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Abstract
Phylogeography’s objective—to understand the processes underlying the
spatial and temporal dimensions of genetic variation—underlies both the
prominence and extensive methodological transformations that characterize
this nascent field. Here I discuss the insights that come from detailed demo-
graphic information and how an understanding of phylogeographic history is
crucial to addressing a range of evolutionary and ecological questions, from
understanding the source of adaptive divergence to the factors structuring
ecological communities. I review recent progress in phylogeography, includ-
ing its expanding role in evolutionary and ecological study and the molecular
and methodological advances that now provide unprecedented details about
the factors governing population genetic variation and structure. As a field,
phylogeography draws together information across disciplines (e.g., from ge-
netics, ecology, systematics, and paleontology), using a diversity of technical
and conceptual approaches. This unified eclectic perspective has been key
to phylogeography’s success and will be key to phylogeography’s enduring
future.
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Statistical
phylogeography:
demographic inference
that takes into account
the stochasticity of
genetic processes

INTRODUCTION

Phylogeography endeavors to understand the processes that underlie the distribution of genetic
variation within and among closely related species. Although the means by which this goal might
be achieved differs considerably from those that spawned the field of phylogeography some thirty
years ago, the foundation and conceptual breakthrough made by J.C. Avise are nonetheless the
same and are as relevant today as they were two decades ago. Namely, patterns of neutral genetic
variation among individuals carry the signature of a species’ demographic past (Avise et al. 1987).

This seemingly simple phrase belies the impact of this perspective (see Avise 2000). Phylo-
geographic study provides detailed species-specific information on how geologic events, environ-
mental influences, and geographic factors interact with aspects of a species ecology and natural
history in shaping its evolution. In a comparative context, such causal links can reveal ways in
which entire communities or assemblages are structured by shared responses to a common past
and unique species-specific historical events. When integrated with other types of information
(e.g., phenotypic data), the detailed demographic information extracted from genetic data pro-
vides a critical backdrop for an array of evolutionary and ecological questions that could not be
addressed without an understanding of phylogeographic history. Moreover, as a field that bridges
disciplines, developments in phylogeography have enriched areas tangential to phylogeographic
pursuits (e.g., application of coalescent-based approaches in phylogenetics, tree-based thinking to
study disease dynamics, and tests of the genetic basis for adaptive evolution). Here I review the
advances in phylogeography that have propelled the field forward and examine how its integra-
tive nature has lead to breakthroughs and serves as a primary source of innovation. Reference to
some benchmark studies highlights phylogeography’s ever increasingly important and broadening
role in evolutionary and ecological study.

Some of the examples (and methods) highlighted in this review also show some commonalities
with the growing field of landscape genetics. Although the focus of landscape genetics is exclusively
on the effects of the contemporary landscape on patterns of genetic variation (see review by
Storfer et al. 2007), phylogeographic studies often lie at an intersection where factors impacting
both historical and contemporary species distributions are critical to understanding the processes
structuring patterns of genetic variation. Consequently, there may be some overlap in methodology
between the fields depending on the specifics of the taxa and system, which define the appropriate
spatio-temporal scale of study. As a review of statistical phylogeography (that is, studies focused
on the processes generating patterns of genetic variation within and among closely related species)
the extensive literature on phylogeographic patterns (often detailed in analyses of mtDNA gene
trees) is not covered here (see Avise 2000 for a thorough review).

PHYLOGEOGRAPHIC BREAKTHROUGHS

The breakthroughs associated with today’s phylogeographic studies extend far beyond the expected
increased statistical rigor that comes with greater computational sophistication and molecular
advances. The field has witnessed significant conceptual gains, whether the central focus is on
the inferred biogeographic and demographic processes or on testing evolutionary and ecological
questions that require a historical framework.

The Appeal, Power, and Challenge of Recent Advances

Although rising to prominence on the use of gene trees and mitochondrial DNA (mtDNA) (Avise
2009), the field has moved far beyond this singular approach and the original concept of bridging
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Coalescence: the
process in which genes
from the present
merge into their
common ancestor
going back in time

Expected
distribution:
distribution of values
(e.g., Fst or
coalescence times)
under a specific model
that can be compared
with observations
computed from
empirical data

the traditionally separate disciplines of population genetics and phylogenetics. Today’s phylogeo-
graphic studies employ a staggering array of different methods and molecular tools (e.g., Cornuet
et al. 2008, Dolman & Moritz 2006, Estoup et al. 2004, Excoffier & Heckel 2006, Fagundes et al.
2007, Harrigan et al. 2008, Hey & Nielsen 2004, King & Roalson 2009, Knowles 2001, Lemmon
& Lemmon 2008) and celebrate the input from a broad cross section of disciplines, from commu-
nity ecology, climatology, and geology to molecular and evolutionary genomics (e.g., Bigg et al.
2008, Bonin et al. 2006, Carnaval et al. 2009, Carstens & Richards 2007, Harter et al. 2004, Jha
& Dick 2008, Kidd & Ritchie 2006, McCormack et al. 2008, McRae 2006, Rambaut et al. 2008,
Waltari et al. 2007).

