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Multispecies coalescent delimits structure, not species
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The multispecies coalescent model underlies many approaches
used for species delimitation. In previous work assessing the per-
formance of species delimitation under this model, speciation was
treated as an instantaneous event rather than as an extended
process involving distinct phases of speciation initiation (struc-
turing) and completion. Here, we use data under simulations
that explicitly model speciation as an extended process rather
than an instantaneous event and carry out species delimitation
inference on these data under the multispecies coalescent. We
show that the multispecies coalescent diagnoses genetic struc-
ture, not species, and that it does not statistically distinguish
structure associated with population isolation vs. species bound-
aries. Because of the misidentification of population structure as
putative species, our work raises questions about the practice of
genome-based species discovery, with cascading consequences in
other fields. Specifically, all fields that rely on species as units
of analysis, from conservation biology to studies of macroevolu-
tionary dynamics, will be impacted by inflated estimates of the
number of species, especially as genomic resources provide
unprecedented power for detecting increasingly finer-scaled
genetic structure under the multispecies coalescent. As such,
our work also represents a general call for systematic study to
reconsider a reliance on genomic data alone. Until new meth-
ods are developed that can discriminate between structure due
to population-level processes and that due to species boundaries,
genomic-based results should only be considered a hypothesis
that requires validation of delimited species with multiple data
types, such as phenotypic and ecological information.

multispecies coalescent | species delimitation | coalescent theory

M ajor advances in understanding the patterns of biodiver-
sity and the processes that generate those patterns are
being made with increasing rapidity, scope, and scale, as we study
species across the tree of life (e.g., refs. 1-3). These advances
take the boundaries of the species that constitute their funda-
mental units as known. Identification of these boundaries—that
is, species delimitation—currently is making increasing use of
genomic data under statistical model-based approaches, typi-
cally using the multispecies coalescent model (4), as opposed
to traditional taxonomic work based on phenotypic data. Cou-
pled with technological advances for collecting genomic datasets
across many individuals per putative species, inference under
the multispecies coalescent model provides us with consider-
able power in identifying recently diverged taxon boundaries.
For example, simulations show that we can delimit lineages with
extremely short divergence times, as with the popular program
BPP (Bayesian Phylogenetics and Phylogeography) (5). How-
ever, these remarkable gains have also paradoxically given rise to
a new challenge—determining whether what we delimited genet-
ically represents lineages isolated due to speciation or simply
within-species population structure. Population genetic structure
is ubiquitous among all taxa in which gene flow is reduced by geo-
graphic and/or environmental barriers (6). However, the extent
of population structure varies as the level of gene flow and time
of separation results in more or less evolutionary independence
among populations (7). With more loci, there is the possibility
of detecting ever-more-fine population structure and potentially
confounding population structure with species boundaries. As a
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consequence, the increased resolution of genomic data makes it
possible to not only detect divergent species lineages, but also
local population structure within them—that is, a fractal hierar-
chy of divergences.

Misidentification of population structure as putative species
is therefore emerging as a key issue (8) that has received insuf-
ficient attention, especially with respect to methodologies for
delimiting taxa based on genetic data alone. Because species
delimitation is inextricably linked to patterns of species diversity,
the models used to delimit species are not just limited to issues
about species boundaries, but are also paramount to understand-
ing the generation and dynamics of biodiversity (9-12). Conse-
quently, when the lines become blurred—delimiting species in
some cases, but populations in other cases—species delimita-
tion becomes a critical issue with ramifications across multiple
fields of study, such as, for example, the estimation of diversity in
macroecological studies (13-15), analyses of food webs (16), or
conservation, where oversplitting of small, isolated populations
based on genetic data could be detrimental (17). More funda-
mentally, distinguishing between species- and population-level
lineages is central to understanding the speciation process itself
(18, 19).

Not all populations become species. Instead, speciation theory
points to a continuum for the probability that a population lin-
eage will evolve into a new species (20). Depending on the extent
and duration of isolation and the form and strength of selection,
speciation becomes more or less a protracted process, with new
lineages only gradually and stochastically evolving from the ini-
tially isolated lineages into true species over time (18, 19, 21). This
process is in contrast to commonly applied birth—-death models,
in which speciation is abstracted as an instantaneous event, such
that all divergent lineages are treated as immediately forming true
species (22). Here, we investigate the robustness of species delim-
itation under the multispecies coalescent model when speciation
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Fig. 1.

