered a species-level trait that materialises only when certain

environmental requirements are met (Richardson & Py�sek
2006). Moreover, despite the general trend of individual-level
variation in reproductive trait values, no major theoretical
framework characterising how organisms advance from intro-
duced to invasive, or what determines invasiveness, explicitly
incorporates intraspecific variation (van Kleunen et al. 2010a;
Blackburn et al. 2011). Genotypes performing well in intro-
duced environments can result from past evolution in the
native range or evolution in the novel habitat (Colautti &
Barrett 2013; Felker-Quinn et al. 2013). Consequently, some
populations adapt to the novel environment, or are adaptively
more plastic, and spread, whereas others may not have the
same adaptations or have them in lower frequencies and
hence fail to invade (Zenni & Nu~nez 2013; Zenni et al. 2014).
Also, genetic constraints may help explain why propagule
diversity increases the chances of invasion for a species (Zenni
& Simberloff 2013).
For this study, we measured the invasive range expansion

of Pinus taeda (loblolly pine) genetic provenances in six loca-
tions along an 850 km north-south transect covering about 6°
of latitude in southern Brazil (Fig. 1). In each location
P. taeda was introduced in 1973 as part of a forestry prove-
nance trial experiment (common garden, hereafter). The com-
mon gardens are replicated parallel introductions; thus, the
propagule pressures, residence times and genetic material
introduced are identical for all locations. Because P. taeda is
long-lived, has multi-generational populations, reproduces
early (5 years) and yearly, and is wind-dispersed with viable
seed dispersal distances of less than 20 m (Vitorino et al.
2013), we could track changes in frequencies of provenances
in each naturalised population over multiple generations. This
generational progress of the invasion front over 40 years, fully
replicated in six locations, allowed us to study changes in
allele frequencies from the introduced pool to the leading edge
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of the invasion front in response to selective pressures posed
by the environment of each introduced location.
We hypothesised that local adaptation that had occurred

during millennia in the native range would affect the invasive
potential of genotypes in the introduced range. We predicted
that genetic provenances would successfully invade only at
locations with abiotic conditions similar to those of the prove-
nances’ native range. We also tested the hypothesis that
admixture between previously isolated populations could stim-
ulate the evolution of invasiveness (Ellstrand & Schierenbeck
2000). We provide strong evidence that invasive range expan-
sions of P. taeda are mediated by provenance–climate interac-
tions that would not be expected based on the climate of the
native range alone, but that provenance-level invasion can be
explained based on annual temperature and precipitation of
the introduced location. Also, P. taeda invasions are led by
single-provenance descendants likely containing genetic varia-
tion that conveyed higher fitness in the introduced environ-
ments, and not by admixed plants.

MATERIAL AND METHODS

Study system

Pinus taeda has been introduced to many regions and is inva-
sive in several of them (Simberloff et al. 2010). The species is

native to the southeastern US, ranging from the Lost Pines in
central Texas to Delaware with a discontinuity along the
Mississippi River Valley (Critchfield & Little 1966) (Fig. 1).
Original range limits are well defined by isoclines of annual
actual evapotranspiration (Schultz 1997). The species is mod-
erately genetically differentiated among populations east and
west of the Mississippi River Valley and has increased levels
of admixture for populations on the Gulf Coastal Plain (Wells
et al. 1991). This pattern is consistent with the hypothesis of
dual Pleistocene refugia, which helps explain differences in
growth, disease resistance and concentrations of secondary
metabolites among populations (Eckert et al. 2010a). In the
native range, P. taeda shows considerable genetic variation in
seed dormancy and need for pre-chilling (Schultz 1997). Seed
size, weight and coat thickness vary regionally and affect
seedling growth. Seed size decreases from east to west. Lob-
lolly populations also exhibit phenological differences and dif-
ferent degrees of seasonal drought resistance, fungal disease
resistance and net photosynthesis (Schmidtling 2001). Also,
recent association analysis depicts large allele frequency differ-
ences among populations that are correlated with geography,
temperature, growing degree-days, precipitation and aridity
(Eckert et al. 2010b). Several of the above-mentioned traits
are associated with increased invasiveness at the species level
in other studies (Van Kleunen et al. 2010b).

