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Phylogeography is an integrative discipline that aims to understand the geographic ordination
of genotypes. In recent decades, phylogeographic approaches have been used to enhance our
understanding of both biogeography and landscape genetics across a variety of spatial and temporal
scales. By definition, species studied using these approaches need to meet certain assumptions
(e.g. mutation and drift need to be at equilibrium). However, artificially dispersed species (i.e.
non-indigenous, naturalised and invasive species) often do not comply with these assumptions.
Thus, the use of phylogeographic approaches to study these species may lead to erroneous
interpretations. Considering that self-denominated phylogeographic studies of invasive species
have proliferated in recent years and that genomic tools are now more accessible than ever
before, kick starting this debate is particularly timely. We argue herein that invasion scientists
must carefully use phylogeographic approaches when studying genomic data obtained from
the introduced range. In addition, the assumptions of these phylogeographic approaches need
to be explicitly considered when interpreting genomic patterns of invasive species. Finally,
we suggest abandoning the use of the term ‘phylogeography’ for describing geographically
contextualized genomic data from the introduced range to avoid both terminological and
methodological confusion.

PHYLOGEOGRAPHY IN THE GENOMICS ERA

DNA sequencing has been one of biology’s strongest assets since its inception in the last quarter of
the 20th century and has extensively accelerated progress in genetic, and more recently, genomic
research (Collins et al., 2003). The ability to decipher an organism’s DNA has allowed researchers
to, for example, understand patterns of population connectivity (Allendorf et al., 2010), unravel
evolutionary histories of genotypes around the world (Selkoe et al., 2010; Pérez-Portela et al., 2017)
and untangle how evolution shapes ecological communities (Weber et al., 2017). Our ability to
sequenceDNAhas led to the emergence of a plethora of disciplines that have greatly helped research
progress, one such discipline being phylogeography.

Phylogeography aims to investigate the relationship among geographic history, biogeography,
and the mechanisms driving speciation (Avise et al., 1987; Avise, 2009). This discipline has
enabled researchers to conduct phylogenetic analyses of geographically contextualized genomic
data, allowing new links between phylogenetics and population genetics. Being hypothesis driven,
phylogeography allows testing the role of historical processes (such as vicariance events and
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environmental changes) in the evolution of species. This has
fostered our understanding of the geographic ordination of
genotypes and our ability to infer the most likely evolutionary
history of many taxa (Avise, 2000). Phylogeographic approaches
are normally used in studies of intraspecific genetic lineages
(Avise, 2009) and are increasingly adopting a comparative
approach (e.g., comparing co-distributed species that have been
affected by common climatic fluctuations) to study links between
micro- andmacro-evolutionary processes at the community level
(Dawson, 2014; Pascual et al., 2017; Turon et al., 2020).

Phylogeographic analyses assume long-term natural
evolutionary processes (Avise, 2009) and both ancient and
modern DNA are routinely considered in these analyses
(Navascués et al., 2010). Phylogeographic studies predominantly
focus on the Quaternary period (Figure 1), particularly around
the last glacial maximum (Beheregaray, 2008). Phylogeography
has an explicit genealogical dimension (both spatial and
temporal) (Avise, 2009) and includes methods from population
genomics (Reitzel et al., 2013), coalescent theory (Nielsen,
2006), and phylogenetics (Riddle et al., 2008). For example,
phylogeographic studies often use analytical tools such as
haplotype networks, mismatch analyses, genetic differentiation
estimators, phylogenies, analyses of molecular variance
(AMOVA), gene trees, and coalescence analyses (Knowles,
2003). As a result, phylogeography has been considered one
of the most integrative disciplines in biology (Hickerson et al.,
2010). The number of phylogeographic studies has grown
exponentially in recent years due to the increased accessibility of
sequencing techniques (Beheregaray, 2008) and the emergence
of genomic tools (e.g., Angeloni et al., 2012; Rellstab et al., 2015;
Reyes-Velasco et al., 2018; Tan et al., 2019). This “genomics
revolution” has increased the potential for fine-scale resolution
of phylogeographic patterns and represents a leap forward in
the discipline, albeit some caveats remain [reviewed in Cutter
(2013), Bowen et al. (2014)].

INVASION SCIENCE AND
PHYLOGEOGRAPHY

Non-indigenous species have been artificially transported since
humans started navigating the seas (Figure 1) but it is well-
established that most species introductions have occurred
over the last century (Carlton, 2009). The relatively short
temporal scale considered in invasion science permits testing
hypotheses that are impossible to address in other disciplines
(e.g., mechanisms that shape the establishment of new ranges).
Thus, biological invasions provide unparalleled experiments in
biogeography (Richardson and Pyšek, 2007) that sometimes
challenge well-established theories in genetics, ecology and
evolutionary biology (Sax et al., 2007). As in other fields,
the use of genomic tools has recently enlarged the scope of
invasion science [reviewed in Rius et al. (2015a), Viard et al.
(2016)].

