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Delimiting Species without Monophyletic Gene Trees

L. LACEY KNOWLES AND BRYAN C. CARSTENS

Department of Ecology and Evolutionary Biology, Museum of Zoology, 1109 Geddes Avenue, University of Michigan,
Ann Arbor, MI 48109-1079, USA; E-mail: knowlesl@umich.edu (L.L.K.)

Abstract.— Genetic data are frequently used to delimit species, where species status is determined on the basis of an exclusivity
criterium, such as reciprocal monophyly. Not only are there numerous empirical examples of incongruence between the
boundaries inferred from such data compared to other sources like morphology—especially with recently derived species,
but population genetic theory also clearly shows that an inevitable bias in species status results because genetic thresholds
do not explicitly take into account how the timing of speciation influences patterns of genetic differentiation. This study
represents a fundamental shift in how genetic data might be used to delimit species. Rather than equating gene trees with
a species tree or basing species status on some genetic threshold, the relationship between the gene trees and the species
history is modeled probabilistically. Here we show that the same theory that is used to calculate the probability of reciprocal
monophyly can also be used to delimit species despite widespread incomplete lineage sorting. The results from a preliminary
simulation study suggest that very recently derived species can be accurately identified long before the requisite time for
reciprocal monophyly to be achieved following speciation. The study also indicates the importance of sampling, both with
regards to loci and individuals. Withstanding a thorough investigation into the conditions under which the coalescent-based
approach will be effective, namely how the timing of divergence relative to the effective population size of species affects
accurate species delimitation, the results are nevertheless consistent with other recent studies (aimed at inferring species
relationships), showing that despite the lack of monophyletic gene trees, a signal of species divergence persists and can
be extracted. Using an explicit model-based approach also avoids two primary problems with species delimitation that
result when genetic thresholds are applied with genetic data—the inherent biases in species detection arising from when
and how speciation occurred, and failure to take into account the high stochastic variance of genetic processes. Both the
utility and sensitivities of the coalescent-based approach outlined here are discussed; most notably, a model-based approach
is essential for determining whether incompletely sorted gene lineages are (or are not) consistent with separate species
lineages, and such inferences require accurate model parameterization (i.e., a range of realistic effective population sizes
relative to potential times of divergence for the purported species). It is the goal (and motivation of this study) that genetic
data might be used effectively as a source of complementation to other sources of data for diagnosing species, as opposed
to the exclusion of other evidence for species delimitation, which will require an explicit consideration of the effects of the
temporal dynamic of lineage splitting on genetic data. [Coalescence; genealogical discord; genealogical species concept;

gene trees; incomplete lineage sorting.]

Gene trees are often used to infer species boundaries,
where some genetic threshold is used to delimit species.
For example, conclusions about species boundaries may
be based on some level of genetic exclusivity, such as
complete reciprocal monophyly or degree of genetic clus-
tering; reviewed in Sites and Marshall, 2004a). Such ex-
clusivity criteria may provide unambiguous definitions
of species (e.g., Baum and Shaw, 1995; Herbert et al,,
2003), in contrast to the difficult (and sometimes unfeasi-
ble) tasks of assessing reproductive compatibility (Mayr,
1963). Such ease of application has propelled the use of
genetic markers in species delimitation, as exemplified
by the high-throughput screening approaches of DNA
sequence variation (i.e., DNA barcoding) for species dis-
covery that provide rapid assessments of biodiversity—
as opposed to the time-intensive endeavor of traditional
species description and taxonomy (Janzen, 2004). How-
ever, well-established population genetic theory (dis-
cussed below) raises significant concerns about the use
of thresholds applied to genetic data (Takahata and Nei,
1985; Hudson and Coyne, 2002; Hudson and Turelli,
2003; Moritz and Ciero, 2004; Matz and Nielsen, 2005).
Indeed, species identified from exclusivity criteria are
often incongruent with species delimited from other
sources of data (Sites and Marshall, 2004b), raising ques-
tions about the accuracy of purported species boundaries
(Balakrishan, 2005).