This diversity has at times created an aura of an uncertain future, as phylogeography has
sometimes struggled to overcome the conflicts that emerged from what was initially its most
notable contribution—the use of gene trees for demographic inference (Avise et al. 1987). When
the rate of coalescence differs among gene lineages, individual gene trees contain information about
past demographic events (e.g., a distinct genetic signature of population subdivision is apparent
in a gene tree because the coalescence times of gene lineages between populations extend all
the way back to when the lineages were present in a common ancestral population, as opposed
to when the lineages follow the expected distribution of coalescence times within populations)
(see Wakeley 2003, 2007). However, there is an inherent contradiction in using gene trees as a
literal interpretation of a species past—gene trees contain historical signal, but also stochasticity
(that is, there is a random loss of gene lineages by genetic drift because some individuals leave
many offspring and others few). This randomness represents a problem only when this duality is
overlooked. Indeed, recent advances (for the most part) eclipse any regretful period marked by
overzealous interpretations from a particular method (but see Knowles 2008); phylogeography has
undergone both marked methodological and philosophical transformations in how genetic data
are used for demographic inference (see Figure 1) (reviewed in Arbogast et al. 2002, Hickerson
et al. 2009, Knowles 2004, Hey & Machado 2003, Nielsen & Beaumont 2009, Wakeley 2004).

The unwavering popularity of phylogeography is indisputable (Figure 2). Much of this core
appeal arises from the diverse perspectives the study of phylogeography welcomes, and actively
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Figure 1
Without a population model, it is not possible to tell whether the differences in gene lineage divergence
times between the populations distributed along the Atlantic and Gulf Coast among the different species are
(or are not) consistent with a common response to a shared historical factor (such as changes in sea level
associated with Pleistocene climate change; Avise 1992). The lack of temporal congruence of gene lineage
divergence across species might be within the expected variance given the respective population sizes of the
taxa; a model-based perspective is essential to evaluating this hypothesis (for a review on comparative
phylogeographic analysis, see Hickerson et al. 2009).
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Figure 2
Impressive trajectory showing the increase in the number of phylogeographic studies over the past twenty
years; note that the popularity of phylogeography is underestimated considering that only publications in
which phylogeography appeared in the title were tallied.

Population genetic
parameters:
parameters that
characterize
populations, such as
effective size, gene
flow, and time of
divergence

Admixture: the
founders of a new
population comprise a
mixture of individuals
from two populations
with different gene
pools

fosters, for understanding the processes underlying patterns of genetic variation within and be-
tween closely related species. In the past, the type of statistical analyses a researcher might have
used reflected divisions between the fields of population genetics and phylogeography (Hey &
Machado 2003, Wakeley 2003), such as deciding to use a gene tree as the basis for inference ver-
sus deriving parameter estimates from a huge collection of genealogies (that is, using genealogy
samplers; reviewed in Kuhner 2008). However, this traditional divide has now been bridged by
statistical phylogeographic approaches (Knowles & Maddison 2002) that consider both coalescent
and mutational variance, leaving a variety of approaches that could be used to estimate population
genetic parameters and test hypotheses. These include methods that calculate the probability of
the data using likelihood-based or Bayesian approaches. These programs (reviewed in Excoffier
& Heckel 2006, Kuhner 2008), though computationally intensive, provide detailed estimates of
the past, such as population size, growth, subdivision, admixture, patterns of gene flow, and the
timing of divergence. These methods have become increasingly popular because of their potential
to disentangle complex histories (e.g., distinguishing divergence with gene flow from retention
of ancestral polymorphism) (e.g., Carstens & Knowles 2007, Harter et al. 2004, Hey et al. 2004),
whereas multiple evolutionary forces have been difficult to distinguish in the past. Alternatively,
methods that rely on summary statistics, as opposed to considering the full probability of the
data, could be used (reviewed by Hickerson et al. 2009, Knowles 2004). Such approaches offer
extreme flexibility, accommodating complex situations involving combinations of processes (e.g.,
population divergence, admixture, size change, and migration) and any number of populations
and samples, while also offering a framework for comparing competing scenarios, estimating pa-
rameters, and computing bias and precision measures for any given scenario (e.g., Carnaval et al.
2009, Cornuet et al. 2008, Fagundes et al. 2007, Gray et al. 2008, Hickerson et al. 2009, Muster
et al. 2009, Voight et al. 2005).

