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Why do we need the coalescent model?
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FIGURE 5.-Expected evolutionary relationships among four nucleons sampled from two pop- 
ulations, e.g., populations A and B, which diverged t generations ago. It is assumed that two 
nucleons are sampled from population A and the other two nucleons are sampled from population 
B. N is the effective population size in each population. 
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The multispecies coalescent model
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for obtaining gene tree probabilities given a species tree.
We discuss implications of gene tree discordance and the
‘multispecies coalescent’ for experimental design, and
review new approaches that allow for high levels of gene
tree discordance when inferring species trees. Finally, we
conclude with a proposed list of questions for framing
future investigations of gene tree discordance, incomplete
lineage sorting and multilocus phylogenetics.

The multispecies coalescent
Coalescent theory [1,2,17], which models genealogies
within populations, can be used to investigate probabilities
that gene trees have branching patterns (topologies) that
differ from a species tree topology. The basic model, which
we call the ‘multispecies coalescent,’ generalizes the
Wright-Fisher model of genetic drift [18–20], applying it
to multiple populations connected by an evolutionary tree.

The coalescent for a single population traces the ances-
tries of a subset of individual copies of a gene backward in
time from the present. Figure 1a depicts a population
shaded in blue with five (haploid) individuals, tracing
the ancestries of three of the individuals back ten gener-
ations. The population is assumed to have constant size
and nonoverlapping generations. Each gene is copied from
a random ‘parental’ gene in the previous generation. The
coalescent model approximates the process of choosing
random parents backward in time when the population
size is large relative to the number of sampled lineages
[18–20].

In population genetics, the coalescent is typically
applied to several individuals sampled from one popu-
lation. In phylogenetics, individuals from the same popu-
lation are usually assumed to be similar compared to
the differences that exist among populations (or species)
and, often, only one individual is sampled per population.

Box 1. Incomplete lineage sorting

‘Lineage sorting’ and ‘incomplete lineage sorting’ are used in
several ways by different authors. Some authors (including us)
use them primarily as descriptions of particular types of genealo-
gical pattern. Other authors use them to describe a process that
explains the gene tree discordance detected in genetic data, and
require that genetic data be investigated before the terms apply. Still
others describe ‘lineage sorting’ as ‘complete’ when polymorphism
no longer exists at a locus in descendant populations [22,75]. The
term ‘hemiplasy’ has been suggested [76] for gene tree incon-
gruence specifically caused by incomplete lineage sorting when
ancestral polymorphism is retained through speciation events.

An important insight from coalescent theory is that ancestry of
lineages can be modeled independently of the process of mutation
[18]. Thus, incongruent gene trees can occur even without ancestral
polymorphism – or without any present-day polymorphism.
Although detecting gene tree incongruence (or incomplete lineage
sorting) does depend on the occurrence of mutations, detectability
is conceptually distinct from whether incongruence (or incomplete
lineage sorting) exists. Because gene trees are expected to some-
times disagree with the species tree independently of the existence
of polymorphism, we suggest that ‘incomplete lineage sorting’ be
used only to refer to failures of lineages in a population to coalesce.
Whether such failures result in incongruent gene trees depends on
coalescences in ancestral populations. With this definition, incon-
gruence is not built into the concept of incomplete lineage sorting,
and the usage parallels the way HGT, gene duplication, hybridiza-
tion, recombination, natural selection and other phenomena are
cited as potential causes of gene tree incongruence.

Figure 1. The multispecies coalescent. Each dot represents an individual gene
copy, with each row representing one generation. Lines connect an individual gene
copy to its ancestor in the previous generation, one row higher. The width of a
population represents the population size, and the height represents time
measured in generations. (a) The coalescent in several populations. The four
populations shaded pink each have only one lineage (gene copy) sampled per
species. (b) Populations arranged by evolutionary relationships. Because the
lineage ancestral to the gene sampled from population C fails to coalesce in the
population in yellow, this lineage can coalesce with the D lineage before
coalescing with the lineage ancestral to the lineages sampled from populations
A and B. Consequently, the gene tree topology is ((AB)(CD)), whereas the species
tree topology is (((AB)C)D). (c) A gene tree in a species tree, obtained by ignoring
individuals that are not ancestral to individuals in the sample.
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scenarios, and how this may affect our interpretation of results.
Many tests for introgression are agnostic to the particulars of the
underlying introgression scenario and will therefore be significant
under different models. For example, the D-statistic can detect in-
trogression between nonsister taxa regardless of the direction of
gene flow (Martin et al. 2015; Supplementary Figure S3), or whether
introgression results in the formation of a new lineage (Kong and
Kubatko 2021). Other methods enforce a particular model of intro-
gression, even though it may not reflect the underlying data. For ex-
ample, HyDe (Blischak et al. 2018) is less accurate when estimating
the admixture proportion if its hybrid speciation assumption is vio-
lated (Kong and Kubatko 2021), while other tests explicitly require
the labeling of a putative admixed population under a lineage-
formation scenario (Peter 2016). Some statistical methods can ex-
plicitly distinguish among these scenarios. The D1 statistic (Hibbins
and Hahn 2019) tests whether gene tree branch lengths are more
consistent with hybrid speciation (Figure 6B) or postspeciation in-
trogression (Figure 6A). The MSNC implementation in BPP (Flouri
et al. 2020) may also be able to differentiate among a variety of pos-
sible introgression scenarios.

