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THE GEOGRAPHY OF MAMMALIAN SPECIATION: MIXED SIGNALS FROM
PHYLOGENIES AND RANGE MAPS
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Abstract.—The importance of geographic isolation in speciation has been debated since the 19th century. Since the
beginning of the 20th century, the consensus has been that most speciation involves divergence in allopatry. This
consensus was based largely on decades of observations by naturalists and verbal arguments against speciation without
isolation. Recent attempts to quantify the importance of allopatric versus sympatric speciation using comparative
methods called ‘‘age-range correlation’” (ARC) suggest that allopatric speciation is more common than sympatric
speciation. However, very few taxa have been studied and there are concerns about the adequacy of the methods. We
propose methodological improvements including changes in the way overlap between clades is quantified and Monte
Carlo methods to test the null hypothesis of no relationship between phylogenetic relatedness and geographic range
overlap. We analyze 14 clades of mammals, chosen because of the availability of data and the consensus among
mammalogists that speciation is routinely allopatric. Although data from a few clades clearly indicate allopatric
speciation, divergence with gene flow is plausible in others and many results are inconclusive. The relative rarity of
significant correlations between phylogenetic distance and range overlap may have three distinct causes: (1) post-
speciation range changes, (2) relative rarity of range overlap, and (3) a mixture of geographic modes of speciation.
Our results support skepticism about ARC’s power for inferring the biogeography of speciation. Yet, even if few
clades provide clear signals, meta-analytic approaches such as ARC may set bounds on the prevalence of alternative
modes of speciation.
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Understanding the role of geographic isolation in specia-
tion has always been a central goal of evolutionary biology
(Coyne and Orr 2004, ch. 3). Even before Darwin’s (1859)
Origin of Species, biogeography was viewed as a vital source
of information about speciation (e.g., Wallace 1852, 1855).
Based on his field observations, Darwin initially stressed the
role of geographic isolation (Darwin 1909; Kottler 1978; Sul-
loway 1979). However, in the 1850s, while developing his
“‘principle of divergence,”’ he became convinced that den-
sity- and frequency-dependent selection associated with bi-
otic interactions were at least as important as abiotic factors
in driving natural selection (Ospovat 1981). This argument,
coupled with obscure meta-analyses (see ch. IV of Charles
Darwin’s Natural Selection, Stauffer 1975), led him to con-
jecture that intraspecific competition might drive speciation,
even without geographic isolation (e.g., Darwin 1859, pp.
111-126). Darwin’s logic remains obscure and his conclu-
sions disputed (Sulloway 1979; Browne 1980; Ospovat 1981;
Kohn 1985; Mayr 1992; Gould 2002, pp. 224-249; Mayr
2004, pers. comm.). Indeed, by the turn of the 20t century,
naturalists studying Lepidoptera, mollusks, fish, birds, and
mammals favored allopatric speciation driven by divergent
natural selection (e.g., Gulick 1905; Jordan 1905, 1908; Poul-
ton 1908; Grinnell 1914, 1924, 1927). By the mid-20th cen-
tury, speciation was considered virtually impossible without
complete geographic isolation (Mayr 1959, 1963).

This view has been challenged recently by a host of math-
ematical models and some case studies (Turelli et al. 2001;
Drés and Mallet 2002; Coyne and Orr 2004, ch. 4; but see
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critiques of the theory by Bolnick 2004 and Gavrilets 2005).
These challenges have been effective and few biologists now
believe that sympatric speciation is impossible (Coyne and
Orr 2004, ch. 4). However, estimating the relative frequencies
of different modes of speciation remains elusive. Hence, the
debate continues between those arguing that speciation is
primarily allopatric (e.g., Coyne and Orr 2004), and those
contending that parapatric and sympatric speciation may be
common (e.g., Berlocher and Feder 2002).

A few investigators have used meta-analyses to infer the
prevalence of allopatric versus sympatric speciation (Lynch
1989; Barraclough et al. 1998; Berlocher 1998; Barraclough
and Vogler 2000; Berlocher and Feder 2002). These analyses
depend on a predictable relationship between the geography
of speciation and the configuration of species’ geographic
ranges long after speciation is complete. Response has been
mixed. Some writers (e.g., Barraclough and Nee 2001; Vogler
2001; Orr and Turelli 2001; Wiens 2004; Martin and McKay
2004; Palumbi and Lessios 2005; Edwards et al. 2005) cite
Barraclough and Vogler (2000) as showing the prevalence of
allopatric speciation. In fact, Barraclough and Vogler’s
(2000) results were largely inconclusive (see p. 424). Others
(Chesser and Zink 1994; Losos and Glor 2003) reject the
approach based on the assumption that rapid changes to spe-
cies geographic ranges effectively eliminate any relationship
between the geography of speciation and contemporary lo-
cations of geographic ranges. Undoubtably, such range shifts
have occurred (Lessa et al. 2003; Lyons 2003), but whether
or not they have obscured all information regarding the ge-
ography of speciation is not clear.

The more sophisticated age-range correlation, or ARC,
methods attempt to account for postspeciation range shifts
by hypothesizing that the amount of overlap between two
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geographic ranges depends at first on the geography of spe-
ciation but becomes randomized over time due to independent
range changes (Lynch 1989; Barraclough et al. 1998 ; Ber-
locher 1998; Barraclough and Vogler 2000; Berlocher and
Feder 2002). It follows that a statistical relationship will exist
between time since divergence (age) and amount of range
overlap if three conditions are met. First, a number of pair-
wise comparisons must be available representing speciation
‘‘events’’ at various times in the geologically recent past,
including times for which geographic ranges are informative
about the geography of speciation. Second, there must have
been a single predominant geographic mode of cladogenesis
in the dataset. And finally, there must be enough variation
in the amount of pairwise range overlap for a pattern to be
detectable. It is not known how often these conditions are
met. This can be assessed only by critical application of ARC
with clearly articulated null and alternative hypotheses.

After briefly reviewing the history of ARC-related analyses
of the geography of speciation, we contribute a new com-
parative analysis of 14 mammalian clades. We provide sev-
eral methodological improvements over earlier approaches,
but conclude that it is extremely difficult to establish an as-
sociation between phylogenetic relationships and geographic
range overlap. The three conditions outlined above are rarely
met in mammals. Although our results do not suggest that
sympatric speciation has been common among mammals,
they are also inconsistent with ‘‘Jordan’s Rule’’ that sister
species almost never have overlapping ranges (Jordan 1905,
1908; Allen 1907; Mayr 1963; cf. Anderson and Evensen
1978; Lynch 1989).

Modern Meta-Analyses Based on Phylogenies and Ranges

The goal of meta-analyses is to produce convincing gen-
eralizations from disparate data. Anderson and Evensen
(1978) compared range overlaps between 130 putative sister
pairs of North American terrestrial vertebrates with range
overlaps for 50 nonsister congeners. They found that the
sister taxa more frequently exhibited considerable range over-
lap than did the nonsisters (see their fig. 2), but their con-
clusions were based on the assumption of vicariant specia-
tion, that is, overlap or parapatry between recently derived
sister species results from ranges bleeding together after the
vicariance-causing barrier disappears. Lynch (1989) used
similar data to infer a relatively low frequency (6%) of sym-
patric speciation in vertebrates. He explicitly attempted to
infer the geography of speciation for various vertebrate clades
with complete species-level phylogenies by quantifying
range overlap and asymmetry of range sizes. His analysis
was presented in part as a critique of earlier biogeographic
analyses (such as Anderson and Evensen 1978) which as-
sumed that all speciation is allopatric and hence that range
overlap of sister pairs provided evidence for postspeciation
dispersal. Lynch’s (1989) analysis of bird speciation was
strongly criticized by Chesser and Zink (1994), who noted
that in several individual cases, range overlap must represent
postglacial range shifts. A common criticism of Lynch’s
(1989) approach is that it attempted to infer ancestral ranges,
and that such inferences are increasingly unreliable for older
sister groups.
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Barraclough et al. (1998) and Berlocher (1998) introduced
a methodological advance that attempted to uncover the bio-
geography of speciation while explicitly acknowledging that
ranges change over time scales significantly faster than clad-
ogenesis. In particular, they extended an idea illustrated in
Lynch (1989; figs. 7 and 8), by developing an inference
framework to describe how patterns of range overlap in a
clade change over time (this approach was later dubbed ARC
for ‘‘age-range correlation’” by Berlocher and Feder 2002).
If allopatric speciation is the rule, then range overlap between
sister species will start at 0% and the probability of nonzero
overlap will gradually increase as ranges change over time.
In contrast, if most speciation is sympatric, overlap should
start near 100% and tend to decrease with time since diver-
gence. Berlocher (1998) used data from plants that originated
by polyploidy, which must involve range overlap (or at least
contact) to provide a persuasive positive control for such
methodology. He found that sister species inferred to have
arisen by polyploidy or recombinational speciation and sister
species of phytophagous insects classified as potential ‘‘host-
shifters’” have much greater average range overlap (51-56%)
than other ‘‘nonshifter’” species pairs (14.5% average range
overlap). Barraclough and Vogler (2000) found statistically
significant positive correlations between overlap and genetic
divergence in several animal clades, but they also showed
that simulations of randomly placed ranges can produce a
similar pattern. This suggests a disconnect between the sta-
tistical hypothesis test and the biological question, a problem
we address with new methodology below.

