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The distribution of genetic
variation among populations
is determined by the contem-

porary and historical processes of
genetic drift, gene flow and mi-
gration. Typically, population
genetic data have been interpreted
in the context of models that only
consider the effects of contempo-
rary processes1; however, in
recent years, methods for examin-
ing the influence of historical pat-
terns of migration and dispersal on
gene distributions have become
available2–5. These approaches dif-
fer from traditional analyses of
gene frequencies by integrating
genealogical and distributional
information to make inferences
about historical patterns of gene
flow1. They have also allowed
more informed interpretations of
intraspecific geographic variation
than was previously possible.
Although these approaches are
becoming more routine for the
assessment of historical processes
in a variety of animal groups, their
application to the analysis of genetic variation within plant
taxa has been considerably less frequent6,7. Here, our pur-
pose is to review model systems and quantitative methods
for phylogeographic analyses. Specifically, we focus on: (1)
features of organisms that make them more likely to provide
detailed information on biogeographic processes; (2) the
advantages of integrating information from fossil-pollen
databases for the corroboration of historical processes and
for hypothesis development; and (3) the application of
quantitative approaches for testing specific phylogeo-
graphic hypotheses. Our goal is to increase awareness of
the potential for insights into historical processes that can
be gained by integrating paleoecological information with
data on the contemporary distributions of cytoplasmic
genetic variation.

The fossil pollen database
The efforts of palynologists over the past century have
produced substantial pollen databases for several conti-
nental areas8. Paleoecologists have used pollen-abundance
profiles from pond or lake sediment cores to reconstruct
the composition of historical vegetation and to infer pat-
terns of migration for a variety of plant species in Europe
and North America9,10. These studies have contributed
considerably to our understanding of (1) vegetation
responses to climate change11, (2) rates and patterns of
dispersal of invading species12, (3) the effects of physical

and biological factors on pat-
terns of colonization12, and (4)
the composition and distribution
of paleo-plant communities8.

Although palynological stud-
ies have produced a wealth of
information, this approach also
has its limitations. For example,
pollen-abundance profiles are 
typically available only from wind-
pollinated trees, thus little is
known about the migration pat-
terns of most plant and animal
species7,13,14. For pollen types that
can be identified, species and vari-
eties cannot always be distin-
guished from others in the same
group (e.g. Quercus, the oaks),
thus dispersal patterns of individ-
ual taxa might be obscured by
pollen deposition from plants with
a range of ecological require-
ments12. Another limitation is the
availability of appropriate sample
sites and of the inferential power
of the data obtained. Typically the
distribution of pollen-core sites is
sparse and, in some cases, sam-

ples are completely lacking from a geographic region15,16.
Furthermore, the density of individuals might be too low, or
a population too distant from a sample site, to be detected,
thus leading to errors in estimates of the initial arrival time of
a species to a region, and to mistaken inferences about the
location of refugial populations and patterns of migration12.
In spite of these limitations, the analysis of pollen deposition
has produced a broad sketch of postglacial vegetation
dynamics that serves as an informative template for detailed
phylogeographic analyses of the migration and colonization
patterns of individual species.

Postglacial changes in species distributions
Changing climates and their associated glacial cycles over
the past 2.4 million years have periodically fragmented
many species into widely separated refugia8,17. Restriction
of distributions to small refugia during glacial episodes and
resulting contraints on population size might lead to the
loss of allelic variation18. This is particularly true for cyto-
plasmic variants, because the effective population size is
between half and a quarter that of a diploid locus19. Conse-
quently, populations derived from separate refugia are
often characterized by different cytoplasmic haplo-
types4,5,7,14,16,20. At the end of the last glaciation (18 000 BP),
the warming climate and the retreat of the glaciers led to
the rapid migration of species out of refugial areas as they
spread into previously unavailable or unsuitable habitats21.
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Ecological and genetic processes occurring during
colonization can be substantially different than processes
associated with the maintenance of populations18. In par-
ticular, empirical estimates of local dispersal rates for many
species of trees are not adequate to explain the postglacial
migration rates observed in the pollen record (known as
‘Reid’s paradox’22). The hypothesis that rare dispersal
events were responsible for rapid rates of range expansion
was supported by theoretical analyses, which showed that
an adequate fit to observed patterns of migration could be
obtained if dispersal is assumed to follow a leptokurtic (‘fat
tailed’) distribution12,22. Analysis of these dispersal func-
tions postulated the establishment of rare ‘pioneers’ ahead
of the advancing wave of migration. These processes pro-
duce fragmented advancing fronts, thus new populations
can be established as a result of dispersal from pioneer
populations, as well as from populations that are part of the
continuous distribution. However, note that the frag-
mented leading edge expected under these dispersal mod-
els would still appear as a contiguous migration front in
most analyses of the pollen record, because of the thresh-
old values of pollen numbers used to indicate the presence
of each species8 (but see Ref. 23).

