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PHYLOGEOGRAPHIC BREAKS WITHOUT GEOGRAPHIC BARRIERS TO GENE FLOW
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Abstract.—The spatial distribution of genetic markers can be useful both in estimating patterns of gene flow and in
reconstructing biogeographic history, particularly when gene genealogies can be estimated. Genealogies based on
nonrecombining genetic units such as mitochondrial and chloroplast DNA often consist of geographically separated
clades that come into contact in narrow regions. Such phylogeographic breaks are usually assumed to be the result
of long-term barriers to gene flow. Here | show that deep phylogeographic breaks can form within a continuously
distributed species even when there are no barriers to gene flow. The likelihood of observing phylogeographic breaks
increases as the average individual dispersal distance and population size decrease. Those molecular markers that are
most likely to show evidence of real geographic barriers are also most likely to show phylogeographic breaks that
formed without any barrier to gene flow. These results might provide an explanation as to why some species, such
as the greenish warblers (Phylloscopus trochiloides), have phylogeographic breaks in mitochondrial or chloroplast
DNA that do not coincide with sudden changes in other traits.
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Variation in genetic markers is often used to infer current
or historical patterns of gene flow in a species or group of
species (Bossart and Prowell 1998; Avise 2000). Historical
geographic processes such as population division, range ex-
pansion, and long-distance colonization are expected to pro-
duce distinct patterns in the distribution of alleles and rela-
tionships between them (Templeton et al. 1995), and there-
fore it is reasonable to think that those processes can be
inferred from patterns of genetic variation. Mitochondrial
DNA (Avise 2000) and chloroplast DNA (Soltis et al. 1997,
Petit et al. 2002) are widely used for this purpose because
they are usually only maternally inherited and do not undergo
recombination. These characteristics potentially allow there-
construction of matrilineal genealogies, which are useful be-
cause they are hierarchical and show clear relationships
among individuals. Recent years have seen explosive growth
in the use of mitochondrial and chloroplast geneal ogies to
make inferences regarding historical processes and current
patterns of gene flow (Soltis et al. 1997; Avise 2000; Hare
2001).

The inference of patterns of current or historical gene flow
from gene genealogies seems particularly straightforward
when there is a sharp geographic boundary between two wide-
ly distributed clades (Upton and Murphy 1997; Patton and
da Silva 1998; Riddle et al. 2000). Usually, researchers as-
sume that such breaks are the result of geographic barriers
to dispersal, cryptic species boundaries, or recent contacts
between historically allopatric populations. Theoretical anal-
yses of gene trees have generally focused on how phylogeo-
graphic structure can be caused by barriersto gene flow (e.g.,
Neigel and Avise 1986; Nei and Takahata 1993; Wakeley
and Hey 1997) or metapopulation structure (Takahata and
Slatkin 1990; Marjoram and Donnelly 1994; Hudson 1998;
Wakeley and Aliacar 2001). In some cases, however, phy-
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logeographic breaks do not coincide with sudden changesin
other traits (e.g., Soltis et al. 1997; Gibbs et al. 2000; Bond
et al. 2001; Puorto et al. 2001) or known biogeographic
boundaries (e.g., Burton 1998). For example, in the greenish
warblers (Phylloscopus trochiloides), awidely distributed and
geographically variable ring species in Asia, there are two
deep mitochondrial clades that come into contact in two nar-
row regions (Fig. 1; Irwin et a. 2001a, b). In central Siberia,
the mitochondrial break is coincident with sudden changes
in plumage, songs, song recognition, and migratory behavior.
In Kashmir, in the western Himalayas, birds belonging to
either mitochondrial clade are similar in these other traits.
Prior to the mitochondrial DNA sequencing, no researchers
had proposed that Kashmir was the site of a speciesboundary,
whereas Ticehurst (1938) had proposed that central Siberia
was a species boundary between two forms of greenish war-
bler. Irwin et al. (2001a), considering variation in all of the
traits, argued that there is no species boundary in Kashmir
and proposed two possible explanations for the phylogeo-
graphic break in mitochondrial DNA there. In the first, an
ancestral species was split by a geographic barrier into west-
ern and eastern populations and then these populations re-
cently expanded and now meet in Kashmir. In the second,
the species was always continuously distributed across Kash-
mir, but phylogeographic structure in mitochondrial DNA
developed as a result of low individual dispersal distances.

This second explanation is an unusual one that, according
to Wake (2001, p. 299), ‘‘runs counter to a central tenet of
phylogeography, which sees history as having been recorded
in the phylogeny of sequence lineages, and so is likely to be
controversial.”” Avise et al. (1987) and Avise (1994) pro-
posed several hypotheses for mitochondrial gene trees, one
of which was that intraspecific monophyletic groups distin-
guished by large genealogical gaps usually arise from long-
term extrinsic (biogeographic) barriers to gene flow. Al-
though Neigel and Avise (1993) and Avise (2000) have cau-
tioned that this hypothesis is not a rule and that gaps might
arise without a geographic barrier to gene flow, many re-
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Fic. 1. The geographic range of greenish warbler (Phylloscopus
trochiloides) populations in Asia and a simplified mitochondrial
gene tree showing estimated matrilineal relationships between in-
dividuals from various sampling locations (modified from Irwin et
al. 2001a). Letters on the map correspond to the mitochondrial clade
to which individuals at that site belonged.

searchers assume that genealogical breaks are indicative of
major breaksin gene flow in the past or present. For example,
Riddle et al. (2000, p. 14438), introducing a phylogeographic
study based on mitochondrial DNA of 12 species groups in
the Bgja California peninsular desert, stated that ‘*To the
extent that divergent phylogroups are cryptically embedded
within a single widespread species, the role of vicariance in
structuring biotas will necessarily be underestimated.”” Upton
and Murphy (1997, p. 104), referring to a phylogeographic
break in mitochondrial DNA of side-blotched lizards of Baja
California, wrote that ‘‘the discontinuity requires a long-
lasting isolation’’ (italics added in both quotes). The direct
interpretation that a geneal ogical break istheresult of along-
term geographic barrier to gene flow relies on the assumption
that geneal ogical breaks cannot arise when there are not geo-
graphic barriers to gene flow. However, because geneal ogies
are influenced by chance, in the form of genetic drift, the
possibility should be considered that phylogeographic breaks
might develop in the absence of geographic barriers.

