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Species as evolutionary lineages are expected to show greater evolutionary independence from one another than are populations

within species. Two measures of evolutionary independence that stem from the study of isolation-with-migration models, one

reflecting the amount of gene exchange and one reflecting the time of separation, were drawn from the literature for a large

number of pairs of closely related species and pairs of populations within species. Both measures, for gene flow and time, showed

broadly overlapping distributions for pairs of species and for pairs of populations within species. Species on average show more

time and less gene flow than populations, but the similarity of the distributions argues against there being a qualitative differ-

ence associated with species status, as compared to populations. The two measures of evolutionary independence were similarly

correlated with Fsr estimates, which in turn also showed similar distributions for species comparisons relative to population com-

parisons. The measures of gene flow and separation time were examined for the capacity to discriminate intraspecific differences

from interspecific differences. If used together, the two measures could be used to develop an objective (in the sense of being

repeatable) measure for species diagnosis.
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Let us take as given, at least for the sake of the argument, that
biological diversity is structured hierarchically, and that near or
at the bottom of the hierarchy there are real boundaries between
groups of similar and genetically related organisms—groups that
we may call species. How might we identify these real bound-
aries and thereby objectively delimit species? For this article, we
approach this apparently eternal question by asking: what is it
that species have that populations within species do not have?
To phrase it differently, is there a way in which two populations
of the same species are disjunct, that is less than or different
from the way that two sister species are disjunct? If we could
identify that difference, in theory and in application, then we
could lay some claim to objectivity when we engage in species
diagnosis.

On the theoretical side, the traditional answer is that two
species are on separate evolutionary trajectories, whereas popu-

lations within species, while they may show a little divergence,
are not evolving independently of each other. Species are thought
to be genetically separate enough that the processes of mutation,
natural selection, and genetic drift that affect one species are not
shared by other species. This evolutionary independence of sepa-
rate species can also be described as the presence of some sort of
barrier to reproduction between the members of different species.
If two populations belong to the same species then they do not
have an impediment to reproduction and together they share in
the larger evolutionary process of the single species of which both
are a part.

This introduction refers to objectivity as if it is a desirable
property, as does much of the literature on species delimitation
(e.g., Mayr 1942; Simpson 1961; Hennig 1966; Stuessy 1990;
Winston 1999). But over the years, objectivity has been called for
with at least two meanings that differ in important ways (Simpson
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1961; Sokal and Camin 1965; Ghiselin 1966; Darlington 1971).
The differences between the two kinds of objectivity depend on
the way that species differences are not the same as population dif-
ferences. The first kind of objectivity arises if species differences
are qualitatively distinct from the differences between popula-
tions. To be clear, the discrepancy that is being addressed is not
that which occurs between two species or between two popula-
tions, but rather it is the way that species differences are dissimilar
from population differences. If this distinction is qualitative, then
a truly objective process of delimiting species would be effective
for discovering instances of this species-specific type of disconti-
nuity. The second kind of objectivity arises if the distinction (i.e.,
between species differences and population differences) is not a
qualitative one but is instead a quantitative one. This would be the
case if the differences between sister species are just more of the
same kind of discontinuity that occurs between populations within
species, in which case nature cannot tell us just where to draw the
line. Darwin famously wrote of just this kind of quantitative spec-
trum, of how in his view the differences between species lie on
the same continuum as the differences between varieties (Darwin
1859, p. 48). Many others have also expressed skepticism that the
boundaries between species are different in kind from disconti-
nuities found on a finer scale (e.g., Levin 1979; Mishler 1999;
Hendry et al. 2000; Pleijel and Rouse 2000; Baum 2009). In this
view of Darwin and others, a claim of objectivity for a partic-
ular protocol for species delimitation tends to mean, not that it
identifies the true joints in nature, but just that it is repeatable.
A protocol for species diagnosis could in principle be repeat-
able, in the sense that different investigators would be expected to
reach the same conclusions, if the specifics of that protocol were
clearly defined in terms of assumptions, sampling methods, and
criteria.

If we suppose that we can, at least in principle, achieve the
firstkind of objectivity (i.e., if species differences are qualitatively
distinct from the differences between populations) then we are
effectively supposing that a taxonomic rank of species has some
true grounding in the way that biological diversity is structured.
However, if the separation between species is not different in kind
than what occurs for populations, then nature does not justify
for us the special, basal rank of species. We might still use the
species rank for many purposes, and we might even do so with
high repeatability if we somehow came to consistently follow a
common set of rules, but we would do so for pragmatic, human
reasons.

The first purpose of this article is to ask whether there is evi-
dence that the evolutionary discontinuity between closely related
species is different from the discontinuity found between popu-
lations within species. The basic approach is very simple. For a
given measure of evolutionary independence, we plot the distri-
bution of scores generated for pairs of populations and compare

1414 EVOLUTION MAY 2012

it to the same distribution generated from pairs of closely related
species. The second goal of this article is to consider the utility of
population genetic-based measures of evolutionary independence
for species diagnosis.