The patterns of cytoplasmic variation found in a diversity
of plant and animal species appear to be consistent with
expectations for the leptokurtic- or stochastic-dispersal
modes. The distribution of observed cytoplasmic variation

has two features that suggest that migration proceeded
through the establishment of pioneer populations ahead of
the migration front.

First, reduced allele diversity across regions of recent
range expansion, which are consistent with a history of
repeated population bottlenecks, have been found for sev-
eral species6,7. For example, colonization of northern
Europe by oaks (Quercus)14, alders (Alnus)14, common
beech (Fagus)14, ragwort (Senecio)24, pond turtles (Emys
orbicularis)25, newts (Triturus)14, and grasshoppers (Chor-
thippus)14 appears to have involved only a subset of the
haplotypes characteristic of the southern regions. Similar
patterns of loss of haplotype variation in previously
glaciated regions have been documented for North Ameri-
can colonization events6.

Second, when fine-scale mapping of cpDNA haplotypes
of oak species was conducted, a mosaic of haplotypes was
revealed26 with average patch diameters between 15 and
30 km. Such a pattern is probably the result of ‘jump’ dis-
persal events leading to the establishment of pioneer
populations, which in turn expanded via diffusion disper-
sal to form a continuous distribution. The resulting mosaic
pattern of haplotypes is striking and strongly suggests that
stochastic dispersal processes were prevalent during the
range expansion of oaks. A stochastic dispersal pattern is
also supported by the fine-scale analysis of fossil pollen
sites, where a fragmented leading edge of the migration
front was detected for American beech8,23. 

Model systems for phylogeographic analyses
There are several features that render some organisms
more amenable to phylogeographic study. Limited disper-
sal facilitates the successful inference of historical pat-
terns of migration because it preserves the patterns of
genetic variation that were created during the establish-
ment of current distributions5,27. For example, if rates of
recurrent dispersal were excessively high, traces of distri-
butional change would quickly become obscured. Once a
region has been colonized the stability of phylogeographic
patterns will depend on the longevity and vagility of
individuals18. Thus, high levels of philopatry will tend to
preserve genetic patterns that developed during 
colonization of a region.

Maintenance of phylogeographic patterns can be even
more accentuated in some taxa (e.g. trees18,26 and tur-
tles25), which have high levels of philopatry as well as
long life spans. The combination of restricted seed dis-
persal in plants28 or sex-biased dispersal, which occurs in
many animals29, and the maternal inheritance of cytoplas-
mic genomes [chloroplast DNA (cpDNA) in most
Angiosperms and mitochondrial DNA (mtDNA) in animals
and many Gymnosperms]4,30 facilitates the conservation
of geographic patterns of cytoplasmic genetic variation
that developed as a result of historical migration. Fur-
thermore, the use of a non-recombining cytoplasmic
genome allows the reconstruction of matriarchic
genealogical relationships, because new mutations are
consistently transmitted along maternal lineages and
cannot be exchanged among lines. Thus, with high levels
of philopatry, patterns of variation in maternally inher-
ited cytoplasmic haplotypes should reliably reflect the
patterns of dispersal that occurred during postglacial
recolonization of temperate habitats. By integrating infor-
mation on phylogenetic relationships and geographic dis-
tributions of cytoplasmic haplotypes, the probable his-
torical processes that led to contemporary distributions
can be reconstructed.