(a)

(c)

(b)

Figure 1 The native and introduced ranges of Pinus taeda used for this study, and the genetic clustering of provenances and invasive individuals. (a) Seed

sources for the parallel introductions were taken from 32 locations spanning the entire native range of P. taeda (brown area). (b) These seed sources were

planted in six common gardens, in a fully replicated experiment, spanning a latitudinal gradient of 850 km and encompassing four climatic clusters (dots of

different shapes). (c) The seed sources represent three distinct genetic clusters (Texas, Central and Coastal) that have distinct contributions to the genomes

of plants in the naturalised populations (CB, IR, RN, TB, SFP and SM).
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We studied six common gardens in Brazil located at the
Santa Maria Experimental Farm (53.92°W 29.66°S; hereafter
‘SM’), S~ao Francisco de Paula National Forest (50.38°W
29.43°S; hereafter ‘SFP’), Três Barras National Forest
(50.32°W 26.19°S; hereafter ‘TB’), Rio Negro Experimental
Station (49.76°W 26.05°S; hereafter ‘RN’), Irati National
Forest (50.57°W 25.36°S; hereafter ‘IR’) and Cap~ao Bonito
National Forest (48.51°W 23.88°S; hereafter ‘CB’). Each com-
mon garden was planted with 29 or 32 seed sources of which
20 were present in all gardens (Shimizu & Higa 1981). The
seed sources constitute a seed lot collected from between 5
and 10 trees of a natural stand (not planted) in a specific loca-
tion in the native range of P. taeda (Fig. 1a). In each Brazil-
ian common garden, seed sources were planted in randomised
blocks with four repetitions – a total of 144 trees from each
seed source. Over the years, each common garden and its sur-
roundings received circumstantial and haphazard manage-
ment. In June and July 2012, all seed sources were still
represented by at least 10 trees at any given site, but the mean
number of trees per provenance per site is usually higher.
Since introduction, the common gardens have produced

spreading naturalised populations (naturalised populations).
Whereas in some locations loblolly expanded ca. 78 m from
the common garden (SFP), in other locations (TB) range
expansion was ca. 450 m. This variation is likely because of
local vegetation cover (e.g. forest and old field), topography
and wind patterns. The common gardens were considered par-
allel replicated introduction pools resulting in identical propa-
gule pressures and residence times for these six locations.
Several reasons make loblolly pine common gardens an ideal
system to examine evolutionary and ecological aspects of
genotypic-level range expansions (Zenni et al. 2014): (1) the
correlation of climate with seed source performance of lob-
lolly, as well as large-scale genomic resources available for this
species (Eckert et al. 2010a); (2) its distribution across climati-
cally diverse environments in both the native and introduced
ranges and (3) the multitude of association genetic studies
identifying genes underlying quantitative traits (Eckert et al.
2010a,b).

Data collection

We haphazardly sampled 50 loblolly plants taller than 1.3 m
from each naturalised population using equidistant transects
starting at the edge of the common garden and ending 50 m
after no more loblolly plants were found (300 samples in
total). We avoided going beyond 500 m from the common
garden owing to the increased chance of sampling trees com-
ing from different (unknown) seed sources. Transects were
20 m apart and the number of transects per common garden
varied according to stand shape. For each plant we collected
green needles or cambium tissue for genetic work, and we
measured size of the plant and how far it was located from
the common garden edge. Plant material (ca. 100 mg of dry
weight) was immediately stored in 2 mL tubes containing sil-
ica gel. Tubes were stored at �20 °C until extraction, and
saturated silica gel was replaced when necessary until the
material dried. Only plants taller than 1.3 m were sampled
because P. taeda is very similar to Pinus elliottii (also present