Knowledge of the biological system under study is essential for deciding which approach to
use for phylogeographic analyses. What might be an appropriate method for one study might not
be for another, depending on the specifics of each species history and the type of data collected
(Knowles 2004, Kuhner 2008, Wakeley 2003). Differences between the real population and its
simplified representation can affect the results of analyses, limiting the utility of a particular
model. In other cases, there may not be sufficient information contained in the data to estimate
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Figure 3
The universe of potential historical scenarios that might be considered in statistical phylogeography is huge.
As represented here on the surface of the sphere, there is a continuous array of possible demographic
processes and associated parameter values. Depending on the trajectory of a population’s history over time
(i.e., the path traversed through the sphere), a simple model such as contiguous range expansion (shown on
the left) might provide an accurate simplified representation, whereas in other cases, a more complex model
that incorporates different evolutionary processes at varying time points (shown on the right) would be
needed for statistical phylogeographic analyses.

or distinguish between complex historical scenarios—there needs to be distinct detectable genetic
signatures for competing hypotheses (Knowles & Maddison 2002, Nielsen & Beaumont 2009).
Finally, it is the creativity of the individual researcher, not simply their computational prowess,
that determines the insights gained from a phylogeographic analysis. The universe of potential
historical scenarios is huge. Yet, only a limited subset of these possibilities is considered (Figure 3).
How the dimensionality of the problem is parsed not only has a direct impact on the quality of
a study’s findings but is a challenge that also inspires inventive ways for asking phylogeographic
questions.

Unprecedented Demographic Details

The shift toward multilocus data and a rigorous model-based perspective in statistical phylogeog-
raphy provides detailed historical inference that was previously unattainable. This progress has
been realized in three different ways: (a) refining hypotheses because of greater resolution, (b)
extending the line of questioning beyond what could be addressed in the past, and (c) forging
new partnerships in which the integration of additional information with genetic data provides a
more powerful basis for inference. Here I highlight a few examples of the different ways in which
recent developments have led to unprecedented demographic details, but in no way do these ex-
amples cover fully the varied and extensive progress advanced by the statistical phylogeographic
perspective.

Increased resolution provides refinement of hypotheses. Understanding when divergence
occurred is critical to assessing a number of biological questions, ranging from tests of whether
humans rather than climate change caused the extinction of large mammals at the last glacial
maximum (e.g., Barnes et al. 2007) to tests that the New World was peopled by a small number
of founders (in this case, approximately 1% of the effective size of the estimated ancestral Asian
population) during a recent colonization event, as suggested by archeological data of widespread
Clovis sites (Hey 2005). Such questions were simply beyond the resolution of the markers and
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Demographic
history: past processes
structuring patterns of
genetic variation;
includes population
size, migration rates,
divergence times, and
variation in these
quantities over time

computational techniques used in the past. For example, instead of testing whether species di-
vergence was promoted during the repeated fragmentation of species distributions induced by
the glacial cycles (that is, was divergence Pleistocene versus pre-Pleistocene; Hewitt 1999), pre-
cise divergence-time estimates are capable of distinguishing glacial versus interglacial divergence,
thereby providing insights into the geographic configurations promoting divergence (Carstens &
Knowles 2006).

Detailed estimates of other population genetic parameters have also been essential to addressing
various biological questions, including the types of demographic changes accompanying species
divergence (e.g., Dolman & Moritz 2006, Lee & Edwards 2008, Won & Hey 2005). In a test of
whether founder events in silvereyes promoted rapid genetic change, Clegg et al. (2002) assessed
the relative impact of drift associated with the founding event itself, as opposed to long-term
genetic drift, by comparing the patterns of genetic variation between recently founded island
populations and older populations. With the aid of a historical colonization record containing de-
tailed information on the age and timing of natural founding events, the genetic analyses showed
that despite the morphological differentiation associated with island colonization (the observation
that inspired Mayr’s concept of genetic revolution by founder effect speciation), such differen-
tiation could not be attributed to single founder events. Based on (a) the genetic diversities of
island populations relative to their source populations, (b) estimates of the effective size of founder
flocks from a Bayesian simulation study, and (c) the relatively poor fit of the microsatellite data
to a “founder-event” model with a colonization bottleneck (compared to a “gradual-drift” model
without a pronounced founder event), the genetic data suggest that differentiation in the silvereyes
was promoted by sequential colonization events with fairly large numbers of individuals and/or
long-term genetic drift in relatively small isolated populations.

New types of demographic inferences. Being able to distinguish between the different pro-
cesses that could contribute to patterns of genetic variation is critical to a broad range of questions.
For example, a low Fst value could reflect gene flow among populations or divergence in isolation
among recently subdivided populations. These alternative explanations would carry very different
ramifications if a study’s goal was to determine whether habitat corridors provide an effective dis-
persal route (Biek et al. 2007, McRae 2006) or whether selection was strong enough to overcome
the homogenizing effect of gene flow during species divergence (Dolman & Moritz 2006, Hey &
Nielsen 2004). An incorrect inference in the former might mean a threatened species dependent
on migration routes between isolated habitat patches suffers irreparably, or in the latter that a
putative case of adaptive divergence is misidentified. Definitive answers to such questions were
not possible without the computational advances of statistical phylogeographic approaches that
can accommodate complex models involving multiple processes (Kuhner 2008).

Similarly, rather than relying on a priori delimitation of populations for tests of significant
genetic differentiation, the number of populations contributing to the genotypes of individuals
can be inferred jointly along with the allelic frequencies in each population (Pritchard et al. 2000).
Such a framework was used to test a hypothesis of convergent evolution among ecomorphs of
Neospiza buntings that inhabit similar environments among the Tristan islands (Ryan et al. 2007).
Bayesian assignment probabilites of individuals revealed not only that the different ecomorphs
correspond to distinct genetic clusters, but also that the similar ecomorphs from the different
islands were not founded from a common ancestor. Thus, the close match of the morphological
diversity with the available spectrum of seeds on each island had evolved independently.

