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Abstract

Statistical Inference under the Multispecies Coalescent: Methods and Theory
by
Geno A. Guerra
Doctor of Philosophy in Statistics
University of California, Berkeley

Professor Rasmus Nielsen, Chair

The rising availability of genome-scale data for a large number of species has
allowed for more in-depth studies of the genetics between species using increasingly
sophisticated methods. The accumulation of pairwise differences between individ-
uals are indicative of how diverged they are in time. The multi-species coalescent
(MSC) has been the most popular framework with which to model the dynamics of
the coalescent process in the presence of species barriers, such as a tree structure.
Modelling using the MSC in the presence of increasing amounts of data (loci and
species) while maintaining feasible computational times is the main focus of many
emerging methods.

In this dissertation, I explore the use of the MSC in 3 different ways, using classical
and novel statistical analysis to provide insight into species divergence parameters. I
begin by constructing a novel statistical method for inferring species tree divergence
times and population size parameters for any given tree topology from sequence data.
The program COAL-PHYRE, presented here, makes use of the MSC marginally
between individuals, as [ demonstrate that pairwise information within the MSC is
sufficient to learn times and population sizes on a tree. My focus then shifts to the
derivation of the covariance between pairs of coalescence times and its application
to studying average pairwise differences and the commonly used statistic, Fgp. 1
confirm that estimates of Fgr are biased, and quantify the effect of not accounting
for this bias in different applications. I conclude by continuing to study the covariance
between coalescence times and its use in inferring species tree topologies. I define
a metric based on these statistics which, when paired with the minimum spanning
tree algorithm, provides estimates of species tree topologies. I provide partial proofs
of statistical consistency of the approach.
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Chapter 1

Introduction

The diversity of all walks of life we see today on earth is due to the process of
evolution over time [5]. This was likely begun with a single common ancestor where
new species were generated through a branching process across millions and billions
of years. The genetic relationship between species is therefore often modelled using
phylogenetic trees. A phylogenetic tree (or phylogeny) traces the evolutionary history
of species through time, with each node on the tree representing a distinct species.
Internal nodes are viewed as species which are the ancestors of all nodes subtending
it. While there may be some semantic difference, we use the terms phylogeny and
species tree interchangeably throughout. Species evolve and split into new species for
many reasons, including adaptation to new environments, and geographic isolation.
At a genetic level, species diverge by evolution through the continual acquisition of
new mutations across the genome.

1.1 Background

Due to the random accumulation of new mutations, comparing the differences in
the DNA sequence data of different species can be used to make estimates of the
divergence patterns in the past. Most notably during meiosis, the process of re-
combination, where aligned homologous chromosomes exchange tracts of their DNA,
allows a single DNA sequence to be a mosaic of genetic histories of one’s ancestors.
Studying different parts of the genome can result in differing estimates of the genetic
history of a set of individuals/species. This evolutionary history of a set of individ-
uals at a particular segment of the genome is known as a gene tree. Gene trees can
differ in topology (ordering of events) from the overall species tree for many rea-
sons, such as migration between species, gene duplication/loss, and most commonly
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through the random population genetic processes.

This genetic process is commonly modelled by the coalescent [20], which models
the likelihood of genealogies within a population. The process models the backwards
in time probability of finding time to a common ancestor when the parent of each
individual is chosen at random from the previous generation. A multi-species ex-
tension, known as the multispecies coalescent (MSC) allows for a local genealogy of
individuals from separate populations to be jointly modelled assuming a species tree
structure. Barring the presence of migration, individuals find a common ancestor
with an individual from another species at some time more ancient than the species
time of divergence.

The random process of finding a common ancestor, or coalescing, can potentially
result in a very recent, or very ancient time to a common ancestor (TMRCA). Under
the MSC, lineages in a single population can fail to coalesce, an event known as
incomplete lineage sorting (ILS). These failures to coalesce in the given time span
can result in gene trees which are incongruent with the species tree topology. Gene
tree discordance due to ILS is a common problem in phylogenetics, and is the main
focus of many researchers (see chapter 2 for references).

Another complicating factor in the estimation of local gene trees is the random
process of mutation. As sequence data is finite, and thus the amount of differing
mutations is also finite, estimating a time to coalescence between lineages comes
with some error. Disentangling gene tree discordance due to mutation from that due
to the MSC is a complicated problem. In chapters 2 and 3, we explore the effects of
estimation error from mutation.

1.2 Outline

As DNA sequencing costs have dropped dramatically in recent years, the availability
of large multi-locus sequences across many species is becoming increasingly more
common. The ability to model these large data sets in efficient ways to estimate
aspects of the unknown evolutionary history of the set of species. In this thesis,
I develop new statistical methods to make estimates of the evolutionary history of
species, and study the effects of estimation error on a set of existing theory, as well
as provide new theory to help quantify the error. While each chapter focuses on
a different problem in phylogenetics, they have the common theme of utilizing the
multispecies coalescent to model gene tree discordance due to ILS. The following
chapters can be succinctly summarized as follows:

e Chapter 2: COAL-PHYRE: A novel, scalable, method which models both ILS
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and mutational variance in sequence data to estimate species divergence times
and population sizes.

e Chapter 3: An exploration of the distribution of pairwise differences between
individuals using the MSC, and its applications to the error in estimates of
Fgr. This includes new theory on the covariance in coalescence times and in
the covariance of pairwise differences.

e Chapter 4: A fast summary method to estimate species tree topologies using
the covariance between pairwise coalescence times and the minimum spanning
tree algorithm.