Box 1. One-step haplotype phylogenies

Intraspecific sequence variation can be used to infer historical relationships
among haplotypes. The hypothetical unrooted phylogeny for five haplotypes
(A–E) depicted in Fig. I was constructed using information on allelic states at
four completely linked loci (1–4). Each step (i.e. the connection between two
haplotypes) in the phylogeny represents the gain or loss of a single mutation
as indicated in Fig. Ia. In some instances, intermediate haplotypes might be
missing from a sample (e.g. if haplotype A were missing in this example the
two most closely related haplotypes, B and C, would be separated by two
mutations), in which case the positions of the missing haplotypes are desig-
nated with zeros5. Closed loops are possible using this approach (i.e. if a hap-
lotype is an equal number of steps from two other haplotypes), but these can
often be resolved to a single connection using the geographic locations and
the population frequencies of haplotypes5,27. Ambiguities can also be
resolved by considering the distribution of homoplasies under a model of
intraspecific DNA evolution48. The structure of the resulting cladogram 
indicates the hypothesized phylogenetic relationships among haplotypes.
Interior haplotypes (open circles) are assumed to be ancestral to the more
recently derived tip haplotypes (closed circles).

Once a phylogeny is adequately resolved, the relationships among haplo-
types and clades are used to place them into groups for the analysis of geo-
graphic association. Haplotypes (zero-step clades) are first grouped into one-
step clades starting from the tips of each branch (clades 1–1 and 1–2)5.
Grouping proceeds by increasing the level of nesting (2-step groups and
3-step groups, etc.) until the final nesting level includes the entire phylogeny
(level 2–1). The resulting nested cladogram is used to analyze the patterns of
geographic association for each clade at each nesting level.
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Phylogeographic studies of plant species are particu-
larly useful because of the wealth of information they can
provide on the distribution of glacial refugia and the his-
torical patterns of vegetational change6,14,31. Plant species
have recently been made much more accessible for phylo-
geographic analysis in several ways. First, several hyper-
variable regions of the chloroplast and mitochondrial
genomes have been identified32 and are beginning to be
widely used for phylogeographic analyses15,33,34. Second,
mutation detection techniques that allow the assessment
of sequence variation that is invisible to restriction
enzyme assays have become available [Single Stranded
Conformational Polymorphisms (SSCP) and heteroduplex
procedures]35. Combining Restriction Fragment Length
Polymorphism (RFLP) methods with mutation detection
procedures allows a large number of samples to be 
efficiently screened, without the resource investment
required by direct sequencing33.

Sampling considerations
The successful application of phylogeographic-estimation
procedures requires an appropriate sampling regime for
the species being studied. Sample locations should be cho-
sen to cover the entire region of interest at a density that
reflects the natural density of the subject species. For
example, samples for a widespread and abundant species
could be evenly spaced across the entire region of their
distribution. Sampling in a more patchily distributed
species could follow the local density of populations in
each region. Although samples obviously cannot be taken
from regions where the species is absent, gaps in the dis-
tribution of samples that miss populations should be
avoided because these might lead to false inferences of
long-distance dispersal5. The geographic distribution of
samples should also be guided by ancillary information.
For example, regions with putative refugia should be sam-
pled more intensively. Sample sizes within populations
need to be high enough to estimate frequencies and to
detect uncommon haplotypes. It has been suggested that
there are diminishing returns, in terms of the number of
new haplotypes detected, for sample sizes per population
that are in excess of ten36. However, even this modest num-
ber of samples might prove to be an impediment for stud-
ies on widely distributed species15, in which case a com-
promise might be made by choosing a lower density of
sample sites.

Phylogeny estimation
Hypothesis testing with intraspecific data sets has been
facilitated by the development of phylogenetic-estimation
procedures that are designed to take advantage of data
sets with low levels of sequence variation (Box 1)5,27. These
methods are suitable for the analysis of intraspecific vari-
ation in cytoplasmic sequences because they produce
more robust phylogenies from data sets that display few
differences and many similarities27. Using non-recombin-
ing cytoplasmic genetic data facilitates the development of
unambiguous one-step phylogenies.