At best, ARC methods are informative with regard to a
very specific question: what is the relative importance of
sympatric versus nonsympatric speciation? In an attempt to
differentiate parapatric speciation from purely allopatric di-
vergence, we also consider the geographical distance between
ranges of sister groups. Under purely allopatric speciation,
we expect to find nonzero distances (geographic gaps as sug-
gested by Jordan 1905) between the ranges of sister species.
Whereas under parapatric speciation, sister species ranges
abut or slightly overlap immediately following divergence.
This dichotomy is imperfect, certain barriers such as rivers
may completely isolate populations that would appear on a
map to have abutting ranges (e.g., chipmunks in the Tamias
townsendii group, Gannon and Lawlor 1989). However, a
high frequency of near-zero geographic distances between
ranges of recently diverged species would call into question
the primacy of allopatric speciation and invite research into
the concordance of range boundaries with sharp barriers such
as rivers or the presence of environmental gradients that may
foster parapatric speciation.

Here we present an ARC analysis of 14 mammalian clades.
Allopatric speciation has been assumed to be the dominant
mode of speciation in mammals (e.g., Alexander and Riddle
2005, p. 376), therefore they provide a valuable test of the
ability of ARC to recover the geography of speciation where
there is little doubt that allopatry is the rule. Coyne and Orr
(2004, ch. 4) presented preliminary range overlap data for
seven of our 14 study clades (their figs. 4.5 and 4.6). Those
graphs, provided by us, were based on preliminary analyses
subsequently found to have an error that tended to produce
lower overlap values than the correct analyses presented here.
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Although the error affected the quantitative results, our new
plots look similar. Coyne and Orr (2004) presented no sta-
tistical analyses of those graphs, but concluded (p. 175) that
they *“. .. provide strong evidence for allopatric speciation,
with some observations consistent with parapatric speciation.
There is virtually no evidence for sympatric speciation.”” We
present a much more complete analysis and reach less definite
conclusions. In addition to analyzing range overlap, we con-
sider range size asymmetry (as did Barraclough and Vogler
2000) and the geographic distance between spatially disjunct
clades. We discuss the natural history of some of the clades
analyzed, including some limited fossil data relevant to doc-
umenting range changes. We present a null model that gen-
erates expected overlaps; and we develop and apply a sta-
tistical procedure using randomization and phylogenetically
independent contrasts to test the null hypothesis that range
overlap between species is uncorrelated with the length of
time since their divergence.

METHODS
Clades Analyzed and Data Sources

We worked on mammals because of the availability of
good range maps and species-level phylogenetic hypotheses
based on genetic data. In addition, as indicated by their rel-
ative rarity on islands, mammals (other than bats) are gen-
erally less mobile than birds (which also have good range
and phylogenetic information), suggesting that mammalian
range data may be less affected by postspeciation range shifts.
We searched for young clades with complete or near-com-
plete taxon sampling, well-resolved phylogenies and range
maps. We focused primarily on approximately ‘‘genus level’’
clades, in part because many phylogenetic studies have fo-
cused on genera, which often describe clades of ecologically
and morphologically similar species. Table 1 lists the chosen
groups and sources of our phylogenetic and range data.

Geographic range data were taken primarily from Hall (1981),
Corbet (1978), the Mammalian Species accounts published by
the American Society of Mammalogists (Table 1; available on-
line from http://www.science.smith.edu/departments/Biology/
VHAYSSEN/msi/default.html), and IUCN status surveys
(Chapman and Flux 1990; Nowell and Jackson 1996). For
the most part, these maps are coarse summaries of occurrence
data and expert opinion. In addition, they are presented at a
variety of scales, further complicating comparative analysis.
We took these range maps at face value as the best available
information on current distributions, and we assume that the
inevitable inaccuracies are not biased with respect to our
hypotheses. Range maps were digitized and overlaid on a
map of the world in ArcView GIS 3.2. A script (available
upon request) was written to calculate range areas and over-
laps. The degree of overlap between two species was cal-
culated as the ratio of the area of overlap to the area of the
smaller of the two ranges (Lynch 1989; Chesser and Zink
1994; Barraclough and Vogler 2000; Berlocher and Feder
2002). This way, if one range is contained within another,
overlap is 100%.

Species were recognized according to Wilson and Reeder
(1993), unless more recent revisions were available (e.g.,
from the Mammalian Species accounts). We recognize that
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taxonomic practices may introduce biases into comparative
analyses (Agapow et al. 2004; Isaac et al. 2004). It is not
clear whether a net bias exists in the groups we studied, but
we assume that any taxon-specific biases are not associated
with modes of speciation.

Phylogenic Inference

DNA data were obtained from GenBank and allozyme data
were transcribed from publications. Allozyme-based phylog-
enies were estimated using Nei’s (1972) D and the neighbor-
joining algorithm in PHYLIP (Felsenstein 2003). Approxi-
mate ages were calculated for each node using molecular
clock calibrations given in each source. For each node, we
averaged the approximate clock-based ages for each pair us-
ing Eq. (1) below. These are intended only as rough guides
to divergence times, and they ignore the rate heterogeneity
of allozyme divergence. For mtDNA, we used ModelTest
(Posada and Crandall 1998) to choose a maximum-likelihood
(ML) model for each clade. Maximum-likelihood trees were
then estimated in PAUP* (Swofford 1998). If necessary, we
resolved polytomies to show maximal range overlap at the
shortest distance (in practice, alternative resolutions had no
effect on our statistical results). We used age calibrations
given in the source papers and Sanderson’s r8s program to
estimate the ages of nodes on the mtDNA trees (Ribera et
al. 2001; Sanderson 1997, 2002). Algorithms for age esti-
mation were chosen using the cross-validation procedure in
r8s (Sanderson 2002). Again, these estimates are rough ap-
proximations of the length of time over which geographic
ranges may have changed since each speciation event. Details
on tree and age estimation are given in Appendix Table Al
(available online at: http://dx.doi.org/10.1554/05-453.1.s1).
We noted no substantive discrepancies between our trees and
those reported in the source papers.

Data Analyses

Sympatric versus nonsympatric speciation: ARC

Simply analyzing pairwise range overlap between species
within a clade is inappropriate because of nonindependence
due to phylogenetic relationships and reuse of species in
multiple pairwise comparisons (Felsenstein 1985). Barra-
clough and Vogler’s (2000) solution was a node-based ap-
proach, in which each node produces a comparison between
clades that are assigned ranges equal to the union of the
constituent species ranges. This practice, also used by Lynch
(1989), requires that all species ranges within a clade be
known and has been criticized by Chesser and Zink (1994)
as an unrealistic ‘‘reconstruction’’ of the ancestral range (see
Barraclough and Vogler 2000, Losos and Glor 2003). Instead,
we used nested averages of the pairwise overlaps between
species in each clade (Fig. 1 and eq. 1 below) and maximum
pairwise overlap across each node. These methods do not
require complete taxon sampling and do not attempt to re-
construct ancestral ranges. Each node provides an estimate
of the average overlap between species after a certain time
since speciation. Incomplete taxon sampling reduces sample
size and precision, but does not bias estimates of the mean
unless taxon sampling is biased (estimates of the maximum,
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TaBLE 1. Groups included in this study.
Group Genetic data Species Distribution
Chaetodipus (Pocket mice) mtDNA (Alexander and Riddle 14 North America (Hall 1981; Schmidly et al.
2005) 1993; MS? 384, 418, 297, 517, 419, 320,
484, 420, 385)
Allozyme (Patton et al. 1981) 13
Dipodomys (kangaroo rats) mtDNA (Alexander and Riddle 14 North America (Hall 1981; Schmidly et al.
2005) 1993; MS 324, 369, 339, 232, 323, 389,
326, 381, 353, 354, 51, 311)
Allozyme (Johnson and Selander 11
1971; Hamilton et al. 1987)
Felidae (wild cats) mtDNA (Johnson and O’Brien 33 World wide (Nowell and Jackson 1996; Sun-
1997) quist and Sunquist 2002)
Gazella & Antelope (gazelles) mtDNA (Rebholz and Harley 14 Africa, Middle East, India (Haltenorth and
1999) Diller 1980; MS 491, 490, 518)
Geomys (plains pocket gophers) mtDNA (Jolley et al. 2000) 10 North America (Hall 1981; MS 36, 382,
383, 170, 86, 35)
Mormoopidae (ghost-faced bats) mtDNA (Van Den Bussche et al. 8 Central and South America (Smith 1972; Ei-
2002) senberg 1989; Redford and Eisenberg
1992; Eisenberg and Redford 1999)
Myotis (little brown bats) mtDNA (Ruedi and Mayer 2001) 19 North America, South America, Eurasia
(Hall 1981; Corbet 1978; Eisenberg 1989;
Redford and Eisenberg 1992; Eisenberg
and Redford 1999)
Ochotona (pikas) mtDNA (Yu et al. 2000) 21 Holarctic (Smith et al. 1990)
Orthogeomys (pocket gophers) Allozyme (Hafner 1991) 7 North America (Hall 1981)
Perognathus (pocket mice) mtDNA (Alexander and Riddle 9 North America (Hall 1981; Schmidly et al.
2005) 1993)
Peromyscus boylii group (deer mice) mtDNA (DeWalt et al. 1993; Tie- 17 North America (Hall 1981; MS 48, 161, 49,
mann-Boege et al. 2000) 596, 161)
Sorex (shrews) mtDNA (Fumagalli et al 1999; 21 Holarctic (Hall 1981; Corbet 1978; Odachi
Odachi et al. 2001) et al. 2001; MS 524, 215, 554, 528, 231,
296, 337, 27, 155, 143, 2, 131, 212, 131)
Allozyme (George 1988) 26
Spermophilus (ground squirrels) mtDNA (Herron et al. 2004) 17 North America (Hall 1981)—analysis re-

