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We introduce a statistic, the genealogical sorting index (gsi), for quantifying the degree of exclusive ancestry of labeled groups on a

rooted genealogy and demonstrate its application. The statistic is simple, intuitive, and easily calculated. It has a normalized range

to facilitate comparisons among different groups, trees, or studies and it provides information on individual groups rather than

a composite measure for all groups. It naturally handles polytomies and accommodates measures of uncertainty in phylogenetic

relationships. We use coalescent simulations to explore the behavior of the gsi across a range of divergence times, with the mean

value increasing to 1, the maximum value when exclusivity within a group reached monophyly. Simulations also demonstrate that

the power to reject the null hypothesis of mixed genealogical ancestry increased markedly as sample size increased, and that the gsi

provides a statistically more powerful measure of divergence than FST . Applications to data from published studies demonstrated

that the gsi provides a useful way to detect significant exclusivity even when groups are not monophyletic. Although we describe

this statistic in the context of divergence, it is more broadly applicable to quantify and assess the significance of clustering of

observations in labeled groups on any tree.
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A primary goal of systematic biology is to identify monophyletic

groups of organisms (e.g., Sites and Marshall 2003). Major efforts

are focused at the species level because species are the fundamen-

tal units of the taxonomic hierarchy and the process of speci-

ation underlies the evolution of biological diversity (Templeton

2001). An explicitly phylogenetic view of species became possi-

ble when the intraspecific history of genes could be understood

through changes in the underlying DNA sequence as pioneered

7Present address: Department of Neurobiology and Behavior, Cor-

nell University, Ithaca, New York 14853

by Avise et al. (1979). This historical perspective enables a uni-

fied approach to the intraspecific study of populations and the

phylogenetic study of closely related species. The power of this

unification is that it ultimately facilitates understanding of the

intraspecific processes that produce character evolution directly

involved in the origin of new species. This potential has in-

spired investigations of genealogical relationships at a variety

of scales, and has revealed the complex nature of species bound-

aries (e.g., Sites and Marshall 2004). This complexity arises in

part from the variety of possible mechanisms that can give rise

to new species.
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Despite the many speciation mechanisms and the equally di-

verse range of species concepts, the divergence of species should

be reflected in the genealogy of most loci. Ultimately gene copies

at a given locus within species should share a common evolution-

ary history to the exclusion of gene copies within other species,

that is, they will form monophyletic groups (Avise and Ball 1990;

Baum and Shaw 1995; Liu and Pearl 2007). Studies of closely re-

lated species, however, are increasingly demonstrating that gene

tree–species tree mismatches are quite common (Templeton 2001;

Shaw 2002; Funk and Omland 2003; Machado and Hey 2003;

Edwards et al. 2005; Pollard et al. 2006) and these mismatches

have presented problems for inferring species relationships from

allelic variation (Takahata 1989; Knowles and Maddison 2002;

Slatkin and Pollack 2006; Knowles and Carstens 2007; Liu and

Pearl 2007). As Templeton (2001) points out, the groups that are

actively diverging or that have diverged recently are most likely

to have gene tree–species tree mismatches. Although they present

challenges, these groups are likely to be most informative about

speciation processes.

Mismatches between a gene tree and a species tree result

chiefly from shared ancestral polymorphism or introgressive hy-

bridization. Shared ancestral polymorphism is an expected stage

in the transition from polyphyly to paraphyly to monophyly

among diverging populations (Tajima 1983; Avise and Ball 1990;

Baum and Shaw 1995; Maddison 1997). Initially, when two in-

terbreeding populations begin to diverge from a single population

the gene copies within both descendent populations for any par-

ticular locus will share many ancestors in common. Thus, gene

copies within either of the two diverging populations will exhibit

polyphyletic ancestry. In absence of genetic exchange between

these populations, over time genetic drift will lead to sorting of

the gene lineages. As some gene lineages proliferate and others

go extinct, patterns of exclusive ancestry within each popula-

tion evolve. Individual populations will become monophyletic at

some loci whereas others remain paraphyletic. Eventually, how-

ever, gene copies at all loci within each interbreeding population

will evolve to a state of reciprocal monophyly if the process of

genetic drift is unopposed. From coalescent theory we know the

timeframe of this transition will vary for neutral loci due to the

stochastic nature of the evolutionary sampling process and as

a function of the inbreeding effective size of the locus consid-

ered (Hudson 1990; Moore 1995; Degnan and Rosenberg 2006).

Specifically, under standard neutral coalescent theory assump-

tions, a single locus has a 0.95 probability of achieving reciprocal

monophyly in 8.70 Ne (inbreeding effective population size) gen-

erations (Hudson and Coyne 2002).