One additional obstacle to distinguishing among models of in-
trogression is a consequence of the information required by
machine-readable formats for representing phylogenetic net-
works. In general, methods return inferred phylogenetic net-
works in the Extended Newick format (Cardona et al. 2008), which
requires the specification of a bifurcating “parent” node that
occurs closer to the root than the “hybrid” node, which has two
incoming lineages. While it is possible for the hybrid node in this
format to represent a lateral gene transfer event that does not
have a parent closer to the root (Cardona et al. 2008), this format
is often not used to represent introgression (though it could be).

Visualizing these results often complicates their interpretation
even further. To highlight this, we inferred networks using
PhyloNet’s InferNetwork_ML method (Yu et al. 2014) for simulated
P3 ! P1 and P1 ! P3 introgression after speciation (see
Supplementary Figure S2) and plotted the results using three
popular tools (Figure 7): Dendroscope (Huson and Scornavacca
2012), IcyTree (Vaughan 2017), and PhyloPlots, which is part of the
Julia package PhyloNetworks (Solı́s-Lemus et al. 2017). All three
methods handle the placement of parent and daughter nodes dif-
ferently. Dendroscope visualizes the two incoming lineages to
the hybrid node with blue reticulations, which can erroneously
imply a lineage-formation or hybrid speciation scenario with P2
involved in hybridization when introgression is P3 ! P1
(Figure 7A). Because of the parent/hybrid node structure, all
three methods use nonhorizontal reticulations (Figure 7, A–F),
which may imply periods of independent evolution in the donor
population prior to introgression, even under an instantaneous

“pulse” scenario. The general use of reticulations to connect par-
ent and daughter nodes also heavily implies a discrete-time event
or series of discrete-time events, rather than a continuous win-
dow of gene flow as conceptualized in the IM model. While none
of the output networks contained branch lengths, the arbitrary
location of placement of the reticulations could imply an inferred
time of introgression. We should stress that PhyloNet’s
InferNetwork_ML method was accurate in its inferences about the
presence and direction of introgression (Supplementary Figure
S3)—it is only the visualization that is misleading.

The visualization of introgression results is especially difficult
when information on the timing and direction of gene flow can-
not be inferred. The software admixturegraph (Leppala et al. 2017)
plots a network representation solely from the results of a series
of D tests. We applied this visualization to simulated P3! P1 and
P1 ! P3 introgression (Supplementary Figure S2). The resulting
plots shown in Figure 7, G and H imply that P1 formed from hy-
bridization after periods of independent evolution in P2 and P3.
However, none of these processes are knowable from a D-statistic
result (because the direction of introgression cannot be inferred),
and this is not the scenario that produced the data. In general,
special care should be taken when visualizing the results of D-
statistics and related test statistics on a phylogeny, since they
only provide information on the presence/absence of introgres-
sion, and not the direction of introgression.

Clearly differentiating among different possible models of in-
trogression remains challenging. Care should be taken not to
overinterpret the results of methods that are model-agnostic,
or that rely on a particular model of introgression rather than in-
ferring it from data. This is especially true when interpreting
results from common machine-readable visualizations. If possi-
ble, hand-drawn “tube tree” representations (e.g., Figure 4) may
be more effective in accurately conveying the information avail-
able. If automated plotting software is being used, it appears that
the visualizations produced by PhyloPlots (Figure 7, E and F) are
most faithful to the true model of introgression.

Inferring the number of introgression events
A major challenge that remains in the inference of introgression
is how to assess the fit of different numbers of introgression
events inferred on the same tree. The mostly widely used meth-
ods are formulated to test for the presence of introgression vs no
introgression but provide no rigorous way to evaluate the number
of distinct introgression events. One approach is to perform
many quartet-based tests, and then to infer the most parsimoni-
ous set of introgression events by collapsing sets of positive tests
that share the same ancestral populations (Pease et al. 2016;
Suvorov et al. 2021). However, this approach is highly conserva-
tive, as it can collapse cases where there truly are multiple
instances of postspeciation introgression within a clade.
Additionally, it requires large datasets and the piecing together of
many quartets, which makes it impractical in many cases.
Nonetheless, such approaches can be used to generate a conser-
vative estimate for the minimum number of introgression
events.