Tracking genetic lineages of non-indigenous species across
different spatial scales is a core tenet in invasion science
(Cristescu, 2015). As a result, phylogeography would appear to

be a valid approach to study these lineages. Indeed, a Web of
Science search undertaken on the 16th of August 2020, using the
words “phylogeography” and “biological invasions” showed that
the mean number of studies per year between 1996 and 2007 was
three studies (standard error of one), while the annual average
between 2008 and 2020 was 16 (standard error of 1.5). Thus, there
has been in recent years a sharp increase in the use of the term
“phylogeography” in studies of non-indigenous species.

Phylogeography relies on a number of assumptions to be
met, including the need for mutation rates, migration and
genetic drift to be in equilibrium (Fitzpatrick et al., 2012).
Such equilibrium is required, for example to detect vicariance
events from genomic signatures, to infer an accurate timing
of coalescent events or demographic changes, or to provide
reliable estimates of migration rates. These assumptions are
in general not fulfilled in genomic studies of the introduced
range (Figure 1). Genetic equilibrium requires a long timeline
to establish, orders of magnitude larger than the time required
for most biological invasions to be successful (Carlton, 2009).
Thus, studies have argued that phylogeographic inferences made
on non-equilibrium introduced populations may be invalid
(Fitzpatrick et al., 2012).

Considering that phylogeography and invasion science
focus on old and recent processes, respectively, discerning
between long-term evolutionary processes and recent range
shifts is paramount (Alvarez et al., 2005). In our literature
search, only a few studies focused solely on the native range
(e.g., Roman and Palumbi, 2004), where the assumptions of
phylogeography can be met. In turn, the genomic variation
found in the introduced range has mostly evolved in the native
range (Davies et al., 1999). Since genealogy-based methods
require long evolutionary time scales and gene trees reflect
changes that occurred prior to the introduction events, the
correct interpretation of the results of these methods can be
challenging. Further erroneous conclusions can be obtained
if measures of genetic differentiation between populations
are used to infer migration within the introduced range
(Figure 1). This is because bottleneck effects could be masked
in rapidly expanding populations (more so if seeded from
different source populations of the native range) and genetic
admixture between imported divergent genotypes (Figure 1)
could make demographic changes detected using mismatch
analyses meaningless.

Genomic tools are often used to infer patterns of spread
of non-indigenous species in their introduced range. These
inferences need to be carefully interpreted, as some studies have
suggested that artificial transport blurs the DNA signatures
that are used to study biological invasions (Rius et al., 2012;
David, 2018). In addition, studies of genomics patterns
of biological invasions increasingly report hybridization
between previously isolated genotypes due to human activities
(Chunco, 2014; Viard et al., 2020). Although the recent
mixing of divergent genotypes may help non-indigenous
species cope better with or adapt to novel conditions found
in the introduced range (Bourne et al., 2018; Blakeslee
et al., 2020), it considerably obscures the interpretation of
phylogeographic results.
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FIGURE 1 | The use of phylogeography to study the geographic ordination of genotypes in native and introduced ranges. The main differences are highlighted

considering: (A) Different evolutionary histories and (B) Population structure patterns found in the different range types. The time scale in (A) reflects that most studies

of phylogeography focus on the Quaternary period (Beheregaray, 2008). Regarding the introduced range, although humans began navigating the seas ∼50,000 years

ago (Broome, 1994) and domestication of animals and plants saw its onset 13,000 years ago (Diamond, 1998), most non-indigenous species introductions have

occurred in recent times (Carlton, 2009). The green circles (A) indicate admixed genotypes (see details in text). The decapod crustacean zoeae larva (from Weiss,

2017) in (B) represents the natural dispersal capabilities of species, while the ship tanker (from: www.shutterstock.com/image-vector/cargo-vessels-tugboat-oil-

platform-isolated-239670235) denotes human-mediated transport of species.

We expect that invasion scientists will increasingly use
genomic tools and improve the temporal collection of
samples (e.g., historical/museum collections) to better
understand invasion histories (e.g., Lees et al., 2011).

