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Genetic admixture of divergent intraspecific lineages is
increasingly suspected to have an important role in the
success of colonising populations. However, admixture
is not a universally beneficial genetic phenomenon. Selection is typically expected to favour locally adapted
genotypes and can act against admixed individuals,
suggesting that there are some conditions under which
admixture will have negative impacts on population
fitness. Therefore, it remains unclear how often admixture acts as a true driver of colonisation success. Here,
we review the population consequences of admixture
and discuss its costs and benefits across a broad spectrum of ecological contexts. We critically evaluate the
evidence for a causal role of admixture in successful
colonisation, and consider that role more generally in
driving population range expansion.
Mixing divergent genotypes: a common phenomenon
with complex implications
Intraspecific genetic admixture (hereafter admixture)
occurs when multiple divergent genetic lineages come into
gene flow contact and interbreed. A growing number of
studies show that admixture of previously allopatric
lineages is a common phenomenon in nature [1–4], and
that such hybridisation generates novel allelic combinations that can be beneficial when certain conditions are
met. Potential benefits resulting from admixture include
short-term increased population fitness (e.g., heterosis, [5])
and increased adaptive potential [6]. These benefits parallel in many ways the observed benefits of interspecific
hybridisation, which have been dealt with elsewhere
(e.g., [7–10]).
Observation of admixture in colonising populations has
led to speculation that admixture has an important role in
driving the success of those populations [2,11,12]. By contrast, some recent studies have questioned the importance
of admixture (e.g., [13–15]), because nonadmixed or even
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severely bottlenecked populations can often perform at the
same level as admixed populations. In addition, there are
some theoretical grounds for questioning the assumption
that admixture might provide an evolutionary advantage
[9,16]. For instance, given that natural selection favours
locally adapted genotypes, admixture should often be maladaptive [6]. Therefore, it remains unclear whether admixture is a true driver of colonisation success (in its broader
sense) or rather a consequence of its correlation with
factors known to be associated with colonisation success
(e.g., increased propagule pressure through multiple introductions, [17,18]).
Here, we review the population consequences of admixture and consider some of the evolutionary and ecological
factors determining the costs and benefits of admixture
relative to colonisation success. We explore several questions that are raised by existing theoretical and empirical
evidence. For instance, is admixture generally a driver of
colonisation success or is it more often a passenger, a
phenomenon correlated with other factors that have greater influence on the outcomes of colonisation events? Under
what conditions is admixture likely to promote colonisation
and range expansion? We discuss potential future directions for research that can substantially improve our ability to answer such questions.
Genetic consequences of admixture
There are several costs and benefits associated with admixture that can have both immediate and long-term
consequences for colonisation success. One of the most
widely recognised short-term benefits of admixture is
Glossary
Colonisation pressure: the number of species introduced to, or released in, a
single recipient location.
Inbreeding depression: the reduction of fitness caused by mating between
close relatives, often resulting from the unmasking of recessive deleterious
alleles or the loss of heterozygote advantage (overdominance).
Outbreeding depression: a reduction of fitness in offspring of parents from
different populations, possibly due to disruption of co-adapted gene complexes.
Propagule pressure: the number of viable colonisers introduced to a recipient
environment in a single introduction event (propagule size) and the number of
introduction events (propagule number).
Transgressive phenotype: a phenotype generated in segregating hybrid
populations that is extreme relative to that of their parents.
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heterosis or hybrid vigour (e.g., [5]), broadly defined as the
phenotypic superiority of hybrids over their parents [19].
Heterosis can also lift inbreeding depression (see Glossary), thus reducing the negative effects of genetic bottlenecks by increasing the frequency of heterozygotes, which
can mask deleterious mutations [20] or allow expression of
overdominance [21]. Also critically important might be the
emergence of novel genotypes not found in parental populations [3,22]; in some cases, these new genotypic combinations can produce transgressive phenotypes well outside
parental norms [1,23].
These genetic phenomena can all have a variety of
positive influences on fitness, ranging from benefits that
are independent of selective environment to those that are
specific to the novel environments encountered by colonising populations. For instance, Drake [24] demonstrated
that heterosis could enhance postcolonisation population
fitness to such extent that it generates a ‘catapult effect’ in
admixed populations. The heterotic effect of admixture can
be limited to a single generation, because fitness of F1
hybrids can differ considerably compared with later
crosses due to the effects of recombination [9]. However,
if colonisers gain sufficient transient fitness benefits
through heterosis, this might buffer against demographic
dangers of initial small population size and reduce the
long-term risk of extinction. Thus, heterosis might lead to
significant advantages in terms of establishment likelihood and be sufficient to put founding populations on a
trajectory towards successful colonisation and range expansion [25,26].
The emergence of novel phenotypes can also have an
important role in postcolonisation adaptation and niche
divergence [27]. To the degree that range expansion correlates with novel environmental conditions and associated
selective pressures, the emergence of nonparental genotypes might provide opportunities for local adaptation that
were previously inaccessible. Models of evolution at environmental range limits predict that local adaptation is
unlikely to result from in situ emergence of beneficial
alleles in marginal habitats [28]; this suggests that the
appearance of novel allelic combinations through multiple
introductions and admixture provides unique opportunities for colonising populations to respond to selection
pressures in novel environments.
The primary long-term benefit of admixture is to increase overall population genetic variance, resulting in
heightened capacity to respond to selective pressures. It
has long been recognised that genetic diversity should
increase the likelihood of successful establishment by increasing the probability that at least some colonising
genotypes are adapted to environmental conditions in
recipient habitats [29]. Some studies suggest that the
availability of genotypic variation is especially important
when colonised habitats are particularly novel or challenging [29,30]. The role of admixture in increasing overall
genetic variance has been broadly discussed in terms of
overcoming the potentially deleterious influences of founder effects [3,4], and several recent studies suggest that
enhanced genetic diversity associated with admixture does
indeed provide the raw material for local adaptation in
newly colonised habitats (see below and Box 1).
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Box 1. Intraspecific genetic admixture and adaptation
When colonisers enter a novel niche, they frequently experience
environmental conditions outside their parental mean and variance.
This results in environmental filtering that selects individuals [78]
and forces survivors to adjust their phenologies to the new climate
[79], as well as to reconfigure ecological interactions with the
receiving community [80]. Thus, colonisation often brings with it
novel selective pressures, and successful establishment might be
contingent on the ability to respond to those pressures. Therefore, it
is expected that populations locally adapted to parental selective
regimes have relatively low fitness when exposed to such recipient
environments. In such cases, influx of novel alleles is expected to be
beneficial, because it should increase the adaptive potential of the
founding population. This is because admixture provides increased
genetic variation on which selection can act. In particular, rapid
selection has been attributed to high additive genetic variance
conveyed through multiple introductions and admixture [54].
Although there might be limits on the conditions under which
increased genetic variation enhances the likelihood of colonising
populations becoming established (e.g., [80]), in principle admixture
should be particularly favourable in nonparental selective environments (such as transitional habitats not occupied by parental
populations; e.g., [75]). When a colonised environment is dissimilar
to the ecosystem that initially selected parental genotypes (i.e., low
environmental matching), the fitness benefits of admixture are
expected to be high [6] (Figure 1, main text). Thus, admixture can be
particularly beneficial during periods of range expansion when
novel territory that is not already occupied by differentiated
populations is newly colonised. This dynamic has been observed,
for instance, in colonising populations of the invasive plant
Verbascum thapsus. Observation of multiple invasive populations
revealed that some exhibited fitness-related traits that were
mismatched to their newly colonised habitats [4]. However,
admixture between introduced populations provided an opportunity
to erode this ‘mosaic of maladaptation’ by bringing the alleles
responsible for those traits into novel environments where their
fitness benefits can be realised.