Here | show that phylogeographic breaks, often quite deep,
readily arisein continuously distributed speciesif the average
individual dispersal distances and/or population size of the
species are low. This is a natural outcome of low dispersal
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distances and the way that mitochondrial and chloroplast
DNA are inherited. As theoretical studies of isolation-by-
distance models (Wright 1943; Slatkin and Maddison 1990;
Neigel et al. 1991; Slatkin 1991, 1993; Neigel and Avise
1993; Barton and Wilson 1995) have shown, low dispersal
distances in a continuously distributed species often lead to
a positive correlation between the ages of lineages and their
spatial extents. Two individuals are more likely to be closely
related if they are geographically close to each other than if
they are widely separated. Because mitochondrial and chlo-
roplast DNA are usually inherited from only one parent (i.e.,
there is no recombination), they evolve through bifurcating
geneal ogies. Individuals can belong to either of the two deep-
est genealogical clades, but they cannot be genealogically
intermediate. These conditions lead unavoidably to the for-
mation of phylogeographic structure. Under extreme condi-
tions of low dispersal, one pair of adjacent sampling locations
is likely to have individuals that belong entirely to different
deep genealogical clades, while other pairs of adjacent lo-
cations have much higher genealogical relatedness.

Although this paper focuses on the formation of phylo-
geographic breaks when there are no geographic barriers, |
also investigate how long and under what conditions the im-
print of a historical barrier to gene flow will persist. The
strength of aphylogeographic break that is caused by abarrier
to gene flow tends to rapidly diminish with time after the
barrier disappears. Only under conditions of very low indi-
vidual dispersal distances does the phylogeographic break
persist for long. Under these same conditions of low dis-
persal, phylogeographic breaks that are not the result of a
geographic barrier are likely to arise.

METHODS
Smulation Models

Most theoretical studies of spatial genetic structure have
assumed a small number of subpopulations that exchange
genes through dispersal of individuals between subpopula-
tions. Typically, such modelstake the form of either anisland
model, in which anumber of subpopulations exchange afixed
proportion of genes with each other and usually have no
spatial relationships (e.g., Slatkin and Maddison 1989; Slat-
kin 1991; Marjoram and Donnelly 1994; Hudson 1998; but
see Wakeley 2001), or a stepping-stone model, in which sub-
populations are arranged spatially and only exchange genes
with neighbors (e.g., Slatkin and Maddison 1990; Slatkin
1991). For each type of model, the probabilities of repro-
ducing are identical for all individuals within a single sub-
population. These models have been used for reasons of
mathematical tractability rather than biological reality (Wak-
eley 2001). Many species do not consist of semi-isolated
panmictic populations. Rather, some species are distributed
over arelatively continuous range, with each individual hav-
ing a unique location within that range. In such a system,
the probability of reproducing isdifferent for each individual,
depending on local factors such as local intraspecific com-
petition for resources (Felsenstein 1975). The structure of
gene genealogies within such a system is difficult to model
analytically (Felsenstein 1975; Barton and Wilson 1995). |
therefore designed computer simulations, building on those
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used by Neigel and Avise (1986, 1993), Slatkin and M addison
(1990), and Neigel et al. (1991). This is the first paper to
specifically examine the formation of phylogeographic breaks
in continuously distributed species using computer simula-
tions; using similar simulations, Neigel and Avise (1986) and
Neigel et al. (1991) studied the relationship between the geo-
graphic distribution and age of lineages, and Slatkin and
Maddison (1990) examined the relationship between the dis-
tance between sampling sites and the effective migration rate
between them.

To simulate matrilineal genealogies in a continuously dis-
tributed species, | considered a species with nonoverlapping
generations that is distributed along a one-dimensional range.
I chose to limit the simulations to linear ranges because sim-
ulations in two dimensions would take much more computing
time, and because results in a single dimension are more easily
analyzed and presented than those in two. | assumed that there
was no geographic variation in habitat quality and that there
were no geographic barriers to gene flow. Because the goal
was to simulate matrilineal genealogies, males and mating
behavior were ignored. The simulations modeled two funda-
mental stochastic processes, the reproduction of each female
(i.e., the number of daughters) and the dispersal distance and
direction of each daughter. The simulations recorded the re-
| ationships between individuals in the population as these two
processes were repeated for many generations. | took two ap-
proaches to these simulations, a forward-in-time approach and
a backward-in-time, coal escent approach. All simulationswere
done using MATLAB (The Mathworks, Natick, MA) on Mac-
intosh computers.

Note that this paper concerns the simulation of true ma-
ternal genealogies. In an empirical study, such genealogies
usually must be estimated from genetic data such as mito-
chondrial and chloroplast DNA seguences. The inference of
genealogies from genetic data is a complex topic that has
been discussed in depth elsewhere (e.g., Avise 1994; Mindell
1997; Page and Holmes 1998). This paper will focus on ge-
nealogical patterns that would be recovered if DNA data al-
lowed the perfect recovery of a matrilineal genealogy.