The standard categorical phylogenetic concepts of poly-

phyly, paraphyly, and monophyly describe qualitative relation-

ships among organismal groups (such as species) and fail to

quantify the degree of genealogical divergence along a contin-

uum. Monophyly represents an endpoint in the divergence pro-

cess detectable through the topology of a phylogenetic tree, and

as a binary condition (i.e., a group is either monophyletic or not

monophyletic) it is ill-suited for quantifying divergence at other

points along the continuum of genealogical divergence. Quanti-

tative assessments of the extent to which genealogical relation-

ships depart from monophyly or conversely the degree to which

they depart from random polyphyly have been lacking. To further

our understanding of the relationships between microevolutionary

processes and phylogeny, statistical tools to objectively quantify

the degree of genealogical sorting are needed. In this article, we

develop the genealogical sorting index (gsi), a simple statistic that

estimates the degree of exclusive ancestry of individuals in labeled

groups on a rooted tree. We assess the behavior of the gsi across

a range of divergence times through simulation, assess its statis-

tical significance through permutation tests, and demonstrate its

usefulness through application to several published phylogenetic

trees. The gsi enables a departure from the typological view of

relationships being either monophyletic or not by quantifying the

degree of exclusive ancestry short of the end point of monophyly.

THE GENEALOGICAL SORTING INDEX

To achieve our objectives we need a measure that quantifies the

relative degree of exclusive ancestry of a group on a rooted tree

topology, where a group is defined as a set of commonly labeled

branch tips and exclusivity is the amount of ancestry for a group

that is common to only members of the group. Typically, branch

tips in a tree will represent gene copies from a given locus, sampled

from the individuals of the group. Thus, the value of the gsi

may be taken to estimate the degree of genealogical exclusivity

among the sampled gene copies as well as a quantification of

the relationships among individuals from which the gene copies

were sampled, depending on the intended inference. Throughout

this article, we refer to the unit sampled as “individual” while

acknowledging this duality. We start by calculating a measure,

denoted gs for genealogical sorting, for any group on any tree

of interest as the minimum number of nodes on a fully resolved

tree required to unite a group, divided by the number of nodes

actually uniting the group. Thus, the numerator represents the

fully exclusive case (i.e., monophyly), the denominator represents

the observed amount of exclusivity, and the quotient of these terms

is a measure of relative exclusivity. Formally, gs is defined as

gs = n
U∑

u=1

(du − 2)

, (1)

where d is the degree of node u of U total nodes uniting a group

(estimated coalescent events) through a most recent common an-

cestor, and n is the minimum number of nodes (coalescent events)

required to unite a group of size n + 1 through a most recent
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common ancestor on a given genealogy. In graph theory, the de-

gree is the number of edge (branch) ends at a vertex (node).

The maximum possible gs value for any group is

max(gs) = 1. (2)

The max(gs) is reached when a group is monophyletic.

The minimum possible gs value for any group on a tree can

be calculated as

min(gs) = n
I∑

i=1

(di − 2)

, (3)

where i is one of I total nodes on the tree. Thus the minimum value

would result if all nodes on a tree were required to unite a group

(i.e., U = I). For trees with groups of equal size min(gs) → 1/k

as n → ∞, where k is the number of groups. Disparity in group

size leads to smaller possible min(gs) values for smaller groups.

To provide a normalized statistic to quantify the degree of

genealogical sorting along the unit interval, [0, 1], we calculate

the gsi as follows:

gsi = observedgs − min(gs)

max(gs) − min(gs)
. (4)

Some examples help illustrate the calculation. In a tree with two

groups, a and b, both of size four (Fig. 1), the numerator from

equation (1) is n = 3. To determine the value of the denominator

one needs to identify the smallest subtree containing all individu-

als in the group of interest and sum the degree of each node minus

2, including the root node of the subtree. In the current example

there are three nodes uniting all a individuals, enclosed with solid

a

a

a

a

b

b

b

b

Figure 1. Hypothetical fully resolved phylogenetic tree showing

the relationships of representatives from two labeled groups, a

(uniting nodes enclosed by solid lines) and b (uniting nodes en-

closed by dashed lines).

lines. The denominator is calculated by summing the degree of

each node minus 2 over all nodes uniting all a individuals: (3 −
2) + (3 − 2) + (3 − 2) = 3. So the gs value for group a is 3/3 =
1, which is also the value of gsi. The comparable calculation for

group b (nodes enclosed with dashed lines) has the same numer-

ator as for group a. The denominator is calculated by summing

the degree of each node minus 2 over all nodes uniting all b in-

dividuals: (3 − 2) + (3 − 2) + (3 − 2) + (3 − 2) = 4. Thus

the gs value for group b in Figure 1 is 3/4. Normalization of this

value using equation (4) yields the gsi value ((3/4) – (3/7))/(1 −
(3/7)) = 0.563. Note that the monophyletic group a, by defini-

tion, has gsi = 1, the maximum value, whereas gsi < 1 for the

paraphyletic group b.