Similar approaches, when accompanied by information on the proportional contribution of
each inferred population to the genotypic makeup of each individual, can also be used to charac-
terize the demographic history accompanying selective divergence, including the potential effects
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of drift-induced change (Harter et al. 2004; Knowles & Richards 2005). For example, quantifi-
cation of the rates of genetic drift in domesticated and wild populations of sunflowers, based
on comparison of the allele frequency estimates in wild and domesticated strains relative to the
ancestral allelic frequencies, showed strong genetic drift during domestication in eastern North
America (archeobotanical records had suggested an earlier and possibly independent origin of
domestication in Mexico). Comparison with the wild populations, whose genetic composition was
nearly identical to that of the wild progenitors of domesticated sunflowers, implies that evolution-
ary change in the domesticates has occurred at least 50-fold faster than the wild populations since
they diverged from their common ancestor (Harter et al. 2004).

Population delimitation (e.g., Knowles & Carstens 2007) and individual assignment tests (e.g.,
Pritchard et al. 2000) analyses also have particular relevance to conservation, where they can
be used to infer admixed populations or detect individuals that are immigrants. These types
of demographic inferences have been important in determining whether populations managed
as independent units are instead connected through dispersing individuals (as with polar bears;
Paetkau et al. 1995), as well as determining migration patterns through identified immigrants (as
with wolverines; Guillot et al. 2005).

Integrating genetic data for demographic inference with additional information. Inferences
that rely on information from multiple independent sources are inherently more powerful. For
example, inclusion of detailed spatial information [as with geographical information systems (GIS);
Kidd & Ritchie 2006, Swenson 2008] provides more accurate inferences when estimating the
genetic structure of populations, conducting population assignment, or detecting immigrants
(Chen et al. 2007). Consideration of not just the genetics of the taxon of interest, but also the pattern
of genetic variation of its viral pathogen, revealed details about the recent demographic history
of the puma that was only apparent in the fast-evolving virus (Biek et al. 2007). The increased
power of combining information is also apparent in comparative phylogeographic analyses for
testing how abiotic and ecological processes drive evolution within communities. Such tests of
temporal congruence (Hickerson et al. 2006, Leaché et al. 2007, Topp & Winker 2008) and
congruence in colonization patterns (Hickerson & Meyer 2008) and refugia (Carnaval et al. 2009)
from the simultaneous analysis of multiple species obtain more information from the data than
would be obtained from multiple independent single-taxon analyses (reviewed in Hickerson et al.
2009). For example, comparison of alternative hypotheses of assemblage-level responses to late
Quaternary climate change for frog species provided an assessment of the explicit demographic
scenarios predicted for species distributions in the Brazilian Atlantic forest under paleoclimates
and identified how climatically stable and unstable areas contributed to patterns of local endemism
(Carnaval et al. 2009).

The goal to provide integrative information can itself serve as a source for methodological
innovation and improvement. In addition to identifying the shortest possible path connecting
populations, a clever approach that borrows from circuit theory in electrical engineering (McRae
2006) also identifies multiple geographic paths of probable gene flow among populations, as well
as barriers to gene flow (Figure 4). In other cases, integration of information independent of the
genetic data used to make demographic inference can be used to generate plausible hypotheses and
select biologically informed population models. Consider that for any set of multiple populations
there is an extremely large set of possible histories (Figure 3). These could include differing
combinations of connections or routes of colonization among contemporary populations, as well
as varying numbers or spatial configurations of populations in the past. The pertinent question
is how to decide what model would be an appropriate representation? One increasingly common
source of information for basing such decisions involves the use of ecological-niche models that
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Figure 4
Phylogeographic analyses can be conducted with models derived from information independent of the
genetic data, providing biologically informed hypotheses (or models). In this case, suites of landscape
features and environmental data, and ideas borrowed from electrical engineering, were used to predict
important routes of connectivity between core mountain lion habitat (green) in southern California, where
areas of low current density (blue) are expected to have low densities of dispersing mountain lions, and areas
with high current densities (red ) identify important dispersal routes, with movement bottlenecks (yellow)
designating areas most vulnerable to habitat destruction. Reproduced with permission from B. McRae, The
Nature Conservancy, R. Hopkins, Live Oak Associates, Inc., and B. Dickson, Northern Arizona University.

Effective population
size (Ne): number of
breeding individuals,
assuming random
mating, isolation, and
stationarity, that
determine the amount
of genetic diversity
and drift

can provide projections of current distributions, as well as past distributions when the equivalent
paleoclimatic variables are used (Bigg et al. 2008, Carstens & Richards 2007, Knowles et al. 2007,
Moussalli et al. 2009, Richards et al. 2007, Waltari et al. 2007).