Even with likelihood methods, estimating the number of intro-
gression events is not a solved problem. One issue is that adding ad-
ditional parameters to the likelihood model always improves the
likelihood score. This makes it necessary to penalize model com-
plexity when comparing estimated likelihoods. Unfortunately, the
information measures that are classically used to perform model
selection, such as AIC and BIC, do not adequately scale with the in-
creased complexity of adding a new reticulation to a phylogenetic
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Figure 6 Conceptualizing different models of introgression. (A)
Introgression between extant lineages. (B, C) Introgression that results in
the formation of a new lineage, differing only with respect to whether
there appears to be a period of independent evolution before lineage
formation.
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network. This is because adding a new reticulation does not just
add a single new model parameter—it adds a whole new space of
possible networks (Blair and Ané, 2020). AIC and BIC penalize the

increased complexity of model parameters, but not the increased
complexity of models within a set of parameters. The problem is
greater for methods based on pseudolikelihood such as SNaQ,
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Figure 7 Different visualizations of the same underlying phylogenetic networks. The left column comes from a network representing P3! P1
introgression, while the right column comes from a network representing P1! P3 introgression. The rows, from top to bottom, show visualizations from
(A, B) Dendroscope; (C, D) IcyTree; (E, F) PhyloPlots; and (G, H) admixturegraph.
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scenarios, and how this may affect our interpretation of results.
Many tests for introgression are agnostic to the particulars of the
underlying introgression scenario and will therefore be significant
under different models. For example, the D-statistic can detect in-
trogression between nonsister taxa regardless of the direction of
gene flow (Martin et al. 2015; Supplementary Figure S3), or whether
introgression results in the formation of a new lineage (Kong and
Kubatko 2021). Other methods enforce a particular model of intro-
gression, even though it may not reflect the underlying data. For ex-
ample, HyDe (Blischak et al. 2018) is less accurate when estimating
the admixture proportion if its hybrid speciation assumption is vio-
lated (Kong and Kubatko 2021), while other tests explicitly require
the labeling of a putative admixed population under a lineage-
formation scenario (Peter 2016). Some statistical methods can ex-
plicitly distinguish among these scenarios. The D1 statistic (Hibbins
and Hahn 2019) tests whether gene tree branch lengths are more
consistent with hybrid speciation (Figure 6B) or postspeciation in-
trogression (Figure 6A). The MSNC implementation in BPP (Flouri
et al. 2020) may also be able to differentiate among a variety of pos-
sible introgression scenarios.

One additional obstacle to distinguishing among models of in-
trogression is a consequence of the information required by
machine-readable formats for representing phylogenetic net-
works. In general, methods return inferred phylogenetic net-
works in the Extended Newick format (Cardona et al. 2008), which
requires the specification of a bifurcating “parent” node that
occurs closer to the root than the “hybrid” node, which has two
incoming lineages. While it is possible for the hybrid node in this
format to represent a lateral gene transfer event that does not
have a parent closer to the root (Cardona et al. 2008), this format
is often not used to represent introgression (though it could be).

Visualizing these results often complicates their interpretation
even further. To highlight this, we inferred networks using
PhyloNet’s InferNetwork_ML method (Yu et al. 2014) for simulated
P3 ! P1 and P1 ! P3 introgression after speciation (see
Supplementary Figure S2) and plotted the results using three
popular tools (Figure 7): Dendroscope (Huson and Scornavacca
2012), IcyTree (Vaughan 2017), and PhyloPlots, which is part of the
Julia package PhyloNetworks (Solı́s-Lemus et al. 2017). All three
methods handle the placement of parent and daughter nodes dif-
ferently. Dendroscope visualizes the two incoming lineages to
the hybrid node with blue reticulations, which can erroneously
imply a lineage-formation or hybrid speciation scenario with P2
involved in hybridization when introgression is P3 ! P1
(Figure 7A). Because of the parent/hybrid node structure, all
three methods use nonhorizontal reticulations (Figure 7, A–F),
which may imply periods of independent evolution in the donor
population prior to introgression, even under an instantaneous

“pulse” scenario. The general use of reticulations to connect par-
ent and daughter nodes also heavily implies a discrete-time event
or series of discrete-time events, rather than a continuous win-
dow of gene flow as conceptualized in the IM model. While none
of the output networks contained branch lengths, the arbitrary
location of placement of the reticulations could imply an inferred
time of introgression. We should stress that PhyloNet’s
InferNetwork_ML method was accurate in its inferences about the
presence and direction of introgression (Supplementary Figure
S3)—it is only the visualization that is misleading.