Such biological archives will facilitate sharing samples
and genomic data amongst research groups, as well as
improve predictions of invasion dynamics and future
species introductions.
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ANALYTICAL TOOLS USED IN
PHYLOGEOGRAPHY TO STUDY
BIOLOGICAL INVASIONS

Genomic data are invaluable to address taxonomic issues
(common in invasion science) to detect cryptic invasions, to
track origins and pathways, to determine if single or multiple
introductions have occurred, and to assess hybridization and
introgression (Rius et al., 2015b; Viard and Comtet, 2015).
These questions are different from the ones commonly addressed
in phylogeographic studies, which test hypotheses related to
patterns of evolutionary change over space and time. The
genomic study of invasive species can hardly include an
evolutionary framework and should focus on using analytical
tools that allow the description of patterns of genomic
variation. A phylogeny or a haplotype network cannot be
used to assess evolutionary patterns within the introduced
range, but can provide evidence of taxonomic problems and
cryptic invasions (Pérez-Portela et al., 2013; Rius and Teske,
2013).

Well-established population genetic analyses (such as FST
or AMOVA) are useful in invasion genomics but should only
be based on allele frequency changes, not on evolutionary
distances between alleles, and cannot be interpreted as explaining
population structure as a result of drift and migration.
These analyses can provide important insights into invasion
scenarios, particularly when used in parallel with reduced-space
graphical representations. Other well-suited analytical tools for
studies on invasion genomics are non-equilibrium and non-
genealogical techniques such as assignment tests, clustering
techniques (STRUCTURE and others) and the Approximate
Bayesian Computation method (Estoup and Guillemaud, 2010).
Furthermore, the increased accessibility of high throughput
sequencing techniques, whereby many loci can be genotyped
simultaneously and provide effective genome scans (Clark
et al., 2010), opens the door for the study of important
non-equilibrium processes, such as selection and adaptation,
often occurring in introduced populations (Chown et al.,
2015; Sherman et al., 2016). Ultimately, the power of invasion
genomic is determined by the resolution of the genomic
markers used, the strength of the population structure in the
native range and the sampling intensity across both native
and introduced ranges (Casso et al., 2019; Hudson et al.,
2020).

Despite the short time scales and associated idiosyncrasies of
biological invasions, the term “phylogeography” is widely used
in invasion science. Phylogeography refers to a much narrower
set of conditions than those framed by biological invasions.
Specifically, the formal use of the term “phylogeography” refers
to specific analytical methods used to infer historical processes
leading to contemporary geographic distribution of genetic
diversity and thus on analysis of historical (in the sense of
evolutionary time frames) processes. Thus, caution is needed
when using phylogeographic approaches to study biological
invasions, and the interpretation of results from the introduced
range must explicitly acknowledge the potential shortcomings.

These recommendations do not aim to discourage researchers in
their use of genetic/genomic data. These data are perfectly valid
to address research questions in invasion science (Darling and
Mahon, 2011) and provide extremely important information to
understand species invasions (Darling and Blum, 2007; Geller
et al., 2010; Rius et al., 2015a; Viard and Comtet, 2015; Viard
et al., 2016), but both a proper use of the analytical methods and
a correct interpretation of results are necessary.

WAY FORWARD FOR PHYLOGEOGRAPHY
AND INVASION GENOMICS

It is becoming increasingly clear that invasion scientists are
adopting phylogeographic methods with little consideration of
the assumptions that underpin these methods. Phylogeography
has become a catch-all name for any study of biological invasions
that incorporates population genomics and phylogenies to study
geographic ordination of genotypes. Although these methods can
provide useful descriptive information, strict phylogeographic
inference is generally not possible in introduced populations.
The problems associated with the loose use of the term
“phylogeography” to describe the reconstruction of invasion
histories are thus two-fold: terminological, as the term strictly
refers to a narrow set of techniques, and methodological,
as these techniques are not well-suited for non-equilibrium
situations (Fitzpatrick et al., 2012). Engaging with how the term
“phylogeography” and the associated analytical techniques are
used is important, as it is safe to assume that the growing number
of invasion science studies using the term “phylogeography”
presented earlier will only continue to grow as widespread use of
high throughput sequencing technology is increasingly utilized
by invasion scientists (Rius et al., 2015a).

Invasion science is a discipline where terminology is of
vital importance (Blackburn et al., 2011) and is the object of
on-going debates (Colautti and Richardson, 2009; Robinson
et al., 2016). Here, we argue that invasion scientists must
consider the inherent differences between equilibrium and
non-equilibrium situations when interpreting genomic data of
biological invasions. As DNA techniques are increasingly taken
up by invasion scientists (Rius et al., 2015a), it is important to
recognize the assumptions associated to each type of analysis.
We recommend that the loose use of the term “phylogeography”
in invasion science be discontinued and instead terms such
as “invasion genetics” or “invasion genomics” be used. We
have in recent years witnessed a booming in the use of
genomic tools to address research questions in invasion science,
and thus setting solid conceptual and terminological bases is
particularly timely.
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