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Abstract.—Most single-locus molecular approaches to species delimitation available to date have been designed and tested
on data sets comprising at least tens of species, whereas the opposite case (species-poor data sets for which the hypothesis
that all individuals are conspecific cannot by rejected beforehand) has rarely been the focus of such attempts. Here we
compare the performance of barcode gap detection, haplowebs and generalized mixed Yule–coalescent (GMYC) models to
delineate chimpanzees and bonobos using nuclear sequence markers, then apply these single-locus species delimitation
methods to data sets of one, three, or six species simulated under a wide range of population sizes, speciation rates, mutation
rates and sampling efforts. Our results show that barcode gap detection and GMYC models are unable to delineate species
properly in data sets composed of one or two species, two situations in which haplowebs outperform them. For data sets
composed of three or six species, bGMYC and haplowebs outperform the single-threshold and multiple-threshold versions
of GMYC, whereas a clear barcode gap is only observed when population sizes and speciation rates are both small. The latter
conditions represent a “sweet spot” for molecular taxonomy where all the single-locus approaches tested work well; however,
the performance of these methods decreases strongly when population sizes and speciation rates are high, suggesting that
multilocus approaches may be necessary to tackle such cases. [Barcode gap; generalized mixed Yule–coalescent models;
haplowebs; heterozygosity; molecular markers; species delimitation; systematics; taxonomy.]

Molecular approaches to species delimitation have
been undergoing rapid development for the last 15 years,
yielding a wide diversity of methods. Faced with this
plurality of views, some researchers advocate using
several approaches (Carstens et al. 2013) and taking
into account non-molecular lines of evidence such as
morphology, behavior or ecology (Dayrat 2005). This
holistic approach that places human expertise at the
center of the species delimitation process contrasts with
the high degree of optimism initially vested in some
simplistic automatic methods, such as using an a priori
sequence divergence threshold to delineate and identify
species (“DNA barcoding”; Hebert et al. 2003a; 2003b;
2004). The quest for an efficient and accurate automatic
approach continues, however, as the availability of
taxonomic experts appears to be the most significant
bottleneck to the description of the Earth’s biodiversity.

The most popular single-locus methods currently
used to delineate species are barcode gap detection
(Lefébure et al. 2006; Puillandre et al. 2012) and the
generalized mixed Yule–coalescent model (GMYC; Pons
et al. 2006; Monaghan et al. 2009; reviewed in Fujisawa
and Barraclough 2013). Although these methods are
applicable to both haploid (e.g., mitochondrial) and
diploid (e.g., nuclear) data sets, they are usually
performed on cytochrome c oxidase (COI) mitochondrial
sequence alignments as this marker presents the
advantages of having a small effective population size
(Moore 1995), being easily sequenced using universal
primers (Folmer et al. 1994) and being very variable
in most animal groups. A different approach to
delineate species using diploid nuclear markers was
proposed recently (Flot et al. 2010). In this approach,

termed “haplowebs”, the co-occurrence of haplotypes in
heterozygous individuals is used to delineate gene pools
that are reproductively isolated from one another, each
of which corresponds to a putative species. Following
an earlier proposal by Doyle (1995), himself inspired by
Carson (1957), these putative species are called “fields for
recombination”. Because this approach requires a dense
sampling comprising several individuals per species, it
appears well suited to delineate species in species-poor
data sets, and indeed most applications published so
far dealt with data sets comprising 1 (Flot et al. 2013;
Adjeroud et al. 2014), 2 (Flot et al. 2010), 3 (Flot et al.
2011), 5 (Li 2012) or 10 species (Miralles and Vences
2013). However, a rigorous test of the domain of validity
of haplowebs and of their performance compared with
barcode gap detection and GMYC is still wanting.