at some locations) at earlier stages, and sometimes it is
impossible to separate them correctly based solely on visual
cues.
We choose one site (IR) to collect DNA samples from seed

sources. We did this because all experiments commenced with
the same seed lots, so genetic material is identical at all sites.
Using a leather punch, we extracted one disk of cambium tissue
measuring 2.5 cm in diameter and ca. 2 mm thick (ca. 100 mg
of dry weight) from between 8 and 10 plants of each seed source
(288 samples in total). Cambium tissue was sliced off the bark
and wood using scalpel and forceps. The disk was processed as
described above. All equipment (gloves, forceps, scalpel and
leather punch) was sterilised between extractions.
We extracted genomic DNA from pine needles and cam-

bium tissue using the DNeasy Plant kit (QIAGEN�, Valencia,
CA, USA) following the manufacturer’s protocol. After
extraction, samples were sent to the Genotyping and Sequenc-
ing Core at the University of California Los Angeles to be
genotyped for 96 single nucleotide polymorphisms (SNPs)
using Fluidigm� (Sunnyvale, CA, USA) SNPtype Assays. We
used a subset of the 3084 SNPs used by Eckert et al. (2010a).
We selected the 96 SNPs that were the most informative for
population structure based on the statistics implemented on
Infocalc 1.1 (Rosenberg et al. 2003) and that conformed to
SNP Assay primer design standards (sequence length, pres-
ence of neighbouring SNPs, and percentage of C/G content).
Details for the SNPs can be found at http://dendrome.ucda-
vis.edu/DiversiTree/. The SNP call rate threshold was 65%.
We removed two SNPs (SNP_216801 and SNP_219848) from
all analyses owing to very low call rates and call confidence
for them. Some samples were duplicated to test SNP call
accuracy; all duplicated samples showed consistent calls.
We obtained climatic variables from the Worldclim data-

base (Hijmans et al. 2005). Variables are at 30 arc-seconds
(ca. 1 km2) resolution and correspond to current (1950–2000)
climatic conditions. From these data we also calculated poten-
tial evapotranspiration and aridity indexes for all locations,
but these variables were not used because they were highly
correlated with mean annual temperature and annual precipi-
tation. We obtained soil type data from the Oak Ridge
National Laboratory global soil type data set (Post & Zobler
2000).

Population structure and assignment of invasive plants to

provenances

To determine the proportional ancestry of each individual
plant in all six naturalised populations, we built two models
using the Bayesian model-based clustering method imple-
mented in the software STRUCTURE (Pritchard et al. 2000),
following guidelines proposed by Porras-Hurtado et al.
(2013). Our first model aimed to group seed sources into dis-
crete genetic clusters (provenances). In this model, we tested
the existence of one through 25 provenances using a model
that accounted for the existence of admixture between popula-
tions and correlated allele frequencies (clustering model, here-
after). Parameters alpha (relative admixture levels between
populations) for each potential provenance and lambda
(distribution of allele frequencies) were estimated from the
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data. We ran 20 iterations for each potential provenance with
a 100 000 burn-in period and 300 000 Markov chain Monte
Carlo (MCMC) repeats after burn-in. The optimal number of
provenances was determined using the ad hoc statistic DK
described in Evanno et al. (2005) calculated in Structure Har-
vester (Earl & von Holdt 2012). Our second model (assign-
ment model, hereafter) aimed to assign each individual
loblolly plant growing outside the common gardens (natura-
lised populations) to one provenance or more identified in the
clustering model. The assignment model also accounted for
admixture between populations and correlated allele frequen-
cies. However, in this model, we set a and k parameters
according to estimates calculated by the clustering model
instead of asking the model to estimate them directly from the
data (a = 0.0782 and k = 0.4744). Provenance plants were
used as learning samples for updating the inferred proportion
of ancestry (qk) of plants from the naturalised populations.
We did this using the POPFLAG and USEPOPINFO options
in STRUCTURE. We also used the PFROMPOPFLA-
GONLY function to ensure allele frequency estimates would
depend only on learning samples and set MIGPRIOR at 0.01
to allow for some misclassification of learning samples. We
ran 30 iterations of the optimal number of provenances. All
STRUCTURE runs were done at the Bioportal of the Univer-
sity of Oslo (www.bioportal.uio.no). The iterations of inferred
proportion of ancestry for the optimal number of provenances
of the clustering model and the iterations of population
assignments of the assignment model were permuted using the
Greedy algorithm of the CLUMPP software to average replicates
of each model run (Jakobsson & Rosenberg 2007).
To support our choice of three genetically distinct prove-