ACCOMMODATING UNRESOLVED RELATIONSHIPS

The gsi naturally accommodates polytomies. Figure 2 illustrates

a tree of two labeled groups a and b, each of size 4. Thus the gs

numerator is n = 3 for both groups. The single node uniting a is

enclosed within an ellipse with a solid line. The degree of this node

is 5, making the denominator calculation 5 − 2 = 3, and so the gs

value for group a is again 3/3 = 1, as is the value of gsi. We can

make a similar calculation for group b in Figure 2 using the nodes

enclosed with dashed lines. Summing the degree of each node

minus 2: (3 − 2) + (3 − 2) + (4 − 2) = 4. So the gs value for group

b in this case is 3/4 = 0.75, and subsequent normalization yields

the same gsi value as for group b in Figure 1, 0.563. This example

illustrates that the gsi of a group is affected by polytomies only if

the polytomies affect exclusive ancestry of the group with respect

to other groups. This property is desirable, because resolutions

of polytomies involving only one group have no influence on

the degree to which individuals of that group share ancestry with

a

a

a

b

a

b

b

b

Figure 2. Hypothetical partially resolved phylogenetic tree show-

ing the relationships of representatives from two labeled groups,

a (uniting nodes enclosed by solid lines) and b (uniting nodes en-

closed by dashed lines).
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other groups on a tree. In contrast, polytomies involving more than

one group increase the number of ancestors over the minimum

possible and will lower gsi values from their maximum.

ASSESSING THE STATISTICAL SIGNIFICANCE OF THE

GENEALOGICAL SORTING INDEX VALUES

The gsi quantifies the exclusive ancestry of a labeled group on

a tree. The null hypothesis we wish to test is that the degree of

exclusive ancestry of branch tips observed is that which might

be observed at random. In other words the null hypothesis is that

labeled groups form a single group of mixed genealogical ancestry

for a given tree topology. An appropriate test of this hypothesis

is a permutation test that holds the tree constant and permutes the

group labels assigned to the tips of the tree (Maddison and Slatkin

1991), thus randomizing the common ancestry of members of the

groups. We then calculate a gsi value for a random labeling of

the tree tips. By generating many such permuted labelings and

determining a gsi value for each, we can obtain a distribution of

values from which we can determine the frequency of gsi values

equal to or greater than that which we observed from the original

labeled tree. This frequency is our P-value: the probability of

observing by chance alone gsi values equal to or greater than the

observed gsi value under the null hypothesis.

There is a wide range of applications for permutation testing

because it is based on the empirical observations at hand, and thus

subsumes any idiosyncrasies embodied in the original data (e.g.,

the number of groups, size of each group, and resolution of the

topology). Permutation tests require no assumptions about under-

lying distributions of either the data or the statistics calculated,

and the statistical power is usually equal to the most powerful

parametric alternatives where these can be applied (Bickel and

Van Zwet 1978). As is typical for measures on trees, no appropri-

ate parametric alternative to assess the significance of the gsi is

immediately obvious. Permutation tests are also exact in that esti-

mated P-values are accurate (unbiased) with precision determined

by the number of permutations evaluated.

We performed a permutation test as described above for

groups a and b on the tree in Figure 1 using software devel-

oped for this purpose (A. L. Bazinet, M. C. Neel, K. L. Shaw, and

M. P. Cummings, unpubl. ms.). With 104 replicates (the original

observation plus 9999 permutations) P = 0.0121 for group a, and

P = 0.0130 for group b. Thus the results show that values of the

gsi equal to or greater than the observed values are unlikely to be

observed by chance alone.

INTEGRATING ACROSS MULTIPLE TREES AND

ACCOUNTING FOR UNCERTAINTY IN INFERRED

RELATIONSHIPS

There are numerous instances in which multiple gene trees are

estimated for a given set of groups. For example, comparisons

within and among closely related populations or species often

include estimates from multiple unlinked loci (where a locus is

defined as a nonrecombining genomic region) to capture different

patterns of lineage sorting in the transition from polyphyly to

paraphyly to monophyly (Shaw 1998). Given sufficient variation,

a composite measure across gene trees from multiple unlinked

loci will provide the best picture of the degree to which a genome

for a group has become exclusive in relation to the genome for

another group.

Multiple trees will also result from bootstrap analysis

(Felsenstein 1985) or from the posterior probability distribution

determined by Markov chain Monte Carlo sampling in Bayesian

analysis (Rannala and Yang 1996; Yang and Rannala 1997; Larget

and Simon 1999; Mau et al. 1999). Uncertainty in inferred re-

lationships can be incorporated into the gsi by calculating an

ensemble statistic including all tree topologies resulting from a

bootstrap analysis or trees from the posterior probability distri-

bution determined by Markov chain Monte Carlo sampling in

Bayesian analysis. Including uncertainty in the gsi calculation

by integrating over tree topologies from bootstrap or Bayesian

analysis of phylogenetic relationships (e.g., the 0.95 credible set

of topologies) embraces the philosophy and analytical power of

these approaches by allowing one to calculate a gsi value that is

weighted by the probability of each constituent tree topology.

For any ensemble of trees we can calculate a single statistic,

gsiT , defined as the weighted sum of the gsi values from each tree

topology:

gsiT =
T∑

t=1

gsit Pt , (5)

where T is the total number of topologies in the ensemble, gsit is

the gsi value based on topology t, and Pt is the probability of the

gene tree topology t. The probability of each gene tree topology

is equal to its proportional representation in the sample of gene

trees.