Any software developed to accompany each chapter can be found on github, with
links in the respective chapters.



Chapter 2

A Composite Likelihood Method
for Estimating Species Tree
Parameters from (enomic Data
Using Coalescent Theory

This is joint work with Rasmus Nielsen.

Genome-scale data are increasingly being used for inferences of phylogenetic trees.
When using genomic data from multiple species it is common that different regions
of the genome have local topologies that differ from the species tree. One major
source of this discrepancy is incomplete lineage sorting (ILS) which is well-modeled
using the multi-species coalescent (MSC). Another source of gene tree discrepancies
is estimation errors arising from the randomness of the mutational process during
sequence evolution. There are two major groups of methods for estimating species
tree from whole-genome data: a set of full likelihood methods, which model both
sources of variance, but do not scale to large numbers of independent loci, and a
class of faster approximation methods which do not model the mutational variance.

To bridge the gap between these two classes of methods, we present COAL_PHYRE
(COmposite Approximate Likelihood for PHYlogenetic REconstruction), a compos-
ite likelihood based method for inferring population size and divergence time esti-
mates of rooted species trees from aligned gene sequences. COAL_PHYRE jointly
models coalescent variation across loci using the MSC and variation in local gene
tree reconstruction within a locus using a normal approximation. To evaluate the
accuracy and speed of the method, we compare the method against BPP, a powerful
MCMC full-likelihood method, as well as ASTRAL, a fast approximate method. We
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show that COAL_PHYRE'’s divergence time and population size estimates are much
more accurate than ASTRAL, and comparable to those obtained using BPP, with an
order of magnitude decrease in computational time. We also present results on data
from a set of Gibbon species to evaluate the accuracy in topology and parameter
inference on real data, and to illustrate the method’s ability to analyze data sets
which are prohibitively large for MCMC methods.

2.1 Introduction

With the continued rise of modern day sequencing technology, inferences evolutionary
relationships between organisms using multi-gene sequences has become the standard
in the field of phylogenetics. Bifurcating species trees are a common way to represent
these relationships, with branching points representing speciation events in the past.
While a species tree represents the history of these species as a whole, trees in
individual genome segments can have their own, potentially discordant, topology due
to horizontal gene transfer, gene duplication/loss, and/or incomplete lineage sorting
(ILS) [30]. The most ubiquitous of these, ILS, is of particular focus in the field [8], and
can be well-modeled using the multi-species coalescent (MSC) (see e.g., [40]). Many
methods exist to infer the species tree topology of a group of organisms using the
MSC in the presence of ILS, and are shown to be statistically consistent assuming the
gene tree topologies are known without error [23, 32, 29]. This assumption however
is unrealistic, as gene trees typically are estimated from sequence data, with a finite
amount of mutations present. The random process of mutation adds a second layer of
variation among gene trees, and ignoring this can lead to poor method performance
[14, 15, 21]. A class of Bayesian hierarchical methods exist, which jointly model gene
and species tree topologies in a full likelihood framework (e.g. [26, 7, 28, 10, 13, 57]),
and account for both coalescent and mutational variance, but these approaches have
been shown to be computationally intensive and not able to scale to large amounts
of genes or species [27, 31, 47].

Although it has been known for decades that gene trees can differ in topology from
an underlying species tree, a common approach to estimating trees and divergence
times to avoid gene tree estimation error still relies on concatenated “super-matrices”
of gene sequences (where multiple gene alignments are concatenated together to form
one large “super gene”). Under high levels of mutational variation, this concatenation
approach was justified as a way to pool information between highly noisy genes. [50,
25, 12] discuss results showing that concatenation-based approaches are not always
outperformed by more ILS-sensitive methods. In short, concatenation methods seem
to be predictably worse than coalescent based methods under high ILS (when there
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are short branches in the true species tree) and can even give high confidence to
incorrect topologies [43]. Away from these scenarios, concatenation can empirically
perform equal to or better than coalescent based methods. As such, concatenation
is still widely used for inferring phylogenies in many empirical studies.

Divergence time estimates have become an essential addition in phylogenetic
inference, as many studies utilize or require time-calibrated phylogenies, for example
in biogeography, or in modeling of character evolution [4, 41, 38]. In particular,
a challenging problem in phylogenetics is accurately inferring divergence times and
population sizes in the presence of mutational variance. The Bayesian method, BPP
[57] provides highly accurate results under the assumption of a molecular clock and
the Jukes and Cantor model of sequence evolution [18]. However, this method, along
with other Bayesian approaches, is unable to take advantage of the full information
in genomic data sets, and must instead subdivide data into smaller (~ 100) blocks
of loci to perform inference in reasonable amounts of time.