nances in the introduced loblolly pool, we calculated prove-
nance genetic differentiation (FST) between all pairs of
provenances using GenoDive 2.0b25 (Meirmans & Van Tien-
deren 2004). For biallelic markers (such as SNPs) FST is
appropriate as calculated and no standardisation is necessary
(Meirmans & Hedrick 2011). However, our pre-selection of
SNPs with high informativeness scores may increase FST esti-
mates compared to other studies on conifers that use ran-
domly selected markers.

Propagule pressure

We tested the propagule pressure hypothesis at all sites using
a permutation linear model with proportion of each prove-
nance in the introduced pool nested within site as independent
variables and qk as dependent variable. We performed post
hoc pairwise comparisons using Tukey’s HSD test.

Genetic admixture

We considered individuals with 0.3 < qk < 0.7 to be admixed.
These would include both two- and three-provenance hybrids.
There are no standards for these cut-off thresholds, but simu-
lation studies indicate that first generation hybrids should
have qk = 0.5 (V€ah€a & Primmer 2006). We counted the total
number of admixed individuals in each naturalised population
and the number of admixed individuals for each possible
admixture combination. We built a generalised linear model

with Poisson error distribution to test if total number and
number of each type of admixture differed among locations.
We also compared distributions of admixed and non-admixed
plants along the naturalisation gradient using the nonpara-
metric Mann–Whitney test to see if admixed plants were more
invasive than non-admixed plants (i.e. were more frequent
than non-admixed plants at the leading edge far from the
source pool).

Provenance-level adaptation to climate

To characterise the climate of each seed source location, we
used the 19 bioclimatic variables extracted from the WorldC-
lim plus soil type as factors in two redundancy analyses
(RDA): (1) to evaluate how much allelic variation in the
native range was explained by environment, and (2) to evalu-
ate the provenance association with climate and/or soil type.
One RDA used the 94 SNPs as the community matrix, biocli-
matic and soil variables as constraining variables, and seed
sources’ latitude and longitude as conditioning variables.
Using this formulation, we removed the effect of spatial cor-
relation from the model (Legendre & Legendre 2012).
Another RDA used qk values as the community matrix,
whereas constraining and conditioning variables were as in
the first RDA. We checked for collinearity between predictor
variables using the variance inflation factor method. Because
most climatic variables were highly correlated, we kept only
mean annual temperature and annual precipitation for the
remainder of the analyses. We tested for significance of the
RDA model using an anova-like permutation test with 10 000
permutation steps. To find if climates of native and intro-
duced ranges were comparable, we did a hierarchical cluster
analysis of all sites (Brazilian introduced locations and US
seed sources) based on the first five components of a principal
component analysis (Fig. S1).