ASSESSING EVOLUTIONARY INDEPENDENCE

In practice, most species are identified on the basis of a finding
of divergence: typically morphological differentiation; although
increasingly genetic divergence alone may be used for diagnosing
species. An observation that divergence has occurred by evolu-
tion (e.g., in genes or in traits that can be assumed to have a
heritable basis) represents prima facie evidence of evolutionary
independence. However, divergence in some traits or genes can
occur in the absence of evolutionary independence, for exam-
ple, due to natural selection acting differently in two populations
that are exchanging genes. In general, it is quite difficult to de-
cide just how much divergence, and in what kinds of traits or
genes, one must observe to have an objective criterion for species
diagnosis. Here, we address the matter of evolutionary indepen-
dence, as a basis for species diagnosis, using a population genetic
approach.

If the individuals of two populations sometimes reproduce
together then they will share genetic variation and to some degree
share in the processes of genetic drift and fixation of beneficial
mutations. Wright (1931) showed how the allele frequency distri-
bution of a population can be strongly shaped by gene exchange
with other populations. Whether genetic drift, or the immigration
of genes, plays a greater factor in shaping local allele frequencies
depends upon the population migration rate, or 2NM, where N is
the effective size of a diploid population and M is the migration
rate per gene copy per generation. When 2NM < 1 (i.e., the rate
of influx of genes from another population is low relative to the
rate of genetic drift) then allele frequencies within the population
can vary from those of the source population, but when 2NM > 1,
the allele frequencies of the receiving population are more likely
to track those of the source population (Felsenstein 1976; Slatkin
1985). In other words, population genetic theory suggests a thresh-
old for the population migration rate below which populations are
evolutionarily independent. In fact, a migration-based criterion
based on this idea has been suggested for species delimitation
(Porter 1990). The major difficulty in using a migration rate-
based measure of evolutionary independence is that it is difficult
to estimate 2NM in a way that separates it from other factors
associated with divergence (e.g., Whitlock and McCauley 1999).

A key factor that arises when trying to estimate gene ex-
change, or indeed any measure of evolutionary independence,
is the time span under consideration. To see this consider the
question: would we count as being independent two populations
that have been completely separated from each other for just one
generation? Perhaps yes, but the difficulty is that over such a
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short time scale, the very meaning of “population” may become
questionable. Unless there is true panmixia within a species, then
over a short time frame a single species may resemble a very large
number of very local demes that intermittently exchange genes.
Even at the microevolution level within populations, evolution
is usually thought of as a slow process, with natural selection,
genetic drift, and gene exchange having cumulative impacts on
allele frequencies rather than instantaneous ones. The slow pace
of evolution invokes for us the need to consider some kind of time
frame for assessing evolutionary independence.

If two populations are separated for some time with low or
zero gene exchange then divergence begins to happen, first in
terms of shifting allele frequencies and the arrival of population-
specific mutations, and then later in terms of the fixation of dif-
ferent alleles by genetic drift and natural selection. If some di-
vergence is observed, then it probably arose in the presence of
evolutionary independence that persisted for some time. Some-
thing like this argument seems to have been the motivation for
a fairly large number of methods for species diagnosis that are
based upon the discovery of divergence in some form or another
(Sites and Marshall 2004). More recently, sophisticated methods,
that rely on population genetic theory and likelihood calculations,
take this general approach for species delimitation to a new level
(Knowles and Carstens 2007; Ence and Carstens 2011; Hausdorf
and Hennig 2010; Yang and Rannala 2010).

Divergence is certainly expected to be a salient indicator of
evolutionary independence, but by itself divergence is expected
to be misleading in some situations. Consider that two popula-
tions that exchange genes at a low level for a long period of time
will reach some steady state level of divergence (Wright 1931,
1943), whereas two populations that have been completely sep-
arated from each other for a lesser period of time may show the
same amount of divergence. In the latter case, evolutionary in-
dependence is complete and divergence will continue, whereas
in the former case with gene exchange, it will not. Yet, a single
indicator of divergence might lead to the same species diagnosis
in both cases.

The isolation-with-migration (IM) model offers a means to
assess jointly two different components of evolutionary inde-
pendence: time of separation and the degree of gene exchange
(Wakeley and Hey 1998; Nielsen and Wakeley 2001). As shown
in Figure 1, the units of the six parameters of the IM model are all
expressed in mutations (4N u, 4N,u, 4Nau, and fu) or per muta-
tion (M/u and M,/u). To estimate the population migration rate
for a population, we use the estimated population mutation rate
for that population as well as the estimated rate of gene flow into
that population, that is, 2N M| = M /u x 4N u/2 and 2N,M, =
Mj/u x 4N,u/?2. To estimate the time of population separation on
a scale that reflects the amount of genetic drift that has occurred
since separation, we estimate time in units of 2N generations, that
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Figure 1. The isolation-with-migration model, as parameterized
by Hey and Nielsen (2004). N is an effective population size, shown
for both sampled populations and the ancestor. M is the migra-
tion rate per gene copy per generation. t is the time in genera-
tions since the ancestor split into two populations. u is the neutral
mutation rate. The directionality of migration is shown in the tra-
ditional coalescent direction (i.e., as if time is increasing back into
the past).

is, 1) = tu/4Nu/2 and 1, = tu/4N,u/2 (note that although there
is only one estimate of fu, there are two values of t because there
are two values of 4Nu, one for each of the two sampled popula-
tions). Both 2NM and <t are functions of the effective number of
gene copies at a locus, 2N, assuming diploidy.