Tamias (chipmunks)

mtDNA (Piaggio and Spicer 2000; 23

stricted to exclusively North American
clade (S2, 3, 4, 5 of Herron et al. 2002)
North America + 1 Eurasian species (Hall

2001) 1981; Corbet 1978; MS 478, 444, 460,
452, 466, 469, 468, 443, 472, 476, 437,
399, 436, 411, 438, 390)
Allozyme (Levenson et al. 1985) 18

@ MS numbers refer to Mammalian Species accounts (most are available online from http://www.science.smith.edu/departments/Biology/VHAYSSEN/

msi/default.html).

however, will tend to be biased downward in poorly sampled
groups). The nested-average calculation illustrated in Figure
1 can be expressed compactly as follows. Suppose node i
separates clades C; and C,, we quantified the average overlap

at node i by
1 n‘,-kfl
—) Ojk (D

jeCy keC, (2

where the double sum is over all species in the two clades,
0jr denotes the overlap between species j and k, and nj is the
number of nodes separating the two species on the tree. We
use this rather than computing overlaps between the union
of ranges within sister clades, because it discriminates be-
tween patterns of overlap that are indistinguishable in the
Barraclough and Vogler (2000) method. For example, con-
sider sister species A and B and a more distant species C. If
C overlaps 100% with A and 0% with B, the union method
gives an overlap of 100% between C and the clade A + B,
whereas the average overlap is 50%. Our averaging refines
the method suggested by Berlocher and Feder (2002; adopted

0; =

from Coyne and Orr 1989), which equally weights all pair-
wise comparisons across a node without taking phylogenetic
nesting into account.

We fit linear regression lines to plots of mean and maxi-
mum range overlap versus relative node age. Parametric tests
of statistical significance are inappropriate because the data
are not identically distributed (deeper contrasts, involving
averages or maxima, certainly follow different distributions
than sister pairs). In addition, the null hypothesis of no re-
lationship between divergence time and overlap does not nec-
essarily correspond to a null hypothesis of slope = 0. If
overlap is rare, deeper nodes are more likely to exhibit over-
lap by chance because they sample more species and are
therefore more likely to pick up rare events or extreme values.
We used Monte Carlo simulations to estimate the distribution
of slopes and intercepts under the null hypothesis of no phy-
logenetic signal. This null hypothesis was simulated by ran-
domizing ranges among species in each group (Maddison and
Slatkin 1991). Randomization was accomplished by per-
muting the rows of the overlap matrix and ordering the col-
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Hypothetical Phylogeny Independent Comparisons
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FiG. 1. Age-range correlation (ARC) analysis (Berlocher and Fed-
er 2002). Our independent comparisons are nested averages equiv-
alent to Felsenstein’s (1985) independent contrasts (Fitzpatrick
2002), not the simple unweighted averages used by Berlocher and
Feder (2002).

umns into the same permutation, as in the Monte Carlo Man-
tel test (Dietz 1983). We fitted linear regression lines to
10,000 Monte Carlo replicates for each clade. We recorded
the fraction, f, of randomized datasets with greater intercepts
and slopes than the observed data and estimated two-tailed
P-values as 2 X minimum(f, 1 — f). For comparison, we also
analyzed our data with Barraclough and Vogler’s (2000)
methods, using the union of ranges for clade comparisons
and performing parametric regressions to determine statis-
tical significance.

If a significant age-range correlation is present, then more
recently diverged pairs of clades are likely more informative
about the geography of speciation. If the regression intercept
is significantly greater than 0.5 and the slope is negative, we
would infer that sympatric speciation is the most frequent
mode of speciation in the group. If the intercept is signifi-
cantly less than 0.5 and the slope is positive, we would infer
that allopatric speciation is most common. If the intercept is
less than 0.5 but the slope is negative, we would consider
the result inconclusive (similarly if the intercept is greater
than 0.5 and the slope is positive). For inconclusive results
(those just mentioned and cases of no significant ARC), we
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asked whether the frequency of overlap in the group as a
whole is lower or higher than a random expectation as fol-
lows.

Sympatric versus nonsympatric speciation: observed versus
expected overlap

Lack of phylogenetic signal need not imply that the ge-
ography of speciation cannot be recovered. For instance,
groups with no range overlap between any species pair show
no pattern of increasing overlap with phylogenetic distance,
yet strongly support allopatric speciation (Losos and Glor
2003). To quantify the extent of range overlap within a clade,
we propose two ‘‘Jordan indices,”” denoted J;1 and Jcon,
which are the proportion of pairwise species comparisons
and node contrasts, respectively, that show no overlap. (One
could compute an index, Jgig, using only sister species, but
our analyses and those of Anderson and Evensen (1978),
Lynch (1989, fig. 8), and Berlocher (1998, fig. 8.4) suggest
that this would not alter our conclusions.)

One possible reason for a lack of phylogenetic signal in
range overlap is that overlap is rare, even for distantly related
species. In such cases, the question arises, is overlap too rare
to be consistent with frequent sympatric speciation? A con-
servative test is whether overlap is less common than ex-
pected if geographic ranges are random with respect to each
other. We implemented this by comparing observed values
of Ja1 to various null distributions obtained by simulating
random placement of ranges of the observed sizes. Specifi-
cally, we ask what is the probability that randomly placed
ranges show Jpp values as large or larger than those ob-
served. Because sympatric speciation should systematically
promote range overlap between close relatives, high Jap
values argue against pervasive sympatric speciation.

The null distribution of J,;; depends on the range shapes
allowed and the size of the potential area for ranges. As
demonstrated below, the results are sensitive to whether ran-
domly placed ranges include gaps and less sensitive to range
shape. With gaps, the results are extremely sensitive to as-
sumptions about minimal fragment sizes. Expected overlaps
also depend strongly on the size of the area assumed to be
available for individual ranges. For example, if the null hy-
pothesis is that ranges could be anywhere in North America,
expected overlap will be lower than if ranges are restricted
to specific biomes. Lacking a model from which to estimate
available areas for our species, we used the range of the entire
clade (the union of the individual species ranges). Letcher et
al. (1994) took a similar approach to test for competitive
exclusion. However, their analysis was explicitly limited to
habitat types inhabited by both species of a pair.

To explore alternative null distributions, we considered
two extremes: fully connected ranges with idealized shapes,
either circles or squares, and fragmented ranges, with dif-
ferent minimum fragment sizes. For the ‘‘circle’’ model, we
assumed that circular ranges were randomly placed within a
circle of area equal to that of the union of all ranges analyzed
within a clade. We randomly placed circular ranges with areas
equal to those of the species analyzed, then calculated Jp 1
for 10,000 random range placements. We performed analo-
gous simulations using squares for the total available area
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and the individual ranges. As an alternative to these compact
ranges, we performed some simulations with fragmented
ranges. As discussed below, the results depended critically
on the minimum range-fragment size allowed. These simu-
lations were performed by setting a minimum fragment size
(some fraction of the smallest range size within a clade),
treating the entire area as a number of urns of this size, then
assigning each species to a random set of these urns, pro-
portional to its range area. Again, 10,000 random placements
were simulated and the distribution of J; 1 tabulated.

Parapatric versus allopatric speciation

For those groups showing evidence that sympatric speci-
ation is rare, the question remains whether allopatric and
parapatric speciation can be distinguished using ARC. Pre-
vious authors have shied away from this question (Lynch
1989; Barraclough and Vogler 2000). Lynch (1989) cited the
arguments of Wiley (1981) and Cracraft (1982) that it is
virtually impossible to differentiate parapatric from allopatric
speciation. We agree that abutting ranges are consistent with
either parapatric divergence or secondary contact after al-
lopatric speciation. However, if most recently diverged spe-
cies ranges are separated by geographic gaps, allopatric spe-
ciation is more likely than parapatric speciation. Therefore,
we also analyzed the minimum straight-line distance between
ranges (defined as zero for overlapping ranges). Parapatric
speciation will result in very small mean and maximum dis-
tances between recently diverged clades. As ranges shift over
time, some will come to overlap more (zero distance) and
some will become much more distant, resulting in an increase
in the mean and maximum. Allopatric speciation is also likely
to result in sister species with fairly close ranges (Wallace
1855; Jordan 1908; Cracraft 1982; Lynch 1989), while av-
erage and, particularly, maximum distance should increase
as ranges shift independently. However, the y-intercept
should be near or below zero for parapatric speciation, but
may be significantly positive if species arise in geographic
areas separated by gaps.