Provenance-by-environment interactions during invasive range

expansion

To test if qk in naturalised plants differed within and between
locations we used a permutation linear model in which we
nested provenance ancestry coefficients within location.
Second, to explore how climate may function as a selective
agent during range expansion of loblolly provenances in intro-
duced regions, we constructed a linear model with permuta-
tion tests and tested how inferred proportions of ancestry
from each provenance varied as a factor of distance from the
introduction point. The genetic clusters are characterised by
allele frequencies at each the 94 loci (Pritchard et al. 2000).
Thus, by looking at changes in qk we are, by definition, look-
ing at changes in allele frequencies. The farther away a plant
was found from the common garden, the more likely it would
be the offspring of a previously established generation and
less related to common garden plants, which creates a gradi-
ent of selection in which adapted genotypes are more likely to
survive, grow, reproduce and contribute to the invasive range
expansion. We normalised distances between each plant and
the common garden to fall between 0 and 1 so slopes are
comparable across sites and used normalised distance as the
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independent variable in the model. Positive values for the
slope (b) mean alleles of a provenance are becoming more
abundant in the population as invasion progresses, negative
values mean alleles of a provenance are less abundant as inva-
sion progresses, and a value of zero means the allelic contri-
bution of a provenance does not change as invasion
progresses. Next, we used the slope estimate for each prove-
nance across each site as response variable for a permutation
model testing direction of the slope as a result of mean annual
temperature and annual precipitation (a = 0.1). This approach
can be interpreted as a genotype-by-environment test of intro-
duced provenances during the spread of an invasive plant.

RESULTS

Population structure and assignment of invasive plants to

provenances

Clustering of seed sources resulted in three genetic prove-
nances (Fig. 1). Most individuals showed high probability of
belonging to only one provenance, even though plants from
the same seed location sometimes did not cluster together.
The western provenance consists mostly of plants west of the
Mississippi discontinuity in Texas (Texas provenance, hereaf-
ter), another provenance consists mostly of plants from the
southeastern coastal plain (coastal provenance, hereafter) and
a third provenance consists mostly of plants from east of the
Mississippi Gulf region in Alabama, Louisiana and Georgia
(central provenance, hereafter). FST between coastal and cen-
tral provenances is 0.05, between coastal and Texas prove-
nances is 0.21, and between central and Texas provenances is
0.16, showing moderate to high between-provenance genetic
differentiation. Of the 288 plants genotyped (29 seed
sources), 27 plants were assigned to the Texas provenance
(9.6%), 164 plants to the coastal provenance (56.8%) and 97
plants to the central region provenance (33.6%). Thus,
although at all sites equivalent numbers of plants were intro-
duced from each seed source, genetic clustering revealed dis-
tinct effective propagule sizes for each provenance. The
assignment of plants in the naturalised populations to their
ancestral provenance lineage revealed all possible combina-
tions of ancestry coefficients exist in the naturalised popula-
tions of all six locations. Some plants are pure descendants
of each provenance, but many plants show admixture among
provenances (Fig. 1c).

Propagule pressure

Propagule sizes did affect the relative ancestry coefficient fre-
quencies of the naturalised populations, and this effect was
mediated by introduced location (F17,882 = 5.01, P < 0.001).
However, contrary to expectation, the largest propagule sizes
did not result in the greatest frequencies of provenance ances-
try in the invasive plants (Table 1). A post hoc Tukey test
indicated the Texas provenance is overrepresented, whereas
the coastal provenance is underrepresented in three natura-
lised populations (CB, IR, and SFP). The central and coastal
provenances did not show differences in observed mean qk for
all locations (Table 1; Appendix S1).

Genetic admixture

The number of admixed individuals in naturalised populations
varied greatly by location, ranging from about half the sampled
plants down to 10% of the plants (v2 = 88.9, P < 0.001).
Admixtures of the three provenances or between Coastal and
Central provenances were rare (mean = 2 and 6 respectively),
whereas admixtures between Texas and Central provenances
and between Texas and Coastal provenances were common
(mean = 8.3 and 6 respectively; Fig. 2a). However, distribu-
tions of spread distances of admixed plants are the same as or
lower than that of non-admixed plants (Mann–Whitney
W > 50 and P > 0.05 for all locations; Fig. 2b–g; Table 2).
Thus, we cannot reject the null hypothesis that the two groups
have identical spread rates.