As with the gsi for a single tree, we can assess the sig-

nificance of gsiT through permutation. There are two ways that

permutation might be applied to an ensemble of trees: permuting

the class labels for each tree independently, or applying the same

class labels to the same individuals across all trees in the ensem-

ble for each replication. This latter permutation scheme preserves

any correlated structure within groups across loci if such corre-

lation is present, whereas the former permutation scheme does

not. Thus the second approach might be appropriate if consid-

eration of correlation among loci is germane to the problem at

hand. However, under standard neutral coalescent assumptions

(see below) the genealogical relationships among gene copies are

uncorrelated across loci within groups for the null hypothesis of

mixed genealogical ancestry (i.e., no divergence). Therefore, for
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the general case both permutation methods yield the same re-

sults with precision determined by the number of replicates (this

has been confirmed by simulation, results not shown). The gsiT

and the associated P-value provide an objective criterion for as-

sessing evolutionary distinctiveness, and these ensemble statistics

have the advantage of variance reduction obtained by averaging

across multiple loci.

SIMULATIONS TO EVALUATE THE BEHAVIOR OF THE

GENEALOGICAL SORTING INDEX

Following other studies (e.g., Slatkin and Maddison 1990; Hudson

and Coyne 2002; Rosenberg 2003) we used the coalescent

(Kingman 1982) as the basis for simulating the divergence be-

tween groups, and we evaluated the behavior and power of the

gsi as a function of divergence time. We simulated coalescent

genealogies using the program ms (Hudson 2002) with some

simplifying assumptions: the locus analyzed is subject to neutral

evolutionary processes only (i.e., no selection), population sizes

are constant, there is no migration between populations/species,

and there is no recombination. We calculated the gsi for both

groups at a range of divergence times between 0 and 16 N e gen-

erations. Each gsi calculation was performed with a sample of

n = 5, 10, or 20 gene copies for each group. Power of the gsi as

a test statistic to reject the null hypothesis of mixed genealogical

ancestry was evaluated by determining the proportion of P-values

≤ 0.05. For each divergence time point and sample size we calcu-

lated x(gsi) for 103 replicate genealogies, and the probability for

each genealogy using permutation with 104 replicates. We then

compared the power of the gsi statistic to reject the null hypoth-

esis with the proportion of monophyletic genealogies, which is

the power of monophyly to reject the null hypothesis of a single

(mixed) group.
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Figure 3. Relationships between population divergence in Ne generations (abscissa) and the genealogical sorting index (gsi, ordinate,

left panel), and statistical power as a function of sample size (ordinate, right panel) based on coalescent simulations of two groups.

Power of the gsi (open symbols) is expressed as the proportion of permutation tests with P < 0.05; power (probability) of monophyly

(filled symbols) is the proportion of replicate simulations in which at least one of the two groups is monophyletic. Each point represents

the mean of 103 replicate simulations: circles, groups of size 5; squares, groups of size 10; and triangles, groups of size 20. Dashed line

designates power of 0.95.

To provide a reference to a standard statistic, we also com-

pare the gsi to FST (Wright 1951). Values of FST were estimated

from the simulated haplotypes output from the program ms using

an appropriate calculation (Hudson et al. 1992). Despite differ-

ences in their calculation and interpretation, comparison of the gsi

to FST provides reference to a well-established method of mea-

suring divergence. Among the fundamental differences between

the statistics is that FST yields a single measure of differentia-

tion among subpopulations whereas the gsi measures the degree

of exclusivity for each group in a genealogy. To limit the con-

sequences of the differences in these measures, our simulations

were conducted with fully symmetric groups (e.g., equal samples

sizes, and equal divergence time since a common ancestral group),

thus making the expected gsi values identical for all groups at the

same divergence times in the simulation. This design allows us to

compare the gsi value for a single group to FST .

To complete the large number of analyses required for this

study we used Grid computing (Cummings and Huskamp 2005)

through The Lattice Project (Bazinet and Cummings 2008). A

Grid service calculating gsi and associated P-values was devel-

oped using a special programming library and associated tools

(Bazinet et al. 2007). Following the model of a previous study

(Cummings et al. 2003), which used an earlier Grid system (Myers

and Cummings 2003), we used Grid computing to distribute re-

quired files among many computers in which the analyses were

conducted asynchronously in parallel.

With increasing divergence time, x(gsi) increased to 1, the

maximum value when exclusivity of gene copies within a group

reached monophyly (Fig. 3, left panel). Depending on the num-

ber of gene copies in the sample, x(gsi) > 0.95 was reached by

3.2–4.8 Ne generations and x(gsi) > 0.99 by 6.4–8.0 Ne gener-

ations. Power of the gsi to reject the null hypothesis increased
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Figure 4. Statistical power as a function of the number of loci examined and population divergence in Ne generations based on 103

coalescent simulations of two groups of size 10. Power of the genealogical sorting index (open squares) is expressed as the proportion

of permutation tests with P < 0.05, and is the same for all numbers of loci; power (probability) of monophyly (filled symbols) is the

proportion of replicate simulations in which at least one of the two groups is monophyletic. Each point represents the mean of 103

replicate simulations: squares, 1 locus; diamonds, 5 loci; and pluses, 10 loci. Dashed line designates power of 0.95.

markedly, and much more rapidly than the gsi value itself, at

early divergence times (Fig. 3, right panel). The power to detect

significant genealogical structuring using the gsi was substan-

tially higher than the probability of monophyly of lineages for

any given time and number of gene copies (Fig. 3, right panel).