Data and Methods

A literature review was undertaken to identify studies that esti-
mated the parameters of the IM model for closely related species
or populations. These studies were selected based on a search
of the Web of Science database for papers that appeared before
January 1, 2011, for articles citing at least one of the various
implementations that estimate the parameters of the IM model.
Reports were included if they involved analyses of populations
within a species or of two or more species that were very closely
related. Reports were not included in the present study if (1) pop-
ulations were identified using only the same data that was used in
the IM analysis; (2) there were additional, more complete studies
involving the same taxa; (3) the authors failed to report at least one
of the five IM model parameter values other than that for the an-
cestral population size; and (4) parameter values were expressed
in units from which it was not possible to calculate values for 2NM
and t. Details on the values used from each study are provided in
Table S1. A total of 97 reports met these criteria and were included
in this study. Several tools have been developed for estimating
the parameters of the IM model (Nielsen and Wakeley 2001;
Hey and Nielsen 2004; Becquet and Przeworski 2007; Hey and
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Table 1. Sample sizes.

Number of entities in IM analyses (two for each analysis)

Taxonomic Number of Number of

group reports IM analyses Species Populations Subspecies
All 97 178 100 240 16

Birds 16 23 16 28 2

Insects 17 22 26 16 2
Mammals 18 31 18 36 8

Plants 13 21 16 24 2

Others 33 81 24 136 2

Nielsen 2007; Gutenkunst et al. 2009; Lopes et al. 2009; Wang and
Hey 2010), and reports were eligible for inclusion in this study
regardless of the method used for estimating the parameters of
the IM model. The large majority of the studies used the /M (Hey
and Nielsen 2004) or [Ma (Hey and Nielsen 2007) computer pro-
grams. Table 1 lists the number of reports and the number of
measurements used for this study.

Because the focus of this article is on the distinction that is
associated with a basal taxonomic rank, populations were taken
to be any grouping within a species that was not described with
some formal taxonomic status. Thus, host races within species
were treated as populations, as were populations identified
simply on the basis of geography. In many cases, there was clear
evidence prior to the study that some divergence had taken place
between populations, such as mtDNA divergence or morpholog-
ical differentiation. In other cases, the presence of geographic
barriers provided indirect evidence that some divergence may
have occurred. One concern is that the studies included here vary
widely in the degree to which there was previous evidence that
population designations were merited. The heterogeneity in how
investigators use the “population” label will contribute some
variance to the comparison with other studies conducted under
the “species” label that has a more formal meaning. A related but
different concern applies to the species designations. Ideally, this
study would be conducted using only sister species comparisons
because it is these cases that are closest to whatever threshold
distinguishes the differences between populations from the differ-
ences between species. However, when there are multiple closely
related species, it is quite difficult to identify sister species, par-
ticularly in those cases where gene exchange might be ongoing.
Here, we have included studies using populations, regardless of
the prior evidence in support of those designations, and we have
included studies using closely related species pairs, even when
there is the possibility that the two species are not sisters. Presum-
ably, both kinds of inclusivity will add to the variance of measures
of evolutionary independence, and both are expected to contribute
to the appearance of a greater difference, between the species and
the populations, than would be observed without such inclusion.
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NONINDEPENDENCE OF OBSERVATIONS

There are several kinds of nonindependence among the 2NM and
T observations used here. Many studies report analyses of multiple
pairs of closely related populations or species, and the results may
not be independent of each other for two reasons. First, there may
be correlations across the different IM analyses done on a group
of populations or species, due to underlying variation in degrees
of divergence (i.e., akin to nonindependence due to underlying
phylogeny). Second, correlations will be present because some
populations or species are used in multiple pairwise IM analy-
ses. For these reasons, in cases involving studies with k species
or populations, we randomly selected a subset of k—1 pairwise
analyses.

Yet another kind of nonindependence arises between the es-
timates of 2NM and t. Both of these quantities are estimated
for each sampled population or species in an IM analysis, and
so each analysis contributes two values for each quantity to the
overall picture. However, the values for one population or species
in an IM analysis are not independent of the values for the sec-
ond. The rank correlation between 2N ;M and 2N,M>, across all
the IM analysis included in this study, was 0.393. For t; and 1,
the rank correlation is quite high at 0.651 at least partly because
each pair of values depends on a single estimate of fu. There is
also a negative correlation between the 2NM and t values for a
population or species (—0.323), possibly for biological reasons
but certainly also because both include in their calculation the
estimated population mutation rate 4Nu.

Because of the several kinds of nonindependence, it is dif-
ficult to make quantitative statistical statements and we do not
attempt to do so in this study. Our approach is to draw from a
large sample of analyses in the literature and then to show results
and discuss apparent patterns for those comparisons that have a
large number of observations.

Another important factor shaping the qualitative nature of
our results is that methods for estimating confidence intervals or
credibility intervals in the parameters of the IM model generally
do not yet provide means to estimate intervals for ratios or prod-
ucts of pairs of parameters. For this reason, we do not make use of
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the confidence intervals or credible intervals that typically accom-
panied the parameter estimates reported in the studies used here.