Exclusivity criteria for species delimitation are intu-
itively appealing for a variety of reasons. Perhaps most
notably, they provide a utilitarian approach of broad ap-
plicability across disparate taxa. For example, all loci
undergo a transition from an initial state of polyphyly
upon lineage splitting towards monophyly as the time
since speciation increases (Avise and Ball, 1990), so even-
tually all taxa might be delimited with a criteria such
as reciprocal monophyly, assuming no gene flow. Yet,
the inherent disconnect between the exclusivity criterion
used to delimit species and the actual process of speci-
ation creates a variety of problems. Analytical expecta-
tions derived from population genetic theory (Hudson,
1992; Rosenberg, 2002; Wakeley, 2006) indicate that a sub-
stantial amount of time is required after the initial diver-
gence of species before there will be a high probability
of observing reciprocal monophyly at a sample of multi-
ple loci (Hudson and Coyne, 2002; Hudson and Turelli,
2003). For example, under a strict reciprocal monophyly
criterion, it would take more than 1 million years after
speciation before species would be delimited if 15 loci
were sampled in species with an effective population size
(N.) of 100,000, assuming one generation a year. In larger
populations, the number of years that must pass before
the species would be recognized increases proportion-
ally (Hudson and Coyne, 2002). Consequently, recently
derived species will tend to go undiscovered under a
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reciprocal monophyly criterion since species boundaries
are not faithfully reflected in a gene tree until ances-
tral polymorphism has fully sorted (e.g., Hickerson et
al., 2006). Similarly, the use of general rules as the ba-
sis of species delimitation, such as the 10x rule used in
DNA barcoding (Herbert et al., 2003) or a dichotomous
key rather than an absolute categorical property (Wiens
and Penkrot, 2002), may be problematic. Despite the in-
tent to accommodate aspects of the process of species
divergence (e.g., the lack of complete concordance be-
tween gene trees and species boundaries due to gene
flow or retention of ancestral polymorphism), the large
stochastic variance of genetic processes limits the utility
of general rules for historical inference (e.g., Knowles and
Maddison, 2001; Hudson and Turelli, 2003; Panchal and
Beaumont, 2007). Effective use of genetic data for species
delimitation requires that (i) the process of species di-
vergence is taken into account, and (ii) the potential
contribution of random genetic processes to discor-
dance between gene trees and species boundaries is also
considered.

Here we focus specifically on the challenge posed
by the retention of ancestral polymorphism to species
delimitation to illustrate how the difficulties caused
by the lack of monophyletic gene trees can be over-
come. One pervading notion (and perhaps a reason
for the overreliance on exclusivity principles) is that
species delimitation will necessarily be misled by dis-
cordance if gene lineages within a species coalesce be-
low the species divergence (i.e., below the speciation
event), also known as the species-tree gene-tree discor-
dance problem (Maddison, 1997). A gene tree should
not be equated with a species tree (Fig. 1)—clearly
the two may differ in topology. However, it is also a
misconception to believe that discordant gene genealo-
gies do not provide information about species bound-
aries. In fact, recent work clearly demonstrates that the
gene genealogies provide information about the his-
tory of species splitting (i.e., the species tree), despite
widespread incomplete lineage sorting in a gene tree
(Degnan and Salter, 2005; Maddison and Knowles, 2006;
Carstens and Knowles, 2007a; Knowles and Carstens,
2007; Liu and Pearl, 2006). This finding suggests that
species lineages can be delimited long before recipro-
cal monophyly has been reached (most species con-
cepts agree fundamentally that species are lineages;
Mayden, 1997; de Queiroz, 2005a, 2005b). We explore
this intriguing possibility with a preliminary simula-
tion study of a coalescent-based approach to species
delimitation.