Forward-in-Time Model

| started with a linear range of length = 1 and carrying
capacity N for the entire species. On this range | placed n
individuals (initially, n = N), each of which had a unique
location that was randomly determined from a uniform dis-
tribution. Next, the reproductive probability of each individ-
ual was adjusted to reflect local density dependence. This
was necessary to ensure that the species stayed relatively
evenly spread across the entire range (Felsenstein 1975; Bar-
ton and Wilson 1995) and to ensure that the number of in-
dividuals in the species (n) stayed close to the carrying ca-
pacity (N). Presumably because of competition for resources,
an individual in a dense part of the range had a lower re-
productive output than an individual in a sparse part. Local
density was measured by weighing the locations of all other
individuals using a normal curve centered on the focal in-
dividual’s location, xq, with standard deviation w. To cal-
culate pep, the expected reproductive output, for each in-
dividual, | compared the local density calculated for that
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individual with the local density that would be calculated if
N individuals were distributed evenly throughout the range:

5 exp[—;(xe,en - %2

: (D

Merep

5 expl—%(xred - X0)2‘

where Xqen represents the locations of N individuals spread
evenly throughout the range and X,y represents the real lo-
cations of all individuals in the simulation. If an individual
was in a dense part of the range, the expected reproduction,
rep: Calculated according to the above equation was less than
one, whereas an individual in a sparsely populated part of
the range had a ¢, greater than one. The actual reproduction
of each individual (i.e., the number of daughters produced
by each mother) was then determined by drawing from a
Poisson distribution with mean ¢, Note that this method
of determining reproduction automatically took into account
the fact that individuals near the edge of the range had fewer
individuals near them than those in the center of the range;
on average, individuals at the edge had the same reproduction
as those in the center. After the number of offspring for each
individual was determined, | dispersed each offspring from
the location of the parent by drawing from a normal distri-
bution with standard deviation o, expressed relative to a
range of length = 1. If the new location was outside of the
range of the species, that result was rejected and more draws
were done until the offspring had alocation within the range.

The processes of reproduction and dispersal described above
were repeated for many generations, while keeping track of
the relationships between individual s and their locations. After
many generations, all individuals in the population were de-
scended from one individual in the original population, allow-
ing a matrilineal genealogy to be constructed.

The main strength of the forward-in-time model is its in-
tuitive relationship with reality. All females in the species
are included in the model, there are easily understood phases
of reproduction and dispersal, population size and local den-
sities fluctuate as a natural consequence of the stochastic
nature of reproduction and dispersal, and the simulation
moves forward through time.

Coalescent Model

The second model, which was based on a backward-in-
time approach using coalescent theory (Kingman 1982; re-
viewed by Harding 1996), allowed the simulation of much
larger population sizes for longer periods of time. The geo-
graphic range consisted of a one-dimensional array of N
points, each point representing a single female. | began by
choosing a sample of individuals whose genealogy would be
constructed. Then the location of the mother of each indi-
vidual was determined by moving a number of points deter-
mined by a random draw from a normal distribution with
standard deviation ogs,. Whenever two or more individuals
had the same mother (i.e., the same point was occupied by
their mothers), there was a coal escent event in the geneal ogy.
By moving backward through the generations until there was
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only asingle ancestral individual, the genealogy of the entire
sample could be constructed. This approach was inspired by
the lattice model of Slatkin and Maddison (1990).

The backward-in-time approach is computationally effi-
cient because individual s that are not ancestral to the sampled
individuals can be ignored. It allows the simulation of ge-
nealogies spanning millions of generations in species con-
sisting of hundreds of thousands of individuals. Unlike the
forward-in-time model, it does not require any a priori es-
timate of how many generations the simulation needs to run;
each simulation runs until all lineages have coalesced.

Note that both models have two important parameters, both
of which have similar roles in each model. These are N, the
carrying capacity of the species, and oy, the standard de-
viation of the dispersal curve. The forward-in-time model has
an additional parameter, w, the standard deviation of the
curve that determines the strength of local density depen-
dence. In the coalescent model, density dependence is not
explicitly defined, but it is inherent in the model because the
species is assumed to have a constant population size with
individuals that are evenly distributed across the range.

Analysis of the Smulations

For each simulation, | sampled the 10 closest individuals
from each of six locations that were evenly distributed across
the linear range, with the two outer locations at the extreme
edges of the range (i.e., because the range spans locations
from zero to one, sampling locations were at 0.0, 0.2, 0.4.
0.6, 0.8, and 1.0; hereafter, these locations will be referred
to as 1 through 6). This sampling scheme roughly resembles
those that are often used in real phylogeographic studies (e.g.,
Milot et a. 2000). In the forward-in-time model, the sampling
was done after the simulation. In the coalescent model, the
sampled individuals were picked first and then the simulation
was used to construct their geneal ogy. In each case, the output
of each simulation was a matrilineal genealogy of 60 indi-
viduals.

Nine simulations were run using the forward-in-time mod-
el, each lasting 100,000 generations. Each combination of
the parameters N = (400, 800, 1600), o4s, = (0.005, 0.01,
0.02), and w = 0.005 was used. In each simulation, gene-
alogies were recorded every 10,000 generations, providing
10 genealogies under each of combination of parameters.

Using the coalescent model, simulations were run using
every combination of the parameters N = (400; 800; 1600;
3200; 6400; 12,800; 25,600; 51,200; 102,400) and ogig, =
(0.00125, 0.0025, 0.005, 0.01, 0.02, 0.04). Ten simulations
were done under each of the 54 combinations of parameters.

Using each of the resulting genealogies, | quantified the
strength of major phylogeographic breaks. First, | determined
which of the two deepest geneal ogical clades each individual
belonged to. Then, for each pair of adjacent sampling sites
(comparing locations 1 and 2, 2 and 3, and so on), | calculated
the coefficient of association, ¢ (Sokal and Rohlf 1995), for
the association between clade membership and location. Val-
ues of ¢ ranged from zero, when individuals from both sites
belonged to the same deep clade, to one, when the two sites
had individuals belonging entirely to different deep clades.
The maximum of the five values of ¢ calculated between
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adjacent locations, ¢ Was used to represent the strength
of the deepest phylogeographic break in the genealogy.