The visualization of introgression results is especially difficult
when information on the timing and direction of gene flow can-
not be inferred. The software admixturegraph (Leppala et al. 2017)
plots a network representation solely from the results of a series
of D tests. We applied this visualization to simulated P3! P1 and
P1 ! P3 introgression (Supplementary Figure S2). The resulting
plots shown in Figure 7, G and H imply that P1 formed from hy-
bridization after periods of independent evolution in P2 and P3.
However, none of these processes are knowable from a D-statistic
result (because the direction of introgression cannot be inferred),
and this is not the scenario that produced the data. In general,
special care should be taken when visualizing the results of D-
statistics and related test statistics on a phylogeny, since they
only provide information on the presence/absence of introgres-
sion, and not the direction of introgression.

Clearly differentiating among different possible models of in-
trogression remains challenging. Care should be taken not to
overinterpret the results of methods that are model-agnostic,
or that rely on a particular model of introgression rather than in-
ferring it from data. This is especially true when interpreting
results from common machine-readable visualizations. If possi-
ble, hand-drawn “tube tree” representations (e.g., Figure 4) may
be more effective in accurately conveying the information avail-
able. If automated plotting software is being used, it appears that
the visualizations produced by PhyloPlots (Figure 7, E and F) are
most faithful to the true model of introgression.

Inferring the number of introgression events
A major challenge that remains in the inference of introgression
is how to assess the fit of different numbers of introgression
events inferred on the same tree. The mostly widely used meth-
ods are formulated to test for the presence of introgression vs no
introgression but provide no rigorous way to evaluate the number
of distinct introgression events. One approach is to perform
many quartet-based tests, and then to infer the most parsimoni-
ous set of introgression events by collapsing sets of positive tests
that share the same ancestral populations (Pease et al. 2016;
Suvorov et al. 2021). However, this approach is highly conserva-
tive, as it can collapse cases where there truly are multiple
instances of postspeciation introgression within a clade.
Additionally, it requires large datasets and the piecing together of
many quartets, which makes it impractical in many cases.
Nonetheless, such approaches can be used to generate a conser-
vative estimate for the minimum number of introgression
events.

Even with likelihood methods, estimating the number of intro-
gression events is not a solved problem. One issue is that adding ad-
ditional parameters to the likelihood model always improves the
likelihood score. This makes it necessary to penalize model com-
plexity when comparing estimated likelihoods. Unfortunately, the
information measures that are classically used to perform model
selection, such as AIC and BIC, do not adequately scale with the in-
creased complexity of adding a new reticulation to a phylogenetic
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Introgression between extant lineages. (B, C) Introgression that results in
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B/C is reduced to t1. This reduction in the second split time in parent tree 3 occurs because the pres-
ence of loci from lineage B in lineage C allows C to trace its ancestry through B going back in time.
Since B is more closely related to A than C, this allows C to coalesce with A at an earlier time (Fig-
ure 2). Each introgression event is modeled as a discrete and instantaneous ‘pulse’ that generates
its own parent tree, and in our model we consider a single introgression event for simplicity. How-
ever, multiple events or introgression over a continuous time interval can be modeled by introducing
multiple pulses with different directions, timings, or probabilities. Each such event introduces its own
parent tree and set of gene trees.

Each parent tree can produce four gene trees under the multispecies coalescent process: one
tree from lineage sorting, and three equally probable trees from incomplete lineage sorting (Fig-
ure 2—figure supplement 1). In other words, introgression always involves ILS, as these are not
mutually exclusive histories. Each of these possible gene trees has five branches along which muta-
tions can occur: three tip branches, an internal branch, and an ancestral branch. A subset of these
possible gene trees within each parent tree can lead to hemiplasy, while homoplasy can happen in
any gene tree (Figure 3). Guerrero and Hahn, 2018 provide exact expectations for the probability
of a mutation on each branch of each genealogy in an ILS-only model. Before extending this frame-
work to incorporate introgression, the ILS-only model will be briefly described here, using a slightly
updated notation that will make it easier to include the effects of introgression.

