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Revealing the demographic histories
of species using DNA sequences

Brent C. Emerson, Emmanuel Paradis and Christophe Thébaud

Various methodological approaches using molecular sequence data have
been developed and applied across several fields, including phylogeography,
conservation biology, virology and human evolution. The aim of these
approaches is to obtain predictive estimates of population history from DNA
sequence data that can then be used for hypothesis testing with empirical data.
This recent work provides opportunities to evaluate hypotheses of constant
population size through time, of population growth or decline, of the rate of
growth or decline, and of migration and growth in subdivided populations.

At the core of many of these approaches is the extraction of information from
the structure of phylogenetic trees to infer the demographic history of a
population, and underlying nearly all methods is coalescent theory. With the
increasing availability of DNA sequence data, it is important to review the
different ways in which information can be extracted from DNA sequence data
to estimate demographic parameters.
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Over the past two decades, dramatic progress has
been made in our ability to obtain DNA sequence
data. With the advent of automated sequencing
technology and an ever-increasing database of
comparative sequence data, evolutionary geneticists
are probably now faced with more obstacles to
obtaining biological material, than to extracting
DNA sequence data from such material once
obtained. The relative ease with which we are now
able to obtain DNA sequence data has produced a
concomitant shift from typically higher level
phylogenetic studies of taxa to studies that also
address within-species variability, most notably
within the field of phylogeography?. Similarly,
population genetics has also undergone a
reformation of sorts, in particular with the
application of coalescent theory (Box 1) to sequence
data to estimate population parameters, such as
EFFECTIVE POPULATION sIZE (See Glossary). These recent
advances within the fields of phylogenetics and
population genetics are providing biologists with
new analytical tools to investigate the demographic
histories of populations (Box 2).

A fundamental result of coalescent theory in
population genetics is the finding of a relationship
between coaLescenT TiIME and population size. For
any two sequences drawn from a population, the
probability that they coalesce at a given point in
history is a function of population size2. Two DNA
sequences drawn at random from a small population
have a higher probability of having a more recent
coalescence (i.e. fewer substitutional differences
separating them) than do two DNA sequences drawn
at random from a large population. Thus, achange in
population size over time will leave a signature in the

pattern of DNA substitutions among individuals
within a population that will depend on the direction
(growth or decline) and tempo (ancient or recent) of
this change (Fig. 1).

Summary statistics and pairwise difference
distributions

Early studies focused on how changes in population
size affect the distribution of PAIRWISE DIFFERENCES
between the DNA sequences of individuals, and the
number of SEGREGATING sITEs within a population3-7.
For a sudden population expansion, theoretical
expectations of a Poisson distribution of pairwise
nucleotide differences have been verified by
simulation and empirical DNA sequence data®. Such
a relationship allows the assessment of the sequence
and approximate timing of population expansion
events, such as using mitochondrial DNA (mtDNA)
sequence data® to map the expansion of modern
humans across Europe. Recently, simulation analysis
has been used to discriminate between different
growth patterns from distributions of pairwise
differences®. With extremely large samples,
distinguishing between patterns of stepwise,
exponential and logistic population growth seems
possible and, when applied to human mtDNA data, a
growth pattern not dissimilar to logistic population
growth is suggested®. Summary statistics from the
distribution of pairwise differences and simulation
analyses have been used to compare the rate of spread
of different subtypes of human immunodeficiency
virus type 1 (HIV-1)0.

Although the utility of pairwise difference
distributions for revealing population growth has
been demonstrated, the method fails to characterize
clearly a history of constant population size7.

This shortcoming has been rightly attributed

to the signal in the data being swamped by
nonindependence!!, because methods that seek

to estimate population parameters from the
distribution of pairwise differences, or the number of
segregating sites, do not make full use of the data.
By incorporating information from the genealogical
tree structure of DNA sequences, the problem of
nonindependence can be circumvented. Recently,
several conceptual approaches, which make use of
the genealogical tree structure, but each with its
own set of assumptions (Box 3), have been developed
to obtain better estimates of the demographic
histories of populations.
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Box 1. Coalescent theory
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Since the mid-1980s, population geneticists have been
studying the effects of genetic drift and mutation using the
model called ‘the coalescent’2b. The roots of coalescent theory
can be traced back to the work of Ronald Fisher¢ and Sewall
Wright? but it was the development of the theory of neutral
evolution of nucleotide sequencese® that led to fuller
development of coalescent theory.