ESTIMATES OF Fg;

The most widely used summary measure of population diver-
gence is the fixation index Fgr. Sewall Wright (1951) defined
fixation indices, including Fsr, as inbreeding coefficients, mean-
ing they are direct functions of the actual heterozygosity and
the heterozygosity that is expected on the basis of random mat-
ing. Fgr in particular was defined as the loss of heterozygos-
ity within a subpopulation, relative to the entire population, due
to allele frequency differences between subpopulations. Wright
originally described the fixation indices as if they were parame-
ters in a simple model of structured populations. In the decades
following Wright’s definition of fixation indices, three different
kinds of developments have necessarily, and considerably, com-
plicated their use. (1) Investigators have derived expected values
of Fgr and other indices under models that differ from Wright’s
original model. For example, Fgr has been described as a func-
tion of steady gene exchange (Wright 1931, 1951) or as a func-
tion of the time of population separation with no gene exchange
(Takahata 1993). (2) Because Wright’s original formulation was
only accurate if heterozygosities and allele frequencies were
known without error, it has been necessary to develop estimators
of Fgr (Weir and Cockerham 1984), and these can vary depending
on the assumed model of differentiation. And finally, (3) other hi-
erarchical measures of population structure have been developed
that share many of the features of Wright’s fixation indices but
that have other interpretations. Among the latter, it is particu-
larly common to use measures that partition the amount of gene
divergence (e.g., coalescent time, or estimated mutations since
coalescent time) into a series of hierarchical statistics (Excoffier
et al. 1992; Hudson et al. 1992; Slatkin 1995) that are closely
analogous to Wright’s fixation indices.

Many of the studies that conducted IM analyses and that are
included here also reported an estimated value for Fy7, or an Fgr
analog. Among the estimators, most commonly used were those
of Hudson et al. (1992), Weir and Cockerham (1984), and the
AMOVA-based estimator of Excoffier et al. (1992). Details on
the calculations and the specific estimator used in each paper are
provided in a supplementary table. Regardless of the particular
measure used, care was taken to make sure that the estimated
proportion of variation (i.e., the divergence value) pertained to
the differentiation between the specific pair of populations or
species in the reported IM analysis. For studies with multiple
loci, and in which an Fgr measure was reported for each locus,
we used the mean of the reported values. If different measures
of Fgr were provided, we used that measure that was based on
the most complete model, both in terms of levels of hierarchical
structure and divergence between gene copies. For many of the

studies that did not report values, Fgr values were provided by
the authors upon request.

Results

From the 97 studies, a total of 178 IM analyses were selected
based on the criteria described in the methods. Figure 2 shows
histograms for 2NM and t for all of these analyses. Both measures
varied over very similar scales, with close to half the values for
both measures falling in the lowest bin of the histograms. For this
reason, in Figure 2 as well as other histograms for 2NM and T,
we have plotted counts in bins over two ranges, below a value
of 0.5 and above the value of 0.5, and all values are shown as a
percentage of the total (with sample sizes given in the legend of
the figure). Also shown in Figure 2 are histograms for just those
studies that met specific criteria, including those based on having
at least five or 10 loci. Studies with more loci are expected to
have better estimates of the parameters in the IM model. Also
plotted in the upper part of Figure 2 are values for 2NM for just
those studies in which the T estimate was greater than 0.2. In our
experience of IM analyses, a migration rate estimate typically has
a large variance when the splitting time is very low, unless a large
amount of data has been used. As expected, the histograms for
all of the values (n = 356) generally had the highest variance, as
shown by the presence of high values in the lowest and highest
bins; however, the effect of reducing the sample size based on the
number of loci or, in the case of 2NM, on the basis of t values
was modest.

Figure 3 shows histograms for 2NM and t for species, sub-
species, and populations. Both quantities vary over similar scales,
with modes at the lowest values in both charts for all three groups.
For 2NM, the distribution for species is shifted to the left, rela-
tive to the distribution for populations. For T, the distribution for
species is shifted to the right, relative to that for populations. Both
patterns are consistent with populations being less evolutionarily
independent of one another, compared to species. Focusing on
the threshold value of 1.0 for 2NM, the total percentage of values
that are less than 1.0 is 82.0 for species, and 61.6 for populations.
Many studies relied exclusively on mitochondrial DNA, and we
wondered if such studies show a qualitatively different kind of
frequency distribution for 2NM and of t. However, the patterns
found in Figure 3 are very similar to those found if we limit
summaries to just studies that used only a single mtDNA locus
(Fig. S1).

There were a total of 16 subspecies in the dataset (eight IM
analyses involving pairs of subspecies). The distributions for sub-
species, for both 2NM and t, resemble those for species more
than they resemble the distributions for populations (Fig. 3).
The subspecies rank, unlike the species rank, has no theoretical
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Figure 2. Percentages of observations for 2NM (top) and <t (bottom). Because of varying sample sizes, percentages rather than actual

counts are used to make comparisons easier. Sample sizes are given in parentheses. Each chart has two bins, each of width 0.25, for
values below 0.5. Above 0.5 bins have a width of 0.5. Values are shown for all of the data, and when only a subset of studies is included,

as described in the legend.

justification, and the utility of the rank of subspecies has often
been questioned (Mayr 1982; Ryder 1986; O’Brien and Mayr
1991; Zink 2004; Phillimore and Owens 2006). Notwithstanding
the lack of theoretical justification, subspecies are formally rec-
ognized basal taxa, and so as with the species rank we would like
to see how they compare with populations. For the remainder of
the analyses in this study, we elected to pool the subspecies with
the species.
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Some large taxonomic groups were represented numerous
times in the dataset, and for these it is possible to compare the
distributions for 2NM and T, for species and populations. Figures 4
and 5 show these distributions for all groups that are represented
by 15 or more values. Given the modest sample sizes in some
cases and the nonindependence issues, we draw attention to just
the few most striking differences between taxonomic groups. At
the species level, the 2NM distributions are roughly similar across
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Figure 3. Percentages of observations for 2NM (top) and t (bottom) by rank (species, population, or subspecies). See legend to Figure 2

for additional explanation.