In this paper, we present a coalescent based method to jointly infer species di-
vergence times and ancient population sizes in the presence of mutational variance/-
gene tree estimation error. For a given topology, or set of k topologies, our method
COAL-PHYRE (COmposite Approximate Likelihood for PHYlogenetic REconstruc-
tion) uses a composite likelihood approach to estimate tree parameters from DNA
sequence data. COAL-PHYRE is able to analyze data with tens of thousands of
genes/loci and multiple individuals in each sampled species. We show that the di-
vergence time and population size estimates of COAL-PHYRE are comparable to
the more time intensive estimates obtained using BPP [57], with at least an order
of magnitude decrease in run time. We also compare to the popular approximate
likelihood method ASTRAL-IIT [58], to compare the accuracy of our method against
one that does not directly model mutational variance. Lastly, we analyze a data
set of Gibbon species previously analyzed by BPP in [44], and find highly similar
estimated parameters.

We consider a rooted bifurcating species tree S = (5, 7,7n) parameterized by
topology S, divergence times 7, and population sizes 7. See figure 2.1(a) for an
illustration. Given a recombination-free region of the genome, [, it is expected that
that species tree topology S and the true local gene tree G; will not always match
due to incomplete lineage sorting (ILS), which is common when branch lengths are
short relative to the effective population sizes. Let g; represent an estimated rooted
topology with branch lengths of the local ancestry from the region [. Note that g
need not be bifurcating if the available genetic data is unable to resolve splits in
the tree. This reconstructed gene tree is an estimate of the true local relationship
between individuals, G;. For any finite amount of information, (number of pairwise
mutational differences on 1), there is estimation variance in g;. If g, was known
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Figure 2.1: Contribution of coalescent and mutational variance. (a) Orig-
inal bifurcating species tree. (b) K gene trees, each a different realization of a
stochastic lineage sorting process on the original species tree. (c¢) Sequences created
from the mutational process on each gene tree. (d) Gene trees estimated from the
sequence data, which can differ in topology and branch length from the true gene
trees due to mutational variance.

without error, meaning g = G;, the MSC can be used to completely model the
variation within and across gene trees, such as in STEM [23]. In reality, however, G,
cannot be reliably estimated without sampling variance, and accurate estimation of
the species tree from a collection of estimated gene trees requires models accounting
for both the distribution of g; given G;, and G, given S.

2.2 Methods

Jointly modeling mutation and coalescent variation in a full likelihood framework has
been studied, but is a challenging problem. Unlike the coalescent process, incorporat-
ing a full model of the mutational process requires simulation that is computationally
intensive [14]. Existing approximation methods are unable to separate the effects of
the two sources of variance in their inference procedure, and simulation studies have
been required to test the methods’ accuracy under varying levels of mutational vari-
ance [15]. The authors of ASTRAL [32] studied the effect of mutational variance, and
proposed a data pre-processing weighted statistical binning approach [33, 1] where
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loci with a high “combinability” are used to estimate a single gene tree, and each
gene tree is weighted by the corresponding bin-size used.

Our goal is to incorporate the effect of mutational variance directly into the
likelihood in an interpretable way that is computationally tractable and scalable to
many genes. We propose studying the observed distribution of individual coalescence
times to do this.

We use the approximation that ‘noisy’ coalescence times (coalescence times es-
timated with mutational variation present) are well approximated by a hierarchical
model of the MSC with an added normal distribution to capture both the coalescent
and mutational variance, respectively. When coalescence times are estimated from
sequence data, the layer of noise from gene tree reconstruction error (mutational
variance) effectively smooths out the exponential-like distribution of the MSC, and
the times fit closely to this hierarchical model.

An advantage of this model is that it is straightforward to separate the effects of
the two genetic processes that generate the input data by studying the role of both
the MSC and the normal distribution. A more detailed introduction to the model is
left for later.

Our method takes as input a set of aligned sequence data, and a rooted species
tree topology (or set of topologies), and returns the inferred divergence times and
population sizes which maximize the composite likelihood of pairwise coalescence
times across the inputted loci, along with a likelihood, for each inputted topology.
We assume there is no recombination within a locus, and allow free recombination
between loci, and therefore assume loci are independent. To make use of the MSC,
we assume the sequences have evolved on the gene tree under a molecular clock.
Although not the goal of this paper, mutation rate variation between species can be
incorporated into the gene tree estimation process if the computed gene trees have
time measured in some real-time units as this satisfies the ultrametric property. We
model each estimated pairwise coalescence time at a locus as an independent draw
from a hierarchical MSC-normal distribution. The distribution of true coalescence
times is modeled by the MSC, under a proposed species tree S. Conditional on
those times, the normal distribution is then parameterized using the approximated
mutational variance, derived from properties of the Poisson distribution. Our goal is
to infer a set of divergence times and population sizes that maximize the composite
likelihood of the estimated gene trees.

Mutational variance

As is common in most species tree inference methods ([57, 32, 23] for example),
we assume that genomic data can be divided recombination-free regions, with free
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recombination between them. At any given locus, [, the underlying true gene tree G,
(including branch lengths) is not known but can be estimated from aligned sequence
data. This estimated gene tree g; is a topology with estimated coalescence times.