Testing phylogeographic hypotheses
Most phylogeographic analyses have employed qualitative
assessments of cytoplasmic genetic variation. However,
the analysis of molecular variance (AMOVA) and the
nested-haplotype phylogeny approach now provide objec-
tive alternatives that incorporate statistical tests of spatial
distributions to make historical inferences5,37. The nested-
clade method allows analysis of more complex patterns of

geographic haplotype distributions than the variance in
ordered alleles method (NST)34. It also provides a more
objective assessment of the geographic partitioning of
haplotypes and clades than AMOVA37,38. These three meth-
ods are complementary, and the application of more than
one approach might provide a more thorough assessment
of processes affecting the distribution of genetic vari-
ation38. There is already a considerable literature explor-
ing  the application of AMOVA20,25,37,38. Here we will focus
on the nested-clade procedure for the examination of
hypotheses concerning the historical processes responsible
for contemporary distributions. 

An explicit assumption of phylogeographic-analysis
procedures is that dispersal is restricted enough to pre-
serve the patterns of variation that developed during the
colonization process. A simple test of this assumption can

Box 2. Nested-clade analysis for testing 
phylogeographic hypotheses.

A hypothetical example of geographic-association analysis for the 1–1 clade
depicted in Fig. I of Box 1, using the methods of Templeton and his colleagues,
is shown in Fig. I (Refs 5,27,49). Boxes represent the geographic location of
populations and the shading indicates the qualitative frequency of each haplo-
type (half-shaded boxes indicate sites with both haplotypes). The geographic
distribution of the ‘A’ and ‘B’ haplotypes is quantified with two parameters – the
level of dispersion (= clade distance) around the haplotype center (as indicated
by the dotted circles: Dc(A) and Dc(B), respectively) and the level of displacement
(= nested clade distance: Dn(A) and Dn(B), respectively)5 of the haplotype center
from the geographic center of the entire clade (^: Fig. I). The geographic cen-
ters are calculated as the mean latitude and the mean longitude of all occur-
rences of members of the haplotype and/or clade, weighted by their frequency
in each population. Dispersion (Dc) is estimated as the smallest circle around the
geographic center that would include all occurrences of the haplotype or clade.
Displacement of a haplotype or clade is estimated as the distance between its
geographic center and the geographic center of the nesting clade (i.e. the next
highest level). These two parameters and the average difference between the
tip and interior haplotypes and/or clades are calculated for each clade in the phy-
logeny, and tested for departures from random expectations by comparing
observed values with distributions generated from repeated random permuta-
tions of the data (a program is available from http://bioag.byu.edu/zoology/
crandall_lab/geodis.htm)49. The dispersion and displacement parameters that
are significantly smaller or larger than expected are used to infer historical
processes. The interpretation of patterns of geographic association is guided by
following previously published dichotomous keys5 that use significant levels of
dispersion and displacement to infer historical patterns.
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be conducted for any one-step phylogeny by comparing the
levels of dispersion for tip versus interior haplotypes and
clades5,33. Interior haplotypes are expected to have higher
levels of dispersion because they are older than their corre-
sponding tip haplotypes and have had more time to
become geographically widespread27. Once it has been
determined that the distribution of haplotypes is geo-
graphically structured, the one-step phylogeny can be
organized into nested cladograms for the analysis of geo-
graphic associations (Box 2)5,27.

Statistical analyses of haplotype distributions can 
discriminate among a broad range of historical processes and
the benefit of these investigations can be enhanced further by
integrating phylogeographic patterns with paleoecological
information (Box 3). In many cases, phylogeographic studies
allow hypotheses that cannot be addressed using traditional
paleoecological approaches to be tested. For example, a 

disjunct population could
have originated either
from long distance 
dispersal or via migration
from a cryptic refugium
(Box 3)8,17. As a case in
point, the occurrence 
of Scots Pine (Pinus
sylvestris) in Scotland was
originally interpreted as
an example of long 
distance dispersal39. How-
ever, recent analysis of
mtDNA variation indicates
that Scottish populations
are probably derived from
a separate refugium40.
There are numerous simi-
lar opportunities in the
paleoecological literature
where an analysis of cyto-
plasmic genetic variation
could provide additional
information that might
help discriminate among
alternative hypotheses.