Insects, Birds, Mammals, and Plants; although several of the
16 bird analyses returned high values. The t distributions for
species vary considerably, although again the bird species re-
turned an abundance of high values. At the population level, there
is rough similarity for t across the groups. However, for 2NM, the
population histograms varied considerably, with the Mammal and
especially the Bird populations having a 2NM distribution with
fewer low values, and more intermediate or high values, than the
other groups.

An estimate of Fgr or a close analog (Nei 1973; Excoffier
et al. 1992; Hudson et al. 1992; Slatkin 1995) was obtained for
a majority of the studies (either from the original report or via a
request to the authors), specifically for those pairs of units that
were subjected to IM analysis. A histogram of values for both the
populations and species groups (Fig. 6, top) shows broad over-
lap, with the distribution for species shifted to the right, relative
to that for populations. The correlation between 2NM and Fgr
was —0.097 and between t and Fgr it was 0.044. However,
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Figure 4. Percentages of observations for 2NM for species (top) and populations (bottom) for different groups of organisms. All groups

with 15 or more observations are shown. See legend to Figure 2 for additional explanation.

because of the differing distributions, with Fgr constrained
to be between 0 and 1, it may be more useful to consider
the rank correlations that are considerably stronger at —0.486
and 0.479 (and quite similar), for 2NM and T, respectively.
In calculating these correlations, each Fgr value appears twice
because each IM analysis generates a pair of 2NM and t

values.
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Discussion

An important tradition of discussion on the nature of species
holds that different species are evolutionarily independent of one
another (e.g., Simpson 1951; Wiley 1978; Templeton 1989; Zink
and McKitrick 1995; Mayden 1997; de Queiroz 1998; Rieseberg
et al. 2006). Another tradition, neither distinct from nor as large
as that regarding evolutionarily independence of species, holds
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Figure 5. Percentages of observations for t for species (top) and populations (bottom) for different groups of organisms. All groups
with 15 or more observations are shown. See legend to Figure 2 for additional explanation.

that the rank of species is unique among taxonomic ranks because
species are less inclusive than are instances of any other taxo-
nomic ranks (Cracraft 1989; Kluge 1990; Nixon and Wheeler
1990; Mishler 1999). And yet another tradition, larger than ei-
ther of these, has species as the fundamental units of biological
diversity (although the context and ontogenetic claims for such
units vary widely). Then, if the idea of evolutionary independence
does indeed capture the essence of the species rank, it should be
possible to observe some substantive differences for measures of

evolutionary independence when pairs of closely related species
are compared to pairs of intraspecific populations.

Based on 2NM and 1, the differences between closely re-
lated species do not appear to be qualitatively distinct relative to
those observed between populations within species. In particular,
there are no differences in modal values, nor strong differences in
the shapes of distributions. The overall picture is one of modest
quantitative differences, in which the distribution of the time mea-
sure is shifted to the right, and the distribution of the migration
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Figure 6. Histograms (top) and cumulative distributions (bottom) for Fsr. For the histograms (top), values shown are the percentages
of observations for Fsr for species and populations. For the cumulative distributions (bottom), values are shown together with the
difference between the two. To determine the difference, each point in the cumulative distribution for populations was paired with
the value from the cumulative difference in species that has the closest corresponding Fsr value. A smoothed curve was added for the
difference using locally weighted scatterplot smoothing (Cleveland and Devlin 1988).

measure is shifted to the left, for species relative to populations
(Fig. 3). In terms of seeking objectivity in species delimitation,
we find no evidence using 2NM and t that the species rank is asso-
ciated with a distinctive feature of evolutionary independence. To
put it another way, the evidence presented here does not support
the idea that a basal taxonomic rank is justifiable on the basis of a
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distinctive feature of the way genetic variation is structured in
nature. In the past, related arguments have been used to say that
species are not real, with the specific meaning that the rank of
species does not denote a particular feature in nature, and that
species diagnosis must be done based on pragmatic considera-
tions (Darwin 1859; Ehrlich and Raven 1969; Levin 1979; Nelson
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1989; Bachmann 1998; Baum 2009). It is the species rank that is
called into question by this argument, not the reality of individ-
ual species. Even in the absence of an objective criterion for the
species rank, it can be argued that an individual species may be
real by virtue of the evolutionary processes occurring within, and
the degree of evolutionary independence from other such units.