Peripheral isolates

If allopatric speciation is pervasive, the relative sizes of
the ranges of sister clades may indicate whether or not spe-
ciation often begins with peripheral isolates versus a more
symmetrical, ‘‘dumbbell’’ model of isolation (Futuyma 1998,
fig. 16.1). Highly asymmetrical range sizes have been pro-
posed to indicate peripheral-isolates speciation (Lynch 1989;
Barraclough and Vogler 2000). Therefore, we performed
ARC on the asymmetry of range sizes for datasets that were
credibly consistent with allopatric speciation. Asymmetry
was calculated as the area of the larger range divided by the
area of the smaller. If most speciation occurs when a small
isolated fragment diverges from a widespread ancestral pop-
ulation, then most recently derived sister-species pairs will
include one with a very small range and one with a large
range; asymmetry between sisters is maximal. As ranges
change through time, asymmetries between more distantly
related species will take on a wider range of values. Under
peripheral-isolates speciation, minimum range size asym-
metry should decrease with time while the maximum pairwise

B. M. FITZPATRICK AND M. TURELLI

asymmetry is expected to remain high. Therefore, we ana-
lyzed mean and minimum range size asymmetry to test for
phylogenetic signal consistent with peripheral-isolates spe-
ciation.

REsuULTS
Sympatric versus Nonsympatric Speciation

Age-range correlation

We analyzed data for 237 species belonging to 14 clades
(Table 1). For four clades, our analysis of slopes indicated
that we could reject the null hypothesis of no phylogenetic
signal in the degree of overlap between species within clades
(Myotis, Ochotona, Peromyscus, and Tamias; Table 2). How-
ever, no regression slopes remain statistically significant after
a Bonferroni correction, and they do not all trend in one
direction. In the same four groups, intercepts were signifi-
cantly different from their null expectations, with three re-
maining significant after Bonferroni adjustment (Table 2).
There is no significant trend for slopes or intercepts to be
greater or less than their null expectations. Peromyscus (deer
mice) support the predictions of allopatric speciation (overlap
increases with increasing depth in the tree and the intercepts
of the regression lines are lower than expected, and well
below 0.5). In Myotis (little brown bats), the opposite pattern
holds with higher range overlap occurring between closely
related species and an intercept above 0.5, features expected
under sympatric speciation. For Tamias (chipmunks) and
Ochotona (pikas), the slopes are less positive than expected
according to our permutation tests, but their signs depend on
whether average or maximum overlaps are considered and
the intercepts are below 0.5. These results offer no clear
support for any dominant mode of speciation.

Some groups show clear support for nonsympatric speci-
ation despite their lack of phylogenetic signal (Table 2, Figs.
2, 3). The gophers, Geomys and Orthogeomys, show virtually
no overlap at all. This is also true for gopher clades not
analyzed here due to unresolved phylogenies (Cratogeomys
[Demastes et al. 2002], Thomomys [Patton and Smith 1981;
Smith 1998]). The Gazella, Dipodomys (mtDNA), and Sper-
mophilus data may also be interpreted this way; overlap ap-
pears too rare to allow a powerful test of the hypothesis that
overlap is less rare deeper in the tree (fig. 3). In contrast, the
bats (Mormoopidae and Myotis) show what is expected for
animals with very high dispersal. Overlap is often very great
and appears random with respect to relative node age (Fig. 3).

Limiting our analysis to putative sister species did not
result in any statistically significant signal (Appendix Table
A2 available online at: http://dx.doi.org/10.1554/05-453.1.s2.).
We pooled across clades, creating datasets of 20 sister species
with allozyme data and 63 with mtDNA data, and performed
simple regression analyses of overlap, distance between rang-
es, and range size asymmetry versus estimated divergence
time. This analysis is weakened by incomplete taxon sam-
pling in some groups, uncertainties in our estimated phylog-
enies, and significant potential errors in estimates of relative
divergence time associated with inconsistent calibrations and
rates of molecular divergence across clades.

For comparison, we also used Barraclough and Vogler’s
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TABLE 2.
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Linear regression analyses of percent overlap vs. estimated node age. Parameters under ‘‘Randomization Tests’’ were fitted

by least squares with statistical significance determined by Monte Carlo resampling. For each group there are two entries; the top one
is the analysis of average overlap, the bottom is of maxima. For comparison, we also present parametric regressions on arcsine-transformed
overlaps calculated using the range merging procedure of Lynch (1989) and Barraclough and Vogler (2000). n is the number of species
in each dataset; J5p is the fraction of all pairwise comparisons with zero overlap; Jcoy is the fraction of nodes across which there are
no overlapping species; f(greater) is the fraction of 10,000 Monte Carlo replicates with greater slopes or intercepts than the observed

value.
Randomization tests Parametric
n JALL Jeon Intercept [flgreater) Slope [flgreater) Intercept Slope
Allozyme data
Chaetodipus 13 0.47 0.08 0.167 0.521 0.066 0.362 0.395 0.087
0.199 0.568 0.552 0.308
Dipodomys 11 0.58 0.30 0.239 0.353 —0.128 0.609 0.358 0.339
0.330 0.679 0.336 0.288
Orthogeomys 7 0.95 0.83 —0.002 0.952 0.034 0.048 —0.0027%** 0.034
—0.002 0.480 0.034 0.520
Sorex 26 0.69 0.28 0.322 0.048 —0.332 0.893 0.351 0.435
0.294 0.097 0.704 0.853
Tamias 18 0.74 0.29 0.127 0.219 —0.084 0.784 0.252 —0.029
0.334 0.023* 0.123 0.977*
mtDNA data
Chaetodipus 14 0.49 0.23 0.161 0.486 0.001 0.462 0.017 0.060
0.096 0.752 0.040 0.325
Dipodomys 14 0.67 0.38 —0.020 0.872 0.016 0.212 —0.540%* 0.148%%%*
—0.283 0.954 0.102 0.063
Felidae 33 0.67 0.25 0.432 0.025 —0.003 0.963 0.403 0.002
0.231 0.029 0.005 0.973
Gazella 14 0.79 0.54 0.023 0.726 0.001 0.253 0.149 0.0002
—0.036 0.576 0.008 0.452
Geomys 10 0.98 0.89 0.015 0.045 —0.0002 0.955 0.044%%* —0.001
0.031 0.045 —0.0004 0.955
Mormoopidae 8 0.43 0.29 0.819 0.093 —0.006 0.905 0.983 —0.006
0.707 0.128 —0.001 0.966
Myotis 19 0.63 0.06 0.613 0.004%%* —0.002 0.826 0.882 —0.003
0.701 0.000*** —0.0003 0.996*%*
Ochotona 21 0.74 0.25 0.429 0.005%* —0.005 0.991* 0.592 —0.002
0.426 0.002*%* 0.001 0.995*
Perognathus 9 0.53 0.13 0.303 0.103 —0.025 0.928 —0.082 0.070
0.068 0.224 0.044 0.726
Peromyscus 17 0.68 0.56 —0.004 0.955 0.002 0.117 —0.270%%* 0.016%%%*
—0.145 0.9998*%** 0.014 0.004**
Sorex 21 0.74 0.20 0.279 0.066 —0.001 0.716 0.206 0.008
0.191 0.187 0.011 0.225
Spermophilus 17 0.78 0.31 0.035 0.488 0.001 0.392 —0.053%%* 0.004*
—0.250 0.774 0.011 0.104
Tamias 23 0.80 0.18 0.204 0.000%** —0.002 0.995* 0.281%* 0.0002
0.282 0.010* 0.002 0.993*

* P < 0.05; ** P < 0.01 (Bonferroni critical value for five tests); *** P < 0.004 (Bonferroni critical value for 12 tests).

(2000) methods (union of ranges and parametric regression)
to analyze our data (Table 2). As expected, this yields more
positive slopes than our method, but only the Dipodomys
(mtDNA) and Peromyscus data show ‘‘significant’’ slopes
after Bonferroni adjustment.

Discrepancies between mtDNA and allozymes

Three of the four clades for which we had both mtDNA
and allozyme data show striking discrepancies between the
two analyses. For pocket mice (Chaetodipus) and chipmunks
(Tamias), the mtDNA data indicate some recently diverged
pairs with significant range overlap, suggesting sympatric or
parapatric speciation. However, when the phylogenies are
estimated with allozymes, the putative sister species with
overlapping ranges appear rather distantly related. For kan-
garoo rats (Dipodomys), the pattern is the reverse; allozymes

reveal great overlap for one apparently recently diverged pair
which appear more distantly related from mtDNA.