Few studies have examined the relative importance of
short-term (e.g., heterosis) versus long-term (e.g., adaptation) benefits of admixture. Facon et al. [5] analysed the
potential role of admixture in driving multiple invasions of
the freshwater snail Melanoides tuberculata, and found
that observed phenotypic changes in admixed individuals
were unlikely to arise by selection, suggesting that, in this
case, the fitness benefits of admixture are primarily heterotic. A more recent study on genomic admixture in the
weedy plant Silene vulgaris similarly indicated predominantly short-term, heterotic fitness effects in determining
population fitness [31]. Additional studies that examine
the relative roles of long- and short-term fitness benefits
should help to better understand the causal linkages between admixture and colonisation success (see ‘Statistical
evidence’ below).
Admixture can also have immediate negative impacts
on fitness. Most severely, crosses between divergent parental lineages can result in reduced viability or fertility in
the case of serious genetic incompatibilities [23], although
such costs are expected more frequently with interspecific
hybridisation. More commonly, outbreeding depression
can result from a selective disadvantage of intermediate
genotypes or loss of advantageous parental traits [32],
resulting in reduced population fitness. When the recipient
environment is similar to the parental range environment,
populations might be ‘pre-adapted’ to the new system [16]
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Figure 1. Conceptual diagram of evolutionary responses of both parental and
admixed populations to different environmental regimes. (A) Parental types
(unadmixed) in a novel environment. Fitness is low (inability to respond to novel
selection pressures). (B) Parental types (unadmixed) in a parental environment.
Fitness is high (pre-adaptation). (C) Admixed genotypes in a parental environment.
Fitness is low (disruption of pre-adapted gene complexes). (D) Admixed genotypes
in a novel environment. Fitness is high (increased diversity and response to
selection).