The results shown in Figure 2, restricting results to studies
with larger sample sizes and for 2NM values in cases of higher
estimates of t, suggest that the broad overlap of distributions
is not caused by a high variance in the estimates making up
each distribution. Although we do not have access to individual
confidence intervals or credible intervals for individual values of
2NM and T, the lack of change in the overall distributions of these
parameters as a function of sample sizes (Fig. 2) argues against a
high variance for individual estimates being the root cause for why
the distributions, for species and populations, broadly overlap.

The broad similarity between 2NM and < for species and for
populations is surprising in light of previous studies that have done
similar analyses using a single measure of divergence. Thorpe
(1982, 1983) plotted the distribution of a measure of genetic iden-
tify (Nei 1972), for a large number of allozyme studies, and re-
ported nearly disjunct distributions for intraspecific comparisons
and interspecific comparisons. Thorpe’s distributions may have
been shaped to some extent by the exclusion of some comparisons
(Harrison 1991; van der Bank et al. 2001); for example, Thorpe
excluded studies on birds on the basis that they showed anoma-
lous genetic identify values. A later study, similar to Thorpe’s,
but focusing exclusively on plants found much more overlap
(though not as much as found here for 2NM and 1) in the dis-
tributions for species pairs and population pairs (van der Bank
et al. 2001).

The question of differences, between species pairs and pop-
ulation pairs, also arises in the literature on DNA barcoding. A
growing database of sequences of specific portions of the mi-
tochondrial or plastid genomes (for animals and higher plants,
respectively) can be used for rapid DNA sequence-based taxo-
nomic identification of samples. Hebert et al. (2004) reported
markedly disjunct distributions for a portion of the mitochon-
drial cytochrome ¢ oxidase I (COI) gene for comparisons within
species and comparisons between species, similar to the distri-
butions found by Thorpe (1982, 1983). However, much of the
“barcoding gap” has been revealed as a byproduct of how species
pairs are sampled. When only sister species comparisons are used
to compare with intraspecific differences, the overlap in the dis-
tribution of DNA sequence differences is extensive (Moritz and
Cicero 2004; Meyer and Paulay 2005).

The interspecific IM analyses surveyed here concerned
species for which investigators were interested in questions of
ongoing gene exchange. Under these circumstances, it is quite
difficult to identify sister species with confidence, and we did not

attempt to do so. But given investigators’ focus on the possibility
of ongoing or recent gene exchange, it seems likely that the sam-
ple of species comparisons represented here come primarily from
the most recently diverged part of the spectrum. Were it possible
to include studies for any congeneric pairs, regardless of the time
since divergence began, and not just those species that are very
closely related, then we would expect much less overlap between
the intraspecific and the interspecific comparisons. However, IM
analyses are rarely done on species thought to be long diverged.
When they are, analyses tend to be relatively uninformative un-
less a very large number of loci have been sampled, because of
the lack of information in the data that bears on several of the
parameters in the model (Wang and Hey 2010).

THE SUITABILITY OF 2NM AND <

The focus on two different measures of evolutionary indepen-
dence is motivated by the argument that divergence per se, as mea-
sured by a single value, cannot distinguish between two scenarios:
(1) an absence of gene flow, in which divergence will continue
to accumulate; and (2) gene flow is ongoing, in which case the
observed divergence may not increase. With only a single metric
of divergence, for example, Fsr, it is possible for two different
comparisons to have the same value for that measure and yet differ
substantially in how much gene exchange is occurring. Notwith-
standing this rationale, it can be difficult to estimate gene flow to-
gether with other parameters of divergence. In this light, one kind
of explanation for the overlapping distributions of 2NM and t is
that the tools used for estimating these measures do not work very
well for some or many datasets. If so, then the results presented
here could be misleading and it would remain possible that some
other, better measures would estimate evolutionary independence
in a way that reveals a sharper line between species differences
and population differences. Both 2NM and t have the desirable
features that they do not depend on either mutation rate or gener-
ation time and so they can be used for comparisons across studies
of different organisms and different genes. However, the two mea-
sures are correlated with each other because the calculation of both
depends on a population mutation rate parameter and estimates
of them can have large variances when datasets are small.

The different studies brought together here vary widely in
their sample sizes, and it is possible that the varying uncertainty
in the individual estimates of 2NM and t obscures an underlying
pattern. Each number that emerges from an IM analysis is an es-
timate, and in many cases, the confidence interval on the estimate
is quite wide. This is particularly true for migration parameters,
which often have quite flat posterior probability densities, par-
ticularly when the time of separation has been short (Won et al.
2005; Hey 2010). We can get some traction on this issue by plot-
ting values for just those studies that used a larger number of loci.
Figure 2 shows the distributions for studies with five or more,
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or 10 or more loci, and for 2NM values from studies where the
estimate of t was greater than 0.2. However, these reductions in
the dataset had little effect on the overall distributions, and nor
did they substantially alter the distributions for interspecific and
intraspecific comparisons (not shown).

The 2NM and t measures certainly do not account for any
phenotypic variation, particularly differential adaptation, between
the units under study. The theory behind these measures, and
most of the tools for estimating them, assume selective neutrality.
Perhaps in the not-too-distant future, with more widespread use of
high-throughput resequencing technologies, it will be possible to
regularly identify population-specific or species-specific sites of
recent adaptation (e.g., Hohenlohe et al. 2010; Turner et al. 2010).
However, without large samples across the genome, it is difficult
to see how adaptive differences could be included in a quantitative
assessment of evolutionary independence without introducing a
large amount of subjectivity.