Disagreement between mtDNA and allozymes may indi-
cate introgression of mtDNA (cf. Rieseberg and Wendel
1993; Shaw 2002), or imperfect relationships between phy-
logenetic topologies and allozyme distances. Allozyme-based
trees generally deviated significantly from a molecular clock,
but this does not necessarily invalidate their estimated to-
pologies.

Observed versus expected overlap

The Jordan indices, Jap 1 and Jeon (Table 2), are the pro-
portion of pairwise species comparisons and node contrasts,
respectively, that show no overlap. Pairwise overlap is gen-
erally rare (high J,;;), but across most nodes in most trees
there is at least some overlap (low Jcoy), because a few
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broadly distributed species in each clade overlap with several
more-restricted species. Thus, overlap between closely re-
lated mammal species may generally be too rare to allow
meaningful analyses of the relationship between overlap and
phylogenetic relationships. A more important question, how-
ever, is whether overlap is too rare to be consistent with a
high frequency of sympatric speciation.

The analyses of our null models for J,;; produced both
expected and counterintuitive results. Table 3 summarizes
the outcomes for our models of continuous circular and
square ranges. As expected, the gophers show significantly
more allopatry than expected by chance. In contrast, Pero-
myscus, which showed a strong ARC signal, did not produce
a significantly large J,; 1, and the allozyme analysis of Tam-
ias, which showed a significant ARC when extrema were
analyzed, showed a significantly low level of allopatry. This
reflects the fact that most chipmunks are found in the moun-
tains of western North America, whereas a few species are
widely distributed in eastern North America and one in Si-
beria. Thus, the shared available area is very large. Two
clades, Spermophilus and Gazella, which showed no signif-
icant ARC, showed a significantly high values of Jy 1, sup-
porting the interpretation that the lack of ARC significance
reflects relatively little range overlap for any level of diver-
gence and hence a lack of statistical power. For Gazella and
Spermophilus, as for the more extreme case of the gophers
Orthogeomys and Geomys, our null model of random ranges
provides statistical support for allopatric speciation, even
though the ARC analyses do not. Most unexpected were the
significantly high values of J; 1 for clades that showed clear-
ly ambiguous ARC results, Felidae, Myotis, and Sorex
(mtDNA). These clades, like Tamias, are spread over multiple
continents, so the significantly high allopatry values reflect
the geographic isolation of subclades. For such old and wide-
ly distributed clades, the null model of random placement is
inappropriate.

We also compared the observed J,;; values to null dis-
tributions obtained with extremely fragmented ranges. When
the size of the smallest range within the clade was used as
the minimum fragment size, the observed Juy; values for
every set of data except for Chaetodipus (both allozymes and
mtDNA) were significantly larger, with P < 1073, than the
values expected from the null distribution. However, when
the minimum fragment size was set to one-tenth of the small-
est range, the observed J,p 1 values for all groups, including
Chaetodipus, were deemed significantly large with P < 103,
Given this sensitivity, we assign no biological significance
to these results. A problem with the extreme model of frag-
mentation used is that it assumes no spatial autocorrelation
among the fragments. Hence, the smaller the fragments, the
more likely they are to be broadly dispersed making random
overlaps more likely. In contrast to such dispersion, most of
the ranges we analyzed were continuous, so the more frag-
mented null models (that are easily rejected) are not biolog-
ically appropriate.

Parapatric versus Peripatric versus Allopatric Speciation

For groups showing evidence that sympatric speciation is
rare (Geomys, Orthogeomys, Peromyscus, Gazella, and Sper-
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TABLE 3. Observed values of J51 1, the fraction of pairs of species
in the clade that show no range overlap, compared to two null
models: square versus circular ranges. The probabilities are the
observed fraction of 10,000 simulations that gave values of Jur
as large or larger than observed.

B. M. FITZPATRICK AND M. TURELLI

Taxon (no. of species) JALL P(circle) P(square)
Allozymes

Chaetodipus(13) 0.47 0.96 0.97
Dipodomys (11) 0.58 0.73 0.77
Orthogeomys (7) 0.95 0.000 0.000
Sorex (26) 0.69 0.28 0.33
Tamias (18) 0.74 0.998 0.999
mtDNA

Chaetodipus (14) 0.49 0.901 0.924
Dipodomys (14) 0.64 0.26 0.24
Felidae (33) 0.67 0.000 0.000
Gazella (14) 0.79 0.001 0.002
Geomys (10) 0.98 0.000 0.000
Mormoopidae (8) 0.43 0.21 0.22
Mpyotis (19) 0.63 0.000 0.000
Ochotona (21) 0.74 0.79 0.84
Perognathus (9) 0.53 0.054 0.073
Peromyscus (17) 0.68 0.08 0.12
Sorex (21) 0.74 0.000 0.000
Spermophilus (17) 0.78 0.03 0.03
Tamias (23) 0.80 0.999 0.999

mophilus), we analyzed distances between ranges to assess
the likelihood of parapatric versus truly allopatric speciation.
Although no significant statistical trends were detected (Ap-
pendix Table A3 available online at: http://dx.doi.org/
10.1554/05-453.1.53), inspection of the data shows a majority
of nodes with substantial mean and maximum geographic
gaps between species (Fig. 4). This result favors allopatric
over parapatric speciation.

For these same groups, we find no evidence that range size
asymmetry is maximal between closely related species (Fig.
5). No ARC analyses showed statistically significant trends
in mean or minimum asymmetry (Appendix Table A3 avail-
able online). Although minima were lower for deeper nodes,
the trend was simply consistent with ranges randomized with
respect to phylogenetic relationships. Therefore, there is no
evidence that peripheral isolates speciation is common in
these groups.

DisCUSSION

We found no consistent signal of the geography of spe-
ciation. This is surprising given widespread agreement that
allopatric speciation is probably the norm in mammals (e.g.,
Patton and da Silva 1998; Alexander and Riddle 2005; but
see Mattern and McLennan 2000). Our failure to detect con-
sistent phylogenetic signal in geographic range overlap sug-
gests that ARC analyses have limited power for many mam-
mals. ARC analyses can be expected to give definitive results
only when speciation within a group has been primarily sym-
patric or allopatric, and when range changes have not erased
the evidence. Inconclusive ARC can be expected when di-
versification involves a mixture of sympatric and nonsym-
patric speciation, or when range changes have obscured the
geography of speciation. Incorrectly inferred phylogenies are
another possible source of confusion, especially when intro-
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gression between distantly related forms makes them appear
to be sister species.

Contrary to the nonquantitative statements of early ad-
vocates of allopatric speciation, we see ‘‘nontrivial’’ overlap
(>10%, after Lynch 1989) in 33-45% of putative sister pairs,
and 51-54% of second-level nodes (Fig. 6). These results
agree with the qualitative results of Anderson and Evensen
(1978) and the quantitative results of Lynch (1989, fig. 8)
and Berlocher (1998) who found 46.7% of sister pairs had
>10% range overlap when considering groups not expected
a priori to have a high incidence of sympatric speciation (i.e.,
excluding polyploid plants and host-specific phytophagous
insects). Further, we found that 14-23% of sister pairs had
very high overlap (>50%), similar to Berlocher’s (1998) es-
timate of 18% of species pairs (see his fig. 8.4).

Speciation clearly seems to be allopatric in gophers (Cra-
togeomys, Geomys, Orthogeomys, and Thomomys), where
there is essentially no range overlap for any species pair.
Also, there is very little range overlap between young pairs
in deer mice (Peromyscus), ground squirrels (Spermophilus),
and gazelles (Gazella), and overlap tends to increase with
divergence time. However, only in Peromyscus is there a
significant ‘‘phylogenetic signal’’ of increasing overlap with
node age. The remaining groups may be classified as showing
inconclusive results. Among these, Myotis, Sorex, and Felidae
are widely distributed across multiple continents. Berlocher
(1998) pointed out that clades distributed across multiple
continents are not good subjects for ARC studies because
ranges in such groups cannot change independently over
time. The two groups of bats both show tremendous variation
in overlap throughout their phylogenies, including high sym-
patry at young nodes. This pattern is consistent with the rapid
range shifts expected from flying animals (see Lynch 1989;
Chesser and Zink 1994; Coyne and Price 2000; Losos and
Glor 2003). It is probably uninformative with respect to the
geography of speciation events that occurred earlier than the
most recent glacial cycle, which almost surely postdates all
speciation in these groups. The remaining groups (Chaeto-
dipus, Perognathus, Tamias, Dipodomys, Ochotona) are
small, nonflying, and largely restricted to single, continuous
continental areas (the few exceptions in Tamias and Ochotona
do not affect our results). They all occupy geographic ranges
that were dramatically impacted by Quaternary ice ages, and
most have probably undergone repeated, substantial range
shifts more recently than any speciation event. However, the
same can be said for gophers, ground squirrels, and deer mice.
It has been suggested that ARC may be more informative in
continental settings where geographic ranges have been more
constant, such as tropical Africa and South America (cf. Lessa
et al. 2003).