Furthermore, increasing the number of gene copies increased the

power of the gsi to reject the null hypothesis for a given divergence

time. In contrast, the probability of monophyly at any given

divergence time decreases as the number of gene copies in-

creases (Fig. 3, right panel). With increasing numbers of loci

sampled the expected x(gsiT ) remains constant (Fig. 4), and the

variance declines (results not shown). In contrast, the expected
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Figure 5. Relationships between population divergence in Ne generations (abscissa) and the genealogical sorting index (gsi, open

squares) and FST (filled squares). The statistical measures (ordinate, left panel) and statistical power (ordinate, right panel) are based on

coalescent simulations of two groups of size 10. Each point represents the mean of 103 replicate simulations of two groups of size 10.

Dashed line designates power of 0.95.

times to monophyly increase with the number of loci sampled

(Fig. 4).

The mean gsi values increase much more rapidly than x(Fst )

and reach maximum values at much earlier divergence times

(Fig. 5, left panel). The power for the gsi is much greater than

FST in the simulations, rejecting the null hypothesis of a single

mixed population with a probability of 0.95 approximately 4 Ne

generations earlier (Fig. 5, right panel). These results suggest that

the gsi may have more power to detect divergence among sub-

populations than FST in other cases in which where both statistics

might be appropriately applied. The gsi has the additional benefit

of providing a separate measure for each group on a tree.
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APPLICATIONS TO EMPIRICAL DATA

To evaluate the gsi with real data, we used nuclear gene ge-

nealogies from a study of historical, demographic and selective

factors associated with speciation in field crickets (Gryllus fir-

mus, Gryllus pennsylvanicus, and Gryllus ovisopis) (Broughton

and Harrison 2003) and in dolphins (Lagenorhynchus obliquidens

and Lagenorhynchus obscurus) (Hare et al. 2002).

Field crickets.—The cricket genealogies were based on DNA

sequence data from introns of four nuclear protein coding genes:

Cam, calmodulin; Cyt-c, cytochrome c; Ef1α, elongation factor

1α; and Pgi, phosphoglucose isomerase. These data are particu-

larly interesting because the degree of exclusive ancestry varies

among groups across genes and the species/gene combinations

exhibit a broad range of both the gsi and P-values allowing us

to examine the performance of the statistic. Each tip in a geneal-

ogy was assigned to a group representing one of three recognized

species (Fig. 6).

We redrew the cricket nuclear gene trees of Broughton and

Harrison (2003) using MacClade (Maddison and Maddison 1989).

We then calculated the gsi for each species under the null hypoth-
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Figure 6. Gene genealogies for field crickets based on intron sequence data for the Cam, Cyt-c, Ef1α, and Pgi from Broughton and

Harrison (2003). Gene copies are labeled by recognized species designations. Note these trees may differ slightly in topology from those

presented in Broughton and Harrison (2003) due to difficulty in interpreting some short internal branches in the original figures. The

results presented in Tables 1 and 2 are consistent with trees in this figure.

esis that G. firmus, G. pennsylvanicus, and G. ovisopis formed a

single group of mixed genealogical ancestry. The gsi values across

the trees for the four sequence regions for G. firmus ranged from

0.0655 to 0.6533 (Table 1). Only Cam was not significant (P =
0.3162). Values of the gsi for G. pennsylvanicus ranged from

0.0455 to 0.7292, and only the value for Cyt-c was significant

(P = 0.0001) (Table 1). For all trees G. ovisopis has gsi values of

1, with the exception of Ef1α, which had a value of 0.0118. Cor-

respondingly, all gsi values for G. ovisopis were significant with

the exception of that for Ef1α (P = 0.5364). The value of gsiT , the

value for the ensemble of the four gene trees, was significant for

each of the labeled groups (Table 1), thus indicating the potential

power of gsiT to detect divergent genealogical structure by inte-

grating across genes even when there is little obvious grouping

evident in individual gene genealogies.

This empirical example raises an important issue regarding

the effect of the relative group sizes being compared and the size

of a group relative to the size of the whole tree. As the number

of groups increases, a wider range of gsi values is often possible

because the minimum gs value is a function of the total size of all
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Table 1. Genealogical sorting index (gsi) and probability values

for gene trees of Broughton and Harrison (2003) under the null

hypothesis that gene copies labeled Gryllus firmus, Gryllus penn-

sylvanicus, and Gryllus ovisopis are a single mixed group.