To meet this aim, we analyzed a test data set
of chimpanzees and bonobos (Hey 2010) using all
three types of approaches and conducted mono- and
multispecies simulations using different population
sizes, speciation rates, mutation rates and sampling
efforts (i.e., the number of gene copies sequenced). In
addition to the single-threshold (ST-GMYC; Pons et al.
2006) and multiple-threshold (MT-GMYC; Monaghan
et al. 2009) variants of GMYC, we included in our
comparison a recently proposed Bayesian approach
using the same logic (bGMYC; Reid and Carstens 2012).
The inclusion of bGMYC (that returns probabilities of
conspecificity for each pair of sequences in the data set)
motivated us to quantify the accuracy of each method
by calculating the percentage of pairs of conspecific
sequences mistaken as heterospecific (%oversplitting)
and the percentage of pairs of heterospecific sequences
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mistaken as conspecific (%overlumping), a significant
shift from the methodologies adopted in previous
simulation studies aimed at assessing the performance of
GMYC (Papadopoulou et al. 2008; Lohse 2009; Esselstyn
et al. 2012; Reid and Carstens 2012; Fujisawa and
Barraclough 2013; Zhang et al. 2013; Tang et al. 2014).

MATERIALS AND METHODS

Empirical Data Set
To start investigating the performance of barcode gap

detection, haplowebs, ST-GMYC-ST, MT-GMYC-MT and
bGMYC when dealing with species-poor data sets, we
applied these methods to a data set of nuclear markers
of bonobos and chimpanzees (Hey 2010). Among the 73
markers in this data set, we selected the 16 for which the
same set of individuals (3 populations of 10 chimps each
and 1 population of 9 bonobos) had been consistently
sequenced. Four markers were subsequently excluded as
they caused errors in the downstream GMYC or bGMYC
analyses, resulting in a final set of 12 markers (Fischer
regions 11, 13, 14, 15, 16, 21, 22, 25, 26, 28, 29 and 30;
Fischer et al. 2006) ranging in size from 486 (region 26)
to 803 base pairs (region 13).

Barcode gaps were studied by computing for each
marker the mismatch distribution and Sarle’s bimodality
coefficient (Ellison 1987; Pfister et al. 2013). Sarle’s
coefficient is a measure of bimodality that varies between
0 (perfectly unimodal data) and 1 (perfectly bimodal
data). Values between 5/9 and 1 indicate a bi- or
multimodal distribution, whereas values below 5/9
indicate unimodality. Mismatch distributions and Sarle’s
coefficients were respectively computed using the R
packages pegas (Paradis 2010) and moments (Komsta and
Novomestky 2012). We also calculated separately the
distributions of mismatches for intraspecific pairs and
for interspecific pairs of sequences.

After removing duplicate sequences since they may
cause problems with downstream GMYC analyses
(Fujisawa and Barraclough 2013), the best-fitting
substitution model for each marker was chosen with the
help of jModelTest (Posada 2008) following the Akaike
information criterion (Akaike 1974) corrected for small
samples sizes (Hurvich and Tsai 1989). HKY (Hasegawa
et al. 1985) was identified as the best-fitting model for
all markers, except regions 13 and 15 for which the
best model was GTR (Lanave et al. 1984; Tavaré 1986),
regions 25 and 26 for which the best model was F81
(Felsenstein 1981), and region 30 for which the best
model was K80 (Kimura 1980). Phylogenetic analyses
were performed using BEAST 1.7.4 (Drummond and
Rambaut 2007) following a model characterized by a
constant population size and a strict clock (length of
the Markov chain Monte Carlo (MCMC): 1,000,000,000
generations following a 100,000,000-generation burn-
in; sampling every 1,000,000 generations). For each
sampled population of 100 trees, a consensus was built
with TreeAnnotator 1.7.4 (from the BEAST package;
Drummond and Rambaut 2007) using the maximum

clade credibility method and setting the posterior
probability limit to 0; ST-GMYC and MT-GMYC analyses
were conducted on this consensus tree using the R
package splits (Ezard et al. 2013). bGMYC analyses were
performed by running the eponymous R package (Reid
and Carstens 2012) on the 100 trees sampled during
the MCMC; this was done over 110,000 generations,
discarding the first 10,000 as burn-in and sampling
every 100 generations afterwards. In the case of bGMYC
analyses, the convergence of the MCMC was assessed by
checking the evolution graph of the posterior probability
against the number of generations, as advised in the
bGMYC tutorial.