Another set of questions stem from the simplicity of the IM
model, which typically contains six demographic parameters, un-
less additional parameters for population size change are included
(Hey 2005; Gutenkunst et al. 2009). Of course any model would
be a vast oversimplification of the true divergence process—but
if we are to study divergence using model-based methods, where
do we draw the line in terms of the complexity needed to capture
the major dynamics for most cases of divergence? A decision
to use an IM analysis, or any model-based approach, obviously
represents a trade-off between issues of model complexity, data
requirements, and how easy results are to interpret. Certainly, an
IM analysis involves estimating more quantities than do other
quantitative methods that has been proposed for species delimi-
tation (Sites and Marshall 2003). This point includes the recent
coalescent-based methods of Ence and Carstens (2011), Hausdorf
and Hennig (2010), Knowles and Carstens (2007), and Yang and
Rannala (2010); all of which assume that there has been no gene
exchange.

The most widely used tools for IM analyses implement
a Bayesian Markov chain Monte Carlo method (Nielsen and
Wakeley 2001; Hey and Nielsen 2004, 2007). This approach can
present significant challenges for some datasets, particularly with
regard to ensuring that the Markov chain has mixed sufficiently.
It is also true that it is possible to simulate data under a history
that differs significantly from an IM model and that, when ana-
lyzed under an IM model, lead to misleading parameter estimates
(Becquet and Przeworski 2009). However, independent testing of
the method has shown it to be reliable, with small to moderate
biases, under a variety of histories that fit the basic IM model, as
well as to be robust to some kinds of model violations regarding
gene flow, recombination, and population structure within sam-
pled units (Becquet and Przeworski 2009; Strasburg and Rieseberg
2010, 2011).
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SPECIES DIAGNOSIS USING MEASURES OF
EVOLUTIONARY INDEPENDENCE

A major problem with many quantitative methods for species di-
agnosis is that they depend strictly on a finding that a measure of
evolutionary divergence is nonzero. For those methods that equate
zero divergence with the null model, and nonzero divergence with
the alternative model, species diagnosis becomes partly a function
of the investigator’s sample size (Hey 2009). In other words, if the
reality is that there is at least some divergence then a method based
on a finding that divergence (or some indicator of divergence) is
greater than zero will necessarily return a conclusion of an addi-
tional species when the sample size is large enough. To cite just
a few examples of species diagnosis methods that face this issue,
consider: Good and Wake’s (1992) test based on the regression
of genetic distance on geographic distance, which is expected to
have a statistically nonzero intercept even with very low amounts
of divergence, if sample sizes are large enough (1992); Puorto
et al.’s (2001) Mantel test-based assessment of association be-
tween morphological and mtDNA distances, which will become
significant if there is any underlying association, as soon as sam-
ples are big enough; population aggregation analysis (Davis and
Nixon 1992), which assesses the presence of fixed character states,
becomes more likely to diagnose a species the more characters
that are used (Wiens 1999; Yoder et al. 2000); and Templeton’s
test for cohesion (2001), which begins with the basic test of a
nested clade analysis under which larger samples are more likely
to provide a statistically significant finding than small samples,
so long as there is some divergence. Notwithstanding the sensible
evolutionary arguments that underlie these methods, because they
equate species diagnosis with a finding that a measure, or crite-
rion, of divergence is nonzero, they introduce an awkward kind
of subjectivity that is expected to cause more species to be found
as sample sizes grow larger (Hey 2009).

One way to avoid this difficulty is to use nonzero threshold
values for indicators of divergence (Highton 1990; Porter 1990;
Wiens and Servedio 2000; Tobias et al. 2010). Here, we consider
using specific threshold values for 2NM and t for species diag-
nosis. To discern values for 2NM and <t that provide the most
resolution for the current taxonomic status, we ranked each set
of values from low to high and then plotted the cumulative dis-
tribution of each measure for both species and populations. Each
resulting distribution can be envisioned as an estimate of a cu-
mulative probability density. The value that is associated with the
greatest difference between the two curves (i.e., the curves for
species and for populations) is an estimate of the value that offers
the greatest resolution for the current taxonomic status and can
serve as a candidate for a threshold value for species diagnosis.
From Figure 7, the value for 2NM is very near 1, and for t it
is approximately 0.4. Table 2 compares actual taxonomic status
with that based on several criteria using 2NM and T, as well as Fsyp
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Figure 7. Cumulative distributions for 2NM (top) and t (bottom). Curves are shown for both populations and species and for the vertical
distance between the two. The difference points were obtained by as described in the legend for Figure 6.

(see Fig. 6). None of the criteria listed in Table 2 provide a strong
correlation with existing taxonomic status, which is not surprising
given the broad distributions for both 2NM and t for both species
and populations (Fig. 2). For simplicity, we suggest a thresh-
old criterion of 2NM < 1 and t >1 (Hey 2009). Table 2 shows
the correspondence for different taxonomic groups between this
criterion and the current taxonomic status. That correspon-
dence is lower for Plants and Insects than it is for Birds and

Mammals.