and, under such circumstances, selection should act
against the hybridisation of ecologically divergent subpopulations (Figure 1). In effect, selection for parental types
can put constraints on the dilution of locally adapted gene
pools, such that admixture could have substantial fitness
costs [33].
This clearly has implications for range expansions generally. If populations are best adapted to the environment
at the range centre, then marginal or colonising populations can experience nonparental selective pressures that
favour admixture. In such circumstances, gene flow from
core populations can have maladaptive effects [34,35];
alleles that could increase fitness at the margins can incur
fitness costs at the range centre (and vice versa), and
selection against those alleles combined with gene flow
from core to margin could hinder adaptation to marginal
environments (high proportion of poorly adapted
migrants). However, when marginal populations face a
sudden change in environmental and/or ecological conditions that were previously only found outside the species
range, rapid adaptation might occur [28]. Such conditions
are likely to be met under certain scenarios, including both
climate change and when species colonise distant regions,
because the new conditions are likely to differ greatly from
those of source populations; in such cases, the increase in
genetic variation resulting from multiple introductions
and admixture can further enhance adaptive responses
[36].
Nongenetic factors associated with admixture
Even in the absence of any genetic effects, it is likely that
there is some causal relation between successful colonisation and multiple introductions [37–40]. Admixture
requires the arrival of previously divergent evolutionary
lineages in the same place, which implies multiple sources
of colonists to the novel habitat. One implication of this is
that those regions where admixture is observed are also,