The key feature of the approach presented here is that
the species history is modeled probabilistically, which
differs from previous approaches that use genetic data to
infer species boundaries (reviewed in Sites and Marshall,
2004a). In this framework, interpretation of the genetic
data is based on explicit reference to the process un-
derlying patterns of genetic differentiation, thereby tak-
ing into account the impact of biologically significant
events involved in reproductive isolation on patterns
of genetic divergence (Orr and Orr, 1996, Hudson and

Coyne, 2002; Gavrilets 2003; de Queiroz this issue).
Specifically, the approach uses a coalescent framework
to estimate gene-tree probabilities under a particular his-
tory (Degnan and Salter, 2005) to evaluate the likelihood
of lineage splitting (i.e., that speciation has occurred).
The same coalescent theory forms the basis for estimat-
ing the probability of reciprocal monophyly of gene trees
(Hudson, 1992; Rosenberg, 2003; Hudson and Coyne,
2002; Hudson and Turelli, 2003). However, the approach
proposed here can be applied to species for which there
has not been sufficient time for the full sorting of an-
cestral polymorphism by genetic drift. As with mod-
eling evolutionary relationships probabilistically (e.g.,
Rannala and Yang, 2002; Rosenberg, 2002; Liu and Pear],
2006; Carstens and Knowles, 2007a; Edwards et al., 2007),
this approach focuses attention on the relationship be-
tween gene trees and the divergence of species lineages
rather than equating gene trees with the species history
(Maddison, 1997).

The results of this preliminary study are promising in
two regards: (i) because very recently originated species
can be delimited with the approach it captures the bio-
logically relevant event of lineage splitting (in contrast
to relying on a reciprocal-monophyly criterion), and (ii)
because genetic differentiation (or lack thereof) is inter-
preted based on the likelihood of observing such data un-
der a specific historical context of lineage splitting (see
also Knowles, 2004), the accuracy of species delimita-
tion can be evaluated. Although this study focuses exclu-
sively on the stochastic loss of gene lineages by genetic
drift, additional processes could in principle be incor-
porated into the model (e.g., gene flow and the effect
of mutational processes). We discuss some of the chal-
lenges and future developments with coalescent-based
approaches for species delimitation (see also Pons et al.,
2006, for a coalescent-based application when gene trees
are fully sorted within species to infer species boundaries
based on the transition from a speciation/extinction dy-
namic to a process of lineage coalescence). One of the
primary goals of this paper is to show how genetic data
mightbe used effectively to delimit species and how indi-
vidual researchers can evaluate whether such inferences
are likely to be accurate. However, we are not advocat-
ing the use of genetic data to the exclusion of other ev-
idence for species delimitation. To the contrary, corrob-
oration of species boundaries via independent lines of
evidence is very important for diagnosing species (e.g.,
Payne and Sorenson, 2007), and it is this perspective
that motivates the investigation of a coalescent-based
approach for species delimitation. By considering how
patterns of genetic data reflect the dynamic of species di-
vergence (e.g., the amount of time required for differen-
tiation between species to become apparent; de Queiroz,
2005b) and taking into account the inherent stochastic-
ity of genetic processes (Hudson, 1992), congruence (of
lack thereof) of species boundaries among independent
data sets mightbe interpreted (e.g., Masta and Maddison,
2002). Such an endeavor is not possible when species
status is diagnosed from genetic data using exclusivity
criteria.
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FIGURE 1. Examples of gene trees for recently diverged species showing the level of incomplete lineage sorting expected for any single
locus and the degree of discord among sampled loci. Gene trees were simulated with five gene copies (i.e., individuals) per species by neutral
coalescence within the species tree (shown in red) with a total tree depth from root to tip of IN (on the left) and 4N (on the right), where N =
100,000.
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FIGURE2. Models of the histories used in the simulations to evaluate the coalescent-based approach to species delimitation, where the focus
of the study is on whether (a) the history of species divergence of the A and B species lineages can be distinguished from (b) the lack of divergence
of the AB lineage.
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METHODS

A simulation study was used to evaluate the accuracy
of a coalescent-based approach for delimiting recently
derived species (i.e., species which are not monophyletic
at sampled loci). To examine the effect of the timing of
species divergence on the ability to accurately recover the
signal of lineage splitting, gene genealogies were simu-
lated under a range of total tree depths (i.e., different
species divergence times). These different tree depths
correspond to conditions in which the level of incomplete
lineage sorting differs, which makes species delimitation
based on genetic data increasingly difficult for recent
compared to deeper divergence times because of the
higher levels of incomplete lineage sorting in the former.
Only relatively shallow species histories (i.e., tree depths
less than 6N generations) are examined, because the am-
biguity associated with species delimitation considered
here is caused by incomplete lineage sorting—i.e., the
gene trees are not reciprocally monophyletic (Fig. 1). For
each of the different time depths, the number of loci sam-
pled in each individual was also varied to examine how
increasing the number of loci sampled per species af-
fected the ability to delimit species.