Haplowebs were constructed as in Flot et al. (2010):
briefly, median-joining networks (Bandelt et al. 1999)
were drawn for each marker using the program
Network (Fluxus Technologies) and exported as PDFs
using Network Publisher. Connecting curves between
the haplotypes found co-occurring in heterozygous
individuals were subsequently added on each network
using Inkscape (Bah 2011).

Simulated Data Sets
We used the program SIMCOAL (Excoffier et al.

2000) to simulate 10 replicate populations of 10 and
100 gene copies of a locus of 1000 base pairs, for three
population sizes (104, 105 and 106 haploid individuals,
corresponding to 5 × 103, 5 × 104, and 5 × 105 diploid
individuals respectively) and three mutation rates (10−5,
10−4 and 10−3 mutations per generation and per locus,
hence 10−8, 10−7 and 10−6 mutations per base per
generation). Multispecies simulations were performed
using the Python package DendroPy 3.12.0 (Sukumaran
and Holder 2010): we first simulated trees of either three
or six species using a Yule model with three different
birth rates (0.1, 1 and 10 births per lineage per million
generations), then used standard coalescent conditions
with population sizes of 104, 105 and 106 to simulate 10
replicate genealogies of 10 and 100 gene copies within
each species; each genealogy was finally turned into
three alignments of 1000 base pairs using mutation rates
of 10−5, 10−4 and 10−3 mutations per generation per
sequence. Following the approach of Esselstyn et al.
(2012), we used directly the simulated gene genealogies
as inputs for the GMYC approaches, hence removing
one possible source of uncertainty (the inference of
phylogenetic trees from simulated sequence data) and
avoiding the most computationally expensive step in
the process. As described in Esselstyn et al. (2012),
the selected birth rate values correspond to the range
of speciation rates reported for a variety of organisms
(Baldwin and Sanderson 1998; Mendelson and Shaw
2005; Phillimore and Price 2008; Moyle et al. 2009; Rowe
et al. 2011) and the effective sizes to a range of biologically
relevant values (Burgess and Yang 2008; Russell et al.
2011). The lowest per-site mutation rate we considered
(10−8 mutations per generation) was the rate previously
reported for the human nuclear genome (Roach et al.
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2010); we also considered mutation rates two orders of
magnitude higher to account for the preferential use of
highly variable markers (such as mitochondrial genes
and nuclear introns) in species delimitation studies.

Barcode gap detection analyses were conducted
as explained above. For the haploweb analyses, we
formed diploid genotypes by picking up randomly
pairs of conspecific sequences from the corresponding
alignments (without replacement) 10 times for each
simulation, yielding a total of 100 replicate populations
per set of parameters. This procedure and the subsequent
delineation of fields for recombination were performed
using a custom perl script (countffrs.pl available in
the Dryad data repository, http://dx.doi.org/10.5061/
dryad.t7m5v). GMYC analyses were conducted by
running the R package splits (Ezard et al. 2013)
and bGMYC analyses were performed by running
the eponymous R package on 1000 sampled trees.
For each simulated genealogy, bGMYC was run over
110,000 generations, discarding the first 10,000 as burn-
in and sampling every 100 generations afterward.
The convergence of the MCMC was checked as
described above. Because bGYMC returns a probability
of conspecificity for each pair of sequences in the data
set, its output is not directly comparable to ST-GMYC,
MT-GMYC and haplowebs, which return groupings of
individuals into species: to generate such groupings
from the bGYMC output, we added a discretization
step (retaining only pairs of individuals that had a
probability of conspecificity higher than 0.95) followed
by a transitivization step (during which individuals
were aggregated into species: individuals X and Y
were considered conspecific if X was conspecific with
Z and Y conspecific with Z, even if the probability
of conspecificity of X and Y was lower than the
aforementioned 0.95 threshold). Both the raw (bGMYC1)
and discreticized–transitivized (bGMYC2) results of
bGMYC were used for calculating the error rates of this
method (see below).