all else being equal, regions subject to heightened propagule pressure relative to regions that receive colonists from
only single sources. Given that regions with high propagule
pressure are those where multiple lineages are most likely
to come into contact and hybridise (e.g., locations where
many vectors and pathways of introduction converge,
[41,42]), one might expect a strong correlation between
propagule pressure and admixture. Lending support for
this hypothesis, Kajita et al. [43] recently demonstrated
that genetic diversity in an invasive ladybeetle was strongly positively correlated with historical records of propagule
size. Thus, the demographic benefits of propagule pressure
are expected to be frequently confounded with the potential genetic benefits (admixture and increased genetic
diversity due to multiple introductions), suggesting that
the latter is a passenger as well as a driver of successful
colonisation [29]. In general, there does exist a ‘null hypothesis’ to explain the frequent observation of admixture
in introduced populations; admixture is not driving success, but rather coming along for the ride with the true
driver, propagule pressure. Unfortunately, as we explore
in more detail below, it remains challenging to test this
hypothesis.
Does intraspecific genetic admixture contribute to
colonisation success?
Much of what we now know of the role of admixture in
colonisation and population expansion derives from the
study of biological invasions; indeed, the assertion that
admixture can contribute to invasiveness has become commonplace [3,6,44]. However, finding direct evidence for its
causal role in colonisation success has proven difficult.
Observational evidence
Introduced populations often exhibit levels of genetic
diversity that are attributed to multiple introductions
and admixture of differentiated sources [45,46]. In a pioneering study, Kolbe et al. [47] observed heightened mitochondrial haplotype diversity in introduced populations
of the lizard Anolis sagrei, owing to introductions from at
least eight different sources. Although other studies found
that coexistence of divergent lineages does not always
result in admixture [14,15,48], additional investigation
of A. sagrei identified numerous introduced populations in
which admixed individuals were clearly derived from
interbreeding of different parental stocks [12]. Admixture
is particularly prevalent in species with low dispersal
capabilities and widespread ranges [38,49–52], a paradox
that has typically been explained as a result of anthropogenic transport.
Inferences of admixture are made by using several
available analytical tools (Box 2) that assess inheritance
patterns of either multiple genomes (e.g., nuclear and
plastid) or multiple markers within a single genome. For
instance, both Rosenthal et al. [39] and Keller et al. [11]
analysed shifts in cytonuclear associations using nuclear
microsatellites and chloroplast markers to demonstrate
admixture and introgression among introduced populations of plant species, whereas Nolte et al. [53] analysed
distributions of mitochondrial haplotypes, single nucleotide polymorphisms, and microsatellite loci to identify
235
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Box 2. Detection of intraspecific genetic admixture
There are several methods and analytical tools (reviewed in [81,82])
that can be used to detect admixture. In the simplest case, admixture
is inferred from the presence of independent evolutionary lineages in
a single introduced population, sometimes with evidence that those
lineages derive from geographically distinct sources (e.g., [83,84]).
Another way is to analyse gene genealogies. Expanding populations
typically have a star-shaped gene genealogy [85], with a higher
number of unique genotypes than expected in a stationary population
[86], although singletons can also be indicative of the admixture of
diverging genotypes. Mismatch distributions are another useful
method because they are sensitive to demographic events. If the
frequency distributions of pairwise differences are bimodal or multimodal, these results likely indicate admixture [69,83,87,88]. Other
analytical measures (e.g., Fu’s FS and Tajima’s D) can indicate the
presence of admixture and range expansions [69,89].
There are several pieces of software that can be used to infer,
visualise, simulate, and evaluate admixture and can be used with
sequence and microsatellite data, as well as genomic approaches
(admixture along the genome). BAPS [90] and STRUCTURE [91] use
Bayesian clustering analysis to identify individuals with admixed
genotypes (Figure I); principle components analysis [92] and discriminant analysis of principal components [93] are used to infer
admixture through identifying individuals that are intermediate
between populations; DIYABC [94] performs model-based inference
of complex evolutionary scenarios and admixture can be determined
by contrasting competing scenarios (Figure II); HAPMIX [95] scans for
actual chromosomal recombinants using dense genetic data;
HybRIDS (http://www.norwichresearchpark.com/HybRIDS) visualises

Scenario 1

Introduced

recombination blocks in genome sequence data; and finally, HYBRIDLAB [96] and SPLATCHE2 [97] simulate genotypes between pairs of
hybridising populations and molecular diversity under complex
demographic scenarios, respectively.
Detecting admixture can be a challenging task when propagules are
transported with human-mediated transport. In such cases, it is likely
that genotypes are so extensively shuffled that the genetic signal of
the native range is eroded, and that novel admixed genotypes are
introduced into native populations.
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Figure I. STRUCTURE output (K = 2, predetermined genetic clusters, blue and
red) obtained from human populations of Africa, America, and Europe. Modified
from [98].
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Figure II. Set of competing scenarios used to infer the most likely origin of populations within the introduced range (Introduced) using two possible source populations
(Source 1 and Source 2). Scenarios 1 and 2 are unadmixed, whereas Scenario 3 incorporates admixture. Adapted from [38].

admixture in an invasive fish. The rapidly growing number
of studies such as these suggest that the observed genetic
patterns have some role in successful establishment and/or
spread of introduced populations.
Mechanistic evidence
A growing number of studies demonstrate linkage between
admixture and phenotypic outcomes with potential relevance to colonisation success (Box 3). Such correlations
have been observed in non-indigenous plants [31,54],
invertebrates [55,56], and vertebrates [12,53,57]. Convincing correlation of admixture with phenotypic changes that
influence population fitness provides a putative mechanistic connection between admixture and successful establishment. Research has now shown that admixture can shape
phenotypic variation in traits that could prove influential
in determining colonisation success, including morphology
[57], life-history characteristics [56], fruit production [31],
and several other fitness-related traits [54]. In at least one
236