While the above method only considers the deepest split
in the genealogy, | also measured phylogeographic structure
using the entire structure of the genealogy. First, | calculated
the average coalescent time between the individuals of ad-
jacent locations, D, which is analogous to average genetic
distance. | then calculated the ratio of the maximum to the
minimum of the five average coalescent times between ad-
jacent sampling sites, Du/Dmin- If this ratio was high, it
meant that one pair of adjacent sampling sites was much more
distantly related than another pair.

An important question is whether the patterns observed in
the simulated geneal ogies depend on the number of individ-
uals sampled per population. To investigate this possibility,
| used the coal escent model to generate simulated geneal ogies
for samples of 40 individuals, rather than the 10 individuals
used in the other simulations, from each of the six populations
across the range. Ten simulations were run using each of the
four combinations of the parameters N = (1600; 25,600) and
ogisp = (0.0025, 0.02). The characteristics of the resulting
genealogies, as measured using ¢max, Dmax/DPmin, @nd coales-
cent time, were compared with the geneal ogies based on sam-
ples of 10 individuals per population using Wilcoxon rank-
sum tests.

Smulations of Historical Geographic Barriers

The simulations described above were used to model ge-
nealogies in continuously distributed species with no geo-
graphic barriers. | also used simulations to investigate how
long a phylogeographic break that is caused by a geographic
barrier will persist. | considered a situation in which there
was a long-term barrier to gene flow, such that populations
on either side of the barrier became reciprocally monophy-
letic with respect to the gene of interest. This barrier then
disappeared, allowing dispersal of individuals between the
two previously isolated regions. After various periods of time
had passed, | then asked whether a phylogeographic break
was present in the general location where the barrier had
been.

The coalescent model, as described above, was used for
these simulations, with a few modifications. | envisioned a
long-term, complete barrier to dispersal in the center of the
linear range (i.e., located at position 0.5 within a species
range spanning from 0.0 to 1.0) that was present until T
generations ago, when it suddenly disappeared. The model
started with a sample of 10 individuals from each of six
populations spread evenly across the range, and then the sim-
ulation moved backward in time while constructing the ge-
nealogy for T generations, when the simulation stopped. At
this point the geneal ogy reveal ed the location of the maternal
ancestor of each of the 60 individuals in the sample. Each
ancestor was labeled “*A’’ if it was on the left side of the
geographic barrier (i.e., if its location was less than 0.5) and
‘B’ if it was on the right side (i.e., location greater than
0.5). The same labels were then assigned to the descendents
of each ancestor. In this way each of the 60 sampled indi-
viduals could be labeled as a matrilineal descendent of in-
dividuals on either the left or right side of the historical
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Fic. 2. Two maternal genealogies produced by the forward-in-
time model, with a population size (N) of 1600 and standard de-
viation of dispersal distance (o4s,) Of 0.005. Each genealogy rep-
resents the relationships among 6%) individuals, 10 drawn from each
of six locations that are evenly distributed across a linear range.
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geographic barrier. Because | assumed that populations on
either side of the barrier were reciprocally monophyletic
when the barrier disappeared, the labels “*A’" and *‘B’’ re-
ferred to two divergent genealogical clades. To measure the
strength of the phylogeographic break due to the historical
barrier and in its general location, | measured the coefficient
of association, ¢ (Sokal and Rohlf 1995), for the association
between clade membership and location between sites 3 and
4, on either side of the historical barrier.

These simulations were run with N = 6400, o4 =
(0.00125, 0.0025, 0.005, 0.01, 0.02, 0.04), and T = (25, 50,
100, 200, 400, 800, 1600, 3200, 6400). To check whether
the results are sensitive to population size, | also ran simu-
lations with N = 25,600, o4 = (0.00125, 0.0025, 0.005,
0.01, 0.02, 0.04), and T = (50, 200, 800, 3200). Ten simu-
lations were done under each of the 78 combinations of pa-
rameters.

RESuULTS
Phylogeography without Geographic Barriers

Both the forward-in-time and coal escent models show that
phylogeographic breaks can develop in a continuously dis-
tributed species, and that phylogeographic structure can vary
dramatically between simulations run under identical con-
ditions. For example, in Figure 2 | show two simulated ge-
neal ogies produced by the forward-in-time model, with N =
1600 and ogs, = 0.005. These two genealogies both have
much geographic structure, but differ greatly in the apparent
relationships between the populations. In the first (Fig. 2A),
there is a deep phylogeographic break between locations 1
and 2, and there is relatively little divergence between other
pairs of adjacent locations (see Fig. 2C for measures of ge-
nealogical divergence). In the second (Fig. 2B), there aretwo
geographically separated clades with a deep genealogical
break between them; individuals from locations 14 are high-
ly related and those from locations 5 and 6 are highly related,
compared to the genealogical distance between those groups.
Thetwo geneal ogies al so differ dramatically in the coal escent
time of the entire sample. All samples in Figure 2A descend
from a single individual 13,152 generations back, whereas
those in Figure 2B have a coalescence time of 42,913 gen-
erations.

Two examples of genealogies produced by the coal escent
model (Fig. 3), with N = 102,400 and o4is, = 0.00125, also
differ dramatically while each showing phylogeographic
structure. Thefirst (Fig. 3A) hasrelatively similar divergence

—

The numbers at the tips represent the location that the individual
was sampled from, and scale bars indicate time in generations. (A)
The genealogy after the simulation was run for 50,000 generations.
(B) The genealogy after the same simulation was run for 100,000
generations. (C) Graphs of two measures of genetic divergence, ¢
(left) and D (right), between pairs of adjacent sampling locations.
Dark bars show data from tree A, and gray bars show data from
tree B. Dashed lines (for genealogy A) and dotted lines (for ge-
nealogy B) show ¢ and D between populations 1 and 6. There is
strong phylogeographic structure in each geneal ogy, but the pattern
of relationships is different in the two geneal ogies.
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Fic. 3. Two maternal genealogies produced by independent runs
of the coalescent model, with a population size (N) of 102,400 and
standard deviation of dispersal distance (ogs,) Of 0.00125. Each
genealogy represents the relationships among 60 individuals, 10
drawn from each of six locations that are evenly distributed across
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between all pairs of adjacent populations, whereas the second
(Fig. 3B) hastwo geographically separated cladeswith adeep
genealogical split between them, between populations 3 and
4 (see Fig. 3C for measures of genealogical divergence). The
two genealogies also differ in their coalescence times
(641,183 generations for Fig. 3A; 953,945 for Fig. 3B).