The other major area
where phylogeography
can provide information
not easily gleaned from
analyses of sediment
cores is the examination
of patterns of distribu-
tional change in species
that are not well repre-
sented in the fossil
record. The analysis of
cytoplasmic genetic vari-
ation in a larger variety
of species would provide
a more comprehensive
view of the composition
of historical communi-
ties and a clearer picture
of the migration and dis-
tributional changes for
species that represent 
a diversity of trophic 
levels and life history
characteristics. For exam-

ple, phylogeographic analyses for a variety of plant and
animal taxa have provided evidence of three primary Pleis-
tocene refugia for the contemporary European biota7,14,41.
For species with sparse or nonexistent fossil records, his-
torical changes in associated vegetation have been used to
infer the distribution of refugia and patterns of range
expansion [e.g. black bears (Ursus americanus)14,16, several
Australian lizards20, and bark beetles (Ips typographus)42].

In several cases the presence or importance of Pleis-
tocene refugia has been questioned16,41. This is particularly
true for arctic environments where the fossil evidence is
sparse8,17. It has been suggested that some coastal regions
remained ice free because they were on the lee side of
mountain ranges (coastal refugia) or that mountain peaks
protruded above the glaciers (nunataks), potentially provid-
ing sufficiently moderate climates to allow the persistence
of some arctic species17. Although candidate species, which

Box 3. Mining the fossil pollen database for phylogeographic hypotheses

Four examples of haplotype distribution patterns and their phylogeographic interpretation are illustrated here. In each
case the phylogeny is the same as depicted in Fig. I of Box 1 and the distribution of the species is indicated by the
shaded area.

Corridor migration: probable paths of migration during and after the last glaciation have been hypothesized for sev-
eral plant and animal species7,8,17. Northward migration from isolated locations would be expected to result in distinct
regions, each of which is defined by one or more haplotypes that is derived from a single refugium (Fig. Ia). Haplotypes
occurring within each region should all be more closely related to each other than to haplotypes in different regions,
thus producing a conclusion of ‘past fragmentation’ from a nested-clade analysis5,27. Further evidence for distinct cor-
ridors would be clade distributions that are elongated along the probable migration axis and might be bounded by geo-
graphic barriers.

Long-distance dispersal events: cases in the pollen record, where pioneer populations appear to have been estab-
lished well ahead of the migrating front, have been hypothesized to be the consequence of rare long-distance disper-
sal events8. Alternatively, these disjunct populations might have been derived from previously unknown refugia17. If
the latter were the case, then populations in the disjunct and primary ranges should display more distant haplotype
relationships (past fragmentation; Fig. Ib). However, if the disjunct population shared haplotypes with populations from
the primary range then the long-distance dispersal hypothesis would be supported (Fig. Ic).

Location of refugia: with leptokurtic or stochastic dispersal, refugial regions would be apparent from the presence
of clusters of closely related haplotypes, one or a few of which are distributed across the expanded range. Nested-
clade analysis should reveal a set of interior haplotypes with overlapping and restricted distributions, and with large dis-
placements from the clade center (Fig. Id). Identification of refugia using qualitative criteria, similar to the ones
described for stochastic dispersal, have been made in several recent studies15,16,34,41.
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might have survived in such environments, have been pro-
posed17, there have been few tests for the existence of these
refugia6,15,16,43. In cases of known refugia, phylogeographic
analyses of species with poor fossil records would provide
more accurate information on refugial communities and
their environments. The compilation of phylogeographic
information from a set of species from the same region
would serve to enhance our understanding of the distribu-
tion of refugia, the environmental conditions present in each
refuge, and the severity of population bottlenecks that
species might have suffered during the last glaciation.

Future prospects
For many studies in comparative and population biology, a
knowledge of historical patterns of migration and dispersal
can provide insights into contemporary distributions of
genetic and phenotypic variation. Phylogeographic analy-
ses can help determine the origins of hybrid zones33,44 and
geographic variation within species4,6,7,14. A knowledge of
the distribution of variation in cytoplasmic markers will
allow more informed assessments of genetic structure for
nuclear loci. For example, estimating gene flow across a set
of populations from separate Pleistocene refugia might
produce misleading results because populations on either
side of the suture zone might not have had time to
approach equilibrium levels of genetic exchange45. Knowl-
edge of population history might also provide useful 
information for management decisions under various
conservation scenarios46,47. Phylogeographic analyses can
provide insights into the historical processes responsible
for endemic distributions, the origins of invasive species
and the identification of regions that have retained sub-
stantial levels of genetic variation.