Gryllus Gryllus Gryllus
firmus pennsylvanicus ovisopis

Gene gsi P gsi P gsi P

Cam 0.0655 0.3162 0.0455 0.2226 1 0.0048
Cyt-c 0.6533 0.0001 0.7292 0.0001 1 0.0082
Ef1-a 0.0750 0.0228 0 1 0.0118 0.5364
Pgi 0.2861 0.0271 0.1444 0.3859 1 0.0193
all (gsiT ) 0.2700 0.0001 0.2298 0.0051 0.7529 0.0001

groups combined (eq. 3). Further, disparity in group size leads to a

wider range of possible gsi values in small groups, and a narrower

range of possible gsi values in larger groups. Correspondingly,

opportunities for observing significant values decrease for larger

groups compared to smaller groups. Thus in strongly unbalanced

sampling designs, larger groups may have high gsi values, but

the probability of observing such values will be increased and

thus may not be significant. At the same time it is possible that

a small group of only moderate apparent exclusivity could have

a highly significant gsi value. This pattern is not a function of

the gsi per se, but a consequence of constraints on the possible

distributions of the group labels on a tree. For large groups that

comprise the majority of a tree with unbalanced group representa-

tion, constraints in the array of possible label distributions results

in decreased power to detect significant exclusive relationships.

Thus, it is possible to make the gsi value for a group of moderate

exclusivity significant because the group comprises a small pro-

portion of a tree. Clearly it is essential that the null hypothesis

and groups for comparison be carefully considered and that the

sample design be appropriate for the hypothesis to be tested. As

with most group comparisons in any context, ideally, sample sizes

among groups should be similar and the groups of interest should

comprise a substantial proportion of the sample. In the example

here, the sample size for G. ovisopis is substantially smaller than

the sample sizes for G. firmus and G. pennsylvanicus, and gener-

ally demonstrates a sampling design to be avoided when applying

gsi if hypotheses regarding G. ovisopis were of interest. Similar

consequences of small or unequal sampling among groups were

noted by Rosenberg (Rosenberg 2007) in an examination of the

chance occurrence of monophyly.

To examine only the groups with relatively similar sample

sizes we tested a second null hypothesis that gene copies la-

beled G. firmus and G. pennsylvanicus formed a single intermixed

group. To test this hypothesis we removed the data for G. ovisopis

because this group had a much smaller sample size. Compared to

the results for the first hypothesis, the gsi values only differed in

Table 2. Genealogical sorting index (gsi) and probability values

for gene trees of Broughton and Harrison (2003) under the null

hypothesis that gene copies labeled Gryllus firmus and Gryllus

pennsylvanicus are a single mixed group.

Gryllus Gryllus
firmus pennsylvanicus

Gene gsi P gsi P

Cam 0 1 0.0164 0.5532
Cyt-c 0.7109 0.0001 0.7197 0.0001
Ef1-a 0.0909 0.0120 0 1
Pgi 0.2335 0.1541 0.1389 0.3546
all (gsiT ) 0.2588 0.0001 0.2188 0.0001

those cases in which gene copies labeled G. ovisopis were pre-

viously nested within lineages composed of other labeled groups

(Fig. 6, Tables 1 and 2). The values of the gsi for Cyt−c were

significant for G. firmus and G. pennsylvanicus (P = 0.0001);

additionally Ef1α was significant for G. firmus (P = 0.0120). As

in the previous comparison that included G. ovisopis, gsiT was

significant for G. firmus and G. pennsylvanicus (Table 2).

Dolphins.—In addition to showing the utility of the gsi in

detecting genealogical structure despite absence of reciprocal

monophyly, our second empirical example demonstrates how un-

certainty in phylogenetic relationships is incorporated into calcu-

lation of the gsi. We reanalyzed sequence data from introns of four

nuclear protein coding genes: ACT, actin; BTM, Butyrophilin;

CAMK, calcium calmodulin-dependent kinase; and HEXB, lyso-

somal beta-hexosaminidase for two dolphin species, L. obliq-

uidens (Pacific white-sided dolphin) and L. obscurus (dusky dol-

phin), using alignments from Hare et al. (2002). We used PAUP∗

(Swofford 2003) to estimate a maximum likelihood tree and pa-

rameters for a general time reversible substitution model (Tavare

1986) with among-site rate variation modeled with invariable sites

and a gamma distribution (Yang 1994; Gu et al. 1995) using

a successive approximation estimation procedure (Swofford and

Sullivan 2003). In a bootstrap analysis substantial computational

savings can be realized without significant differences in the re-

sults by using the estimates of model parameters from the original

data, rather than reestimating the parameter values for each boot-

strap replicate (Cummings et al. 2003). Hence, we used the model

parameters estimated for the original samples and performed boot-

strap analyses with 2000 replicates and we saved all trees. We also

generated a 50% majority-rule bootstrap consensus tree for each

set of bootstrap replicates (Fig. 7).