case, admixture between previously allopatric lineages has
been shown to result in measurable phenotypic differences
that apparently enabled species expansion into previously
uncolonised habitats [53]. Assessment of trait variation is
more challenging than observation of admixture, often
requiring manipulation in common gardens or other experimental systems. Although these efforts continue to
establish plausible links between admixture and colonisation, it remains to be seen whether such links are the rule
for admixed populations.
Statistical evidence
Not all introduced populations are admixed and, even within the same study taxon, it is possible to observe successful
colonisations and range expansions by both admixed and
nonadmixed populations. For instance, Chapple et al. [13]
questioned the importance of admixture in driving invasion,
based on the observation that patterns of admixture failed
to correlate with patterns of colonisation success among
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particularly successful colonists of new territories. However, the most likely source region in the admixture zone was
also proved to be the source of heaviest shipping traffic in
Newfoundland, suggesting that propagule pressure can be
the more important driver of the observed range expansion. In a similar example, study of non-native rainbow
trout Oncorhynchus mykiss in Chile revealed substantial
admixture from multiple farm escapes, leading the authors
to suggest a role for admixture in facilitating establishment [61]. However, they also noted strong correlation
between propagule pressure and the frequency of nonnatives, indicating that escapes from aquaculture facilities

introduced populations of the skink Lampropholis delicata.
Similar observations have been made in the case of the
globally invasive marine crab Carcinus maenas, in which
one of the most successful invasive populations is also one of
the most genetically depauperate [58,59].
These studies also reveal the potential confounding
effects of other factors. In the case of C. maenas, a recent
introduction to Newfoundland (northwest Atlantic) was
shown to derive from within an admixture zone between
two other colonising populations in the same region [60]. At
first glance, this raises the possibility of some fitness
benefits favouring admixed populations as sources for

Box 3. Potential role of intraspecific genetic admixture in colonisation success
Several recent studies have revealed that patterns of admixture
resulting from multiple introductions can have effects with potential
relevance to population fitness, offering further support for the
hypothesis that admixture drives successful establishment and
spread of populations.
Studies of highly admixed invasive populations of the Caribbean
lizard Anolis sagrei (Figure IA) have revealed significant phenotypic
differences in the number of toe-pad lamella and body size. The latter
has been shown to correlate strongly with the number of admixed
sources (Figure IB).
Another example is from the analysis of an experimental
population of the Asian ladybird beetle Harmonia axyridis
(Figure IIA), which has developed to mimic admixture between
non-indigenous North American populations and a strain intentionally introduced for biocontrol purposes. Researchers have revealed
associations of admixture with fitness-related traits (such as
fecundity, Figure IIB) that might have promoted the invasiveness
of European populations.
Similar results have been observed in the case of admixed native
populations arising in natural contact zones. For instance, evidence of
postglacial admixture was observed in populations of the European
aspen, Populus tremula (Figure IIIA), and admixture patterns explained the strength of selection for traits measured in common
garden experiments. Selection differentials [covariance between bud
set (a trait of known adaptive significance) and relative growth rate]

(A)

varied widely over a latitudinal gradient, showing marked elevation in
the contact zone (Figure IIIB).
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Figure I. Admixture and adult size. (A) Caribbean lizard Anolis sagrei.
Reproduced, with permission, from Ianaré Sévi. (B) Correlation between body
size and number of admixed sources. Modified from [57].
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Figure II. Admixture and fecundity (A) Asian ladybird beetle Harmonia axyridis. Reproduced, with permission, from Bruce Marlin. (B) Fecundity of the different cross
types (America, Biocontrol, Admixed, and Europe). Vertical bars denote standard error, and different letters above the bars indicate significantly different treatments.
Modified from [55].
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Figure III. Admixture across latitude. (A) European aspen, Populus tremula. Reproduced, with permission, from Erlend Bjørtvedt. (B) Selection differentials [COV(w,z)]
across latitude. The admixture cline is shaded. Modified from [99].