The descent of any set of individuals (DNA sequences) can
be traced back, with common ancestry denoting coalescent
events. Under the assumption of neutral evolution, the
probability in any generation that a DNA lineage will give rise
to two distinct daughter lineages is the same for all lineages.
Thus, if two DNA sequences are sampled from a population,
the probability (h) that they share a common ancestor (i.e. that
they coalesce) in the previous generation is the same for any
two sequences chosen.

Consider the following simple example (Fig. I). A population
consists of ten individuals (‘a’ to ‘j’) each with a different DNA
sequence. What is the probability (h) that ‘d’ and ‘f’ coalesce (i.e.
share a common ancestor) in the previous generation, under the
assumptions of: (1) constant population size; (2) random mating;
and (3) discrete nonoverlapping generations? There were ten
ancestors in the previous generation, and only one (‘D’) can be
the ancestor of ‘d’. The question is, what is the probability that
‘D’ is also the ancestor of ‘f'?

Each individual in the previous generation (ten genes) is
equally likely to be the parent of ‘f’, so h=1/10. Thus in any
population satisfying the above assumptions, the coalescence of
any two lineages in the preceding generation will occur with a
probability equal to the reciprocal of the number of genes (G) in

Previous
generation (1)
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Coalescent-based graphical methods

Lineage through time plots

Coalescent theory studies have shown that
homologous DNA sequences sampled from a
population contain information about the

the population consisting of nindividuals, where G = n/2 for
mitochondrial genes (because there is one maternally inherited
gene per individual) and G =2nfor autosomal genes (because
there are two biparentally inherited genes per individual).

Now consider the case where the ten sequences are a
sample from a population of 4000 sequences. The number of
possible pairs of genes is 10(10 — 1)/2, but this will decrease
with each coalescent event such that when there are igenes
in the population the number of possible pairs of genes is
i(i—1)/2. From this, and the probability of coalescence
(h=1/4000) for a given pair of genes, it is possible to calculate
the probability of a coalescent event in the ith generation
containing G, genes (Eqn I):
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G

The expected length of the coalescent interval can be
expressed as (Eqn I1):

2G

i(i -1) o

length =

In the hypothetical example of ten sequences, under the
assumptions of constant population size, random mating, and
discrete nonoverlapping generations, it is possible to predict the
lengths of the nine coalescent intervals:

Firstinterval (/=10) =(2 x4000) /(10 x9) =89

Second interval (i=9) =(2 x4000) /(9 x8) =111

Eighth interval (i=3) =(2 x4000) /(3 x2) =1333

Ninth interval (i=2) =(2 x4000) / (2 x 1) =4000

Thus, from coalescent theory, we can test the hypothesis that
a population has been of constant size through time, using a
sample of DNA sequences.
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resultant curve shape, or lineage through time (LTT)
plot, can be used to test specific hypotheses about
the population history.

These hypotheses, derived from theoretical
expectation from coalescent theory and simulation

demographic history of that population. When
these sequences are summarized as a genealogical
tree, the information, which is now contained within
the relative positions of the internal nodes within
the genealogy (Fig. 2), can be exploited further.
Because each internal node corresponds by
definition to a coalescence event, historical
changes in population size can be inferred from the
temporal distribution of nodes in a DNA sequence
genealogy®?. If the cumulative distribution of
coalescence events is plotted against time, the

http://tree.trends.com

studies, are summarized as LTT plots with various
transformations of either the lineage or time axis.
Choosing between several competing hypotheses
(represented as distinct LTT curves) is achieved

by statistical testing of the fit of the different
theoretical LTT curves to the observed LTT plot.
This methodology has recently been used to analyse
the population dynamic histories of coconut crabs
Birgus latro!3, HIV-1 (Ref. 14), the hepatitis C
virus!415 and human papillomavirus?® 16, Existing
software (Box 2) requires an ULTRAMETRIC TREE as



Box 2. Software availability
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END-EPI performs data transformations and constructs lineage
through time (LTT) plots. Data input is limited to ultrametric
tree topologies. A Macintosh executable is available at
(http://evolve.zoo.ox.ac.uk/software/End-Epi/End-Epi.html). It
was written by A. Rambaut et al. (Dept of Zoology, University of
Oxford, UK).