The history of lineage splitting (i.e., the species tree)
used in the simulation was simulated under a Yule
model, where the species lineages A and B were chosen
as the target taxa for evaluating the performance of the
coalescent-based approach (Fig. 2a). Gene trees were sim-
ulated under a neutral-coalescent process without gene
flow (Kingman, 1982; Hudson, 1990). Although the gene
trees were simulated across a range of total species-tree
depths, the relative branch lengths remained constant.
Varying the total species-tree depth resulted in differ-
ing amounts of topological discordance among loci and
differing levels of incomplete lineage sorting in the simu-
lated gene trees (see also Maddison and Knowles, 2006).

Tests of Separate Species Lineages

Coalescent theory can provide the probability that
gene lineages would coalesce to yield a particular gene
tree under a specific history (i.e., given the number of
generations since divergence and the effective popula-
tion size of the species; Pamilo and Nei, 1988; Takahata,
1989). Here we consider the topology of a gene tree in
relation to its probability under different models of a
species history—that is, a history of separate species lin-
eages versus a single species lineage (Fig. 2) is modeled
probabilistically from a set of gene tree. The product of
the probabilities from the gene trees of each locus under
a specific history is then used to evaluate the likelihood
of whether species A and B are separate species lineages.
This coalescent-based approach involves (1) computing
the probability of the gene tree for each specified species
tree (i.e., a model where A and B are [are not] separate
lineages) using the program COAL (Degnan and Salter,
2005); (2) calculating the likelihood of lineage splitting
from the products of the probabilities of the gene trees
given the species history (i.e., the species tree); and (3)
using a likelihood-ratio test tests (with 1 degree of free-

dom) to assess whether the likelihood of the model of
lineage splitting is significantly higher than a model of
no speciation.

To address the question of whether the recently de-
rived species could be effectively delimited (i.e., to es-
timate the false-negative error rate), 100 replicate data
sets were simulated for each time of species divergence
and number of sampled loci (i.e., for each of 50 differ-
ent configurations; see below for details), thereby taking
into account the effects of the inherent stochasticity of the
coalescent process on the ability to recovery the known
history of lineage splitting. Accuracy of the coalescent-
based approach was evaluated by recording the propor-
tion of data sets in which the true species history had
been identified.

Number of Individuals and Loci Used in Simulations

Gene trees with five gene copies per species were sim-
ulated by a neutral-coalescent process, representing five
individuals sampled in each species, and multiple gene
trees were simulated for each replicate, representing
sampled unlinked loci, under the history of lineage split-
ting (Fig. 2a). Multiple individuals were sampled in each
species following the recommendations about sampling
design for estimating population relationships with in-
complete gene lineage sorting (Maddison and Knowles,
2006; see also Takahata, 1989). Although sampling of in-
dividuals might provide some additional information,
sampling of multiple loci is critical for providing inde-
pendent realizations of the process of allele coalescence
for a given species history (Felsenstein 2006; Wakeley
2006). The chosen sampling design reflects consideration
of this tradeoff; the potential gain in information through
the sampling of more individuals will decrease as the
time of divergence increases because of the coancestry
among individuals (Hudson, 1990; Donnely and Tavaré,
1995). Moreover, increasing the number of individuals
sampled per species (as opposed to loci) dramatically
increases the number of possible gene trees. Therefore,
the information gained through the additional samples
would have to offset the lower probabilities of each indi-
vidual gene tree, and consequently, the reduced ability to
distinguish among the models of lineage splitting versus
no speciation (Fig. 2).