likely drove the spread. Such correlations between propagule pressure and admixture can confound attempts to
infer a causal role for the latter in driving successful
colonisations.
Unfortunately, it remains difficult to disentangle such
correlations. For one thing, studies in which species are
introduced to analogous ecosystems via dissimilar colonisation histories (e.g., single and multiple introductions) are
relatively difficult to come by (but see [13,47,59,62]). Even
when such systems can be identified, the challenge of
isolating for the effects of propagule pressure and admixture is likely to be a prodigious one. Other confounding
factors also exist; for instance, admixture can also be
correlated with colonisation pressure (the species diversity
introduced to a recipient system [63]), adding another
potential driver to the mix.
One possible approach to this problem is to design
controlled experiments in systems that allow independent
manipulation of propagule pressure and admixture. For
instance, Hufbauer et al. [29] applied a factorial experimental design to explore the relative roles of the number of
founders and genetic background (degree of inbreeding) in
successful colonisation by the whitefly Bemisia tabaci,
demonstrating that positive effects of propagule pressure
can indeed be driven by associated genetic factors. Similar
experimental approaches could be utilised to test directly
for correlations between intraspecific admixture and colonisation success while controlling for effects of propagule
pressure. Another approach would be to investigate systems in which a large number of introductions have been
made with sufficient historical knowledge to draw inferences regarding both propagule size and admixture levels.
Zenni et al. [64] adopted such an approach to investigate
the role of propagule diversity on invasion success in Pinus
species in Brazil, revealing that the number of source
populations and number of introduced individuals were
both strong predictors of colonisation success.
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Overall, although mechanistic evidence is proving valuable in this regard, the greatest remaining challenge is to
establish statistically robust correlations between degree
of recombination within populations and colonisation success [31]. To our knowledge, no study has yet attempted
directly to answer the critical question: do admixed populations colonise new habitats and expand their ranges
more frequently and more rapidly than non-admixed populations? The studies described above illustrate the importance of systems that allow estimation of both admixture
levels (either directly or by some proxy measurement) as
well as confounding factors such as propagule pressure for
a large number of introduction events; they also highlight
the importance of assessing the relative rate of colonisation
success. Such information will be available in the case of
many experimental manipulations and in certain rare
cases in which historical records are sufficiently robust.
Unfortunately, few studies have been able to explore the
importance of genetic factors in determining colonisation
success in systems where the rate of success can be reliably
estimated [65].
What can we learn about natural range expansions?
Natural and human-assisted range expansions share
much in common, including many of the same facilitators
and barriers to successful colonisation (Figure 2). The
most obvious difference is the role of human vectors in
overcoming barriers to the arrival of propagules in new
habitats. The often-dramatic differences in the dispersal
of colonists to new sites in the two cases [66] result in
several differences in the degree of connectivity between
peripheral and central populations of the species range.
One would expect demographic, genetic, and environmental connectivity between peripheral and central populations to be typically greater in the case of natural range
expansions than in the case of sporadic human-mediated
transport. In addition, demographic rescue effects should
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Figure 2. The stages of colonisation, indicating barriers to successful passage between stages (red, right) and facilitators (green, left). Facilitators shown in italics are
specifically associated with anthropogenic introductions, and * indicates that the factor can have natural or anthropogenic origins, or both. Propagule pressure indicates the
arrival of new colonists from the parental population(s), and has several potential roles: (i) high propagule pressure increases the likelihood that some proportion of
colonists survive initial introduction; (ii) propagule pressure increases the initial population density and reduces the likelihood of Allee effects; (iii) recolonisation from the
parental populations can help overcome low initial reproductive rates and founder effects; and (iv) establishment of multiple colonisation foci through recurrent
introductions can facilitate spread through metapopulation dynamics. For further details, see the main text.

be more pronounced, reducing the likelihood of stochastic
extinctions of colonising populations. Finally, environmental matching between parental and newly colonised
habitats is likely to be higher. Nevertheless, the degree of
connectivity observed can vary widely. Even for natural
range expansions, peripheral populations might be substantially isolated from core populations and subject to the
ecological and evolutionary forces associated with that
isolation [34,35].
Admixture in natural range expansions is already a
widely appreciated phenomenon. For instance, a large
number of empirical studies have found admixture deriving from multiple glacial refugia following postglacial
recolonisations or recent climate change. These patterns
have been observed in various taxa [25,67–72]. In many of
these cases, admixture of colonists from multiple refugia
resulted in significant increases in genetic diversity relative to glacial relicts [25,68,72], although in some cases
strong founder effects associated with colonisation have
likely led to bottlenecks and limited diversity even in
admixed populations [69,70]. One wide-ranging study of
multiple European tree species found that genetic diversity generally peaked not in glacial refugia (the expected
centres of diversity, at the core of the species range), but
rather where multiple divergent lineages likely admixed
after recolonisation [73].