For a specific time on the estimated tree, we can decompose the estimated time
gi(7) into a mixture of two components: the true coalescent time G;(i), and then
the estimation error resulting from having only a finite number mutations on each
branch €,(7) (see figure 2.1). Mathematically, we can write this as:

9i(i) = Gu(0) + (i)

We approximate that error ¢(i), the difference between the estimated and the (un-
known) true coalescence time, as distributed with mean 0 and variance &(i), i.e.,
we assume that an unbiased estimator has been used to estimate g;(i). While G;(4)
can be modeled using the MSC, we use the Poisson distribution of mutations given
a coalescence time to quantify the variance & (i), meaning & (i) is a function of the
unknown true coalescence time G, ().

Under the infinite sites assumption, the number of mutations on a lineage is
Poisson distributed and the variance in the estimate of the coalescence time will also
follow that of a Poisson. In real life applications, the divergence between sequences is
often estimated using finite-sites models. However, even for these models the Poisson
variance might be a reasonable approximation and we will, in any case, evaluate all
estimators presented in this paper using simulations under finite sites models. The
component of the variance in the estimate of the coalescent time contributed by
mutational noise is then

&(i) = Var(3(i)|Gi(i)) = Var<ké(£) Gii)) - Var(kégz‘E)ng(i))
0L G o

02L2 0L

where w = &.

While using the variance from the Poisson, we will approximate the sampling dis-
tribution of coalescence time estimates with a normal distribution for computational
convenience. Figure A.1 illustrates examples of distributions of estimated coalescence
times produced under different mutation rates for a fixed locus and true coalescence
time G;(i), along with the variance approximated under a normal approximation.
Further details for the normal approximation is given below.
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The composite likelihood

The input for the algorithm is K sets of aligned sequences (h?, e h;(), where each
h; contains M haplotypes from locus j. We assume that the K genes are non-
recombining blocks of the genome, and allow free recombination between genes. We
allow for each locus to be of different length, and allow for missing characters in the
sequences. The rooted gene tree topology, g;, of M individuals with branch lengths
is estimated from haplotypes h_; at locus j from the pairwise number of differences
between the sequences.

We use a composite likelihood by maximizing the product of likelihoods of each
independent gene tree:

K

LS, - ax}) = [ [ £(@1S)

J=1

To evaluate the likelihood of an estimated gene tree g;, f(g;|S), we approximate it
by the composite likelihood obtained as products of the indiviudla likelihood func-
tions. For M individuals in the tree (M > N), we decompose the likelihood into @
univariate quantities:

Q
£519) = T[ Pota(01$)

where ) = (]\24 ) is the number of pairs of individuals in the data set. We index
each pair of individuals by a value i, (i € {1,2,...,Q}), where g;(¢) is the estimated
coalescence time of the pair indexed by 7 on gene tree j. Note that these () coalescence
times are not all independent, as there are only M — 1 unique coalescence times on
a tree of M individuals.

We model Pr(g;(7)|S) with a zero-inflated MSC-normal hierarchical distribution.
Due to the random process of mutation, the frequency of zero coalescence times
needs to be explicitly modeled, as the MSC-normal distribution does not adequately
account for the point mass of zeros.

MSC-Normal distribution

For two individuals, a,b (indexed by i), the divergence time for the species A, B
(a € A, b € B) is denoted by 74p. For a given locus, we observe some estimated
coalescence time g;(i) between the pair, based on the reconstructed gene tree at the
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locus. We know (assuming no recombination within the locus) that there is some
underlying, but unknown, true coalescence time G (7).

We model the distribution of location-adjusted true coalescence times, G;(i) —7ag,
using the coalescent with piecewise constant population size history, with population
sizes and times given by Sap. For notation’s sake, we assume the history is a sequence
of R population size- split time pairs {(n9, 70), - - -, (Nr—1, TrR—1) }, Where 1y = nap and
To = Tap. At each branch on the tree, we can calculate the likelihood of G; (i) given

the coalescence event occurs within the branch (Qj (1) € (TT,TT+1)). To get the

overall likelihood of G;(7), we sum over all the possible branches.

P(G,(0) = 2,6, € (7, 711)IS) = P(G,(i) > 718) 5~

I for 2 € (Try Trs1)
T

T

P(G;(i) = 28) = ) P(G;(1) = 2,6;(1) € (7, 7r:11)|S)

T

Il
o

Assuming G;(i) > Tap, and 79 = Tap.
Given G;(7), we view the distribution of g;(¢) as normally distributed around
mean G, (i), with variance wG; (i), as described earlier.

1 _ (x—z)2

(& 2wz
V2nwz

P(g;(i) = z|G;(i) = 2,w) =

Combining these distributions, we have

P(g;(i) = ©,G(i) = 2|S,w) ZP g;(i) = x|G;(i) = z,w)
X P(gj( ) =2,G,(1) € (TraTrH)’S)

_@=22 1 _zm
= P 2 > TT|S 2wz e 2nr
Z = = o

To get the marginal distribution of estimated coalescence times, we need to inte-
grate over the latent variable, G;(7), the true coalescence time, which takes values in

(TAB7 OO)
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(z z) 1 Z—Tp
P z > ’7—7, S 2wz e 20 z

/TAB TZ: 1) vV 27rwz MNr

R-1 Tr41 1 @ o? 1 .
= P(z > 71,.|S) e 2wz e 2 dz

—0 . V2Twz Ny

R-1

Q Tr
_ NP s )s) - g
4(w + 777“)