If such a criterion were to be put into practice, one of the
first question that arises, and that is not addressed here, is the
degree of statistical support for particular values of 2NM and t.
First, one could frame taxonomic status as a statistical test, and
ask whether 2NM is significantly less than 1 and whether T is
significantly greater than 1. To do so would make it more likely
that larger samples would identify more species, but because there
are nonzero threshold values, the problem is not nearly as bad as
without threshold values (Hey 2009). A second possible route,

EVOLUTION MAY 2012 1425



J. HEY AND C. PINHO

Table 2. Correspondence between actual taxonomic status and proposed status based on 2NM and <.

Threshold Counts (A=current status, B=status based on threshold)

crlterla— A=populations, A=populations, A=species, A=species, Agree Disagree

2NM T Group B=populations B=species B=populations B=species (n) (n) Correlation
<1 >1 Al 211 45 62 38 249 107 0.217
<1 >0.4 Al 176 80 45 55 231 125 0.220
— >1 All 204 52 59 41 245 111 0.212
<1 — All 198 42 62 38 236 104 0.220
<1 >1 Bird 27 3 10 6 33 13 0.330
<1 >1 Insect 15 3 15 11 26 18 0.271
<1 >1 Mammal 40 4 9 9 49 13 0.456
<1 >1  Plant 23 3 10 6 29 13 0.307
Fsr>0.35 All 120 42 22 42 162 64 0.370

that places weight on biological significance while setting aside
the issue of statistical significance, would be for investigators to
agree on some consensus of minimum sample size (in terms of
numbers of individuals and loci), and then to apply the criterion to
estimated values of 2NM and t without a statistical test. Such an
approach would avoid having the diagnosis of new species be an
increasing function of sample size. However, it would also cause
some decisions to be based on 2NM and t estimates that have
wide confidence intervals.

DIAGNOSIS USING Fgsr

As a single quantity, a dimensionless proportion, Fsr is a widely
used measure of divergence, even though different kinds of histo-
ries can lead to the same value, including histories with gene flow
and without. Examining how well Fg; estimates correspond to
measures of evolutionary independence obtained from IM analy-
ses, we find that the association is moderate and similar for both
2NM and t. The correlations of ranked values of Fg; with 2NM
and t were at —0.486 and 0.479, respectively. To the question of
whether Fgr tends to reflect mostly gene flow or time of popu-
lation separation, the studies compiled here suggest a fairly even
balance between the two. Marko and Hart (2011) conducted a sim-
ilar examination of the association of IM model parameters with
an Fgr measure, using previously published results on 15 reef fish
species (Lessios and Robertson 2006), and found a fairly strong
and statistically significant association with divergence time, but
not with gene flow.

Like 2NM and t, Fgr shows a shifted distribution for pairs of
closely related species, compared to pairs of populations within a
species (Fig. 6). The bottom part of Figure 6 shows the cumulative
distribution of Fsr values for both populations and species, as well
as the difference between them. As we did for different values of
2NM and t, we also examined how Fg; might work as a threshold
measure for taxon diagnosis. We found that a threshold value of
Fgr = 0.35, above which entities are identified as species and
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below which as populations, produced the highest correlation
with the actual taxonomic status (correlation = 0.37, Table 2).
If investigators wished to use a single, population genetic-based
measure of divergence for taxon diagnosis, then it seems that
this Fgr value would maintain the most consistency with the
divergence that we currently find between closely related species.

APPARENT PARADOXES WHEN USING 2NM AND <
Some interesting side effects arise when considering using 2NM
and t for taxon diagnosis. One important issue that has already
been mentioned is that small populations are especially likely to
reveal both low values of 2NM and high values of t. This is be-
cause the population mutation rate (4Nu) is used in the calculation
of both measures and so if the effective population size is small
then 2NM tends to be small and t tends to be large. This is not
a problem with the measures of evolutionary independence, but
the point does serve to highlight the difficulty of making taxo-
nomic decisions for small populations. Small populations really
are expected to diverge more quickly by genetic drift than are
large populations; and if the gene flow rate, per gene copy, is the
same for a large and a small population, then the small population
will experience a lower population migration rate.

Another interesting implication of using 2NM and t is that
it becomes possible to assess evolutionary independence for each
of the populations in an IM analysis, and it is possible to con-
clude that one is independent whereas the other is not. Whether
this seems sensible depends on how one thinks of independence.
For example, if gene flow is going in just one direction then the
population contributing genes is unaffected by that gene flow and
might be considered to be independent of the recipient popula-
tions, whereas the reverse would not be true. Also if one popula-
tion is experiencing a faster rate of genetic drift, then the diver-
gence that is accumulating between the two populations is actually
mostly occurring in that smaller population. However, a conclu-
sion that one population in an IM analysis merits species status,
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whereas the other does not, would lead to taxonomic nonequiv-
alence that might be seen as problematic. For example, it could
lead to some species being nested within others. To avoid this,
investigators might choose to assign species status to both popu-
lations only if both meet the specified criteria, and to otherwise
not designate either as species, even if one of them does meet
the criteria. However, in some cases, investigators may wish to
focus on the question of whether a single individual population
merits additional taxonomic status. An example of this would be
if a population is being considered for designation as a distinct
population segment (DPS), a conservation unit designation under
the U.S. Endangered Species Act.
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