Expanding Role in Evolutionary and Ecological Study

With the recent advances of statistical phylogeography, the estimates of population genetic param-
eters for any given species’ history can be inferred with impressive precision and accuracy. However,
the significance of these inferences extend far beyond obtaining an estimate of an effective popula-
tion size, level of gene flow, timing of divergence, or population expansion or bottlenecking event.
The use of genetic data for such demographic inference forms the basis for testing hypotheses
and has enriched many areas of evolutionary and ecological study. These include the discovery
of unknown phenomena, uncovering previously overlooked processes, and testing long-standing
and fundamental questions in evolution and ecology that, until now, have gone answered. The few
examples that follow highlight some of these contributions, but again, in no way do they provide
exhaustive coverage of the incredibly broad impact of statistical phylogeography.

Discovery of unknown phenomena. Here I refer to three examples that focus on different
species from different geographic regions and that are based on analysis of different molecular
markers (microsatellites, single-nucleotide polymorphisms, and DNA sequences plus amplified
fragment length polymorphisms, respectively). However, in each case, phylogeographic study
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led to the discovery of unknown phenomena with ecological consequences (as with tropical tree
population connectivity), genomic implications (as with sex-specific demographies in humans),
and conservation concern (as with shifts in plant mating system, and the survival of Tahitian tree
snail lineages previously thought to be extinct).

Example 1. Shade coffee is traditionally cultivated under a diverse canopy of overstory shade
trees. The coffee benefits from increased fruit set from the broad spectrum of pollinators, but
the finding that shade coffee farms also benefit the remnant tree populations across the tropical
landscape was a surprise (Jha & Dick 2008). Interestingly, comparison of the patterns of genetic
variation of tropical tree populations growing with and without coffee revealed that this benefit
was mediated by the effect of the coffee on conserving resident bird populations, which help
maintain gene flow and genetic diversity in the tropical trees surrounding the coffee plants.

Example 2. Selection and recombination are the typical focus for understanding the forces
structuring patterns of genetic variation across the genome. However, comparison of genetic
variation between the X chromosome and autosomes recently uncovered a signature of sex-specific
demographic histories in humans (Bustamante & Ramachandra 2009). This finding suggests that
social practices may have given rise to differences between the effective population size of men and
women and, hence, also contributed to divergent patterns of evolution across the human genome.

Example 3. Certain life-history and ecological traits determine differential susceptibility to ge-
netic erosion in fragmented habitats. Such characters are of special conservation concern, especially
for species having to contend with rapidly changing environments. By means of a meta-analysis
on the effects of habitat fragmentation on genetic diversity, Aguilar et al. (2008) discovered an
alarming pattern that suggests fragmentation itself is driving a shift toward selfing, thereby further
constraining the potential for adaptive change of rare plant species.

Similarly, taxa in certain geographic settings have been disproportionately subject to extinction
on a rapid and staggering scale—namely, oceanic island endemics. Tahiti’s tree snail populations
are one such group with this unfortunate distinction, where introduction of introduced predators
drove a precipitous decline of this once diverse fauna. Phylogeographic analysis of museum samples
collected before the predator’s introduction compared to wild and captive populations revealed
that, despite significant decreases in genetic diversity, representatives of the different Tahitian
Partula mitochondrial clades present in the museum samples have survived (Lee et al. 2007). With
this discovery, and targeted conservation measures of montane refuge populations, the genetic
diversity that was previously thought to have been lost might be preserved in the remaining
remnant populations of the surviving species.

Uncovering previously overlooked processes. The studies featured here emphasize how a
fundamental process essential to understanding the respective biological systems remained unde-
tected without detailed phylogeographic study. In the first example, the temporal and geographic
scale of the process fell outside a typical ecological study (that is, metapopulation dynamics at a
continental and geological scale) and, therefore, was overlooked. In the second example, direct
modeling of historical processes, as opposed to relying on diversity patterns to infer putative trop-
ical refugia, reveals areas of conservation concern in the Brazilian Atlantic rainforest that would
otherwise have gone undetected.

Example 1. Cold-adapted species show pronounced disjunct distributions with links between
Arctic and alpine habitats, raising questions about the underlying population dynamics (e.g., degree
of connectivity). Quantification of migration rates and tests under various demographic histories
from genetic data suggests a species of wolf spiders from these regions share characteristics of a
metapopulation, but the dynamics are occurring at a continental scale over geologic time (Muster
et al. 2009). The patterns of habitat connectivity that dated to glacial maxima illustrate how an
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organism’s response to past climate change is influenced by its ecology and life history, which,
in this case, can produce population structures and dynamics that parallel the metapopulations
typically studied on shorter ecological and local geographic scales.

Example 2. Although biodiversity hotspots have been mapped across the globe, the processes
generating such species-rich regions are far from understood. Using ecological-niche models un-
der paleoclimates and genetic analyses to test hypotheses about regional differences in community
persistence, Carnaval et al. (2009) discovered a central region in the Brazilan Atlantic forest that
served as a biodiversity refuge during climatic extremes. This discovery was made through a con-
trast of the relative contribution of temporally stable (refugial) and unstable (recently colonized)
regions to this biodiversity hotspot using a new Bayesian analysis of multiple species that quantifies
the fit of assemblage-level data to these different spatially explicit demographic scenarios. By using
an approach that directly models historical processes, conservation priorities can be set that will
not only preserve the species themselves, but also the historical processes that led to the diversity
(Moritz 2002).