Range Shifts

The likelihood of substantial range changes over the last
several million years dictates caution in inferring the geog-
raphy of speciation from present distributions (Losos and
Glor 2003). The lack of age-range correlation in our data may
be explained by extensive spatial shifts in geographic ranges
after speciation (Barraclough and Vogler 2000). Alternative-
ly, no age-range correlation is expected if mammals have
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diversified by a mixture of sympatric and nonsympatric spe-
ciation.

Geographic ranges of extant species have clearly changed
over the last 100,000 years (Burton 1995; FAUNMAP Work-
ing Group 1996; Bennett 1997, Lyons 2003). According to
our crude estimates of divergence times (Figs. 2 and 3) and
other analyses (Klicka and Zink 1997; Avise et al. 1998),
most mammalian speciation predates this time period. There-
fore, extant ranges are most informative with respect to the
past if different species ranges shift so that spatial relation-
ships are conserved even as their positions change. That is,
if we can discard the assumption that ranges shift indepen-
dently after speciation. If all species track specific environ-
ments that simply shift north-south in response to global
climate change, then whole communities should respond en
masse (Clements 1936), with sympatric (allopatric) species
remaining sympatric (allopatric). This simplistic idea has
been justly criticized because many important components
of habitat, such as topography or soil characteristics, do not
change with climate (Bennett 1997). If species respond more
individualistically, climate change will scramble climatic,
physiographic, and edaphic variation and produce novel eco-
logical communities (Gleason 1926). The importance of in-
dividualistic versus community-wide concordant responses
to climate change is debated and data are scarce. Some au-
thors have made much of a few examples of species that are
now allopatric but co-occur in Pleistocene fossil beds; these

have been used to argue that ecological communities do not
remain constant through climate changes (reviewed in Ben-
nett 1997). However, these examples involve species that are
ecologically quite different (e.g., wood turtle + southern
toad; smokey shrew + thirteen-lined ground squirrel + col-
lared lemming) and do not include sister species or even
congeners. In a more rigorous, quantitative assessment of
mammalian range changes in the Pleistocene, Lyons (2003)
found that range shifts were actually quite similar overall,
implying that the strict individualistic hypothesis is inade-
quate to explain Quaternary mammalian distributions. Alroy
(1999) found that fewer than 3.5% of mammal species pairs
known to co-occur in the Pleistocene no longer co-occur at
the level of the biomes described by Brown and Nicoletto
(1991). This implies that contemporary range overlap does
tend to reflect overlap in the geologically recent past.

We inspected the FAUNMAP database of Pleistocene
North American mammal fossils for records of species in-
cluded in our analysis (FAUNMAP Working Group 1996).
If many species pairs that are allopatric today co-occurred
in the fossil record, we would have to reconsider the premise
that lack of contemporary range overlap between closely re-
lated species implies nonsympatric speciation. This is a one-
way test; lack of evidence of fossil co-occurrence cannot be
taken as evidence that a pair of species did not co-occur (gaps
in the fossil record would presumably create many false neg-
atives). However, positive evidence of co-occurrence in the
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past can be used to predict co-occurrence in the present. We
found 62 fossil co-occurrences of congeneric species pairs
for which we have data (one Chaetodipus, four Tamias, four
Dipodomys, three Myotis, one Perognathus, five Peromyscus,
23 Sorex, and 21 Spermophilus). Of these, 60 (97%) also show
range overlap today. The two pairs that no longer co-occur
both involve Spermophilus tridecemlineatus at a single fossil
deposit at Wilson Butte Cave 9950 to 14,500 years ago (dur-
ing the retreat of the Wisconsin glaciation). The eastern limit
of S. tridecemlineatus’ contemporary range is 270 km away
(~10% of its current east-west extent). The other two species
(S. beldingi and S. townsendii) still overlap in the area of the
deposit. This admittedly limited analysis is entirely consistent
with that of Alroy (1999) and suggests that presently allo-
patric species were not commonly sympatric in the past. That
is, the relative position of contemporary geographic ranges
may provide some information about the geographic mode
of speciation even though ranges have moved.

These data bolster our confidence in inferring allopatric
speciation for the few clades whose contemporary ranges
seem to clearly indicate predominantly allopatric divergence
(e.g., gophers, Peromyscus, Gazella, and Spermophilus). Fur-
ther, if allopatry and sympatry tend to be conserved even as
ranges shift in space, then groups with histories of frequent
sympatric speciation ought to show high levels of sympatry,
even after considerable time has passed since speciation.
Overlap is rarely greater than 50% in the datasets we ex-
amined (Figs. 2 and 3). In all five of the allozyme datasets,
the regression intercepts for average and maximum overlap
are below 34% and 11 of the 13 mtDNA datasets had inter-
cepts lower than 50% (Table 2). The exceptions are the two
bat groups. Taken together, the data seem less consistent with
frequent sympatric speciation than frequent allopatric spe-
ciation. However, for most groups, we could not reject the
null hypothesis that current species ranges are independent
subdivisions of the clade range (Table 3).

Conclusions

Allopatric speciation is clearly pervasive in a few groups
of mammals. Although we find no evidence favoring frequent
sympatric speciation, the majority of datasets are simply in-
conclusive. Age-range correlation analyses revealed no con-
sistent relationship between geographic range overlap and
estimated divergence times. This may be interpreted as show-
ing that range shifts over geological time have obliterated
most information about the geography of speciation, or that
the geography of speciation in mammals has truly been
mixed. Our results, like those of Anderson and Evensen
(1978), Lynch (1989), Barraclough et al. (1998), Berlocher
(1998), and Barraclough and Vogler (2000), are strikingly at
odds with the assertions of the early 20th century naturalists,
typified by Jordan (1905), who claimed that range data clearly
demonstrated the pervasiveness of allopatric speciation. Un-
fortunately, ARC analyses do not provide the ‘‘magic bullet’’
that will clarify the frequencies of alternative modes of spe-
ciation across many clades.

ACKNOWLEDGMENTS

We thank T. G. Barraclough, D. I. Bolnick, J. A. Coyne,
J. H. Gillespie, J. M. Good, R. E. Glor, R. G. Harrison, J.

613

Mallet, E. Mayr, C. S. McBride, C. Moritz, L. C. Moyle, M.
W. Nachman, H. A. Orr, J. L. Patton, W. Provine, M. J.
Sanderson, A. T. Smith, G. S. Spicer, A. P. Vogler, D. War-
ren, and three anonymous reviewers for useful discussions
and comments on earlier drafts. We thank J. H. Gillespie, J.
H. Johnson, A. D. Kern, S. A. Langley, M. M. McMahon,
M. S. Renquist, and D. Warren for programming help. MT
thanks A. A. Hoffmann, CESAR, and the University of Mel-
bourne for hospitality and acknowledges support from Na-
tional Science Foundation grant DEB-0089716.

LITERATURE CITED

Agapow, P.-M., O. R. P. Bininda-Edmonds, K. A. Crandall, J. L.
Gittleman, G. M. Mace, J. C. Marshall, and A. Purvis. 2004.
The impact of species concept on biodiversity studies. Q. Rev.
Biol. 79:161-179.

Alexander, L. F., and B. R. Riddle. 2005. Phylogenetics of the New
World rodent family Heteromyidae. J. Mammal. 86:366-379.
Allen, J. A. 1907. Mutations and the geographic distribution of
nearly related species in plants and animals. Am. Nat. 41:

653-655.

Alroy, J. 1999. Putting North America’s end-Pleistocene megafau-
nal extinction in context: large-scale analyses of spatial patterns,
extinction rates, and size distributions. Pp. 105-143 in R. D. E.
MacPhee, ed. Extinctions in near time. Kluwer, New York.

Anderson, S., and M. K. Evensen. 1978. Randomness in allopatric
speciation. Syst. Zool. 27:421-430.

Avise, J. C., D. Walker, and G. C. Johns. 1998. Speciation durations
and Pleistocene effects on vertebrate phylogeography. Proc. R.
Soc. B 265:1707-1712.

Barraclough, T. G., and S. Nee. 2001. Phylogenetics and speciation.
Trends Ecol. Evol. 16:391-399.

Barraclough, T. G., and A. P. Vogler. 2000. Detecting the geo-
graphical pattern of speciation from species-level phylogenies.
Am. Nat. 155:419-434.

Barraclough, T. G., A. P. Vogler, and P. H. Harvey. 1998. Revealing
the factors that promote speciation. Philos. Trans. R. Soc. B 353:
241-249.

Bennett, K. D. 1997. Evolution and ecology: the pace of life. Cam-
bridge Univ. Press, Cambridge, U.K.

Berlocher, S. H. 1998. Can sympatric speciation via host or habitat
shift be proven from phylogenetic and biogeographic evidence?
Pp. 99-113 in D. J. Howard and S. H. Berlocher, eds. Endless
forms: species and speciation. Oxford Univ. Press, New York.