(Left) The tree represents the true history upon which the gene genealogies (shown by thin purple lines) are conditioned, with the colors repre-

senting species. Note that here we show a single representative gene genealogy, with four individuals sampled per lineage, whereas in practice multiple
gene genealogies are sampled for delimiting species. This tree shows speciation as a process rather than speciation as an event. That is, the internal nodes
of the containing tree do not represent instantaneous complete speciation events, but, rather, initiation of the speciation process due to microevolutionary
processes that result in population isolation. Not all of the lineages that arise due to population isolation develop into true species. For example, some may
merge back into the other lineages of the same species in the future if whatever barriers led to their isolation were to be removed (i.e., the evolutionary
independence will be ephemeral because two populations belonging to the same species do not have an impediment to reproduction). Some of these
isolated incipient species lineages, however, do stochastically develop into true species (indicated by shift in color), so that they will remain distinct lineages
with independent evolutionary trajectories that do not merge back into their parental species, even if the isolation barriers were to disappear. (Upper Right)
The tree shows the results of inference under the multispecies coalescent using BPP, which includes the structuring both due to species boundaries as well
as due to lineage splitting as a result of population isolation. As such, the inference corresponds to the full structural history, but not the true speciation
history, which is shown by the tree in Lower Right. That is, the multispecies coalescent does not distinguish between structuring due to population isolation

vs. structuring due to speciation: It only identifies genetic structure.

is considered as an extended process rather than an instantaneous
event. Specifically, we simulate genetic data under a protracted
speciation model (21), such that the degree of genetic structure
accumulating among lineages differs (7), depending on the dura-
tion of speciation (21), and investigate the accuracy of inferences
from the popular model-based species delimitation program BPP
(4, 23, 24). Unlike birth-death models, which treat all lineages
equivalently, under the protracted speciation model, population
lineages are distinguished from species lineages (Fig. 1). In other
words, a lineage-splitting event does not correspond to an instan-
taneous speciation event, but, rather, an incipient speciation rep-
resenting, for example, the initial isolation of a new population.
This incipient species can go extinct or merge back into the par-
ent population at a particular rate, or, alternatively, if remaining
isolated for a long enough time, converts or develops into a true
species. The phylogeny generated by the protracted speciation
process, therefore, consists of a mosaic of population-level as well
as species-level lineages (Fig. 1), representing the dynamic and
chimeric nature of real-world speciation (7, 20, 25). For example,
the opportunities for geographic isolation and/or rates of repro-
ductive isolation differ among taxa (18, 19, 21). A large number
of species might be generated under a short period either due
to high rates of completion of speciation (e.g., the evolution of
reproductive isolation; ref. 25) or many opportunities for initia-
tion of species (e.g., many relatively isolated populations across
a landscape that contribute to the initiation of speciation; ref.
26). However, depending on which of these two parameters pre-
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dominate, the potential for inflating estimates of species diversity
through the delimitation of populations may differ substantially
among clades.

The objective here is to assess this potential degree of bias
for inferred patterns of species diversity with the multispecies
coalescent model to diagnose species given that (i) the spe-
ciation process is not instantaneous (18-21, 25, 26), and (i)
genetic structure is a chimeric pattern resulting from isolation
due to both population divergence as well as species bound-
aries because of the extended nature of the speciation pro-
cess (18, 19, 21, 26). Note that our study is not restricted to
any particular species concept. Instead, it is based simply on
the basic principle that there is a distinction between popula-
tions and species, which is recognized both empirically and the-
oretically (7). Different researchers need not agree on how the
distinction between populations vs. species might be operational-
ized or how divergence might proceed (i.e., we model divergence
in the absence of gene flow, but other demographic models
might be applied; for a model of divergence with gene flow,
see ref. 27). Unless the investigator explicitly assumes that all
and any genetic structure of any kind is attributable to species
boundaries, then distinguishing between these two sources of
structure is fundamental to the species-delimitation analysis.
Addressing this knowledge gap—can the multispecies coalescent
distinguish population-level structure and species boundaries—
is critical, given the advocacy for delimiting taxa under the
multispecies coalescent (28).
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Fig. 2. The performance of species delimitation under the multispecies coalescent when the data are generated under the protracted speciation model,
from simulations run for a fixed duration of time (5 units) under different species conversion rates. Speciation initiation rate was fixed at 0.5, while extinction
rates were either 0.0 and 0.2 (the plot does not distinguish between these different extinction rates, because these had no meaningful effect on the main
results or our argument). (A) Shown is the number of species per replicate inferred at a 0.95 probability vs. the number of true species on the input tree.
(B) Shown is the number of species per replicate vs. the number of lineages (i.e., both true species as well as lineages representing incipient species or
population structure). Generally, across all conversion rates, BPP tends to overestimate the number of species. However, what is striking is that BPP does not

track species, as seen in A, but, rather, tracks structure of any sort, whether incipient species or true species, as seen in B.