The gene trees were simulated across a range of to-
tal species-tree depths (i.e., different divergence times),
specifically at depths of 1N, 2N, 3N, 4N, and 6N, where
time is expressed in generations; a depth of 1N would be
the equivalent of a total tree depth of 100,000 generations
for species with an effective population size of 100,000,
and a divergence of 31,000 generations between species
A and B (Fig. 2), whereas at a depth of 6N, species diver-
gence is six times greater than the effective population
size (i.e., the split between A and B would have occurred
186,000 generations ago with an effective population size
of 100,000). A high probability of reciprocal monophyly
is not expected for any given locus at any of these depths
(see Table 1), with the greatest to the least amount of
incomplete lineage sorting at 1N and 6N, respectively.
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TABLE 1. Probability of reciprocal monophyly across the different
species tree depths when 5 versus 10 individuals were sampled per
species, and either a single locus or 10 loci were sequenced in each
individual.

5 Individuals 10 Individuals
sampled per species sampled per species
Depth 1locus 10 loci 1 locus 10 loci
IN 9.81 x 1073 8.30 x 107 6.22 x 10~ 8.75 x 10~%
2N 3.29 x 107° 147 x 1071 6.91 x 107° 247 x 1072
3N 7.11 x 1072 3.31 x 1072 255 x 1072 1.15 x 1071
4N 0.123 7.73 x 1071 5.90 x 1072 5.08 x 107
5N 0.184 448 x 1078 0.106 1.86 x 1071
6N 0.252 1.02 x 10-° 0.165 1.48 x 10°%

Using MESQUITE (Maddison and Maddison, 2004),
100 replicate data sets were simulated for each time of di-
vergence and different sampling efforts. Gene trees were
generated using Mesquite’s Neutral Coalescence mod-
ule, which uses an exponential approximation to avoid
fully explicit modeling of individuals; mutational vari-
ance was not included in this study (see Maddison and
Knowles, 2006, for details on how to use MESQUITE
to model both coalescent and mutational stochasticity).
A constant effective population size (N,) of 100,000 was
used for all species (i.e., ancestral and descendant) in
all simulations. Although this value is on the same or-
der of magnitude as observed in many empirical studies
(Milotetal.,2000; Jennings and Edwards, 2005; Won et al.,
2005; DeChaine and Martin, 2005; Carstens and Knowles,
2007b), scaling all species trees by N allows the results
of this study to apply across species which differ in their
effective population size. For example, the results at 1N
would apply to a species with an effective population
size of 500,000 that diverged 500,000 years ago, assuming
one generation per year. Similarly, an inheritance scalar
can be used to consider how the results might differ be-
tween mitochondrial versus nuclear loci; results plotted
for mitochondrial DNA (mtDNA) can be scaled to gener-
ate expectations for nuclear loci by decreasing the time of
divergence (e.g., results for a divergence 4N generations
ago for mtDNA would correspond to a 1N divergence
for a nuclear locus).

RESULTS AND DISCUSSION
Species Delimitation with or without Monophyly?

At the level of species divergence examined here,
the probability of reciprocal monophyly of species A
and B for any single locus is very low, and incredibly
small if multiple loci are considered (Table 1). Concor-
dance across independent loci is therefore highly un-
likely (Hudson and Coyne, 2002; Hudson and Turelli,
2003; Rosenberg, 2002). With this level of incomplete lin-
eage sorting (Fig. 1), species cannot be diagnosed based
on visual inspection of the gene trees—it is not clear
whether the clustering of gene copies for any one locus,
or the degree of concordance (or lack thereof) across loci
necessarily constitutes two separate species lineages (see
also Maddison and Knowles, 2006).

c

9

101

E

S 08 r

(7))

0

§ 0.6 |

@ - 1N
S 04F - 2N
o) -~ 3N
5 02} — 4N
9 — 6N
< 1 1 1 1 1 1 1 1 1 J

1234567 8 910

Number of loci used to delimit species

FIGURE 3. Accuracy of the coalescent-based approach for delimit-
ing species A and B with different sampling efforts, showing the false-
negative error rate decreases as the number of loci sampled increases
from 1 to 10 loci; each line represents a set of simulations for a specific
divergence time, ranging from a total species tree depth (see Fig. 2) of
1N to 6N.