* GENIE is a C++program that constructs skyline plots and

performs likelihood analysis of demographic models. Data
input is limited to ultrametric tree topologies. A Macintosh
PPC executable is available, as well as the code for compiling
on Unix/Linux, at (http://evolve.zoo.ox.ac.uk/software/
Genie/main.html). It was written by O. Pybus and A. Rambaut
(Dept of Zoology, University of Oxford, UK).

DIVERSI is a Fortran program that performs likelihood
analysis of survival models. Incomplete and uncertain
phylogenetic data can be analysed, and the statistical power
of the tests can be assessed. A Windows executable is
available, as well as the code for compiling on Unix/Linux, at
(http://lwww.isem.univ-montp2.fr/~paradis/index.html). It
was written by E. Paradis (Institut des Sciences de I’Evolution,
CNRS, France).

LAMARC is a package of four C programs that implement
the coalescent theory to estimate population parameters
(including 6) with a Metropolis—Hastings Monte Carlo
sampling algorithm. COALESCE estimates the effective
population size of a single constant population using
nonrecombining sequences. FLUCTUATE estimates the
effective population size and growth rate of a single
exponentially growing or declining population using
nonrecombining sequences. MIGRATE estimates the
effective population sizes and migration rates of nconstant
populations using nonrecombining sequences,
microsatellite data or enzyme electrophoretic data.
RECOMBINE estimates the effective population size and per
site recombination rate of a single constant size population.
Executables for Windows, Macintosh PPC, and some Unix
systems are available, as well as the code for compiling, at
(http://evolution.genetics.washington.edu/lamarc.html).
These programs were written by P. Beerli and J. Felsenstein

(MIGRATE) M. Kuhner, J. Yamato, and J. Felsenstein
(COALESCE, FLUCTUATE and RECOMBINE) (Dept of Genetics,
University of Washington, USA).

TCS is a Java program that implements a statistical parsimony
algorithm for constructing haplotype networks for DNA
sequence data. Both Macintosh and Windows executables are
available (http://bioag.byu.edu/zoology/crandall_lab/tcs.htm).
It was written by M. Clement and D. Posada (Dept of Zoology,
Brigham Young University, USA).

GEODIS is a Java program that implements statistical tests of
hypotheses of population structure and population history.
Both Macintosh and Windows executables are available
(http://bioag.byu.edu/zoology/crandall_lab/geodis.htm). It was
written by D. Posada (Dept of Zoology, Brigham Young
University, USA) and A. Templeton (Dept of Biology, University
of Washington, USA).

EVE is a program that simultaneously estimates 6=2Nu and the
population growth rate using a distance matrix in PAUP* format
obtained from nucleotide sequence data. It is available for
Unix and Macintosh PCC at (http://bioag.byu.edu/zoology/
crandall_lab/Vasco/eve.htm). It was written by D. Vasco (Dept
of Zoology, Brigham Young University, USA).

BATWING is a program implementing Metropolis-Hastings
algorithms to investigate models of constant population size,
population growth, population subdivision, and population
subdivision with growth. It is available for Unix,

Windows 95/NT and Macintosh (OS 8.0 and above) at
(http://www.maths.abdn.ac.uk/~ijw/). It was written by I. Wilson
(Dept of Mathematical Sciences, University of Aberdeen, UK),
M. Weale (University College, London, UK) and D. Balding
(University of Reading, UK).

GENETREE is a program using Markov chain simulation to
generate likelihood surfaces for 6 (genetic diversity), mutation
rate, migration and population growth with or without
population subdivision. A Windows executable is available,

as well as the code for compiling on Unix/Linux, at
(http://ftp.monash.edu.au/pub/gtree). It was written by

M. Bahlo and R. Griffiths (Mathematics Dept, Monash
University, Australia).

input data. As the raw data for analysis are
essentially the relative times of the coalescence
events within a tree topology, new methods'’1° can
be used to estimate the ages of coalescence events
from a nonultrametric tree. The scaling of the axes
can then be applied to these nodal ages,
circumventing the restrictions imposed by an
ultrametric tree. Care must be taken when the
assumption of a molecular clock is not met but is
enforced during tree reconstruction. Resulting
genealogies are susceptible to misleading
demographic inferences being made?°.