Results

Across all of the species conversion rates, BPP tends to over-
estimate the number of true species (Figs. 2 and 3). More-
over, at the lowest species conversion rates (0.001 and 0.1), the
species delimited by BPP are essentially random with respect
to the actual number and specific boundaries of species, aver-
aging 5-13 times more estimated species than actually present
in the data (Table 1). It is also worth noting that the errors
are all positive: BPP never underestimates the number of true
species and only overestimates them (i.e., there is a system-
atic bias in the inferred number of species). Only at the high-
est species conversion rates (10 or 1,000 times the rate of
species initiation) do the error rates become more moderate,
but the inferred number of species is still almost double the
actual number of species used in simulations (i.e., three to
six more species inferred than the actual number of species,
five; Table 1).

In contrast, if we focus our assessment on how much structure
is recovered by BPP (i.e., the delimitation of lineages, regardless
of whether they are true species or incipient divergences reflect-
ing population structure), we see that BPP does very well (Fig.
2). Although BPP tends to generally underestimate the number
of lineages, the error values are relatively low: a factor of 0.15 to
0.20, and rms errors (rmses) range from 1.76 to 3.17, across all
speciation conversion rates.

Our results show that, given the realities of speciation as an
extended process, the phylogeny that conditions the coalescent
process is a mosaic of population-level as well as species-level
structure (Fig. 1; e.g., ref. 29 vs. ref. 30). The number of true
species associated with a phylogeny will be much lower than the
number of lineages, and the degree of discrepancy between the
number of lineages and true species will vary as a function of
the conversion rate—that is, the rate at which isolated lineages
develop into true species (Table 2).

Sukumaran and Knowles

Discussion

The multispecies coalescent model diagnoses genetic struc-
ture and not species. Specifically, we show that the number
of “species” identified by the multispecies coalescent actually
reflects the genetic structure of the data, which includes both
population structure within species as well as structure between
species. Note that the focus of our argument is on the validity of
species delimitation under the multispecies coalescent model in
general, and not on the particular implementation of this model
as exemplified by BPP. There are other programs that imple-
ment species delimitation under the multispecies coalescent, but
they all use the same underlying model, and differences in results
in terms of the accuracy and level of resolution of the genetic
structure will be attributable to particularities of the implemen-
tation. Regardless of which implementation is used, as long as
the program or implementation uses the multispecies coales-
cent, our central thesis holds: what is diagnosed is genetic struc-
ture, with no distinction between structure due to populations or
due to species. What we present here are the conceptual, rather
than statistical or computational, implications of using the mul-
tispecies coalescent model for species delimitation, and these
implications are invariant with respect the particular program or
approach that implements inference under this model.

Likewise, we use the protracted speciation model (21) because
it allows for the generation of data that include genetic struc-
ture due to both population isolation and species. Obviously, data
might have been simulated under alternative demographies (e.g.,
divergence with gene flow; ref. 27. Irrespective of the divergence
process used to generate the genetic data, the conclusions of
the manuscript will not change radically—the multispecies coa-
lescent does not distinguish between genetic structure due to
population vs. species. It is possible that, under certain spe-
cific conditions, the erroneous inferences under the multispecies
coalescent may be lower than those we document here. For
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Fig. 3. The performance of species delimitation under the multispecies coalescent when the data are generated under the protracted speciation model,

from simulations run until five true species (indicated with dashed line) were produced under different species conversion rates. Speciation initiation rate
was fixed at 0.5, while extinction rates were either 0.0 and 0.2. (A) The number of inferred species at different speciation conversion rates is shown in
the box plots. The multispecies coalescent tends to overestimate the number of species when conversion rates are small and there is a long lag between
initiation and speciation, because it is diagnosing structure rather than species per se, and does not distinguish between structure due to incipient species
or population processes and structure due to actual species. This is clearly shown in B, where the number of lineages (which include incipient or population-
level lineages as well as true species lineages) is shown by the diagonal. The inference tends to track the number of lineages, rather than the number of

true species (five; shown by the dashed horizontal line), and thus not distinguishing between population or species.

example, the rate of gene flow between populations may be
high enough so that the structure due to populations will not
be detected under the multispecies coalescent, yet, conversely,
gene flow between species may be low enough such that the
structure due to species boundaries is strongly evident. How-
ever, in cases like this, the multispecies coalescent has not
suddenly gained the ability to distinguish between genetic struc-
ture due to populations vs. structure due to species. Rather, this
apparent discrimination is an artefactual one due to contriving
the relative gene flow rates between populations so as to erode the
signal due to population structure below the detection threshold
of the multispecies coalescent, while at the same time maintaining
the signal due to species structure above this threshold.