Taking advantage of the fact that the actual species
delimitations were known for all the simulated data
sets, we calculated the percentage of conspecific pairs
of sequences returned as heterospecific (hereafter
referred to as %oversplitting) and the percentage
of heterospecific pairs of sequences returned as
conspecific (%overlumping). In the case of bGMYC, we
also computed the percentage of pairs of sequences
that were neither confidently split nor lumped as
the corresponding probability of conspecificity was
between 0.05 and 0.95 (%indecision). Finally, we
computed the percentage of pairs of sequences
correctly determined (%success=100–%oversplitting–
%overlumping–%indecision). These different percen-
tages were averaged over 30 replicate genealogies for
SimCoal, 10 replicate genealogies for DendroPy or 100
replicate populations for the haploweb analyses.

Finally, in order to investigate the impact of mutation
rate on the performance of GMYC methods, we
performed GMYC analyses on phylogenetic trees
inferred from simulated DNA sequence alignments.

Because such analyses are computationally very
expensive we limited ourselves to analyzing one
set of conditions under which GMYC approaches
yielded good results when applied directly on the
gene genealogies (see the “Results” section): 100 gene
copies per species, an effective population size of 104

haploid individuals (or 5×105 diploid ones), with 10−5,
10−4 and 10−3 mutations per locus per generation
and a birth rate of 10−6 for multispecies simulations.
Phylogenetic analyses were performed in BEAST 1.7.4
(Drummond and Rambaut 2007) after removal of
duplicate sequences (Fujisawa and Barraclough 2013)
using a constant-size population model, a HKY
substitution model (Hasegawa et al. 1985) and a
strict clock model (length of the MCMC: 1,000,000,000
generations following a 100,000,000-generations burn-
in, sampling every 1,000,000 generations). For each
sampled tree population, a consensus tree was built
with TreeAnnotator 1.7.4 (from the BEAST package;
Drummond and Rambaut 2007) using the maximum
clade credibility method and setting the posterior
probability limit to 0. GMYC analyses were conducted
on the consensus trees, and bGMYC analyses were
performed on the 100 trees sampled during the MCMC.
As above, bGMYC was run over 110,000 generations,
discarding the first 10,000 as burn-in and sampling every
100 generations afterward.

RESULTS

Empirical Test using Bonobos and Chimpanzees
Chimpanzees (Pan troglodytes; Blumenbach 1776) and

bonobos (Pan paniscus; Schwartz 1929) have been
considered as distinct species since the discovery of the
latter (Schwartz 1929; Coolidge 1933) and are assumed
to have diverged nearly 1 million years ago (Fischer
et al. 2004; Won and Hey 2005). As the distinction
between them is well supported both morphologically
and genetically (Hey 2010), it is a good empirical model to
test the performance of single-locus species delimitation
approaches on a data set comprised of two closely related
species.

The results are summarized in Figure 1. The mismatch
distributions of five markers were unimodal (regions
11, 13, 14, 15 and 16) whereas the others were bimodal;
however, among the seven markers that gave bimodal
mismatch distributions, three (regions 22, 29 and 30) had
bimodal distributions for intraspecific distances as well,
with modes indistinguishable from the distributions
of interspecific distances. The remaining four markers
(Fischer regions 21, 25, 26 and 28) had unimodal
distributions for intraspecific and interspecific distances;
for these markers the mode of the distribution of
intraspecific distances was smaller than the mode
for interspecific distances, but the two distributions
overlapped. Haploweb analyses properly delineated
chimpanzees and bonobos for 6 markers out of 12
(Fisher regions 15, 21, 22, 25, 26 and 28), whereas the
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FIGURE 1. Comparison of the performance of barcode gap detection, haplowebs and GMYC-based approaches to delineate species of bonobos
and chimpanzees using nuclear markers (Hey 2010). For each nuclear marker, the mismatch distribution and Sarle’s bimodality coefficient are
shown on the left side (in black), together with the distributions of intraspecific distances (in blue) and of interspecific distances (in red); the
corresponding haploweb is shown on the right side (chimpanzee alleles are in orange whereas bonobo alleles are in green). ST-GMYC and
MT-GMYC did not detect any significant split for any marker, whereas bGMYC considered some haplotypes as belonging to a distinct species
(circled in black on the haplowebs of Fischer regions 11, 16 and 21).