Skyline plots

A more recent approach, also using graphical
representations of demographic information, is the
use of skyline plots?. These display estimates of

http://tree.trends.com

effective population size (N,) along a time axis

and are therefore easier to interpret than are

the LTT plots, which require the axes to be
transformed?*2. Information about the size of
internode intervals (measured in mutational events
corresponding to time periods) and their sequential
order from a reconstructed genealogy allows
estimation of the HarRMoNIC MEAN Of the effective
population size for each internode interval (denoted
M,)?L. Plotting values of M, against time gives a
graphical representation of population demographic
history. Specific demographic models can then

be fitted to the data, and the corresponding
parameter(s) estimated by maximum likelihood.
When applied to HIV-1 data, this approach indicates
a constant-rate exponential increase in the
population size of subtype A and logistic growth for
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subtype B (although exponential growth cannot be
ruled out). This suggests that, for HIV-1, skyline
plots have greater discriminatory power than do
LTT plots, which indicate only that both subtypes
have increased exponentially?2,

Both LTT and skyline plots are appropriate for
exploratory analyses of population change because
they do not make assumptions about the form of this
change. Thus, they help in the subsequent choice of
a demographic model for parameter estimation;
however, they do not provide formal tests of
hypotheses or model selection procedures.

http://tree.trends.com

Fig. 1. Hypothetical genealogies and corresponding phylogenetic trees
from (a) a population of constant size, (b) an exponentially growing
population, and (c) an exponentially declining population. In all cases,
current populations are of equal size (n=15) and five sequences (A -E,
F-J, and K-O) were sampled from each population. Differences in tree
topologies are due only to the effects of sampling sequences from
populations with different dynamics. The coalescent provides a robust
theoretical framework that relates the expected time between
coalescent intervals (node heights in the tree) and past population
dynamics. Thus, using coalescent-based methods, itis possible to infer
historical changes in population size from samples of gene sequences
obtained from extant populations.

Survival models

New work has approached the problem of
estimating demographic history from gene sequence
data using statistical models that were originally
designed for the analysis of survival data?-25. The
data used are divergence times among a group of
sequences as estimated from a phylogenetic tree.
The number of lineages within a reconstructed
phylogeny increases with time but, if the time axis
is reversed, it provides a representation of survival
data with one lineage dying at each dichotomous
node. The ages of the divergences measured on

the phylogeny from present to past can thus be
considered as failure times. Some failure times

are often not precisely known in survival data, and
this is called censoring?6. Consequently, branching
times that are not exactly known can be treated as
censored or interval-censored data?324, This
method assumes that, for each lineage, there is an
instantaneous diversification rate t), which is
estimated by maximum likelihood analysis and
has two components, an instantaneous birth rate
o(t) and an instantaneous death rate (t). It is
assumed that o(t) and &(t) cannot be estimated
separately, which can be justified because the
information about death events can only be found
in the extinct lineages?#2°. An advantage of this
survival method is that it allows for MuLTIFURCATIONS
in tree topology.

In survival analyses, the change (or constancy)
through time of &t) is specified by a simple curve,
called a hazard function. LIKELIHOOD RATIO TESTS
(LRT) and AKAIKE INFORMATION CRITERIA (AIC) are
then calculated to compare models with different
assumptions with respect to t), and thus test
hypotheses on the tempo of growth in lineage
number. Specifically defined models of
diversification can be constructed for analysing
differences in demographic histories between clades
(or groups of lineages). With several clades under
analysis, models can range from the null model,
where all clades have the same 9, to a model where
all clades have a different d. Although developed
primarily to examine phylogenies of recent species,
the use of survival models is equally suited to
intraspecific gene genealogies, and has been used
to compare population demographic histories of
island populations of beetle species on the
Canary Islands?”:28,
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Box 3. Assumptions of methods for estimating demographic history

Different methods for estimating demographic parameters each involve a particular set of assumptions (Table I).