Provenance-level adaptation to climate

In the native range, climate explains 14.4% (r2 = 0.14) of the
variation in allele frequencies among seed sources and 24.1%
(r2 = 0.24) of the variation in provenance genetic structure.
Climate factors (F1,245 > 1.3, P < 0.05), but not soil type
(F1,245 = 1.22, P = 0.11), explained variation in allele frequen-
cies and provenance genetic clustering (Appendix S1). In the
introduced locations in Brazil, we identified four climatic clus-
ters (Fig. 1b) that are distinct from the climatic clusters in the
native range (Fig. S1). These relationships between climate
and allele frequencies and provenance genetic structure indi-
cate that climate is a selective agent for loblolly pine in its
native range, leading to provenance-level genetic divergence
resulting from local adaptation.

Provenance-by-environment interactions during invasive range

expansion

As expected based on the provenance-by-climate interaction
found for the native range, in the introduced ranges loblolly
pine provenances had distinct genetic contributions to the
genotypes of the naturalised populations at the different loca-
tions (v2 = 60.018, P < 0.001, Fig. 1c), and the inferred pro-
portion of ancestry in naturalised plants varied by location
and distance from the point of introduction (Fig. 3). The

Table 1 Mean inferred proportion of ancestry (qk) and standard error for

each provenance at each location. First row shows the initial relative

propagule pressure for each provenance. Bold values indicate provenances

that are significantly overrepresented (P < 0.05) and italic values indicate

provenances that are underrepresented in the naturalised populations

according to a Tukey post hoc test (Appendix S1)

Location

Provenance (qk)

Texas Coastal Central

Source pool 0.096 0.336 0.568

CB 0.32 � 0.04 0.33 � 0.05 0.35 � 0.04

IR 0.36 � 0.04 0.33 � 0.05 0.32 � 0.05

RN 0.08 � 0.02 0.5 � 0.06 0.43 � 0.06

SFP 0.38 � 0.04 0.27 � 0.04 0.35 � 0.05

SM 0.2 � 0.04 0.33 � 0.05 0.48 � 0.05

TB 0.17 � 0.03 0.39 � 0.06 0.45 � 0.06
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Texas provenance had positive slopes in IR (b = 0.28,
P = 0.02) and SM (b = 0.34, P = 0.01), negative slopes in CB
(b = �0.26, P = 0.03) and TB (b = �0.14, P = 0.09) and flat
slopes in RN (P = 0.26) and SFP (P = 1). The coastal prove-
nance had negative slopes in IR (b = �0.39, P = 0.01), SM
(b = �0.29, P = 0.08) and SFP (b = �0.23, P = 0.05), a posi-
tive slope in CB (b = 0.3, P = 0.08) and flat slopes in RN
(P = 1) and TB (P = 0.42). Finally, the central provenance
showed a positive slope in TB (b = 0.29, P = 0.06) and RN
(b = 0.22, P = 0.08) and flat slopes in all other sites (P > 0.1).
Plants at the leading edge of the invasion front had different

provenance ancestry coefficients than plants at the trailing
edge and in the introduced pool (Fig. 3), which is consistent
with the idea that climate functions as a selective gradient for
introduced populations causing rapid evolution during inva-
sive range expansion.
Our statistical model to test the changes in frequencies of

provenance ancestries along the invasion gradients as an effect
of temperature and precipitation confirms the provenance–envi-
ronment interactive nature of the invasive range expansion pat-
terns. Higher mean annual temperatures negatively affected
invasiveness of the Texas provenance, positively affected inva-
siveness of the Coastal provenance, and did not affect invasive-
ness of the Central provenance (r2 = 0.55; P = 0.02, 0.06, and
0.5 respectively). In contrast, higher annual precipitation posi-
tively affected invasiveness of the Texas provenance, negatively
affected invasiveness of the Coastal provenance, but did not
affect invasiveness of the Central provenance (r2 = 0.49;
P = 0.04, 0.08, and 0.82 respectively). In the full model, both
mean annual temperature and annual precipitation affected
provenance invasiveness (r2 = 0.84, full model P = 0.1; interac-
tion term P = 0.04). Strikingly, the temperature and precipita-
tion ranges where provenances were more invasive did not
match the values from their native ranges (Fig. 4). The Texas
provenance seems to have higher fitness and be most invasive in
regions with mean annual temperatures below 16.5 °C and
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Figure 2 Although genetically admixed plants are common, they are not at the leading edge of the invasion front. (a) Bar plot of number of genetically