Despite these observations, there has been little research to assess the evolutionary implications of admixture in the context of natural range expansions. Thus,
only a few studies have questioned whether admixture
has a causal role in the success of those colonising populations. In one study, Schmitt and Müller [70] examined
admixed postglacial populations of the butterfly Erebia
medusa and found fitness levels comparable to parental
populations. An investigation of northern European
populations of the moor frog Rana arvalis suggested that
increased diversity in a contact zone between multiple
postglacial colonisations could have provided the raw
material for adaptive differentiation of colour morphs
[68]. In a recent study, Keller and Taylor [31] experimentally tested for correlations between admixture and fitness in S. vulgaris and found that admixed introduced
genotypes in North America exhibited heightened fitness
relative to unadmixed European populations, thus supporting the conclusion that admixture promotes colonisation. Most interesting, however, were results with
Central European populations that derived from multiple
glacial refugia and exhibited admixture. These populations showed none of the fitness benefits observed in the
introduced populations, leading the authors to hypothesise a major role for short-term fitness benefits of admixture (e.g., heterosis) as opposed to long-term benefits,
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such as response to selection, which would have resulted
instead in highly fit postglacial populations. Studies such
as this, which examine the relative fitness of naturally
admixed populations (Box 3), are important to assess the
generality of lessons learned from biological invasions.
Particularly interesting is the question of whether
admixed postglacial populations serve more frequently
as sources of successful colonisations than do their unadmixed parental populations. This prediction of the hypothesis that admixture has a causal role in colonisation
success should be testable by examining cases similar to
those of S. vulgaris, in which glaciation or other vicariant
phenomena provide potential sources for colonising populations with various degrees of both admixture and genetic diversity.
Concluding remarks, synthesis, and future directions
The mixing of divergent genetic pools significantly alters
the evolutionary trajectories of colonising populations and
creates new opportunities for range expansion. Although
we show that biological invasions and natural range
expansions are similar in nature, the potential benefits
of admixture are most obvious in the former. In part, this is
likely due to the sheer number of opportunities for admixture that arise because of anthropogenic shuffling of evolutionary lineages. However, it can also result from the fact
that large differences in the adaptive landscapes of recipient and source environments limit the fitness benefits of
locally adapted genotypes and magnify both short- and
long-term benefits of admixture. Although the co-occurrence of divergent lineages in sympatry does not necessarily mean introgression [15,74,75], a growing number of
studies have detected admixture directly and recognise its
potential to lead to fitness and/or phenotypic consequences
and adaptive responses in colonising populations
[31,54,56,57]. If admixture does increase fitness, it can
subsequently lead to larger and more productive populations with lower probabilities of extinction, and ultimately
increase the chance of range expansion. However, there is a
scarcity of studies that test hypotheses concerning the role
of admixture on phenotypic change, population fitness and
range expansion.
There is a need to test rigorously hypotheses regarding
the role of admixture driving colonisation success and
population expansion to understand fully the relative importance of abiotic, biotic, and genetic factors. For example,
it remains unclear whether admixture has a causal role in
population expansion in both natural and artificial range
expansions. The use of reciprocal transplant experiments
to assess population performance at different levels of
recombination [colonisations with and without admixture
(e.g., [13])] has the potential to advance understanding
substantially. This, combined with the wider use of nextgeneration sequencing (e.g., [76,77]), has the potential to
disentangle the drivers of population expansion. For example, whole-transcriptome sequencing can be used to
obtain data directly derived from functional genomic elements that are expressed in tissues and represent a significant proportion of adaptive variation. Information on
the sequence variation of admixed versus parental transcriptomes would allow for the inference of gene expression
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patterns that can be relevant to environmental response
and adaptation.
Perhaps the largest remaining challenge is to test statistically whether admixed populations are more likely to
become successful colonisers than nonadmixed populations. Such research will be particularly important in
disentangling the effects of admixture and nongenetic
factors, especially propagule pressure, on colonisation success. Identifying appropriate model systems to address
these questions might well be facilitated by the growing
number of studies that explore patterns of admixture
among introduced populations.
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