Table I. Methods for demographic inference and their associated assumptions

Method Assumptions
Infinite Genealogy No Molecular No population Constant  Neutral
sites known recombination clock structure or population evolution
model subdivision size

Summary statistics X x X x

Graphical methods X X X x

Survival models X x X x

Likelihood methods xa X xa xa x

Mid-depth method x X X X X

Least squares estimators ~ x x x x x

Nested cladistic analysis X X

a0ne of these assumptions can be relaxed to estimate the relevant parameters.

Coalescent-based demographic parameter estimation times among individuals and effective population
The integration of coalescent theory into a statistical size. This relationship is embodied by the genetic

framework has led to the growing development of diversity parameter =4 N_u, where N, is the
coalescent-based methods that analyse genetic effective population size (=2 N, ufor haploids) and
diversity among a sample of DNA sequences to infer  pis the mutation rate. Early developments in the
population demographic history. The fundamental estimation of Owere based on summary statistics,
relationship exploited by these coalescent-based such as the number of segregating sites among DNA
methods is between the distribution of divergence sequences® or the mean number of nucleotide
(a) Tree A Tree B
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Fig. 2. Lineage through time (LTT) plots and skyline plots are two graphical methods that aim to explore patterns of population histories to
eventually select an appropriate parametric model for population parameter estimation. (a) Two phylogenetic trees with the same number of tips
and the same distance from root to tips. The branch lengths differ between both trees and this might reveal different population histories. (b) The
LTT plot shows, on a logarithmic scale, a curvilinear increase in the number of lineages through time for tree A, indicative of a population increase,
whereas the roughly linear increase of the same number for tree B suggests a constant population through time. (c) The skyline plots suggest a
more subtle picture. The population numbers corresponding to tree A seem to have increased at a constant exponential rate (thus the increase
appears linear on the logarithmic scale), and stabilized after some time. Conversely, for tree B, population numbers seem to have remained at a
fairly stable level, perhaps slightly increasing.

http://tree.trends.com
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differences in all pairwise comparisons*. However,
this approach is limited because it does not take
into account the genealogical structure of the
data®. Recent developments have tried to remedy
this using: (1) maximum likelihood estimates
incorporating METROPOLIS—HASTINGS SAMPLING and
integration across several phylogenies?;

(2) calculating likelihood surfaces for a tree by
recursive evaluation of trees with progressively
fewer coalescence events3?; (3) maximum likelihood
estimation from a reconstructed tree that is
assumed to be correct?2%; and (4) information
from a tree topology and correcting the estimate
using simulation3,

Likelihood estimation by Metropolis-Hastings
sampling

Rather than using a single estimate of the genealogy
for a population sample of DNA sequences,
Metropolis—Hastings sampling allows for
genealogical uncertainty when estimating 6

(Ref. 29). This is done by not only analysing the
phylogenetic tree that best describes the DNA
sequence data, but also a sample of those trees that
are less probable. However, compared with other
methods for inferring population demographic
history, this approach is computationally
demanding, because algorithms are based on MoNTE
cArLo resampling. An algorithm for the estimation
of population growth rate under the condition

that growth (or decline) is exponential has been
implemented within this framework32. These
algorithms have been used in studies of mosquitoes
Anopheles dirus33, a skink Chalcides viridus3* and
two bird species, the California gnatcatcher
Polioptila californica and the yellow warbler
Dendroica petechia3®3, to estimate the rate of
growth within populations of these taxa.
Comparisons of genealogical®® and nongenealogical*
estimates of 8have also provided insights into recent
population histories of the grey wolf Canis lupus and
coyote C. latrans®’, indicating that both were much
more numerous in the recent past. Comparisons
with contemporary census data can delimit
population changes that are too recent to be
recorded within the diversity of DNA sequences?’.
Demographic analysis of DNA sequence data from
coconut crab populations?®? also provides an example
of the different outcomes that can occur between
genetic and population censusing?e.