The A and B lineages were successfully delimited with
the coalescent-based approach across all the different
times of divergence examined. Although the separate
species were recovered with a high probability, the pro-
portion of replicate data sets in which the species were
correctly delimited differed depending on both the tim-
ing of species divergence (Fig. 3) and number of loci ex-
amined in each species (Fig. 4). Across all divergence
times, increased sampling of loci resulted in a decrease
in false-negatives (i.e., failures to delimit the separate
species) (Fig. 5). Interestingly, even at the very shallow
species tree depths (e.g., IN, which corresponds to a di-
vergence of the A and B lineages of just 31,000 gener-
ations ago, with an effective population size of 100,000
for the species), the species were delimited in virtually
all the data sets with 10 loci sampled per species. In fact,
the species were delimited in almost 90% of the data sets
with just three loci per species (Fig. 3). With such recent
speciation events, the probability of reciprocal mono-
phyly at any single locus is very low, and the proba-
bility of monophyly at multiple loci is effectively zero
(Table 1). Even with a relaxed exclusivity criterion of 50%
of sampled loci showing reciprocal monophyly, a high
probability of species delimitation would not be possibly
until 3.76N generations has passed (Hudson and Coyne,
2002). In other words, it would take more than 10 times
longer (i.e., beyond the actual time of lineage splitting)
before species could be delimited with the relaxed ex-
clusivity criterion compared to the coalescent-based ap-
proach. Using a probabilistic model, as presented here,
represents a significant advance in species delimitation
by reducing the false-negative error rate (i.e., failure to
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FIGURE4. Effects of the timing of divergence on accurate delimita-
tion of species A and B, showing the false-negative error rate decreases
as the time since species divergence increases for all sampling efforts;
the different lines represent a given number of loci sampled.

recognize species boundaries), which empirical studies
suggest can be quite high (e.g., Gompert et al., 2006;
Hickerson et al., 2006; Meier et al., 2006).

The preliminary simulation study, although promis-
ing, does not provide a guide to the parameter space in
which species may be delimited. This will not be possible
without an extensive study. This was not the goal of this
study; rather we were interested in exploring the pos-
sibility of species delimitation from nonmonophyletic
gene trees. This question bears directly on the general
utility of genetic data for species delimitation when such
boundaries may not be obvious. Stochasticity of the mu-
tation process could also impact the results presented
here (and any approach to species delimitation based on
genetic data). For example, genetic data may not be ef-
fective for delimiting species because of unresolved gene
trees when there is insufficient genetic variation or when
there are errors with the estimated gene trees.

Probabilistic Models for Species Delimitation

The approach to species delimitation presented here
overcomes some of the primary problems with applying
exclusivity criteria (e.g., reciprocal monophyly, 10x rule,
general rules, and dichotomous keys): the interpretation
of the genetic data is based on an explicit consideration
of the processes underlying patterns of genetic differen-
tiation, as well as the inherent stochasticity of genetic
processes. The probabilistic models considered here fo-
cused on the difficulty of species delimitation when there
is widespread incomplete sorting due to the retention of
ancestral polymorphism. There is, of course, a diversity
of processes that may be involved in lineage splitting
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FIGURE 5. Examination of how the additional sampling of loci af-
fects the ability to delimit species. There are incremental gains in ac-
curacy (i.e., decrease in the number of false-negatives, or failures to
delimit species) as more loci are added (shown on the x-axis), where
the different species divergence times are marked with the different
shaded bars.

(Wiens and Penkrot, 2002; Wiens, 2004; Marshall et al.,
2006; Omland et al., 2006; Riesberg et al., 2006), each of
which could (in principle) be modeled probabilistically
(e.g., divergence with gene flow). Deciding which pro-
cesses might be involved is a separate, but nonetheless
important issue. Inferred species boundaries will only be
reliable to the extent that the model used is an accurate
account of the process of speciation (for a discussion on
model selection see Knowles, 2004).