Testing longstanding unanswered questions. These last examples underscore the importance
of detailed phylogeographic analysis. These are questions that cannot be addressed without studies
of genetic variation. Not surprisingly, at the center of all these studies are questions about the
species divergence process. As a historical and typically protracted process, studies on speciation,
out of necessity, rely heavily on the inferences provided by phylogeographic study, including the
integration of genetic data with other sources of information.

Example 1. The importance of geographic isolation in speciation is noncontroversial. In con-
trast, whether and how speciation might proceed in the face of gene flow have been the subject
of much debate. Comparison of patterns of divergence from multiple loci has not only provided
support for divergence with gene flow models (e.g., Hey & Nielsen 2004), but comparison of the
gene trees among loci can be used to identify genes that play an active role in the speciation process
because the alleles of such genes do not move across species boundaries, faithfully tracking the
history of species divergence (e.g., the Odysseus locus in drosophila; Ting et al. 2000). Analyses of
genetic data integrated with behavioral and morphological data can also provide critical tests of
how reproductive isolation can be built up despite the threat of erosion by gene flow, especially in
species where the actual genes involved in speciation cannot be identified because of limited ge-
nomic resources (in contrast to the example above). For example, detailed behavioral observation
coupled with genetic data revealed how behavioral mechanisms—in this case, the imprinting of
males and females on their host—promote cohesion of parasitic indigobird populations following
a host shift (Sorensen et al. 2003). Analyses of microsatellite data identified significant genetic
differentiation between indigobird species consistent with the assortative mating of indigobirds
reared by a particular host species.

Example 2. Although species underwent rapid diversification during the dynamic Pleistocene,
the effects of the glacial cycles appear to have varied widely among taxa (Weir & Schluter 2004).
Detailed analysis of the demography of speciation in a group of montane grasshoppers showed that
the repeated distributional shifts caused by the glacial cycles constrained diversification to taxa in
which reproductive isolation apparently evolves very quickly (Carstens & Knowles 2006). For ex-
ample, parameter estimates under a divergence-with-gene-flow model in Melanoplus grasshoppers
from the sky islands of the Rocky Mountains in western North America indicated that diver-
gence took place around 250,000 years ago, which means that the species experienced repeated
opportunities for gene flow during subsequent climate-induced distributional shifts. Yet, very lit-
tle gene flow occurred between codistributed species. Consequently, reproductive isolation must
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Stochasticity of
genetic processes:
the variance caused by
genetic drift (random
sorting of gene
lineages) and
mutational process
(nucleotide
substitution)

have evolved quickly to maintain incipient species boundaries in the face of multiple opportunities
for gene flow.

Example 3. Detection of concordant suture zones—shared regions of secondary contact be-
tween geographically isolated lineages—among the various inhabitants of the tropical Australian
rainforest shows how localized ecological adaptation has played a role in generating diversity pat-
terns (Moritz et al. 2009). Spatial and temporal concordance (or lack thereof) of species divergence
in patterns of genetic variation likewise show how differences in environmental suitability across a
given region or biome, rather than past environmental conditions, underlie the different patterns
of diversification observed among taxonomic groups (Byrne et al. 2008).

TRANSFORMATIVE THINKING STIMULATED BY PHYLOGEOGRAPHY

In addition to its expanding role in evolutionary and ecological study, developments within the
realm of statistical phylogeography have also spread to areas outside its purview. As I highlight
here (see also Avise 2009, Hickerson et al. 2009), the links to other fields in some cases stem from
(a) drawing parallels to the benefits and limitations inherent in the way in which genetic data are
used for phylogeographic inference, (b) applying phylogeographic principles, or (c) adopting the
integrative tradition championed by the phylogeographic perspective.

Lessons from Phylogeography Usher in a New Phylogenetic Paradigm

The potential (and the actual probabilities) for discord between the gene tree of any single locus and
the actual species history of divergence has long been recognized (e.g., Maddison 1997, Takahata
1989). This has led to a dramatic rise in the use of multilocus data in both phylogeographic and
phylogenetic study. However, how these data are typically used differs substantially between these
two disciplines.

The tradition of equating an estimated gene tree with the history of species divergence has
predominated phylogenetics. As a result, sequences from different loci are typically combined (that
is, concatenated) and analyzed in very much the same format as data from a single gene (albeit, with
a partitioned model that accommodates locus-specific models of nucleotide evolution). Hence, the
problem of differing gene trees across independent loci is purportedly eliminated by concatenation
because only a single tree is estimated (but see Degnan & Rosenberg 2009).

Phylogeographic studies, in contrast, have adopted methodological approaches that explicitly
take into account genealogical discord rather than forcing loci to conform to a single genealogical
history (which would be an obvious violation of the patterns of genetic descent) (Hey & Machado
2003, Kuhner 2008, Wakeley 2007). In fact, the variance among loci provides information relevant
to understanding evolutionary history (e.g., Nielsen & Wakeley 2001).