Likelihood estimation by recurrence equations

An alternative method also calculates likelihood
curves for the parameter Gusing Monte Carlo
integration, but with a different method to the
Metropolis—Hastings algorithm. Recurrence
equations are used to express the probabilities of
mutational and coalescent events for a given value of
6. These recurrence equations are used to construct
a MARKoV CHAIN: this provides a simple Monte Carlo

http://tree.trends.com

sampling method for approximating complex
sampling probabilities®. The likelihood function for
a given value of 8is computed by independently,
repeatedly, simulating the Markov chain and taking
the mean of the simulated values. Likelihood curves
are then constructed for a range of Ovalues. Recently,
this computational technique has been extended to
subdivided populations for the estimation of
migration rate, detection of population growth,
determining in which population the most recent
common ancestor of all the sequences occurred, and
determining the age and location of subpopulation
ancestors®. The method performs well on relatively
monomorphic data that approximate an INFINITE SITES
MUTATIONAL MoDEL Of evolution (less homoplasy and
back mutation), but deviation from this model will
probably result in under-performance with regard
to the Metropolis—Hastings sampling method. A
more detailed comparison of the two methods is
given in Ref. 40.

Mid-depth method

The mid-depth method?° has been used to test the
hypothesis of constant population size from a
reconstructed phylogeny. A tree statistic o (the
number of coalescence events between the root and
the mid-depth point of a genealogy) is used to test
this hypothesis. This is done using an expectation
from coalescent theory that, for sample sizes up to
200 sequences, if 0 >3, the hypothesis of constant
population size can be rejected with a 5% risk. If
the hypothesis is rejected, and LTT plots indicate
constant exponential growth, the method can then
be used for the estimation of exponential growth
rate (denoted r). The parameter a = Ngr (where Ng is
the present population size) can be estimated using
the tree statistic o as a result of the approximately
linear relationship between o and log(a) for a wide
range of a values. Monte Carlo simulations are used
to generate a large number of genealogies with a
given value of a. For each of these, the probability
that o(simulated) = o(observed) is tested with
LRTs. Higher estimates of a and its confidence
limits for human HIV-1 subtype B, compared with
those for subtype A, have been interpreted as
indicating higher exponential growth rate for
subtype B (Ref. 20).

Other approaches also make use of maximum
likelihood analysis to infer population history by
estimating model parameters. Likelihood estimates
of exponential growth rate (A) and current effective
population size for HIV-1 subtypes indicate that
subtype B is either spreading faster than subtype A,
has a smaller current effective population size, or
there is a combination of these two effects’0. Genetic
diversity (6) and the ratio (p) of the current to the
initial population size have been estimated using a
likelihood approach to refine these conclusions for
HIV subtypes?!. Recent work applying likelihood
estimates of p, 8and the time when a population



Box 4. Nested clade analysis
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Evidence for the geographical structuring of haplotypes can arise as a result
of contemporary factors, such as restricted gene flow, or historical population
events, such as past population fragmentation, range expansions or
colonization. Nested clade analysis? is a method to distinguish which of these
four factors (or combination of them) offers the best explanation when
nonrandom geographical association is found. This is achieved by framing
each of the four factors as hypotheses that have been developed from several
studies using coalescent theory and computer simulation. For example, one
such study has modelled the dispersal of mitochondrial DNA (mtDNA)
lineages as a random walk processP. Because mtDNA is usually maternally
inherited, it provides an indication of dispersal from the maternal birth site in
one generation to the birth site of the next.

An essential first step is the construction of a network of haplotypes using
a methodology that accounts for population level phenomenat. A nesting
arrangement is subsequently derived. Figure | illustrates such a network with
a nested clade arrangement for 14 chromosome haplotypes (labeled a-n)
sampled from 2198 males from 60 populations worldwide (reproduced, with
permission, from Ref. d). The 14 individual haplotypes comprise zero-step
clades. One-step clades are then created by uniting zero-step clades (e.g. the
two zero-step clades a and b unite to form the one-step clade 1-1). These
six one-step clades are then nested at a higher level into three two-step
clades. The third and final nesting level comprises the three two-step clades.
This nesting arrangement results in a total of ten hierarchically arranged

2-1 h
1-2
1 2-2
1-1 1-3 1-4
a f b+ c b+ d | e I f I g
J I i f k
1-5
1-6 | 3-1
m n
2-3
Fig. | TRENDS in Ecology & Evolution

starts to change (1), to sequences from the
hypervariable region | of mtDNA of humans from
different geographical areas, suggest that the
Basque people have expanded, Biaka pygmies

have decreased, and the native American
Nuu-Chah-Nulth have probably remained constant
in population size*!.