admixed plants at each location shown by type of admixture. (b–g) Density frequency distributions of genetically admixed (red lines) and non-admixed

plants (black lines) at each location. Bars and line plots are paired by location. Plants were considered admixed when qk � 0.5 for two provenances or

qk � 0.3 for the three provenances. The distribution of spread distances of admixed plants is the same as or lower than that of non-admixed plants

(P > 0.05 for all locations; Appendix S1).

Table 2 Mean distance of spread (normalised distance) of admixed and

non-admixed plants at each location (�SD) and the results for the Mann–
Whitney test comparing the distributions of spread distance of admixed

and non-admixed plants at each location (high P values indicate both

groups have the same mean)

Location

Spread of

admixed plants

Spread of

non-admixed plants W P

CB 0.16 � 0.15 0.3 � 0.3 202 0.98

IR 0.57 � 0.28 0.52 � 0.24 329 0.28

RN 0.27 � 0.18 0.44 � 0.22 58 0.89

SFP 0.35 � 0.26 0.3 � 0.26 345 0.27

SM 0.56 � 0.3 0.4 � 0.28 308 0.07

TB 0.16 � 0.25 0.34 � 0.33 147 0.94
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annual precipitations above 1500 mm, whereas the coastal
provenance appears to have higher fitness and be most invasive
where mean annual temperature is above 19 °C and annual pre-
cipitation is below 1300 mm.

DISCUSSION

Our study provides strong evidence that provenance-by-envi-
ronment interactions are a major force driving invasions, which
supports our initial hypothesis that evolutionary history is a
key mechanism driving naturalisation patterns of P. taeda.
Genetic constraints likely limit the ability of provenances to
expand in unfavourable introduced habitats. This adaptive
mechanism was strong enough to overcome important differ-

ences in propagule pressure. Moreover, we found that it is pos-
sible to predict invasive potential of provenances using
temperature and precipitation isoclines given the linear clinal
variation in provenance-climate interactions (Fig. 4). Interest-
ingly, a recent study also found that temperature and precipita-
tion were important factors causing niche evolution of genetic
lineages of the invasive plant Phragmites australis (Guo et al.
2013). Taken together, these results counter the idea that
patterns of genetic structure and diversity emerging during
invasive range expansions are caused mainly by genetic drift
(e.g. Schulte et al. 2013). Instead, it shows that natural selection
can produce rapid evolutionary changes in introduced popula-
tions, leading towards local adaptation, and potentially result-
ing in the evolution of invasiveness (Colautti & Barrett 2013).
Surprisingly, we found that provenances are more invasive in

climate niche spaces distinct from those of the native range
(Fig. 4). This is evidence that provenances can occupy climate
niche spaces very different from those observed in their native
ranges (Broennimann et al. 2007; Guo et al. 2013). This fact
implies that the sole use of climate variables from the native
range to predict the potential invasive range of species may be
misleading. This result also suggests that niches could be
inferred more precisely at the genotype level. Furthermore, we
found partial support for the hypothesis that introductions
encompassing different source populations can increase the
likelihood of invasion success (Zenni & Simberloff 2013). In this
case, genetic variance per se does not explain invasion success,
but by introducing propagules from numerous populations, for-
esters increased the probability of introducing provenances
adapted to the introduced regions – a classic sampling effect.
A common claim in invasion science is that genetic admix-