Berlocher, S. H., and J. L. Feder. 2002. Sympatric speciation in
phytophagous insects: moving beyond controversy? Annu. Rev.
Entomol. 47:773-815.

Bolnick, D. I. 2004. Waiting for sympatric speciation. Evolution
58:895-899.

Brown, J. H., and P. F. Nicoletto. 1991. Spatial scaling of species
composition: body masses of North American land mammals.
Am. Nat. 138:1478-1512.

Browne, J. 1980. Darwin’s botanical arithmetic and the principle
of divergence. J. Hist. Biol. 13:53-89.

Burton, J. F. 1995. Birds and climate change. Christopher Helm,
London.

Chapman, J. A., and J. E. C. Flux. 1990. Rabbits, hares, and pikas,
Status Survey and Conservation Action Plan. IUCN, Gland,
Switzerland.

Chesser, R. T., and R. M. Zink. 1994. Modes of speciation in birds:
a test of Lynch’s method. Evolution 48:490-497.

Clements, F. E. 1936. Nature and structure of the climax. J. Ecol.
24:252-284.

Corbet, G. B. 1978. The mammals of the Palaearctic region: a
taxonomic review. Cornell Univ. Press, Ithaca, NY.

Coyne, J. A., and H. A. Orr. 1989. Patterns of speciation in Dro-
sophila. Evolution 43:362-381.

— — —. 2004. Speciation. Sinauer Associates, Sunderland, MA.

Coyne, J. A., and T. D. Price. 2000. Little evidence for sympatric
speciation in island birds. Evolution 54:2166-2171.



614

Cracraft, J. 1982. Geographic differentiation, cladistics, and vicar-
iance biogeography: Reconstructing the tempo and mode of evo-
lution. Am. Zool. 22:411-424.

Darwin, C. 1859. The origin of species by means of natural selec-
tion, or the preservation of favoured races in the struggle for
life. John Murray, London.

Darwin, F. 1909. The foundations of The Origin of Species: two
essays written in 1842 and 1844 by Charles Darwin. Cambridge
Univ. Press, Cambridge, U.K.

Demastes, J. W., T. A. Spradling, M. S. Hafner, D. J. Hafner, and
D. L. Reed. 2002. Systematics and phylogeography of pocket
gophers in the genera Cratogeomys and Pappageomys. Mol. Phy-
logenet. Evol. 22:144-154.

DeWalt, T. S., E. G. Zimmerman, and J. V. Planz. 1993. Mito-
chondrial-DNA phylogeny of species of the boylii and truei
groups of Peromyscus. J. Mammal. 74:352-362.

Dietz, E. J. 1983. Permutation tests for association between distance
matrices. Syst. Zool. 32:21-26.

Drés, M., and J. Mallet. 2002. Host races in plant-feeding insects
and their importance in sympatric speciation. Philos. Trans. R.
Soc. B 357:471-492.

Edwards, S. V., S. B. Kingan, J. D. Calkins, C. N. Balakrishnan,
W. B. Jennings, W. J. Swanson, and M. D. Sorenson. 2005.
Speciation in birds: Genes, geography, and sexual selection.
Proc. Natl. Acad. Sci. USA 102:6550-6557.

Eisenberg, J. F. 1989. Mammals of the Neotropics. Vol. 1. The
northern Neotropics: Panama, Columbia, Venezuela, Guyana,
Surinam, French Guiana. Univ. Chicago Press, Chicago, IL.

Eisenberg, J. F., and K. H. Redford. 1999. Mammals of the Neo-
tropics. Vol. 3. The central Neotropics: Ecuador, Peru, Bolivia,
Brazil. Univ. of Chicago Press, Chicago, IL.

FAUNMAP Working Group. 1996. Spatial response of mammals
to late Quaternary environmental fluctuations. Science 272:
1601-1606.

Felsenstein, J. 1985. Phylogenies and the comparative method. Am.
Nat. 125:1-15.

— — —. 2003. PHYLIP (Phylogeny Inference Package). Vers. 3.5.
Distributed by the author. Department of Genome Sciences, Uni-
versity of Washington, Seattle, WA.

Fitzpatrick, B. M. 2002. Molecular correlates of reproductive iso-
lation. Evolution 56:191-198.

Fumagalli, L., P. Taberlet, D. T. Stewart, L. Gielly, J. Hausser, and
P. Vogel. 1999. Molecular phylogeny and evolution of Sorex
shrews (Soricidae: Insectivora) inferred from mitochondrial
DNA sequence data. Mol. Phylogenet. Evol. 11:222-235.

Futuyma, D. J. 1998. Evolutionary biology. Sinauer Associates,
Sunderland, MA.

Gannon, W. L., and T. E. Lawlor. 1989. Variation in the chip vo-
calization of three species of Townsend chipmunks (genus Eu-
tamias). J. Mammal. 70:740-753.

Gavrilets, S. 2005. ‘“‘Adaptive speciation’’—it is not that easy: a
reply to Doebeli et al. Evolution 59:696-699.

George, S. B. 1988. Systematics, historical biogeography, and evo-
lution of the genus Sorex. J. Mammal. 69:443-461.

Gleason, H. A. 1926. The individualistic concept of plant associ-
ation. Bulletin of the Torrey Botanical Club 53:7-26.

Gould, S. J. 2002, The structure of evolutionary theory. Belknap,
Cambridge, U.K.

Grinnell, J. 1914. The Colorado River as a hindrance to the dispersal
of species. Univ. Calif. Publ. Zoology 12:100-107.

— — —. 1924. Geography and evolution. Ecology 5:225-229.

— — —.1927. Geography and evolution in the pocket gopher. Univ.
Calif. Chron. 28:247-262.

Gulick, J. T. 1905. Evolution, racial and habitudinal. Carnegie In-
stitution, Washington, DC.

Hafner, M. S. 1991. Evolutionary genetics and zoogeography of
Middle American pocket gophers, genus Orthogeomys. J. Mam-
mal. 72:1-10.

Hall, E. R. 1981. The mammals of North America. Vol. I and II.
Blackburn Press, Caldwell, NJ.

Haltenorth, T., and H. Diller. 1980. A field guide to the mammals
of Africa including Madagascar. Collins, London.

Hamilton, M. J., R. K. Chesser, and T. L. Best. 1987. Genetic

B. M. FITZPATRICK AND M. TURELLI

variation in the Texas kangaroo rat Dipodomys elator Merriam.
J. Mammal. 68:775-781.

Herron, M. D., T. A. Castoe, and C. L. Parkinson. 2004. Sciurid
phylogeny and the paraphyly of Holarctic ground squirrels (Sper-
mophilus). Mol. Phylogenet. Evol. 31:1015-1030.

Isaac, N. J. B., J. Mallet, and G. M. Mace. 2004. Taxonomic in-
flation: its influence on macroecology and conservation. Trends
Ecol. Evol. 19:464-469.

Johnson, W. E., and S. J. O’Brien. 1997. Phylogenetic reconstruc-
tion of the Felidae using 16S rDNA and NADH-5 mitochondrial
genes. J. Mol. Evol. 44:S98-S116.

Johnson, W. E., and R. K. Selander. 1971. Protein variation and
systematics in kangaroo rats (genus Dipodomys). Syst. Zool. 20:
377-405.

Jolley, T. W., R. L. Honeycutt, and R. D. Bradley. 2000. Phylo-
genetic relationships of the pocket gophers (genus Geomys)
based on the mitochondrial 12S rRNA gene. J. Mammal. 81:
1025-1034.

Jordan, D. S. 1905. The origin of species through isolation. Science
22:545-562.

— — —. 1908. The law of geminate species. Am. Nat. 42:73-80.

Klicka, J., and R. M. Zink. 1997. The importance of recent Ice Ages
in speciation: a failed paradigm. Science 277:1666—16609.

Kohn, D. 1985. Darwin’s principle of divergence as internal dialog.
Pp. 245-267 in D. Kohn, ed. The Darwinian heritage. Princeton
Univ. Press, Princeton, NJ.

Kottler, M. J. 1978. Charles Darwin’s biological species concept
and the theory of geographical speciation: The transmutation
notebooks. Ann. Sci. 35:275-297.

Lessa, E. P., J. A. Cook, and J. L. Patton. 2003. Genetic footprints
of demographic expansion in North America, but not Amazonia,
during the Late Quaternary. Proc. Natl. Acad. Sci. USA 100:
10331-10334.

Letcher, A. J., A. Purvis, S. Nee, and P. H. Harvey. 1994. Patterns
of overlap in the geographic ranges of Palearctic and British
mammals. J. Anim. Ecol. 63:871-879.

Levenson, H., R. S. Hoffmann, C. F. Nadler, L. Deutsch, and S. D.
Freeman. 1985. Systematics of the Holarctic chipmunks (Tam-
ias). J. Mammal. 66:219-242.

Losos, J. B., and R. E. Glor. 2003. Phylogenetic comparative meth-
ods and the geography of speciation. Trends Ecol. Evol. 18:
220-227.