Consequently, if all the multispecies coalescent can identify
is genetic structure, it is not a justifiable model for delimiting
species, irrespective of which species concept an investigator
might apply. Our results indicate that the only way that BPP
in its current form can be validly used as a species delimitation
approach is if external information is used to make the determi-
nation. This external information can be an a priori hypothesis or
knowledge that all of the structure in the genetic data identified
by BPP do indeed correspond to species rather than populations,
or, equivalently, but perhaps much more unrealistically, the rate
of speciation completion is so rapid compared with the rate of
population isolation that species instantaneously form. Alterna-
tively, morphological, ecological, ethological, or other classes of
data must be used to correctly attribute the elements of structure
delimited by BPP to either species-level (31) or population-level
processes.

Dense spatial sampling of individuals and genomes, which
increasingly characterize many current studies, is leading more
and more to datasets where the primary structuring is a mix
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between lineages that have undergone speciation as well as
others that reflect spatial structuring of populations (32). We
expect this to be particularly a problem in cases where species
delimitation analysis is most needed—recent, rapid radiations,
where the processes promoting divergence will result in both
species and population structure. Even if it is recognized by
researchers using programs that implement the multispecies coa-
lescent for species delimitation that what is being delimited is not
so much species but structure—which the researchers are assum-
ing to be coincident with species boundaries—this distinction

Table 1. Sizes of species trees with different number of species
generated under the protracted speciation process under
different species conversion rates, c, the rate at which isolated
lineages develop into true species

Lineages Species
c Max Min Mean Max Min Mean
0.001 47 3 17.35 2 1 1.01
0.1 38 4 13.29 7 1 1.83
1 36 3 11.43 12 1 3.75
10 39 3 10.43 17 1 4.87
1,000 39 3 10.67 19 1 5.46

At the lowest conversion rate (0.001, or 500 times slower than the spe-
ciation initiation rate), on average only one actual species was generated
in each species phylogeny, even though the number of lineages ranged
between 3 and 47. At the highest conversion rate (1,000 or 2,000 times
faster than the speciation initiation rate), on average approximately five
species were expected on phylogenies that ranged in size from 3 to 39 tips.
Results here are based on a birth rate of 0.5 and extinction rates of 0.0 and
0.2 (see Materials and Methods for details).

Sukumaran and Knowles
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Table 2. Performance of the multispecies coalescent model as
implemented in BPP to delimit species under different species
conversion rates, ¢

Absolute Error Normalized
c Max Min Mean Error RMSE
0.001 31.00 2.00 13.16 12.96 13.16
0.1 29.00 1.00 9.25 5.65 9.25
1 20.00 —1.00 6.01 1.83 6.04
10 14.00 —4.00 3.70 0.92 3.88
1000 11.00 —3.00 3.46 0.72 3.68

“Absolute error” is the difference between the number of inferred
species and the number of true species in the simulation. “Normalized
error” is the absolute error divided by the number of true species simulated.
rmse is the square root of the square of the normalized error.

may be lost when their results are used by other studies or efforts
(33). These efforts include not only research in other fields, such
as ecology or evolutionary biology, but also in more applied con-
texts, such as conservation reporting, management, and policy
development, either at local or global levels.

When the results of species delimitation under the multi-
species coalescent are used in secondary studies, the fact that the
species identities follow from a postanalytical assumption of the
original researchers that the genetic structure corresponds only
to species boundaries and not populations, rather than a funda-
mental result of the analysis itself, is lost. Not only will the pos-
sible inflation of species numbers have consequences that may
go beyond the immediate findings of these secondary studies or
reports, but an important source of error will be overlooked by
reviewers, readers, or other consumers of these secondary stud-
ies. As such, until we develop genomic-based species delimitation
approaches that are able to discriminate between population-
and species-level structuring, it is important not just to recog-
nize, but for researchers to treat and report the units delimited
under the multispecies coalescent at best as tentative hypotheses
of species, to be confirmed or rejected through subsequent anal-
ysis or application of other data or information, rather than as
true species as such.

Materials and Methods

Our approach consisted of the following steps:

1. Generation of trees with population-level (incipient species) and species-
level (true species) lineages, under a model that explicitly models the
processes of speciation initiation and speciation completion.

2. Generation of coalescent gene genealogies conditioned by the structure
of the above trees under the multispecies coalescent, with multiple indi-
viduals per lineage of the structuring tree for multiple independent loci.

. Generation of sequence data alignments on gene trees for each locus.