Least squares estimators
Although the statistical properties of maximum
likelihood estimators make them desirable, they are

http://tree.trends.com

clades, with higher level nesting correlating with
more distant evolutionary time.

The four hypotheses have different expectations
regarding the relationship between the genealogical
and geographical distances between haplotypes.
Because the nested arrangement of the network
corresponds to evolutionary time (genealogical
distance) it is possible to test the fit of the data to
each of the hypotheses. This is achieved using two
types of calculated geographical distances: (1) clade
distances, which measure how geographically
widespread the haplotypes within a clade are
(e.g haplotypes i, jand k, in clade 1-5) and (2) nested
clade distances, which measure how far the
haplotypes of one clade are from the haplotypes
of the sister clades in the higher nesting level
(e.g. clades 1-5 and 1-6 within 2-3). Statistical
comparison of clade and nested clade distances for
tip (e.g. 1-6) and interior (e.g. 1-5) subclades inside a
given tested clade (e.g. 2-3) is performed to search
for patterns characteristic of the four hypotheses?.

Nine of the ten nesting clades for the
14 Y chromosome haplotypes in Fig. | are significant
for the nonrandom geographical association of
haplotypes. The analysis of structure within each of
the ten nested clades means that it is possible to have
a combination of population structure and population
history factors offering the greatest explanatory
power across the network. Within the human
Y chromosome data, there are three episodes of
restricted gene flow, one instance of long distance
dispersal, six instances of range expansion, but no
instances of allopatric fragmentation.
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also computationally intensive. As an alternative,
computationally less intensive LEAST SQUARES
estimators, such as the best linear unbiased
estimator3!, have been applied to various population
parameters*2. For a given tree topology, 8is
estimated from the partition of the number of
mutations by the branch on which the mutations
occurred. This is done using a particular least
squares algorithm (recursive least squares) that
takes into account the dependence structure of the
data resulting from the genealogy. These estimates
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Akaike information criterion (AIC): a likelihood-based selection criterion that can
compare any hypotheses (nested or otherwise): the hypothesis with the smallest
AIC value is considered to be the most probable. The AIC is a tradeoff between
the fit of the model to the data (measured by its likelihood value) and the number
of parameters in the model (because models with more parameters will fit the
data better).

Censoring: this occurs when the true value of a variable is unknown. When the
true value of the variable is known to be greater than an observed value, the
observation is said to be censored. When the true value of the variable is known

to be within an observed interval, the observation is said to be interval-censored.
This is typical of lifetime data but can be applied to other kinds of observations
(e.g. geographical distances).

Coalescent time: the time at which two alleles share their most recent common
ancestor. Any two alleles can be followed down the phylogenetic tree (towards
the root) to the point at which the two genetic lineages coalesce (i.e. they unite
at their most recent common ancestor). This union of the two alleles is called a
coalescent event.

Effective population size: the effective size of a population is the size of the pool
from which genes could be drawn at random to construct the next generation
resulting in the same rate of genetic drift (i.e. loss of genetic diversity) as the actual
population under consideration. This can be expressed in three different ways,
leading to three concepts of effective population size: the probability of
homozygosity owing to common ancestry (inbreeding effective size), the expected
variance of gene frequencies at the next generation (variance effective size), or the
rate of decay of segregating loci (eigenvalue effective size).

Harmonic mean: the reciprocal of the arithmetic mean of the reciprocals. The
harmonic mean hofasample X1, X2,..., x"is given by: 1/h=the sum (from i=1to
i=n) of the values 1/x. Because it is dominated by smaller terms, it provides the best
means for summarizing fluctuations in population size when events characterized
by a small value (e.g. bottlenecks) are of great biological significance.

Infinite sites mutational model: under this model, sequences are said to evolve such
that any new mutational event will occur at a nucleotide site that has not previously
experienced one.