Lynch, J. D. 1989. The gauge of speciation: on the frequency of
modes of speciation. Pp. 527-553 in D. Otte and J. A. Endler,
eds. Speciation and its consequences. Sinauer Associates, Sun-
derland, MA.

Lyons, S. K. 2003. A quantitative assessment if the range shifts of
Pleistocene mammals. J. Mammal. 84:385-402.

Maddison, W. P., and M. Slatkin. 1991. Null models for the number
of evolutionary steps in a character on a phylogenetic tree. Evo-
lution 45:1184-1197.

Martin, P. R., and J. K. McKay. 2004. Latitudinal variation in ge-
netic divergence of populations and the potential for future spe-
ciation. Evolution 58:938-945.

Mattern, M. Y., and D. H. McLennan. 2000. Phylogeny and spe-
ciation of felids. Cladistics 16:232-253.

Mayr, E. 1959. Isolation as an evolutionary factor. Proc. Am. Philos.
Soc. 103:221-230.

1963. Animal species and evolution. Belknap, Cam-
bridge,.U.K.

— ——. 1992. Darwin’s principle of divergence. J. Hist. Biol. 25:
342-359.

Nei, M. 1972. Genetic distance between populations. Am. Nat. 106:
283-292.

Nowell, K., and P. Jackson. 1996. Wild cats: status survey and
conservation action plan. International Union for Conservation
of Nature and Natural Resources Gland, Switzerland.

Odachi, S., N. E. Dokuchaev, M. Hasegawa, and R. Masuda. 2001.
Intraspecific phylogeny and geographical variation of six species
of northeastern Asiatic Sorex shrews based on the mitochondrial
cytochrome b sequences. Mol. Ecol. 10:2199-2213.

Orr, H. A., and M. Turelli. 2001. The evolution of postzygotic



GEOGRAPHY OF MAMMALIAN SPECIATION

isolation: accumulating Dobzhansky-Muller incompatibilities.
Evolution 55:1085-1094.

Ospovat, D. 1981. The development of Darwin’s theory. Cambridge
Univ. Press, Cambridge, U.K.

Palumbi, S. R., and H. A. Lessios. 2005. Evolutionary animation:
how do molecular phylogenies compare to Mayr’s reconstruction
of speciation patterns in the sea? Proc. Natl. Acad. Sci. USA
102:6566—-6572.

Patton, J. L., and M. N. F. da Silva. 1998. Rivers, refuges, and
ridges: the geography of speciation in Amazonian mammals. Pp.
202-213 in D. J. Howard and S. H. Berlocher, eds. Endless
forms: species and speciation. Oxford Univ. Press, New York.

Patton, J. L., and M. F. Smith. 1981. Molecular evolution in Thom-
omys: phyletic systematics, paraphyly, and rates of evolution. J.
Mammal. 62:493-500.

Patton, J. L., S. W. Sherwood, and S. Y. Yang. 1981. Biochemical
systematics of chaetodipine pocket mice, genus Perognathus. J.
Mammal. 62:477-492.

Piaggio, A. J., and G. S. Spicer. 2000. Molecular phylogeny of the
chipmunk genus Tamias based on the mitochondrial cytochrome
oxidase subunit II gene. J. Mammalol. Evol. 7:147-166.

— ——.2001. Molecular phylogeny of the chipmunks inferred from
mitochondrial cytochrome b and cytochrome oxidase II gene
sequences. Mol. Phylogenet. Evol. 20:335-350.

Posada, D., and K. A. Crandall. 1998. ModelTest: testing the model
of DNA substitution. Bioinformatics 14:817-818.

Poulton, E. B. 1908. Essays on evolution, 1889-1907. Clarendon
Press, Oxford, U.K.

Rebholz, W., and E. Harley. 1999. Phylogenetic relationships in
the Bovid subfamily Antilopinae based on mitochondrial DNA
sequences. Mol. Phylogenet. Evol. 12:87-94.

Redford, K. H., and J. F. Eisenberg. 1992. Mammals of the Neo-
tropics. Vol. 2. The southern cone: Chile, Argentina, Uruguay.
Univ. of Chicago Press, Chicago, IL.

Ribera, 1., T. G. Barraclough, and A. P. Vogler. 2001. The effect
of habitat type on speciation rates and range movements in aquat-
ic beetles: inferences from species-level phylogenies. Mol. Ecol.
10:721-735.

Rieseberg, L. H., and J. F. Wendel. 1993. Introgression and its
consequences in plants, Pp. 70-109 in R. G. Harrison, ed. Hybrid
zones and the evolutionary process. Oxford Univ. Press, Oxford,
U.K.

Ruedi, M., and F. Mayer. 2001. Molecular systematics of bats of
the genus Myotis (Vespertilionidae) suggests deterministic eco-
morphological convergence. Mol. Phylogenet. Evol. 21:
436-448.

Sanderson, M. J. 1997. A nonparametric approach to estimating
divergence times in the absence of rate constancy. Mol. Biol.
Evol. 14:1218-1231.

— — —. 2002. Estimating absolute rates of molecular evolution and
divergence times: a penalized likelihood approach. Mol. Biol.
Evol. 19:101-109.

Schmidly, D. J., K. T. Wilkins, and J. N. Derr. 1993. Biogeography.
Pp. 319-356 in H. H. Genoways and J. H. Brown, eds. Biology

615

of the Heteromyidae. American Society of Mammalogists, Spe-
cial Publ. No. 10.

Shaw, K. L. 2002. Conflict between nuclear and mitochondrial DNA
phylogenies of a recent species radiation: what mtDNA reveals
and conceals about modes of speciation in Hawaiian crickets.
Proc. Natl. Acad. Sci. USA 99:16122-16127.

Smith, A. T., N. A. Formozov, R. S. Hoffmann, C. Zheng, and M.
A. Erbajeva. 1990. The pikas. Pp. 14-60 in J. A. Chapman and
J. E. C. Flux, eds. Rabbits, hares, and pikas: status survey and
conservation action plan. International Union for Conservation
of Nature and Natural Resources Gland, Switzerland.

Smith, J. D. 1972. Systematics of the chiropteran family Mor-
moopidae. Univ. Kans. Mus. Nat. Hist. Misc. Publ. No. 56.
Smith, M. F. 1998. Phylogenetic relationships and geographic struc-
ture in pocket gophers in the genus Thomomys. Mol. Phylogenet.

Evol. 9:1-14.

Smith, T. B., R. K. Wayne, D. J. Girman, and M. W. Bruford. 1997.
A role for ecotones in generating rainforest biodiversity. Science
276:1855-1857.

Stauffer, R. C. 1975. Charles Darwin’s Natural Selection. Cam-
bridge Univ. Press, Cambridge.

Sulloway, F. J. 1979. Geographic isolation in Darwin’s thinking:
the vicissitudes of a crucial idea. Stud. Hist. Biol. 3:23-65.
Sunquist, M., and F. Sunquist. 2002. Wild cats of the world. Univ.

Chicago Press, Chicago.

Swofford, D. L. 1998. PAUP*: phylogenetic analysis using parsi-
mony (and other methods). Vers. 4.0. Sinauer Associates, Sun-
derland, MA.

Tiemann-Boege, 1., C. W. Kilpatrick, D. J. Schmidly, and R. D.
Bradley. 2000. Molecular phylogenetics of the Peromyscus boylii
species group (Rodentia: Muridae) based on mitochondrial cy-
tochrome b sequences. Mol. Phylogenet. Evol. 16:366-378.

Turelli, M., N. H. Barton, and J. A. Coyne. 2001. Theory and spe-
ciation. Trends Ecol. Evol. 16:330-343.

Van Den Bussche, R. A., S. R. Hoofer, and N. B. Simmons. 2002.
Phylogenetic relationships of Mormoopid bats using mitochon-
drial gene sequences and morphology. J. Mammal. 83:40-48.

Vogler, A. P. 2001. The genic view: a useful model of the process
of speciation? Commentary. J. Evol. Biol. 14:876-877.

Wallace, A. R. 1852. On the monkeys of the Amazon. Proc. Zool.
Soc. Lond. 20:107-110.

— — —. 1855. On the law which has regulated the introduction of
new species. Ann. Magazine Nat. Hist., Ser. 2, 16:184-196.
Wiens, J. J. 2004. Speciation and ecology revisited: phylogenetic
niche conservatism and the origin of species. Evolution 58:

193-197.

Wiley, E. O. 1981. Phylogenetics: the theory and practice of phy-
logenetic systematics. John Wiley, New York.

Wilson, D. E., and D. M. Reeder. 1993. Mammal species of the
world. Smithsonian Institution Press, Washington, DC.

Yu, N., C. Zheng, Y.-P. Zhang, and W.-H. Li. 2000. Molecular
systematics of pikas (Genus Ochotona) inferred from mitochon-
drial DNA sequences. Mol. Phylogenet. Evol. 16:85-95.

Corresponding Editor: M. Nachman