With probabilistic models for species delimitation,
sampling of multiple loci and individuals not only has
a significant impact on whether species can be delim-
ited in the face of extensive incomplete lineage sorting
(Fig. 5), but sampling will also be critical to accurately
estimating the parameters used in the model for delim-
iting species (see also Pons et al., 2006). For example,
critical parameters such as estimates of the effective pop-
ulation size (N, ) relative to the timing of divergence (T')
between species will determine whether gene trees are
more (or less) probable with a history of speciation versus



Downloaded By: [Louisiana State University Libraries] At: 18:14 4 July 2008

2007 KNOWLES AND CARSTENS—USING GENETIC DATA FOR SPECIES DELIMITATION 893

no lineage splitting (Maddison, 1997). In any empirical
application of this approach, an exploration of the sensi-
tivity of the conclusions to a potential mismatch between
the actual species’ histories and the model used to cal-
culate the gene tree probabilities needs to be carefully
examined. For example, rather than relying on point es-
timates of N, and T, arange of parameter space that spans
the confidence intervals surrounding estimates of these
critical population-genetic parameters can be examined
(see Carstens and Knowles, 2007a).

It is noteworthy that the proposed approach provides
a framework for exploring both the statistical power for
delimiting species and the robustness of the conclusions.
The false-negative error rate (failure to detect the sepa-
rate species) depends on the sampling effort (Fig. 3) and
the specific context of species divergence (Fig. 4)—the
ability to delimit species is context dependent. For a par-
ticular set of historical conditions (e.g., specific range of
effective population sizes relative to divergence times),
any individual investigator can use simulations to exam-
ine whether a sampling strategy will provide sufficient
power to delimit the putative species of interest, as illus-
trated by our preliminary study (e.g., Fig. 5). Moreover,
the robustness of the conclusions—whether the species
status would change by adding more data (Hudson and
Coyne, 2002)—can similarly be explored. For example,
the empirical data collected (e.g., gene trees from two
loci) might be augmented with gene trees estimated
from nucleotide data simulated under similar models
of molecular evolution to investigate whether the histor-
ical signature of species divergence might become ap-
parent with the addition of loci (i.e., without additional
sampling, the signal of the separate species lineages is
not sufficiently strong to overcome the noise in the gene
trees caused by the stochasticity of the coalescent and
mutation).

The Use of Genetic Data for Species Delimitation

Even with the limited scope of parameter space con-
sidered in this preliminary study, the results highlight
some general considerations that are important to any
endeavor aimed at delimiting species with genetic data.
The power of the test clearly depends on the number
of sampled loci (Fig. 3; see also Matz and Nielsen, 2005;
Hickerson et al., 2006). It is worth noting that the con-
dition with the poorest performance—a single locus—is
what typically is relied upon and is currently the ap-
proach taken in DNA barcoding efforts (Fig. 5). The
smaller effective population size of mitochondrial DNA
is not sufficient to overcome this problem—species were
correctly delimited in less than 50% of the replicates for a
recent species divergence of 1N (Fig. 3). This implies that
unfortunately an accurate assessment of species bound-
aries will not be possible for the majority of studies that
rely on genetic data for delimiting species when they
are recently diverged if these studies rely only on mito-
chondrial sequences. However, our results suggest that
good results are possible with a modest number of loci
(Fig. 4).

The information contained in independent loci pro-
vides valuable information for delimiting species, even
though the gene trees are not completely concordant—
which is similar to recent studies on modeling evo-
lutionary relationships probabilistically (e.g., Rannala
and Yang, 2002; Rosenberg, 2002; Liu and Pearl, 2006;
Carstens and Knowles, 2007a; Edwards et al., 2007). It is
a mistake to think that combining the loci for an analy-
sis of the concatenated data (e.g., Rokas et al., 2003) will
necessarily yield “better” representations of evolution-
ary history. Studies have shown that when the gene trees
of loci are discordant (as expected with recent species
divergence) concatenation of the nucleotide data across
loci can result in positively misleading inferences about
the history of divergence (Kubatko and Degnan, 2007).
Moreover, because the loci have different evolutionary
histories, there is no way to tell whether the estimated
tree is (or is not) a reliable representation of the species’
histories (Maddison and Knowles, 2006; Carstens and
Knowles, 2007a).