Where
Q(r) wwjn?
t wQ(r) + .
() <¢NHﬁ> with ¢(0)

erf(q / eV’ dy
VT

Accounting for no observed mutations

In studying sequence data it is common to encounter genes where two or more individ-
uals have identical sequences, especially when genes are short, or the individuals are
of the same species. In constructing a gene tree with no mutations between the two,
this pair of individuals would have an estimated coalescence time of 0. For a given
pair of individuals (indexed by ¢ on the tree), we can calculate Py(g;(z) = 0|S,w),
using the MSC and a Poisson distribution of the mutation process. From the Pois-
son, for a given coalescence time, G;(7), the probability of observing no mutations on
the branch of length 2G;(i) is p(g;(i) = 0/G; (i) = z,w) = e~*/*.

To obtain the unconditional probability of observing 0 mutations, we need to
integrate over all of the possible values of the underlying (and unknown) true gene
tree coalescence time, G;(i) € (0, 00):
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Bo(g;(i) = 0[S, w) = /Ooop(gj(i) = 019;(i) = z,w)p(G;(i) = 2|S)dz

We break the integral into regions of constant population size, indexed by r €
{0, ..., R — 1} and evaluate them separately.

Po(g;() = 018.w) = 3 P(Gy(i) > 7|9)

‘ / " P((0) = 0w, G500) = 2)P(G;(0) = 215, 7)dz

R-1

z2—Tr

T4l
P(Q](z) > Tr|8)/ %eiz/we_ 2 dz

o

<

=y
_

1
2n,w + 1

_ (Tr+1*7'r)

(e*Tr/w —e 21y _TT+1/M):|

P(G;() > 18)|

Il
o

r

Where 79 is the species divergence time for the pair of individuals indexed by i. Cal-
culating the quantity gives us the probability of encountering no mutations between
pair ¢ on gene j given species tree S, gene length £, and scaled mutation parameter
. To distinguish this probability from the MSC-Normal distribution also presented
above, we subscript the probability with a zero, Py(g;(7) = 0|S, 0, £), and write the
complete likelihood as

— N . Po(g](Z):O’S,w) if =0
Felg;(i) = I5,w) = {P(gj(i) — 2], 8,w) ifz>0

Likelihood weighting

In the calculation of the composite likelihood, the same information is used in multi-
ple probability calculations. For a given node in a gene tree, let n; be the number of
individuals on one side of the split, and ny be the number on the other. The compos-
ite likelihood would then use the information of that node split time n; x ny times,
which can become a large number for nodes deep in a gene tree. We apply a weight
to the terms of the likelihood to down-weight this redundant use of information. As
we do not observe the gene trees beforehand, we rely on the species tree topology to
create the weight values. For a pair of individuals, i = (i1,143), V(i) denotes the split
on the tree such that i, is on one side of the split, and 45 is on the other. Given V' (7),
denote ny(i) and ny(i) to be the number of individuals on each side of the branch,
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such that nq(i) X ny(7) is the number of pairs of individuals who share the same split
at V(7). Define weight

(i) = —
Wwyl\l) = —F~ 7~
v n1(4)na (i)
such that, for a given split V' (i),
wy(j) =1
JIV(H)=V ()

where j indicates a pair of individuals (j, j2) that share the same split event V(7).
We apply this weight to each term in the composite likelihood,

Po(g;(i)|S, w)*v

so that the weight of information applied to each split on the species tree is equivalent.
It should be noted that these weights are only used in parameter inference, as

using weights which depend on the topology can be problematic when comparing

topologies. COAL_PHYRE is able to run with and without the weights applied.

Data simulation

To test the effectiveness of parameter inference of COAL-PHYRE, we conduct sim-
ulation studies under varying species tree topologies, divergence times, population
sizes, mutation rates, and data set sizes. We simulate gene trees using ms [16] under
a bifurcating species tree with piece-wise constant population size and no gene flow
or migration after split. For consistency with the assumptions of BPP, we simulate
the mutation process using the Jukes and Cantor mutation model [18] through Seg-
Gen [39] to produce haplotypes under various mutation rates to introduce varying
levels of mutational variance. See Appendix A.2 for more details on the simulations.
Although we use a simple model of evolution with a Jukes and Cantor model, per-
formance using other models will likely be similar as long as gene tree estimation is
done under the same model as used for simulation.