ture can stimulate the evolution of invasiveness in plants (Ell-
strand & Schierenbeck 2000). However, empirical evidence to
support this assertion is limited. In our case, many of the inva-
sive plants are indeed admixed between provenances (Fig. 2),
but our interpretation of these results is that admixture does
not increase invasiveness of loblolly pine plants because
admixed plants are not overrepresented at the invasion leading
edge, and because there is no correlation between abundance
of admixed plants and distance of spread. Instead, these results
support our hypothesis that individuals descending from a par-
ticular provenance exhibit greater invasiveness in favourable
conditions, and they are also consistent with the hypothesis of
high-performance genotypes (Matesanz & Sultan 2013).
Both the coastal and Texas provenances responded strongly

to the selective forces posed by the introduced locations
(Fig. 3). However, the central provenance showed the exact
opposite trend, responding to selection in only two of the six
introduced locations. We lack a definite explanation for this
pattern, but it is possible the central provenance is more plas-
tic than the coastal or the Texas provenances; or it possesses
intermediate traits from both coastal and Texas provenances,
as it evolved in the centre of the current native range of
P. taeda (Fig. 1). Lastly, there is the possibility that the cen-
tral provenance is experiencing introgressive hybridisation
with the Texas provenance (Fig. 2).
Biotic interactions are also an important factor in invasion

successes and failures (Zenni & Nu~nez 2013). For instance,
pines may not be able to invade in the absence of mycorrhizal
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Figure 3 During Pinus taeda range expansion selective pressures affect the

invasive potential of provenances, and this is mediated by provenance-by-

environment interactions. Bold lines represent slopes statistically different

from zero (a = 0.1). (a) Alleles from the Texas provenance become more

abundant in the invasion leading edge at IR and SM and less abundant at

CB and TB. (b) Alleles from the central provenance become more

abundant in the invasion leading edge at TB and less abundant at RN.
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symbionts (Nu~nez et al. 2009) or under strong competition
for light (Zenni & Simberloff 2013). Currently, we have no
evidence of how biotic interactions might affect invasive
potential of individuals and populations other than at the spe-
cies level. Also, this study did not evaluate phenotypic traits
and we do not know how the detected changes in allele fre-
quencies over the course of the range expansion may have
resulted in phenotypic changes as well. Given that some of
the markers used in this study are positioned at functional
genes related to drought tolerance (Eckert et al. 2010b), we
expect phenotypic changes leading towards higher frequencies
of adaptive traits at the leading edge of the invasion front.
In summary, our results constitute a unique empirical dem-

onstration of fine-scale rapid evolution during invasive range
expansions that are largely determined by provenance–
environment interactions. Also, the fully replicated landscape-
level characteristics of this study provided a powerful
empirical test of abiotic determinants of invasive range expan-
sion at the gene level. Furthermore, our novel approach

reduced the effect of confounding factors that pervade inva-
sion studies (i.e. sampling bias, residence time and propagule
pressure), allowing direct comparisons among invasive ranges.
We are aware of several other large-scale long-term prove-
nance trials (e.g. common garden experiments) using species
planted well outside their native ranges as well as in their
native ranges (Gundale et al. 2014; Zenni et al. 2014). Thus,
we believe our approach can be replicated in different systems
and would greatly enhance the understanding of the evolution
of invasiveness at the gene level. The use of putatively func-
tional markers that have adaptive significance may also have
helped produce clearer results regarding the rapid evolution-
ary change we observed. Moreover, our study can help
researchers outline mechanistic approaches (e.g. provenance-
level common garden experiments) to predict the invasive
potential of genotypes at specific locations. These predictions
would certainly aid pre-border screening of potential invaders.
Taken together, our findings suggest that to understand pat-
terns of invasive range expansions and to improve the ability
to predict these events it will help to work at intraspecific
levels and to test the potential of range expansion of geno-
types under a specific set of conditions.
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