The amount of phylogeographic structure that is observed
depends both on the average distance that individuals dis-
perse each generation and on the number of individuals in
the species. In Figure 4A, | show how ¢,y the strength of
the phylogeographic break between the two deepest clades
in the phylogeny, depends on o, and N. Generally, gene-
alogies produced by simulations with a combination of large
population size and large dispersal distance have low values
of &ax indicating that they do not have strong phylogeo-
graphic breaks. As dispersal distance and population size
decrease, the strength of the deepest phylogeographic break
increases. In Figure 4B, | show that the amount of phylo-
geographic structure in the entire geneal ogy (D nax/Din) aso
increases with decreasing dispersal and population size.

The coalescent time of the simulated geneal ogies also de-
pends on dispersal and population size (Fig. 4C). According
to coal escent theory, the expected matrilineal coal escent time
of a panmictic species of N females is 2N (Nei 1987; Avise
2000). The simulated genealogies, each representing rela-
tionships of 60 individuals sampled across the range, should
almost always contain representatives of both of the deepest
clades of the species, allowing a comparison between the
coalescent time of the 60 individuals and the theoretical co-
alescent time of the species. At large population sizes and
large dispersal distances, the average coalescent time of the
simulated genealogiesis close to 2N, although thereisalarge
amount of variation around this expected value. At lower
population sizes and dispersal distances, coal escent times can
be greatly increased, reaching more than 100N in some cases
(Fig. 4C). There appears to be a close association between
the appearance of phylogeographic structure (Fig. 4A,B) and
an increase in the coal escent time (Fig. 4C); generally, values
of N and o, that lead to phylogeographic structure also lead
to coalescent times above 2N.

In Figure 4, | show average results from the coal escent
model, but the results of the forward-in-time model are sim-
ilar. Nine combinations of parameters were used for the for-
ward-in-time model, and the resulting geneal ogies have &
values, Dp./Dpin ratios, and coalescent times that do not
differ significantly from the geneal ogies produced by the co-
alescent model (27 Wilcoxon rank sum tests, median P =

—

a linear range. The numbers at the tips represent the location that
the individual was sampled from, and scale bars indicate time in
generations. The two trees were chosen for illustration because of
10 simulated geneal ogies under these conditions, genealogy A had
the lowest D, ,/Dnin ratio, and genealogy B had the highest. (C)
Graphs of two measures of genetic divergence, ¢ (left) and D (right),
between pairs of adjacent sampling locations. Dark bars show data
from tree A, and gray bars show data from tree B. Dashed lines
(for genealogy A) and dotted lines (for genealogy B) show ¢ and
D between populations 1 and 6.
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Fic. 4. The characteristics of gene genealogies depend on both the dispersal distance and population size of the species. On the left
are three-dimensional graphs showing mean values from 10 simulations using the coalescent model at each of 54 combinations of og,
and N, and on the right are contour plots generated from the same data. As o5, and N decrease, (A) the strength of phylogeographic

breaks (), (B) phylogeographic structure (Dpa/Dmin), @nd (C) coalescent time increase.
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TaBLE 1. Analysis of whether the presence of phylogeographic breaks (¢,.,), the amount of phylogeographic structure (D,./D.,), Or coalescent
time depend on sample size per sampling site. Under four combinations of o, and N, 10 simulations were run using 10 samples per sampling
site, and another 10 were run using 40 samples per sampling site. For each set of simulated genealogies, the table shows the means and, in
parentheses, ranges of ¢, .. DimadDmin @nd coalescent time. Also shown are P-values from Wilcoxon rank-sum tests comparing geneal ogies with
10 and 40 samples per sampling site. Only two tests (shown in bold) have P-values less than 0.05.

Samples

Coalescent time

[ N per site Drrex P D eod Dirin P (X 10%) P

0.0025 1600 10 0.96 (0.58—1.00) 36.1 (5.0-131.5) 67.5(16.0-157.1)

40 0.92 (0.73-1.00) 0.36 38.8 (4.1-174.5) 0.65 49.2 (15.2-129.0) 0.15
0.0025 25,600 10 0.57 (0.23-0.82) 5.2 (1.9-9.6) 77.5(30.7-155.3)

40 0.60 (0.23-0.93) 0.76 5.1 (1.4-10.0) 0.76 110.3 (48.0-237.0) 0.11
0.02 1600 10 0.44 (0.23-0.73) 2.0 (1.2-3.5) 3.5(1.1-5.6)

40 0.41 (0.26—0.60) 0.88 1.9(1.2-3.1) 0.94 4.0(1.0-8.2) 0.76
0.02 25,600 10 0.30 (0.20—0.44) 1.3(1.1-2.0) 42.0 (25.9-89.7)

40 0.18 (0.08-0.29) 0.004 1.3(1.0-1.7) 0.94 68.8 (37.0—164.3) 0.010
0.496; only one P-value [0.019] is less than o = 0.05, but pendence of ¢, 0N sampling size is a result of the fact that

still greater than the Bonferroni-corrected o = 0.002).