Consider a binary trait that is incongruent with the described species tree, where species B and C
have the derived state and A has the ancestral state. We denote l1, l2, and l3 as the tip branches in
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Figure 2. A phylogenetic network (top) can be split into a set of parent trees (bottom) representing the possible histories at individual loci. The

probability that a locus is described by a particular parent tree depends on the probability of introgression (arrow labels). The horizontal ‘tube’ shown in

the phylogenetic network does not depict introgression over a continuous time interval, but rather shows the timing of introgression (tm) in an

instantaneous pulse, while allowing for coalescence to be visualized for loci that follow a history of introgression.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Each parent tree in our model generates four gene trees: one generated from lineage sorting (Panels A and E), and three

equally likely trees generated from incomplete lineage sorting (panels B-D, F–H).
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blue dots/branches). Under this assumption, the frequencies of
ABBA and BABA site patterns summed across many genomic loci
are expected to reflect the frequencies of underlying gene trees. If
the number of ABBA and BABA sites differs significantly, then an
asymmetry in gene tree topologies is inferred, with introgression
occurring between the species sharing the derived state more fre-
quently. Figure 3 depicts the scenario when the site pattern
ABBA is more common, implying introgression between P2 and
P3.

To make it comparable across studies, the value of the D-sta-
tistic is typically reported after normalization using the sum of
ABBA and BABA pattern counts, giving the following formula:

D ! ABBA" BABA
ABBA# BABA

;

where ABBA and BABA represent the number of sites of each
type. This statistic has an expected value of D! 0 if there is no
gene flow (see “High ILS” simulation condition; Supplementary
Figures S2 and S3). When used as a whole-genome test of intro-
gression between nonsister taxa, the D-statistic is robust under
many different scenarios (Zheng and Janke 2018; Kong and
Kubatko 2021), but can be affected by certain forms of ancestral
population structure (Slatkin and Pollack 2008; Durand et al.
2011; Lohse and Frantz 2014) (see Distinguishing introgression from
ancestral population structure for more discussion of this issue).

Despite the widespread popularity and relative robustness of
D, there are several important considerations and limitations to
its use, some of which are often overlooked. The first of these
concerns how to properly test the null hypothesis that D! 0. The
expected site pattern counts of the D-statistic can easily be calcu-
lated, so it may be tempting to use a parametric test for differen-
ces. However, such tests assume that individual observations

represent independent samples: this assumption is violated be-
cause closely spaced sites often share the same underlying local
genealogy, making them nonindependent. The pseudoreplication
that results from treating all sites independently leads to inaccu-
rate P-values. The solution to this issue is to use a block-
bootstrap (or block-jackknife) approach to estimate the sample
variance and then to calculate the P-value (Green et al. 2010). This
approach correctly accounts for correlations within blocks of
adjacent sites.

Although formulated as a genome-wide test, there are cases
where the D-statistic has been applied to look for introgression in
smaller genomic windows (e.g., Kronforst et al. 2013; Zhang et al.
2016; Wu et al. 2018b; Grau-Bove et al. 2020). However, the
genome-wide expectation under ILS alone that D! 0 does not
hold true for smaller genomic windows. Since a single nonrecom-
bining locus contains a single genealogy by definition, it is only
capable of generating one parsimony-informative biallelic site
pattern (again assuming an infinite-sites mutation model). The
consequence is that the value of D at a single locus can only be
#1, 0, or "1, depending on the local genealogy (i.e., only ABBA,
BBAA, or BABA). Therefore, even in ILS-only scenarios, there will
be regions of the genome with extreme values of D, either positive
or negative. This situation is more likely to occur in regions of
low recombination, as in these regions even large genomic win-
dows may only contain a small number of independent genealo-
gies. Highlighting this problem, Martin et al. (2015) found that the
variance of D is inflated in regions of low recombination, result-
ing in an excess of false positives if tests were to be performed on
a per-window basis. Similar caution is warranted when applying
D to inversions, as the entire inversion can act as a single locus
(cf., Fuller et al. 2018). For these reasons, while it may be informa-
tive to plot the value of the D-statistic along chromosomes, tests
using D should be applied only to whole genomes, or at least to

P1 P2 P3 O P1 P2 P3 O P1 P2 P3 O
B B A A A B B A

P1 P2 P3 O
A B B A

B A B A

Figure 3 Biallelic site patterns are informative of underlying gene tree topologies. Except for low levels of homoplasy, such patterns can only arise from
mutations (blue) on internal branches of the local genealogy. The occurrence of the incongruent site patterns “ABBA” (top middle) and “BABA” (top right)
are therefore expected to reflect the frequency of discordant gene tree topologies. With introgression between a specific nonsister species pair, one
incongruent pattern (bottom) can increase in frequency over the other due to the underlying asymmetry in gene tree frequencies.
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