2.3 Simulation Results

5 species asymmetrical tree

We simulate a tree of 5 taxa, with asymmetric topology (5, (4, (1, (3,2)))), where
species 5 is the outgroup, and 2 individuals sampled per species. The population
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size within a branch is simulated to be constant, but different between branches,
see Appendix section A.2 for exact simulation details. We compare our method,
COAL_PHYRE, to BPP [57] and ASTRAL-III [58]. COAL_.PHYRE and BPP pro-
vides seperate estimates of colaescence times and population sizes, while ASTRAL-III
provides estimates of the coalescence rate of each branch (recall coalescence rate =
branch length/ population size), but is unable to separate the two parameters. To ac-
commodate the comparatively slow run time of the MCMC-based BPP, we simulate
only 100 independent loci for each replicate. It should be noted that COAL_PHYRE
can handle much larger sets of genes with only modest increases in run-time. For this
data of 5 species, BPP and COAL_PHYRE provide estimates of all 4 split times, as
well as the 9 separate population sizes ( 5 modern-day species and 4 ancestral popu-
lations). ASTRAL provides an estimate of 4 external branch lengths, and 2 internal.
For each method, we provide as input the known species tree, and allow for param-
eter inference under the true topology. Note that BPP and COAL_PHYRE take as
input the sequence data directly, but ASTRAL requires gene trees to be provided.
As these simulations use the molecular clock, we use UPGMA to reconstruct gene
trees as input to ASTRAL. We simulate under two different mutation rates, 8 = 0.01,
and 6 = 0.001 (here 6 = 4nop where pu is the per generation per base pair mutation
rate), representing both high and low levels of mutation, with each locus chosen to
be 1000 bp long. Under the § = 0.01 simulation, the the variance in the estimate
of coalescence times is higher than for # = 0.01 because of the increased mutational
noise.

We simulated 40 separate replicates under the two mutation rates, and used
COAL_PHYRE, ASTRAL-III, and BPP to evaluate the accuracy of parameter re-
construction. The results of the estimation from all three methods can be seen in
figure 2.2.

We can see that the performance of ASTRAL deteriorates under the low mutation
rate model, as the method assumes gene trees are estimated without error, which
is violated when the amount of phylogenetic signal in each gene is low. Divergence
time estimates are nearly identical between COAL_PHYRE and BPP in the 0.01
mutation rate setting. Under the lower mutation rate, COAL_PHYRE tends to have
higher variance and uncertainty as to the true divergence times than BPP. However,
it is, similarly to BPP, approximately unbiased. Population size estimates are again
nearly identical between COAL_PHYRE and BPP under the 0.01 mutation rate
setting. For a lower mutation rate (0.001), the two methods are nearly identical in
accuracy for the external population sizes (1; ...75) and COAL_PHYRE has more
uncertainty than BPP in estimation of internal population sizes, reflecting the well-
known challenge of disentangling internal branch length from population sizes.

When comparing run times, ASTRAL completed on average in about 1 second per
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Figure 2.2: Full parameter estimation for the fixed species tree topology
(5,(4,(1,(2,3)))). Comparison of parameter estimates between COAL_PHYRE, AS-
TRAL and BPP by branch over 40 iterations, using 100 sampled loci each iteration.
The y-axis gives the standardized deviation from the true parameter value. In each
panel, the top plot represents a high mutation rate setting, where mutational vari-
ance is low, and the bottom represents a x 10 lower mutation rate, where mutational
variance is larger. A) A comparison of estimated scaled branch lengths (branch
length divided by population size) for the three methods. Only branches for which
ASTRAL can provide an estimate are included. B) A comparison of divergence
time estimates between COAL_PHYRE and BPP. C) A comparison of population
size estimates between COAL_PHYRE and BPP.
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replicate, much faster than either COAL_PHYRE or BPP, but requires pre-computed
gene trees before running. COAL_PHYRE outputs results for each replicate in, on
average, 1 minute whereas BPP required ~ 10 — 20 minutes to converge, both using
a single-core on a standard laptop.

8 species symmetrical tree

Here we simulate a balanced tree topology of 8 species with 2 diploid individuals
sampled per species. We simulate under the assumption of constant population size
within each branch, but population sizes vary among branches [RN: insert reference
to where full details can be found]. Again, we compare COAL_PHYRE to BPP [57],
and ASTRAL-IIT [58]. We simulate 100 independent sequences in each replicate, to
compare against BPP at a reasonable run time. Both COAL_PHYRE and BPP can
provide estimates of all 7 divergence times, and 15 population sizes (8 modern day,
and 7 ancestral). ASTRAL only provides estimates for the leaf population branch
lengths, and internal branches which are not directly adjacent to the ancestor of all
species in the tree, (so not branch ”1234” or 75678”). For BPP and COAL_PHYRE
we provide as input the sequence data, the mutation rate, and the known species
tree topology. To use ASTRAL, we provide a file of gene trees, pre-estimated using
UPGMA, as well as the known species tree topology.

We simulate under two different mutation rates § = 0.01 and # = 0.001 ( see
above 5 species simulation for discussion on units), with each sequence simulated to
be 1000 bp long (Figure 2.3). Similarly to the 5 species simulation, the branch length
estimates of ASTRAL are biased downwards for the low mutation rate setting. As
both COAL_PHYRE and BPP explicitly model the mutational noise, they do not
experience the same bias. BPP and COAL_PHYRE demonstrate approximately
the same level of performance at estimating divergence times and population sizes
in the species tree. In particular, both methods provide highly accurate estimates
of the leaf branch population sizes (7;,...n73). On a single-core laptop computer,
COAL_PHYRE completed each of the replicates in 3-10 minutes. We were able to
run BPP in approximately 30-60 minutes per replicate. We note that we allow BPP
to complete under the recommended settings.