4. Inference of species trees based on sequence data using a multispecies
coalescent inference program.

5. Comparison of the inferred vs. actual number of species in the original
species tree.

w

The simulation of the species trees was carried out by using the “Pro-
tractedSpeciationProcess” class of DendroPy (34), which provides for sam-
pling trees from the protracted speciation model. The protracted speciation
model is described in detail in refs. 21, 35, and 36, and we refer the reader to
those works for more information, because the focus of the current work is
not on the protracted speciation model as such. Here, we use the protracted
speciation model as a generative model that allows us to simulate speciation
as an extended process rather than an event, with a lag between initial pop-
ulation isolation or divergence of a lineage from an ancestral species and its
development into true species. In the original protracted speciation model
terminology, a lineage on an isolated evolutionary track that has not yet
developed into a true species is known as an incipient species, whereas lin-
eages that have developed into true species are known as “full” or “good
species” (here we use the term “true” species for this concept). In contrast
to the simple birth-death model, which simulates speciation as instanta-
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neous events and has only two parameters, a birth and death rate, the
protracted speciation model has five parameters: the incipient species birth
rate (the rate at which incipient species produce new incipient species), the
true species birth rate (the rate at which true species produce new incipi-
ent species), the incipient species extinction rate (the rate at which incipient
species lineages become extinct or merge back into their parent species),
the true species extinction rate (the rate at which true species lineages go
extinct), and the species conversion rate (the rate at which incipient species
develop into true species).

In our study, we set both the incipient species birth rate as well as the
true species birth rate to be equal (i.e., a common “species initiation rate”).
Similarly, we set both the incipient species extinction rate as well as the
true species extinction to be equal (i.e., a common “extinction” rate). Thus,
our use of the protracted speciation model can be considered to produce
trees under the conventional birth-death process, with the birth rate corre-
sponding to the species initiation rate and the death rate corresponding to
the extinction rate, with lineages on the resulting tree transitioning to true
species at the given conversion rate.

Two classes of simulation regimes were used: a “fixed duration” regime,
where the simulations were run for a total of 5.0 time units (resulting in
varying numbers of total lineages and true species), and two “fixed species
number” regimes, where the simulations were run until five true species
were generated on each phylogeny (with varying numbers of total lineages
per phylogeny).

For the fixed-duration regime, 20 phylogenies were simulated under each
combination of the following parameters for 5.0 time units:

e Species initiation rate: 0.5
e Species extinction rate: 0.0, 0.2
e Species conversion rate: 0.001, 0.1, 1.0, 10.0, and 1,000.0.

For the fixed-species-number regime, 20 phylogenies consisting of five
true species were simulated under each combination of the following
parameters:

e Species initiation rate: 0.5
e Species extinction rate: 0.0, 0.2
e Species conversion rate: 0.1, 1.0, and 1,000.0.

For all subsequent stages of analysis, we use the phylogeny so produced
(i.e., a mosaic consisting of both true species lineages, as well as the incipient
species lineages) as the species tree.

Gene trees were simulated under the multispecies coalescent model by
using the “ContainingTree” class of DendroPy (34). The phylogenies sam-
pled from the protracted speciation process in the previous step were used
as the containing tree, with haploid population sizes of each lineage fixed
to 100,000, and 10 individual genes sampled from each lineage. Sequence
alignments were simulated on the gene trees produced in the previous
step by using Seg-Gen. A total of 10 loci, consisting of 1,000 characters in
each locus, were simulated for each individual on each gene tree under
the Jukes-Cantor model using two different mutation rates: 10~¢ and 108
mutations per site per unit of time.

The set of alignments generated for each species tree were passed to BPP
along with the corresponding species tree as source data. BPP was set to
use the (true) species tree as a guide tree with searches under algorithm 0
(i.e., mode “10"); consequently, any errors in the delimitation of species was
not due to upstream analyses (37). Uniform rooted trees were used as the
species model prior. Priors for the § and = parameters were set such that the
mean corresponded to the true (simulated) values of each input dataset. A
total of 10,000 samples from the posterior were used, with samples taken
every 100 generations after automatic fine-tuning of proposal parameters
and a burn-in of 4,000 samples.

The BPP results were processed such that only clades with a 0.95 or
greater posterior probability were interpreted as true species: The summary
tree produced by BPP was traversed in preorder, and any internal node in
the original species tree that had a posterior probability of 0.95 or greater
was retained, whereas all other internal nodes were collapsed. The number
of tips in the postprocessed tree was taken to the be the number of species
inferred by BPP with a posterior probability of 0.95 or greater.

All plots were made by using the R package ggplot2.
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