The lessons learned in phylogeography about the inherent benefits of explicitly considering
the stochasticity of genetic processes when making historical inference, or conversely, the limi-
tations of equating a gene tree with the history of species divergence are now being heeded in
phylogenetics. Recent studies show that discordant gene trees retain significant phylogenetic sig-
nal and that it is just a matter of extracting this information (Edwards et al. 2007, Knowles & Chan
2008, McCormack et al. 2009). As with phylogeography, coalescent-based approaches have been
developed (e.g., Kubatko et al. 2009, Liu & Pearl 2007, Maddison & Knowles 2006) such that
data from multiple loci can be used to obtain a direct estimate of the history of divergence—the
species tree—as opposed to focusing on the idiosyncrasies of individual gene trees (Figure 5) (e.g.,
Belfiore et al. 2008, Brumfield et al. 2008, Carstens & Knowles 2007, Kubatko & Gibbs 2009, Liu
et al. 2008, Oneal et al. 2009).
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SCNPS-89

COI

SCNPS-2

SCNPS-211

M. triangularis M. marshalli M. oregonensis M. montanus

Figure 5
Rather than focusing on the idiosyncrasies of the tree topologies of individual loci, where coalescent and
mutational variance can give rise to gene tree discord, as shown here for a sample of independent loci
sequenced in montane grasshoppers (from Carstens & Knowles 2007), new coalescent-based approaches
provide direct estimates of the underlying history of divergence—the actual species tree. Extracting the
common historical signal of species divergence in the montane grasshoppers from the gene trees of the
independent loci, despite widespread incomplete lineage sorting, highlights how this advance provides
resolution of the traditionally unresolvable, estimating the pattern of species splitting during recent
evolutionary radiations.

Tree-Based Thinking for Understanding the Drivers of Infectious Disease

The shape of a genealogical tree, in particular its topology and branch lengths, can be very reveal-
ing about the demographic past (Wakeley 2003, 2007). Such tree-based thinking has permeated
the study of the drivers of infectious disease (e.g., Adams et al. 2006, Koelle et al. 2006, Lin-
desmith et al. 2008, Rambaut et al. 2008), where the cause of interannual variability in disease
outbreaks is typically approached through the detailed study of the time series of infected individ-
uals (Cobey & Koelle 2008). However, such ecologically based models (with separate susceptible,
infected, and recovered classes in the host population, as well as specified transition rates between
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Figure 6
Genetic profile of influenza, or specifically, (a) a gene tree of the virus’s hemagglutinin glycoprotein (with
known antibody binding sites corresponding to different antigenic properties labeled) that shows limited
variation within clusters (which are color coded) and episodic contraction of genetic diversity during cluster
transitions. This tree shape contrasts with a characteristic pattern under neutral expectations (b), unless
unrealistically low population sizes are assumed (c) in order to obtain the skewed or ladder-like topology
observed in the empirical flu data (a). Modified from Koelle et al. (2006); epochal evolution shapes the
phylodynamics of interpandemic influenza A (H3N2) in humans (Science 314:1898–903). Reprinted with
permission from AAAS.

these classes) fall short of predicting the dynamics of rapidly evolving pathogens (Koelle et al.
2006).

Studying the phylodynamics of a disease (Figure 6) provides a means for disentangling the
ecological and immunological processes driving disease dynamics and evolution, which is critical
for managing infectious disease and mitigating the toll they take on human populations every year
(Cobey & Koelle 2008, Ferguson et al. 2003, Grenfell et al. 2004). For example, characterization
of the genetic patterns of influenza (based on sequence analysis of the virus’s hemagglutinin glyco-
protein, which is involved in antibody binding) has revealed an unusual tree shape (Figure 6).
Despite high mutation rates, influenza surprisingly exhibits limited standing variation at any
single point in time, with episodic contraction of the diversity within influenza clusters during
abrupt transitions between antigenic strains (Figure 6a). A coupled epidemiological transmis-
sion model and genotype-phenotype model implemented within a neutral network reproduce
influenza’s characteristic genetic and antigenic patterns of boom and bust viral evolution (Koelle
et al. 2006). In this case, the phylodynamics suggest an evolutionary history in which sequence
changes in the hemagglutinin correspond to essentially neutral or almost neutral phenotypic
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space (that is, no change in antigenic properties, or phenotypic stasis) and abrupt changes be-
tween flu clusters occur as diffusion across a neutral network provides access to adjacent geno-
typic space that enables dramatic phenotypic change (that is, stepwise emergence of new clusters
that replace old clusters with differing antigenic properties) (Figure 6a). Such studies highlight
that, for rapidly evolving pathogens, the drivers of disease cannot be understood without ref-
erence to how the pathogens evolve and how their evolutionary and epidemiological dynamics
interact.

Integrative Phylogeographic Tradition Applied
to the Analysis of Non-Neutral Variation

As a field that routinely seeks out information independent of the genetic data upon which a
demographic inference is based (not to mention, incorporating an explicit spatial context), phy-
logeographic analysis of neutral genetic variation stands in stark contrast to the typically sterile
pursuit of detecting selection in molecular data (e.g., the tabulation of dN/dS ratios; McDonald
& Kreitman 1991). Nonetheless, the spread of phylogeography’s integrative tradition to analyses
of non-neutral variation is becoming increasingly evident.