2.4 Analysis of Gibbon Data

Here we analyze two full-genome data sets from [2] and [51] of four gibbon species:
( Hylobates moloch (Hm), Hylobates pileatus (Hp)), Nomascus leucogenys (N),
Symphalangus syndactylus(S), and Hoolock leuconedys (B). Gibbons (Hylobatidae),
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Figure 2.3: Full parameter estimation for the fixed species tree topology
(((1,2),(3,4)),((5,6),(7,8))). Comparison of the parameter estimation accuracy
between COAL_PHYRE (blue) and BPP (orange), and ASTRAL-III (red) using
100 independent genes, across 40 independent replicates. A) A comparison of
estimated scaled branch lengths (branch length divided by population size) for the
three methods. Only branches for which ASTRAL can provide an estimate are
included. B) A comparison of divergence time estimates between COAL_PHYRE
and BPP. C) A comparison of population size estimates between COAL_PHYRE
and BPP.

close relatives to humans and great apes, are found throughout Southeast Asia’s
tropical forests. A recent study, Shi and Yang, 2017[44] (hereby referred to as SY17)
used the MCMC program, BPP ([57]), along with a suite of other methods, to
attempt to resolve the phylogenetic relationship of these species. The results of the
study show there are two most likely species tree topologies, (H, (N, (B, S))), which
we will call Tree 1, and (N, (H, (B, S))), denoted by Tree 2. The authors also reported
estimates for the population sizes and divergence times on the trees. (Note H= (Hm,
Hp) indicating two subpopulations of the Hylobates species).



CHAPTER 2. ESTIMATING SPECIES TREE PARAMETERS 19

The data

The first data set (Noncoding) consists of 12,413 loci, each of 1,000 bp in length.
The second data set (Coding) consists of 11,323 coding loci, each of 200bp in length.
Within each data set one human haplotype (O) is used as an outgroup. There are a
total of 17 haplotypes at each locus, with two diploid individuals from each Gibbon
population, allowing for the estimation of leaf population sizes. See SY17 for a more
detailed description of the data.

Results

We use COAL_PHYRE to analyse each of these data sets to provide a likelihood
for each of the two topologies, and estimates of the divergence times and population
sizes for each tree. To compare with the results of BPP we assume the JC69 [18]
model of mutation. As well, we use mutation rate parameters consistent with the
means of the Gamma priors used in SY17.

Divergence time and population sizes estimates

The parameter values estimated using COAL_PHYRE, along with those estimated
using BPP in are presented in Tables 2.1, 2.2, 2.3, 2.4. In each scenario, we found
that COAL_PHYRE assigned the highest likelihood (between Tree 1 and Tree 2)
to topology (H, (N, (B, S))), consistent with the findings in SY17. Also, note that
population sizes are not reported for the human out group O, as only one haplotype
was used, and so there is no information to estimate 7no.

Under the most likely topology (Tree 1) our estimates of the parameters are over-
all quite similar between coding and noncoding data sets, providing some evidence
of internal consistency. To verify this, as suggested in SY17, we fit a regression
line, y = bx between the 5 parameter points (each point a pair of 7 divergence time
estimates, one from the noncoding dataset, the other from coding) to measure the
internal consistency of the estimates from COAL_PHYRE. Our analysis under Tree
1 finds 7y = 0.697(n¢) with r? = 0.988. This demonstrates that our timing esti-
mates are consistent between the two data sets, and that the mutation rate of the
coding data is about 2/3 the rate of the non coding loci. SY17 found a rate of 0.73
with 72 = 0.985, from their analysis. For the population size estimates (’s) of the
leaf populations (B, S, N, Hm, Hp) we find 1) = 0.951y¢) with a correlation of
r? = 0.995 compared to r? = 0.986 from SY17.

We can also compare the correlation between our results and the results from
BPP. Divergence time estimates for the (H(N(B,S))) coding data set show an r? =
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0.999 between the divergence times estimated between the two methods, with esti-
mates Tcoar_puyre = 0.817gpp . For the noncoding data set and tree (H(N(B,S)), we
find an r? = 0.9988 with Tcoar puyre = 0.9478pp. When comparing the leaf popula-
tion sizes we find, for the coding data set, ncoar_puyre = 1.43nppp with 2 = 0.995.
For the IlOIlCOdiIlg data set we find TICOAL_PHYRE — 0.9777]31)1) with 7“2 = 0.998.

We observe that our parameter estimates overall agree with the results of BPP,
differing mainly in estimation of internal population sizes. The largest discrepancies
occur on the (N(H(B,S)) tree (tree 2), which demonstrates how the two methods
handle fitting parameters to a potentially incorrect topology. We acknowledge that
SY17 observed BPP had mixing issues for such a large data set, and parameter
estimation with short branch lengths can become highly variable. The extremely
high population size estimate (which we write as “inf”) of nyps in the noncoding
tree 2 (N(H(B,S))) indicates that COAL_PHYRE attempts to model extremely high
ILS in the HBS branch, attempting to fit a zero-probabilty of coalescence in that
branch.

Each of the four tables demonstrates one run of COAL_PHYRE, which on a
single core is able to run on average in 10(%5) hours. As reported in SY17, BPP
took approximately 200 hrs for each analysis on a single core using the same data as
COAL_PHYRE.