6 other markers lumped them into a single putative
species because of shared haplotypes. For each of the
12 markers, neither ST-GMYC nor MT-GMYC found the
mixed Yule–coalescent model to be significantly more
likely than the null hypothesis of pure coalescence,
whereas bGMYC analyses of some markers did single
out some individuals as probably belonging to a distinct
species (see boxes on the haplowebs of regions 11, 16 and
26) but never recovered the correct boundary between
bonobos and chimpanzees.

Barcode Gap Detection on Simulated Data Sets
We further analyzed the shape of the mismatch

distribution over a large range of parameters using
simulations. Boxplots of the resulting distributions
of Sarle’s bimodality coefficients are included in
Figure 2 for the global distributions and in Figure 3
for intraspecific versus intraspecific distributions,
whereas the global mismatch distributions are
presented in Supplementary Figure S1 (available
from http://dx.doi.org/10.5061/dryad.t7m5v) and the
interspecific and intraspecific distributions of distances
are plotted separately in Supplementary Figures S2
and S3 (respectively for three and six species).

Analyses of the distribution of Sarle’s coefficient
across replicate simulations revealed that intraspecific
distributions obtained using a pure coalescent model

(i.e., a single species) were at least as bimodal as the
global distributions obtained when simulating three or
six distinct species (Fig. 2). The lowest bimodality
coefficients were obtained not for intraspecific
simulations but for simulations of three or six species
with large populations sizes (106 individuals) and/or
low mutation rates (10−5 mutations per locus per
generation). When plotted separately (Fig. 3), the
distributions of Sarle’s coefficients for intraspecific and
interspecific mismatch distributions in simulations of
three and six species were in nearly all cases above the
5/9 bimodality threshold; although the values were
generally lower for intraspecific distributions than for
interspecific ones, the lowest values were obtained
for interspecific distributions with a low speciation
rate (10−7) combined with a high mutation rate (10−3

mutations per locus and per generation), in which case
Sarle’s coefficient was well under the 5/9 threshold.

Examination of the actual distributions of intraspecific
and interspecific mismatches across the three-species
simulation replicates (Supplementary Figure S2)
revealed that a barcode gap was consistently present
when speciation rate was low (10−7) and population
size was small (104 haploid individuals). All other
cases displayed some overlap between intraspecific
and interspecific distances; for combinations of high
speciation rates (10−6 and 10−5) and large population
sizes (105 and 106) the distributions of intraspecific
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FIGURE 2. Species delimitation results based on simulated data sets. tS refers to the speciation rate, Ne to the effective (haploid) population
size and tM to the mutation rate (number of mutations per locus per generation). The boxplots on the left summarize the distributions of Sarle’s
bimodality coefficient for the mismatch distributions: the limits of each box represent the 25th and 75th percentiles, the median is displayed as
a line dividing the box, and whiskers extend from the lowest value within 1.5 interquartile range distance of the lower quartile to the highest
value within 1.5 interquartile range distance of the upper quartile. The vertical line with a star indicates the threshold that separates unimodal
distributions (Sarle’s coefficient<5/9) from bi- or multimodal distributions (Sarle’s coefficient≥5/9). Haploweb and GMYC results are reported
in barplots with, from top to bottom, overlumping (hatched), oversplitting (crosshatched), indecision (in gray), and success (in black). For bGMYC
we report both the percentages based on the probability matrices (bGMYC1) and those obtained after a discretization and transitivization step
aimed at turning the probability matrices into species groupings (bGMYC2, see the text for further details).
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FIGURE 3. Boxplots summarizing the distributions of Sarle’s bimodality coefficients computed for (left) the distributions of intraspecific
mismatches (mismatches between sequences simulated for the same species) and (right) the distributions of interspecific mismatches (mismatches
between sequences simulated for distinct species). tS refers to the speciation rate, Ne to the effective (haploid) population size and tM to the
mutation rate (number of mutations per locus per generation). The limits of each box represent the 25th and 75th percentiles, the median is
displayed as a line dividing the box, and whiskers extend from the lowest value within 1.5 interquartile range distance of the lower quartile to
the highest value within 1.5 interquartile range distance of the upper quartile. The vertical line with a star indicates the threshold that separates
unimodal distributions (Sarle’s coefficient<5/9) from bi- or multimodal distributions (Sarle’s coefficient≥5/9).