The strength of quantitative methods of phylogeo-
graphic analysis lies in their objective approach to the
assessment of historical patterns of migration and disper-
sal. Studies of cytoplasmic genetic variation can be further
enhanced by integrating paleoecological data on the lo-
cation and ages of fossils. In this respect the fossil pollen
record is particularly useful because it provides detailed
information on the historical distributions of plant taxa.
Limited dispersal and their utility as indicators of associ-
ated animal taxa make many plant species particularly
good candidates for detailed phylogeographic analyses.
Further studies of these and other highly philopatric taxa
will continue to provide valuable information on broad
scale biogeographic patterns and on the ecological and
genetic processes associated with historical environments.
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REVIEWS

‘It has been proved remark-
ably difficult to get com-
pelling evidence for changes

in enzymes brought about by
selection, not to speak of adaptive
changes’1.

Although Darwin’s theory of
evolution by natural selection is
generally accepted by biologists
for morphological traits (includ-
ing behavioural and physiologi-
cal), the importance of natural
selection in molecular evolution
has long been a matter of debate.
The neutral theory2 maintains
that most observed molecular
variation – both polymorphism
within species and divergence
between species – is due to ran-
dom fixation of selectively neutral
mutations. Well established cases
of molecular adaptation have
been rare3. Several tests of neu-
trality have been developed and
applied to real data, and although
they are powerful enough to
reject strict neutrality in many
genes, they rarely provide un-
equivocal evidence for positive darwinian selection.

Most convincing cases of adaptive molecular evolution
have been identified through comparison of synonymous
(silent; dS) and nonsynonymous (amino acid-changing; dN)
substitution rates in protein-coding DNA sequences, thus
providing fascinating case studies of natural selection in
action on the protein molecule. Selected examples are
listed in Table 1; see Hughes4 for detailed descriptions of
many case studies. Here, we summarize recent method-
ological developments that improve the power to detect
adaptive molecular evolution, and examine their strengths

and weaknesses , so that they can
be used to detect more cases of 
molecular adaptation.

Measuring selection using the
nonsynonymous/synonymous
(dN/dS) rate ratio
Traditionally, synonymous and
nonsynonymous substitution
rates (Box 1) are defined in the
context of comparing two DNA
sequences, with dS and dN as the
numbers of synonymous and non-
synonymous substitutions per
site, respectively5. Thus, the ratio
v 5 dN/dS measures the difference
between the two rates and is most
easily understood from a mathe-
matical description of a codon
substitution model (Box 2). If an
amino acid change is neutral, it
will be fixed at the same rate as a
synonymous mutation, with v 5
1. If the amino acid change is del-
eterious, purifying selection (Box
1) will reduce its fixation rate,
thus v , 1. Only when the amino
acid change offers a selective
advantage is it fixed at a higher

rate than a synonymous mutation, with v . 1. Therefore,
an v ratio significantly higher than one is convincing 
evidence for diversifying selection.

The codon-based analysis (Box 2) cannot infer whether
synonymous substitutions are driven by mutation or selec-
tion, but it does not assume that synonymous substitutions
are neutral. For example, highly biased codon usage can be
caused by both mutational bias and selection (e.g. for trans-
lational efficiency6), and can greatly affect synonymous 
substitution rates. However, by employing parameters pj for
the frequency of codon j in the model (Box 2), estimation of

Statistical methods for detecting
molecular adaptation
Ziheng Yang and Joseph P. Bielawski

The past few years have seen the

development of powerful statistical

methods for detecting adaptive molecular

evolution. These methods compare

synonymous and nonsynonymous

substitution rates in protein-coding genes,

and regard a nonsynonymous rate

elevated above the synonymous rate as

evidence for darwinian selection.

Numerous cases of molecular adaptation

are being identified in various systems

from viruses to humans. Although

previous analyses averaging rates over

sites and time have little power, recent

methods designed to detect positive

selection at individual sites and lineages

have been successful. Here, we summarize

recent statistical methods for detecting

molecular adaptation, and discuss their

limitations and possible improvements.
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