Least squares: least squares methods fit a model to data by minimizing the squared
differences between the observed values and those predicted by the model.
Likelihood ratio test (LRT): a likelihood value measures the support for a hypothesis
(in this case a demographic model) given by the available data (in this case a
phylogenetic tree). Likelihood values for different hypotheses can be compared
only for the same data (they are not probabilities, and only describe relative
support). One way to do this is to compute the ratio of the likelihood values of two
hypotheses, providing they are nested (i.e. that one is a particular case of the other).

of @in a population of constant size can be

generalized to include parameters for change

in population size over time#2. Although

computationally faster, least squares estimators
assume an infinite sites mutational model of
sequence evolution, which is often less realistic

This test usually follows a x? distribution: the null hypothesis is that the most
parsimonious hypothesis (with the least number of parameters) is true.

Markov chains: used to model discrete stochastic processes with a finite number of
states where the state in the next unit of time depends only on the current state of
the system, and is in no way influenced by the state one or more steps before (this is
usually referred to as the Markovian hypothesis). Whether the system changes its
state or not is determined by transition probabilities.

Metropolis-Hastings sampling: a widely used Monte Carlo method based on a
modification of the original Monte Carlo scheme?®. It uses Markov chains to sample
through the different states of the stochastic process under study to sample the
most probable states with a higher probability, thus avoiding sampling all states
(whose number can be extremely large).

Monte Carlo (methods): this generic term covers a wide range of methods whose
basic principle is to obtain by stochastic simulation the distribution of random
variables that would be impossible to obtain through analytical calculus, typically
because this involves the integration of an extremely large number of components
ordimensions.

Multifurcations: when one genealogical lineage instantaneously gives rise to more
than two descendant lineages (cf. bifurcation, in which one lineage gives rise to two
descendant lineages, typical of species level phylogenies).

Nesting algorithm: an algorithm that identifies clades grouped by mutational
changes, step by step, until the final level of nesting comprises the entire network.
The end result is a phylogenetic network of DNA haplotypes, grouped hierarchically,
with higher level nestings corresponding to earlier coalescent events.

Pairwise difference: the number of nucleotide sites at which two alleles differ in their
nucleotide state. The average pairwise difference for more than two sequences is
the average difference across all possible pairwise comparisons.

Segregating sites: the number of nucleotide sites that exhibit polymorphism within
asample of DNA sequences.

Ultrametric tree: a phylogenetic tree with branch lengths corresponding to some
measure of evolutionary change (genetic distance), where the amount of change
from the branch tips to the roots is the same for all lineages. An ultrametric tree
enforces the assumption of a molecular clock (that the same rate of nucleotide
substitution occurs within each lineage), and enables the ages of branching events
to be measured directly from the tree.
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distribution of pairwise differences from a
population that has undergone exponential
growth®7 might be affected by the presence of
population substructure leading to a multimodal
distribution#3. New work incorporating predictions
from coalescent theory and simulation analysis

than explicit models of DNA sequence evolution
that feature in the calculation of some maximum
likelihood estimators?%:3241 put not all3°. A future
approach might be to combine likelihood and least
squares methods, and it has recently been suggested
that a hybrid theory of these two approaches would
exploit the strengths of both methods and minimize
their respective weaknesses?*C.

Geography, genealogy and demographic history
Coalescent-based approaches to estimating
demographic history from DNA sequence data
typically assume no selection, a lack of
recombination, random mating within a single
population, and random sampling. Although

little is known about the effects of selection or
recombination on parameter estimates, simulation
analyses have shown that the classic unimodal

http://tree.trends.com

within a statistical framework have sought to
identify the different contributions of population
history and population structure to the geographical
arrangement of haplotypes within a population4445
(Box 4). This strategy can be divided into three
steps: (1) a phylogenetic ‘network’ of haplotype
relationships is constructed using statistical
parsimony#446 to deal with problems encountered
when applying traditional methods of phylogenetic
reconstruction for intraspecific gene genealogies*47.
The problems are lower levels of variability, the
persistence of ancestral haplotypes, and
multifurcations arising from ancestral haplotypes
giving rise to multiple descendant lineages.
Networks can also be constructed from

nonsequence DNA data such as restriction
fragment length polymorphism data“s;

(2) a NESTING ALGORITHM*?50 s then used to arrange
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