and interspecific distances were indistinguishable.
Similar results were obtained for six-species simulations
(Supplementary Figure S3), except that a clear barcode
gap was only observed for one particular condition of
parameters: low speciation rate (10−7), small population
size (104 haploid individuals, i.e. 5×103 diploid
individuals) and high mutation rate (10−3 mutations
per locus and per generation).

Species Delimitation using Haplowebs on Simulated
Data Sets

Haplowebs generally performed best with markers
that were not very variable (10−5 or 10−4 mutations per
locus and per generation), in species with small
population sizes (104 or 105 gene copies, i.e. composed
of 5 × 105 or 5×106 diploid individuals) and, in the
case of three-species and six-species simulations, for
speciation rates that were not too high (10−7 and 10−6;
Fig. 2). The most frequent type of error observed with
haplowebs was oversplitting, particularly when dealing

with highly variable markers (10−3 mutations per locus
and per generation). When mutation rates were lower
some overlumping was also observed, especially for data
sets comprising a large number of gene copies.

Increasing sampling effort by sequencing 50
individuals per species instead of only 5 led to a decrease
of oversplitting in most cases when oversplitting was
a problem (as more heterozygote individuals were
sampled), but also to an increase of overlumping under
conditions when some alleles were shared between
species (as the probability of picking up rare instances of
allele sharing increased with sampling effort). This was
particularly apparent when dealing with one-species
data sets, in which case success rates ranged from 100%
(for a low variability marker in a species with a small
population size) to 0% (for a highly variable marker
in a species with a large population size). In the latter
case, only the two haplotypes of each heterozygote
were connected in the resulting haplowebs, leading
to the delimitation of each individual as a separate
species.
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Species Delimitation using GMYC on Simulated Data Sets
The error pattern obtained using GMYC was strikingly

different depending on the method used (Fig. 2). For
three-species and six-species simulations, the main
error observed was overlumping (for ST-GMYC with
both 10 and 100 genes copies sampled per species
and for MT-GMYC with 10 gene copies sampled
per species), whereas oversplitting was dominant for
MT-GMYC when 100 gene copies were sampled per
species and for bGMYC. For one-species simulations,
oversplitting was observed using all methods in amounts
ranging from moderate for ST-GMYC to very large for
bGMYC. ST-GMYC was less error-prone than MT-GMYC
and bGMYC for one-species data sets, but bGMYC
outperformed the other two for three-species and six-
species simulations (especially when the discretization
and transitivization step was applied, which removed
the otherwise very high uncertainty without increasing
much the error rate). GMYC approaches performed best
for low speciation rates (10−7), small population sizes
(104 or 105 haploid individuals) and markers with high
mutation rates (Supplementary Figure S4).

DISCUSSION

The empirical and simulated data analyzed here
suggest that species-poor data sets pose specific
challenges to species delimitation. Simulations of one-
species data sets showed frequent oversplitting using
GMYC as well as barcode gap detection and to
a lesser extent haplowebs, resulting potentially in
artifactual detection of non-existent species boundaries.
In the case of GMYC this is due to a known
limitation of this approach: ST-GMYC and MT-
GMYC require several internode intervals to fit the
“between-species” branching rates (Barraclough T.,
personal communication), whereas bGMYC does not
test whether the mixed Yule-coalescent model fits the
data significantly better than a pure coalescence (i.e.,
intraspecific) one (Reid and Carstens 2012; Reid N.,
personal communication). The observation that one-
species data sets give rise to multimodal mismatch
distributions that may be mistaken for evidence of
distinct species was less expected. In any case, it
appears that neither GMYC nor barcode gap detection
approaches to species delimitation are suited when the
hypothesis that all specimens sampled are conspecific
cannot be excluded a priori; haplowebs, in contrast, may
be used to test the hypothesis that the data set at hand
comprises only one species, provided that the marker
used is not too variable and that the sampling effort is
sufficient (as was the case in Adjeroud et al. 2014).