In Table 1, | show that the strength of phylogeographic
breaks, the amount of phylogeographic structure, and coa-
lescent times of simulated genealogies generally differ little
between simulations using 10 individuals per sampling site
and those using 40 individuals per sampling site. Of 12 com-
parisons, only two Wilcoxon rank-sum tests, one referring to
bmax @nd the other referring to coalescent time, resulted in
P-values less than a = 0.05, but still approximately equal or
greater than the Bonferroni-corrected o = 0.0042 (Table 1).
Both of these apply to simulations run with a relatively high
combination of population size and dispersal (N = 25600 and
ogisp = 0.02), conditions that do not lead to strong phylo-
geographic breaks, strong phylogeographic structure, or to
high coalescent times (Fig. 4), and are therefore not of pri-
mary concern in this paper. Under these conditions, the de-

small samples tend to deviate more from population means
than large samples. When thereis no real association between
genealogy and geography, the coefficient of association, &,
is lower for larger samples than for smaller samples. The
possible dependence of coal escent time on sample size under
these conditions might arise because larger samples are more
likely to include representatives of both of the deepest clades
in the species. The results in Table 1 indicate that, under
conditions that lead to phylogeographic structure, results are
relatively insensitive to sample size.

Phylogeography Due to Historical Geographic Barriers

In Figure 5, | show how the strength of the phylogeo-
graphic break due to areal geographic barrier tendsto decline
rapidly after disappearance of the barrier. The rate at which

L 1 1 1 1

O igp = 0.00125

0.0025

1
Strength of 0.75
phylogeographic
break (¢)
in location of
historic barrier -5
0.25 -
0 T T
25 50 100

T T T T T

200 400 800 1600 3200 6400

Time since barrier vanished (generations)

Fic. 5. Following the removal of areal barrier to dispersal, the strength of the phylogeographic break due to that barrier tends to decline
rapidly. The figure shows mean values of ¢ from 10 simulations at each of 54 combinations of T (the time since removal of the barrier,
on the horizontal axis) and o s, (shown by separate lines), with N = 6400.
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this occurs increases with increasing individual dispersal dis-
tances (Fig. 5). Only when o4, iS very low does the phy-
logeographic break persist for long. After 6400 generations,
there is almost no association between clade membership and
location when o g, is 0.005 or higher (for comparison, if one
site has six clade A samples and four clade B, while the other
site has four clade A and six clade B, ¢ = 0.2).

The data presented in Figure 5 are based on simulations
in which the total population size of the species, N, was 6400,
but results from simulations in which N = 25600 were sim-
ilar. Using N = 25600, 24 combinations of parameters were
run (see Methods), and resulting ¢-values did not differ sig-
nificantly from ¢-values in Figure 5 (24 Wilcoxon rank sum
tests, median P = 0.65, range 0.13 to 1.00). These results
indicate that the rate of disappearance of phylogeographic
breaks that are caused by historical geographic barriers does
not depend on the population size of the species.

Discussion

Many authors of phylogeographic studies argue, correctly,
that species with small dispersal distances are more likely
than those with large dispersal distances to show phylogeo-
graphic breaks caused by geographic barriers (e.g., Avise
1994; Bond et al. 2001). However, as the simulations pre-
sented here show, species that have small dispersal distances
are also likely to show genealogical breaks that are not a
result of geographic barriers. It iswell known from coal escent
theory that intraspecific geneal ogies aretypically divided into
two clades that are relatively distantly related (Barton and
Wilson 1995). Less well known is that when dispersal dis-
tances are low, these two clades can be geographically sep-
arated, resulting in the appearance of phylogeographic
breaks. These breaks have usually been attributed to long-
term geographic barriers, but clearly this need not be the
case. Such genealogical structure readily arises in a stable,
continuously distributed species if dispersal distances and
population sizes are sufficiently low.

Although this is the first paper to explore in detail the
conditions under which phylogeographic breaks may arise by
chance, the phenomenon has been suggested before. Neigel
and Avise (1993, p. 1219), who conducted simulations with
agoa of understanding the relationship between the age and
the geographic distribution of a mitochondrial DNA lineage,
stated that ‘‘nested phylogeographic distributions can arise
in the absence of barriers to gene flow’’ and that ‘* specific
explanationsfor every feature of an empirical [mitochondrial]
DNA distribution may be unwarranted.”” These cautions have
seldom been heeded; the great majority of studies that reveal
phylogeographic breaks fail to consider the possibility that
the break formed as a result of stochastic causes in a con-
tinuously distributed species rather than as aresult of specific
geographic causes (exceptions include Reeb and Avise 1990;
Soltis et al. 1997; James and Moritz 2000; and Irwin et al.
2001a).

Under conditions of low dispersal and low population size,
matrilineal relationships between groups of individuals sam-
pled from different locations across a geographic range can
vary tremendously. These matrilineal relationships may de-
viate widely from the true rel ationships when considering the
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entire genome. Most parts of the genome are inherited from
both parents, and sexual reproduction results in the creation
of new combinations of genesthat have different geneal ogical
histories. Although all copies of a nonrecombining marker
such as mitochondrial or chloroplast DNA descended from
asingle ancestral individual, different sections of the recom-
bining part of the genome were inherited from different an-
cestral individuals. Thus, under the conditions of the simu-
lations, relationships based on the entire genome would be
much less variable than matrilineal relationships.