Regardless of which approach is used for making
interpretations about species status, it is important to
recognize that recommendations about species delimita-
tion based on genetic data are inferences based on the
process of neutral divergence among species. If speci-
ation involves selectively driven divergence, then de-
cisions based on neutral DNA divergence will tend to
be too conservative (i.e., will fail to recognize species)
if the taxa have recently originated. Differences in the
temporal dynamics between selected versus neutral di-
vergence (Gavrilets, 2003; Turelli et al., 2001) result in a
lag time where differentiation will not be observed in
neutral markers, and this period might be rather large
(Hudson and Coyne, 2002). The potential to be misled
by processes that result in discord between the actual
history of lineage splitting and the data used to infer
species boundaries highlights the inherent limitations of
relying on a single locus (e.g., Fig. 4) or character. Con-
sideration of multiple data types provides a context for
identifying differences in historical signal (e.g., Wiens
and Penkrot, 2002; Dettmann et al., 2003a, 2003b; Sites
and Marshall, 2004b; Ross and Shoemaker, 2005; Star-
rett and Hedin, 2006; Marshall et al., 2006, Payne and
Sorenson, 2007). Comparative analyses are especially im-
portant for avoiding biases in species delimitation when
a mismatch between the species boundary and a specific
type of data reflects the way in which genetic data are
interpreted (e.g., Hickerson et al., 2006). For example, re-
cently evolved species (e.g., Meier et al., 2006; Carstens
and Knowles, 2007b), such as those arising via diver-
gent selection (e.g., Turner, 1999; Schluter, 2000; Sorensen
et al.,, 2003; Mendelson and Shaw, 2005; Zigler et al.,
2005), would not be recognized under methods that rely
on the reciprocal monophyly of neutrally evolving gene
trees. This false-negative error (i.e., failing to discover
new species) clearly arises from how the genetic data are
interpreted. Given enough time, the species would be
recognized using the genetic exclusivity criteria of recip-
rocal monophyly at each of the sampled loci (and most
of the genome).
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CONCLUSIONS

Whatis recognized as a species boundary is very much
influenced by the method used to delimit species (Sites
and Marshall, 2004b), which has important ramifications
that extend beyond the issue of species delimitation.
Species are the basic unit of biodiversity and, as such, are
inextricably linked to the study of the processes involved
in speciation (Moritz et al., 1992; Agapow et al., 2004; de
Queiroz, 2005a, 2005b), as well as the conservation of
diversity (Hey et al., 2003; Gompert et al., 2006). Conse-
quently, discrepancies in species identification have fo-
cused attention on the methods used to delimit species,
an issue of pressing concern with the increase in pop-
ularity of genetic data (e.g., Moritz et al., 1992; Sites
and Crandall, 1997; DeSalle et al., 2005; Hickerson et al.,
2006; Meier et al., 2006). The approach presented here ad-
dresses two primary problems with species delimitation
based on genetic data—biases in the detection of species
reflecting when and how speciation occurred and fail-
ure to account for the high variance of genetic processes
when inferring species boundaries (Hudson and Coyne,
2002; Matz and Nielson, 2005; Hickerson et al., 2006; Pons
et al., 2006). Preliminary results from the probabilistic-
modeling approach indicate that accurate species delimi-
tation is possible, despite widespread incomplete lineage
sorting and discordance among loci. These findings con-
firm that it is not necessary to rely on exclusivity criteria
(such as genetic thresholds and general rules), and, there-
fore, that the common problems associated with species
delimitation—misleading conclusions arising from how
genetic data are interpreted—can be avoided (Hudson
and Coyne, 2002; Hickerson et al., 2006; Meier et al.,
2006). Genetic data can then provide important corrobo-
ration of species boundaries suggested by other sources
of information (e.g., morphology) when the temporal di-
mension influencing the degree of congruence between
the genetic data and the species boundaries (and other
sources of data) is taken into account (de Queiroz, 2005a,
2005b). However, the study indicates the importance of
sampling, both with regards to loci and individuals (see
also Matz and Nielson, 2005; Pons et al., 2006), rein-
forcing the danger of using single-locus data for species
delimitation. Sampling design is also key to successful
implementation of the approach described here, because
it will be critical to parameterizing the model, which ul-
timately determines whether species boundaries will be
inferred correctly.
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