To incorporate uncertainty in the inferred gene genealogies

into our estimation of exclusivity we calculated gsiT across all

bootstrap trees (Table 3). The consequence of using all weighted

topologies from a bootstrap analysis is illustrated in the data

for dolphins in which there is no evidence for genealogical

8 EVOLUTION 2008



GENEALOGICAL QUANTIFICATION OF LINEAGE DIVERGENCE

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

143

L. acutus

701

1289

1454

NZ8

NZ11

NZ11b

K99

178

236

701b

1137

1454b

NZ8b

K99b

178b

236b

9300

0.64

0.86

0.63

0.87

0.63

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. acutus

143

143b

1289b

NZ11b

K99

178

178b

1137

1289

1477

1477b

1495

NZ8

NZ11

236

NZ8b

K99

236b

9300

0.54

0.56

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obliquidens

L. obliquidens

L. obliquidens

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. acutus

L. acutus

143

143b

701

701b

1137

1289

1289b

1495

1495b

NZ8

NZ8b

NZ11

NZ11b

K99

178

178b

236

236b

9300

9300b

0.62

0.57

0.51

0.51

0.52

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obliquidens

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. obscurus

L. acutus

143

1137

1289

1137b

701

1289b

1495

1454

NZ8b

NZ8

MFB178b

NZ11

9300

MFB178

0.63

ACT CAMK HEXBBTM

Figure 7. Bootstrap consensus trees of gene genealogies for Lagenorhynchus obliquidens (Pacific white-sided dolphin) and

Lagenorhynchus obscurus (dusky dolphin) based on intron sequence data for the ACT, BTM, CAMK, and HEXB reanalyzed from Hare

et al. (2002). Gene copies are labeled by recognized species designations.

sorting in the consensus tree (Fig. 7), but there is such evidence

when bootstrap replicate topologies are used to calculate the gsi

(Table 3). Calculating the ensemble statistic, gsiT , on the full ar-

ray of bootstrap replicates or most credible trees provides a robust

means of detecting divergence that is not possible if uncertainty

is not appropriately considered.

Discussion
As the number of gene-tree investigations has accumulated in

the study of evolutionary genetics and speciation, the number of

species exhibiting paraphyletic and polyphyletic gene trees has

Table 3. Ensemble genealogical sorting index (gsiT ) from boot-

strap replicates (calculated using eq. 5), and probability values for

each gene intron region based on data from Hare et al. (2002) un-

der the null hypothesis that gene copies labeled Lagenorhynchus

obscurus and Lagenorhynchus obliquidens form a single, ge-

nealogically mixed, group.

Lagenorhynchus Lagenorhynchus
obscurus obliquidens

Gene gsiT P gsiT P

ACT 0.3802 0.0089 0.7640 0.0006
BTM 0.2885 0.0001 0.1213 0.0173
CAMK 0.3531 0.0002 0.2474 0.0015
HEXB 0.0353 0.0112 0.1085 0.0002
all (gsiT ) 0.2642 0.0001 0.3103 0.0005

also increased (e.g., Funk and Omland 2003). The widely ac-

cepted explanation for these observations is that the time required

to evolve reciprocal monophyly between diverging lineages is

longer than the time since initial isolation (Tajima 1983; Hudson

and Coyne 2002; Rosenberg 2003). From a phylogenetic stand-

point, the interpretation of paraphyly allows one to assert little

more than an absence of phylogenetic support for the historical

integrity of a grouping (e.g., monophyly of a species). However,

because the transition from polyphyly to monophyly is a con-

tinuous evolutionary process, a nonrandom distribution of allelic

ancestry begins to accumulate within daughter lineages long be-

fore they have reached a state of reciprocal monophyly (Fig. 3,

right panel). Until now, there has been no metric available to

measure this accumulation of common genetic ancestry prior to

monophyly. Together with permutation, the gsi enables one to test

the hypothesis of significant genealogical divergence at a given

locus well before monophyly is achieved.

As such, the gsi meets an important need in evolutionary

biology. The gsi is also (1) intuitive; (2) simple and easily calcu-

lated; (3) normalized to facilitate comparisons among groups and

trees; (4) applicable to each individual group separately rather

than providing a composite measure for all groups; (5) applica-

ble to trees with polytomies; (6) accommodating to uncertainty

in phylogenetic relationships as measured by bootstrap or poste-

rior probability values; and (7) quantifiable on any tree regardless

of how it was generated. Potential limitations are not a func-

tion of gsi itself but are inherent in the use and interpretation of

many statistics, particularly those related to trees. For example,
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multiple topological arrangements can result in identical levels of

genealogical exclusivity. Hence, gsi values and their significance

must be interpreted in context of the biology of the groups of in-

terest. Additionally, it is important to keep in mind that a gsi value

for a single locus provides but one estimate of the genealogical

patterns in a vast genome. More robust determinations regarding

genealogical divergence can be derived from gsiT and associated

P-values determined by integrating across loci. Furthermore, as

discussed above, the standard pitfalls associated with unequal

sample sizes among groups will affect the power of gsi with the

smaller group having inflated power and the larger group having

decreased power relative to a balanced sampling design.