An interesting outcome of the simulations is that two fac-
tors—dispersal distance and population size—interact to de-
termine the amount of phylogeographic structure. The role
of small dispersal distance in causing phylogeographic struc-
ture is obvious, but the role of population size is less intu-
itively clear. The link can be understood by considering the
role of coalescent times. In a panmictic population (i.e., one
inwhich all individuals have an equal chance of reproducing)
of N haploid individuals, the expected coalescence time is
2N generations (Avise 2000). However, the simul ations show
that when a species is distributed across a geographic range
and each individual disperses a short distance compared to
the size of that range, expected coalescence times can be
much greater (Fig. 4C). Thisis aresult of the fact that it can
take more than 2N generations for the descendants of any
one individual to spread across the range. Using a random-
walk diffusion model, Neigel et al. (1991) showed that o3
= 2Gogsp, Where o is the expected variance in distances
between pairs of descendants after G generations. Assume,
for the moment, that the descendants of an individual at the
very center of the range spread by simple diffusion all the
way across the range. The expected time in generations that
this process would take is given by G = (0&/204s) =
(0.1617/20 ), because 0§ = 0.1617 if the descendants are
spread evenly over a range of length = 1. Descendants of
individuals near the edge of the range would take even longer
to spread across the range. If the time necessary for this
diffusion processis similar or greater than 2N, then the actual
coalescent times will tend to be greater than 2N and there
will be phylogeographic structure. For example, when N =
1600 and ogs, = 0.005, 2N = 3200 and G = 3234. Under
these parameters, strong phylogeographic structure formsin
the simulations (Fig. 4A,B), and the coalescence times are
greater than 2N (Fig. 4C). If we hold N at 1600 and increase
dispersal to o4g, = 0.02, then G = 202, so that time needed
for dispersal is much less than 2N and thereis |less population
structure. Similarly, if we keep og, = 0.005 and increase N
to 12,800, then G = 3234 is much less than 2N and there is
less population structure. Note that local density dependence
plays an essential rolein these interactions, becauseit iswhat
keeps the species evenly spread across the range (Felsenstein
1975; Barton and Wilson 1995). If there were no local density
dependence, all individuals would have an equal chance of
reproducing and the expected coal escence time would be 2N.

Researchers often argue that mitochondrial and chloroplast
DNA are more likely than nuclear markers to show evidence
of real barriersto gene flow (Moore 1995; Wiens and Penkrot
2002), for two main reasons. First, maternally inherited mark-
ers have effective population sizes that are generally one-
fourth those of nuclear genes. As a result, when a single
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species is divided into two populations, mitochondrial and
chloroplast DNA tend to become reciprocally monophyletic
more quickly than nuclear markers. Second, mitochondrial
and chloroplast DNA do not undergo recombination, and
hence clear genealogical patterns can be reconstructed. For
these same reasons, maternally inherited markers are more
likely than nuclear markers to show phylogeographic gaps
that are not caused by geographic barriers. Asthe simulations
here have shown, the likelihood of observing phylogeograph-
ic breaks increases with decreasing population size; the fact
that maternally inherited markers have one-fourth the effec-
tive population size of nuclear genes makes them more likely
to show phylogeographic structure in a continuously distrib-
uted species. Thelack of recombination causes mitochondrial
and chloroplast haplotypes to evolve through bifurcating ge-
nealogies; an individual must belong to either of the two
deepest genealogical clades, but cannot be genealogically
intermediate. It isironic that the markers that are most likely
to show evidence of real barriers are also most likely to show
evidence of barriers that never existed.

The purpose of the simulations was to investigate the con-
ditions under which phylogeographic breaks can form in an
idealized species that is continuously distributed across a
range that has no variation in habitat quality over space or
time. Of course, real species are amost never evenly dis-
tributed, and their ranges almost always vary in quality (Bar-
ton and Wilson 1995). If phylogeographic breaks can develop
in the simulations presented here, they could even more easily
develop in species subject to more realistic conditions. Fac-
torssuch assmall local extinctions, spatial variation in habitat
quality, and variation in dispersal distances across the range
could increase phylogeographic structure. Another factor that
is rarely considered but potentially important is selection; if
different mitochondrial haplotypes are favored in different
locations, phylogeographic breaks can persist despite much
gene flow. The hypothesis that phylogeographic breaks are
caused primarily by long-term vicariant events should be
reconsidered in light of the variety of scenarios that could
lead to such phylogeographic structure.

The possibility that phylogeographic breaks might arisein
locations where there is no specific geographic cause presents
a problem to researchers who would like to use genetic var-
iation to uncover current and historical patterns of gene flow.
There are several possible solutions to this problem. First,
researchers should study variation in multiple independent
genetic markers in any phylogeographic study (Hare 2001).
If phylogeographic structure is simply a result of small dis-
persal distances, different units of inheritance should show
different phylogeographic patterns (Barton and Wilson
1995). Only when multiple independent genetic markers
show genealogical breaks in the same geographic location
should it be concluded that there is a specific geographic
cause for the breaks (Avise 2000; Hare 2001). Second, re-
searchers can study several species to see if they have the
same patterns of phylogeographic breaks, in which case those
breaks likely have specific geographic causes (Patton and da
Silva 1998; Avise 2000; Riddle et al. 2000). However, even
in these situations there may not have been completeisolation
between populations; phylogeographic breaks in multiple
genes or in multiple species may tend to coexist in regions
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of poor habitat quality, ecological gradients, or reduced dis-
persal. Third, hypothesis-testing approaches should be em-
ployed as much as possiblein phylogeographic studies (Puor-
to et al. 2001). Before doing a survey of genetic markers,
researchers should propose specific locations as species
boundaries, barriers to gene flow, or areas of recent contact
between historically allopatric populations. Then, a phylo-
geographic break in one of those areas would be supportive
of the hypothesized geographic factor. If a phylogeographic
break is found in an area where none was hypothesized to
be, more evidence should be obtained to investigate whether
the break is the result of a specific geographic factor at that
location. Variation in morphological, behavioral, ecological,
or physiological traits should be used together with the mo-
lecular variation to test hypotheses regarding biogeographic
history and species boundaries (Puorto et al. 2001; Wiens
and Penkrot 2002).

Although phylogeographic breaks can form without geo-
graphic barriers when dispersal distances are small, simu-
lations al so show that phylogeographic breaks that are caused
by geographic barriers can disappear rapidly if dispersal dis-
tances are not very small (Fig. 5). However, these simulations
did not take into account other factors that may stabilize the
phylogeographic break after the geographic barrier is re-
moved. Such factors include reproductive isolation between
the genealogical groups (i.e., a species boundary) or ecolog-
ical and morphological divergence of the two groups (Reeb
and Avise 1990), perhaps with selection against hybrids. In
these cases, in which the phylogeographic break is no longer
maintained by a geographic barrier to dispersal, examination
of other traits should reveal differences between the groups.