With broad sampling of individuals across different environments, data on the degree of dif-
ferentiation across large suites of loci (that is, interlocus contrasts; Beaumont & Balding 2004,
Beaumont & Nichols 1996) can be used to identify loci whose divergence is correlated with envi-
ronmental or ecological transitions. For nonmodel organisms, such approaches provide a means
for searching out the loci underlying adaptive divergence (e.g., intertidal divergence in snails,
Wilding et al. 2001; floral divergence in hawk-moth pollinated plants, Herrera & Bazaga 2008;
adaptation to altitude in frogs, Bonin et al. 2006).

An integrative perspective might also provide insights into how adaptive divergence might
proceed. For example, a virtually untested, yet critically important determinant of whether en-
vironmental change will out-pace the potential for adaptive evolution is whether selection acts
on new mutation versus standing genetic variation. Tests that rely solely on genetic data for dis-
tinguishing between these alternative genetic sources of adaptation are difficult and suffer from
limited power (Barrett & Schluter 2008). However, in a broader context, where not only the
spatial distribution of phenotypes and selected loci but also the distributional patterns of neutral
variation are compared, adaptive divergence arising from pre-existing variation or via new muta-
tion might be distinguished. Such pioneering work on the source of adaptive changes associated
with the transition from a marine to freshwater habitat in the three-spine stickleback (Colosimo
et al. 2005) reinforces the virtues of the integrative tradition upon which phylogeographic study
derives much of its power. Sequencing of individuals from different populations (as shown on the
map, Figure 7) indicated a common origin for the allele conferring the adaptive phenotype of
low-plate armor in stickleback fish from freshwater habitats; the molecular basis of the adaptive
phenotype was traced to the gene ectodysplasin (Eda) using a quantitative trait loci mapping pro-
cedure (Figure 7b). Geographic sampling also revealed that members of this clade of low-plate
alleles are present at low frequencies in marine fish, suggesting that standing genetic variation
(that is, pre-existing ancestral variation) may have been the source for rapid, parallel adaptive
phenotypic change in these freshwater sticklebacks, as opposed to new mutations. Comparison
of the Eda gene tree (Figure 7c) from marine and freshwater fish to the topology of a tree for
random nuclear loci (Figure 7d ) rules out the possibility that all present-day low-plated popula-
tions are derived from a single population sharing alleles at most genes, thereby confirming that
parallel evolution has occurred by repeated selection of pre-existing Eda alleles (Colosimo et al.
2005).
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Figure 7
Geographic distribution of haplotypes across marine and freshwater stickleback populations (a) that exhibit
an adaptive shift toward low-plate armor in the derived freshwater populations; the molecular basis for which
was traced to the gene ectodysplasin (Eda) using a qunantitative trait loci mapping procedure (b).
Comparison of the tree topology for Eda (c) to one based on random nuclear loci (d ) shows that the source of
parallel adaptive divergence arose from selection acting on pre-existing ancestral variation in the fish, not
new mutation. Modified from Colosimo et al. (2005); widespread parallel evolution in sticklebacks by
repeated fixation of Eda alleles (Science 307:1928–33). Reprinted with permission from AAAS.

SUMMARY POINTS

1. The unprecedented demographic details now provided by statistical phylogeographic
study highlight the impact that the shift toward a model-based multilocus perspective
has had on historical inference.

2. The population genetic parameters and geographic patterns of genetic variation inferred
from phylogeographic analyses are not just relevant to testing hypotheses about the de-
mographic past. They are also the basis for addressing a broad range of questions in
evolutionary and ecological study, and have enriched other disciplines as various as-
pects of the phylogeographic perspective are now applied to areas outside of the field of
phylogeography.

3. Integration of the genetic data used in phylogeographic analyses with ancillary informa-
tion, whether it is ecological, morphological, or functional in nature, is key to maximizing
evolutionary and ecological insights. Analyses of genetic data without this broader context
will necessarily be limited.
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FUTURE ISSUES

1. How can a large universe of potential histories be explored, such that their relative proba-
bilities are considered jointly (e.g., a posterior probability distribution of phylogeographic
histories), as opposed to choosing specific models that might be compared or analyzed
sequentially?

2. Genomic data, which include not only bulk analysis of lots of markers, but also consider
other genomic attributes, such as the chromosomal position or corresponding phenotypes
associated with specific markers, need to be integrated into a phylogeographic framework
such that the interplay between demographic processes and selection can be tested.

3. A framework is needed in which the potential gains of model complexity (considering a
broad array of demographic processes that might vary over time and among populations)
can be evaluated relative to the cost of applying complex models. For example, what level
of complexity can be tolerated for a given amount of data, such that the reliability of phy-
logeographic inference is not compromised by the high dimensionality of a complicated
model?

4. Synthesis of comparative information across taxa will be invaluable for evaluating differ-
ent historical and ecological theories about diversity patterns and community assembly
from different regions and ecosystems.
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