The results of our simulations demonstrate that the gsi tracks

the expected gene-tree transition from polyphyly to paraphyly

to monophyly. In the initial stages of divergence, gsi values are

at or near 0, thus appropriately reflecting absence of exclusive

ancestry. At the final stages of lineage sorting, gsi values reach

1 (Fig. 3, left panel), representing completely exclusive ances-

try (i.e., monophyly). In between these two extremes, x(gsi) in-

creases relatively rapidly. For example, depending on the number

of gene copies sampled x(gsi) is > 0.95 at 3.2 to 4.8 Ne gen-

erations and >0.99 at 6.4 to 8.0 Ne generations, suggesting that

exclusive relationship, or the amount of gene ancestry common

to members of a lineage, accumulates rapidly once gene lineages

begin to diverge. Evolution of reciprocal monophyly is expected

to proceed much more slowly (Hudson and Coyne 2002) with

a large variance in the actual time due to the stochastic nature

of the coalescent process (Hudson and Turelli 2003). With re-

spect to the ability to reject the hypothesis of a single genetically

mixed group the power of gsi is much greater than monophyly at

any particular time point (Fig. 3, right panel). Additionally, with

increasing numbers of loci sampled for the calculation of gsiT ,

although there is no change in expected mean value, the variance

in gsi declines through averaging (results not shown). In contrast,

expected times to monophyly increase with the number of loci

sampled due to the multiplicative effects on the probability of

multiple independent events (Fig 4; Hudson and Coyne 2002).

Furthermore, in comparison to FST , estimates of the gsi increase

more rapidly and reach the maximum possible value at shorter

divergence times (Fig. 5, left panel). Correspondingly the gsi is

a much more powerful measure of divergence, rejecting the null

hypothesis of a single mixed population with 0.95 probability

approximately 4 Ne generations before FST (Fig. 5, right panel).

Applying the gsi to real data, we found evidence of significant

genealogical divergence for the field cricket G. firmus at three of

the four protein-coding loci sampled by Broughton and Harrison

(2003) and for G. pennsylvanicus at one of these loci. Moreover we

showed significant genealogical divergence for both of these two

species when gsi values from the four separate gene trees were

integrated into an ensemble statistic, gsiT . This quantification

provides a powerful tool. In absence of such a statistic Broughton

and Harrison (2003) concluded that only a small fraction of the

genomes need to differentiate for speciation to occur. Whether this

is the case, we document here that in fact substantial genealogical

differentiation is evident among these species despite the lack of

monophyly for any single gene tree (Tables 1 and 2). In the other

empirical example we were also able to refute the hypothesis that

the dolphin species L. obscurus and L. obliquidens form a single

genealogical group, although monophyly is not observed at any

individual locus for either species. The evidence in dolphins is

more powerful than for crickets in that all gsi values at individual

loci are significant when the ensemble gsi is calculated using all

bootstrap replicates.

The ability to detect significant genealogical divergence be-

fore the condition of monophyly has evolved may prove useful for

species delimitation. If phylogenetic differentiation is a criterion

for species distinctions (e.g., Shaw 1998), the gsi provides a tree-

based measure based on genealogical exclusivity to document

boundaries between very young species. On the other hand, if the

species criterion is not one of phylogenetic differentiation, but

some other criterion such as reproductive incompatibility (Mayr

1963), then the gsi provides a robust, quantitative tool for evalu-

ating the statement that speciation can occur prior to significant

genomic differentiation (e.g., such as was claimed by Broughton

and Harrison (2003), but refuted above based on analysis using

the gsi).

Although we describe the gsi in the context of gene genealo-

gies, the statistic has broad application to any situation in which it

is desirable to quantify the degree of exclusive association among

group representatives on a tree. Group labels are not limited to

operational taxonomic units; rather they can represent any classifi-

cation of interest such as one based on ecological characteristics,

geographic locations, gene expression patterns, or biochemical

pathways. For example, a tree might be built from sequence data

for phytophagous insects and the tips labeled with the host plant

with which individual insects were associated. The gsi and as-

sociated P-value could then be used to quantify the exclusivity

of groups and to test hypotheses regarding group associations

defined by host.

There is no underlying requirement as to how a tree is con-

structed. In a phylogenetic context the tree could be based on

distances or discrete characters and it could be generated by dis-

tance, parsimony, maximum likelihood, or Bayesian methods.

More broadly, a tree could be the result of any cluster analysis.

However, when considering the transition from polyphyly to pa-

raphyly to monophyly the gsi is only appropriately applied to

hierarchical tree-like histories within species such as estimated

gene-genealogies.

In summary, the gsi is a unique and powerful statistic that

measures the exclusivity of lineages. It presents a novel and
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objective way to quantify genealogical structure by assessing the

amount of exclusive ancestry of a group on a tree and determining

the probability of observing that amount of exclusive ancestry at

random in a single lineage. The gsi quantifies the historical rela-

tionships among groups, independent of any specific topology or

distribution of coalescent times, to enable novel insight into the

evolutionary process. The gsi thereby transcends the categorical

view of monophyly and nonmonophyly characteristic of phylo-

genetic systematics. Likewise, gsi captures historical information

about diverging populations from its quantification of exclusive

relationship, independent of a reliance on estimates of coalescent

times characteristic of historical population genetics. By focusing

on this property of diverging lineages, evidence of differentiation

is apparent much earlier than monophyly or topological congru-

ence among genealogies. Thus, the gsi is a powerful statistic that

may help bridge evolutionary insights gained via phylogenetic

systematics and historical population genetics.
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