In the case of the ring of greenish warbler populations, a
mitochondrial DNA geneal ogy showed two major phylogeo-
graphic breaks (Fig. 1). The northern break, in central Siberia,
was predicted in advance, based on morphological and be-
havioral evidence that there is a species boundary there (Ti-
cehurst 1938; Irwin 2000). The southern break, in Kashmir,
was surprising because it was not predicted and is not co-
incident with sharp changes in morphological and behavioral
traits (Irwin et al. 2001a). Thetraditional interpretationwould
be that the southern break also represents a species boundary
or a recent contact between long-separated allopatric popu-
lations, but the simulations in this paper illustrate the pos-
sibility that the mitochondrial break arose without any barrier
to gene flow in the past or present.

It is difficult to compare the simulations with real species
numerically for several reasons. First, the simulations were
based on a one-dimensional species range, whereas real spe-
cies ranges are two- (or three-) dimensional. Second, varia-
tion in reproduction and dispersal may differ between the
simulations and real species. Third, real species experience
fluctuations in population size greater than those in the sim-
ulations. With these caveats in mind, we can compare the
greenish warbler mitochondrial DNA phylogeny (Fig. 1) with
the simulated genealogy in Figure 3B. The two trees are
roughly comparable, both having a deep phylogeographic
break and high relatedness between some neighboring sam-
pling sites. The depths of the two trees are also similar (2—
3 million years for the greenish warbler mitochondrial DNA
phylogeny [Irwin 2001b], 953,945 generations for the sim-
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ulated genealogy, which corresponds to 1.9 million years if
the generation time is 2 years). The simulated tree was pro-
duced using parameter values of o4 = 0.00125 and N =
102,400. In the greenish warblers, given the distance around
the ring of populations encircling Tibet of about 8500 km,
these values would correspond to a standard deviation of
dispersal of 10.6 km (i.e., a mean dispersal distance of 8.5
km) and a density of about 12 breeding females’/km around
the ring. | have little data on dispersal distances in greenish
warblers, but comparisons with data from other passerine
species show that a oy, Of 10.6 km is reasonable. Accurate
data on single-generation dispersal is difficult to obtain; in
detailed studies of breeding populations, birds that leave the
study areaare not included in the dispersal estimates, whereas
in broader banding-recovery studies, individuals recovered
after dispersing far may not be successfully breeding (Moore
and Dolbeer 1989). Barrowclough (1980) attempted to cor-
rect for the first problem in studies of dispersal in seven
passerine species, and the resulting estimates of oy, (often
referred to as RM S dispersal distances) ranged from 0.34 km
in the song sparrow (Melospiza melodia) to 1.68 km in the
Bewick’s wren (Thryomanes bewickii), with an average of
1.00 km. Moore and Dolbeer (1989), using data on banding
recoveries over broad areas, estimated a o, Of 94.6 km in
the red-winged blackbird (Agelaius phoeniceus) and 111.4
km in the common grackle (Quiscalus quiscula). Hansson et
al. (2002) estimated the oy, Of great reed warblers (Acro-
cephalus arundinaceus), which are in the same family (Sil-
viidae) as greenish warblers, to be 33 km. It is likely that
greenish warblers in the southern part of their range would
have small single-generation dispersal distances compared to
most passerine birds, for two reasons. First, they inhabit a
narrow altitudinal range in treeline habitat (Price 1991), per-
haps making it difficult for long-distance dispersers to find
appropriate habitat. Second, geographic variation in songs
and morphological characteristics (Irwin et al. 2001a) suggest
that populations are locally adapted, perhaps causing long-
distance dispersers to have difficulty finding a mate and suc-
cessfully breeding.

The density of breeding females around the ring is also
difficult to estimate. Population densities of males on seven
study sites range from 20 to 180 per km2 (mean 72.3; Irwin
2000), suggesting that the 12 females/km used in Figure 3B
is too low. However, the average density of females around
the entire ring may be far less than the density at sites that
were chosen for research on greenish warblers, and popu-
lation fluctuations may cause the number of females that
should be used in the model to be far less than the census
number. Furthermore, the treeline habitat of greenish war-
blers through the Himalayas is very narrow, in many places
only several hundred meters wide because of the steepness
of the mountains and the narrow altitudinal range. Overall,
these considerations suggest that the values used to generate
the tree in Figure 3B are within the realm of possibility,
suggesting that it may have been possible for the phylogeo-
graphic break in Kashmir to have formed in the absence of
barriers to gene flow. Ongoing work using other molecular
markers will help determine whether the pattern is a result
of along-term barrier to dispersal or aresult of low dispersal
in a more-or-less continuously distributed species.
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In reality most species, including the greenish warblers,
have probably experienced a very complex biogeographic
history, with local extinctions, range expansions, and spatial
and temporal variation in habitat quality. Presently, theoret-
ical models of gene trees are simple, usually only examining
the idealized situations of island models, stepping stone mod-
els, or the continuous distribution modeled here. More com-
plex and realistic models are needed to help us more confi-
dently reconstruct biogeographic histories using genetic data.
Meanwhile, phylogeographers should consider the possibility
that phylogeographic breaks may not be the result of specific
geographic factors such as barriers, cryptic species bound-
aries, or recent contact between historically allopatric pop-
ulations. Multiple sources of evidence must be considered
before concluding that a phylogeographic break is the result
of along-term geographic barrier to dispersal.
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AUTHOR'S NOTE ADDED IN PROOF: Recently, G. Hoelzer has
also developed models that show how population structure can
arisein continuously distributed species. See: Hoelzer, G. 2001.
The self-organization of population substructure in biological
systems. InterJourna of Genetics, no. 345, available at http://
www.interjournal .org/cgi-bin/manuscript_abstract.cgi ?59390.



ERRATUM

Please note that equation 1 on page 2385 should read as follows:
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This is the correct equation that was used to calculate expected reproductive output in the
forward-in-time simulations.