Our analysis of empirical data from 12 independent
nuclear markers in chimpanzees and bonobos showed
that GMYC-based approaches were unable to detect
the split between these two species for any of the
markers analyzed. Barcode gap detection performed
only slightly better on this data set: only 4 markers out
of 12 exhibited a barcode gap separating intraspecific

and interspecific distances; besides, in these four cases
there was a large overlap between intraspecific and
interspecific distributions. Haplowebs had the highest
success rate of all approaches in this example, with 6
markers out of 12 delimiting properly bonobos from
chimpanzees and the 6 other markers lumping them into
a single species because of shared alleles.

When dealing with three-species and six-species
simulated data sets, bGMYC and haplowebs
outperformed ST-GMYC and MT-GMYC in nearly
all cases. Our results for the GMYC-based approaches
are consistent with those of previous theoretical and
simulation analyses focusing on these methods. As
Esselstyn et al. (2012), Reid and Carstens (2012) and
Zhang et al. (2013), we found that the accuracy of GMYC-
based approaches decreases sharply with increasing
speciation rate, that is, when clades are undergoing
rapid radiation. In their analysis of the ST-GMYC and
MT-GMYC methods, Esselstyn et al. (2012) also pointed
at the joint influence of speciation rate and population
size on the accuracy of these methods. Similarly,
Fujisawa and Barraclough (2013) argued that the main
factor affecting GMYC accuracy was population size
relative to the divergence time among species.

Not unexpectedly, our results show that barcode gap
detection and haplowebs face challenges very similar
to GMYC: they work best in the “sweet spot” where
population sizes and speciation rates are low (and
mutation rates are high), and perform poorly when
population sizes and speciation rates are large (and
mutation rates are low). Hence, one may extrapolate
that no single-locus approach to species delimitation is
likely to ever be capable of delineating properly species
in cases when population sizes and speciation rates
are both large. Choosing a marker characterized by a
small effective population size and a high mutation
rate may alleviate this problem to a certain extent:
this is notably the case of mitochondrial markers such
as COI (as they are haploid and maternally inherited;
Moore 1995), but it applies also to nuclear ribosomal
markers such as ITS1 and ITS2 thanks to their concerted
mode of evolution (Navajas and Boursot 2003). Since
COI is only present in one copy per individual, it can
be analyzed using barcode gap detection and GMYC-
based approaches but not using haplowebs; whereas ITS
sequences of diploid individuals can be analyzed using
all three types of methods thanks to their heterozygosity.
For this reason, and because COI data sets are often
plagued with nuclear pseudogenes (Bensasson et al.
2001; Song et al. 2008; Buhay 2009), ITS may be a better
choice than COI for delineating species, especially now
that methods are available to phase nuclear markers by
directly sequencing PCR products without the having to
go through the costly and time-consuming procedure of
cloning them (Flot et al. 2006; Flot 2007, 2010; Dmitriev
and Rakitov 2008; Harrigan et al. 2008).

In contrast to single-locus approaches, multilocus
methods such as BPP (Yang and Rannala 2010; Rannala
and Yang 2013) and SpedeSTEM (Ence and Carstens
2011) may be able to deal with high speciation rates
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and large population sizes by leveraging information
provided by several independent markers; however,
future simulation studies will be required in order to
find out whether it is really the case and to compare
the performance of the various approaches available.
In addition to the parameters explored in the present
study, other challenges to species delimitation such
as extinction, introgression and singletons/rare species
(Lim et al. 2012) can also be simulated and we are
planning to address them in the future.
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