Predicted distribution of estimated coalescence times

Parameters on the species trees are estimated to best match the distribution of esti-
mated coalescence times in the data, according to some likelihood function. In this
section we assess the fit of the predicted distribution of estimated pairwise coalescence
times of the Gibbon data when using the zero inflated MSC-Normal distribution im-
plemented in COAL_PHYRE.

For a given set of tree parameters (topology, times and population sizes), we
can study the resulting marginal distributions of estimated times. As we have two
sets of tree parameters for each scenario, one from each method, we can compare
the distributions predicted by each against the distribution of estimated times from
data.

We specifically study the most likely tree topology, Tree 1 (H,(N,(B,S))), param-
eterized by the sets of divergence times and population sizes from Tables 2.1 and 2.2
(see Figures 2.5 and 2.4, respectively). Using the parameter values estimated by both
methods, we can compare the predicted distribution under each set of parameters
against the actual sampled distribution from the estimates across loci, and against
one another to assess a level of ’best fit” to the data.
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Figure 2.4 shows the distribution of binned estimated pairwise coalescence times
from the data, along with the predicted distributions using the parameters of both
COAL_PHYRE and BPP for the noncoding data set under Tree 1. From the plot,
we can see that the predicted distributions between the two methods agree almost
exactly in each panel. Figure 2.5 is the same approach, using the coding dataset.

Across all distributions of estimated coalescence times, it is expected that COAL_
PHYRE should fit the data as well or better than the parameters from BPP, as the
parameters inferred by COAL_PHYRE are estimated to fit specifically this likelihood.

Each plot also shows the predicted fraction of sequences that have no pairwise
differences, as well as the observed frequency of zeros in the data. Comparing the
parameters from COAL_PHYRE and BPP on the accuracy of predicting the fraction
of zeros shows that BPP is slightly more accurate in this respect, on average.

Overall, the parameters inferred by each method fit the shape of the distribution
of estimates well.

Run times

Each of the four tables demonstrates one run of COAL_PHYRE, which on a single
core is able to run on average in 10(£5) hours. As reported in SY17, BPP took
approximately 200 hrs for each analysis on a single core using the same data as

COAL_PHYRE.
Table 2.1: Table of Gibbon results: (H, (N, (B, S))) coding

Method B Nns  NHm NHp NN
COAL_PHYRE 091 1.12 1.22 0.70 1.61
BPP 0.6 0.8 0.9 0.4 1.2

nBs Mg 1NBS THNBS TOHNBS
COAL_PHYRE 11.84 197 0.18 3.27 8.41
BPP 26.7 2.1 10.4 1.9 7.8

TBS TH TNBS THNBS TOHNBS
COAL PHYRE 165 096 2.11 2.12 10.87
BPP 2.13 0.8 2.7 2.75 11.9
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Table 2.2: Table of Gibbon results: (H, (N, (B, S))) noncoding

Method nB ns  MNHm NHp NN
COAL_PHYRE 0.90 1.18 1.21 0.62 1.81
BPP 0.9 1.3 1.3 0.6 1.9
nBs Mg  7NNBS THNBS T"OHNBS
COAL_PHYRE 17532 3.83 17.53 2.01 5.1
BPP 6.7 2.5 16.4 2.4 5.5
TBS TH TNBS THNBS TOHNBS
COAL_PHYRE 2.28 1.11  3.98 4.48 15.17
BPP 3.65 1.6 3.75 4.6 15.4

Table 2.3: Table of Gibbon results: (N, (H, (B, S))) coding

Method nB NS NHm  NHp NN
COAL_PHYRE 091 1.13 127 0.73 1.61
BPP 0.6 0.8 0.8 0.4 1.2

NBs NH 1HBS T"HNBS T"TOHNBS

COAL_PHYRE 3.87 1.43 2487 3.22 8.43
BPP 223 20 26 1.9 7.8

TBS TH THBS THNBS TOHNBS
COAL_PHYRE 166 1.04 1.82 2.14 10.85
BPP 1.9 1.0 3.0 3.05 11.5

Table 2.4: Table of Gibbon results: (N, (H, (B, S))) noncoding

Method B Ns NHm NHp NN
COAL_PHYRE 0.9 1.18 1.22 0.62 1.82
BPP 0.9 1.3 1.3 0.6 2.0

nBs Uizs NgBs "NHNBS T"OHNBS

COAL_PHYRE 3.73 112.32 inf 2.00 5.10
BPP 12.5 2.3 14.4 2.5 5.5

TBS TH THBS THNBS TOHNBS
COAL_PHYRE 2.29 1.12 4.16 4.45 15.17
BPP 3.75 1.6 4.3 4.8 15.25
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2.5 Discussion

Our simulations suggest that COAL_PHYRE provides estimates that are comparable
to BPP and much more accurate than estimates obtained using ASTRAL-III. We
observe a strong effect of mutational variance on estimates obtained using ASTRAL
in a low mutation rate setting. We acknowledge work done in [1, 33] which presents
a data pre-processing step to counter the effects of mutational variance for programs
such as ASTRAL which do not directly model it.

For the Gibbon data set, we showed that our method can analyze genomic-sized
data sets with similar performance to BPP, with an order of magnitude decrease
in run times. The composite likelihood approach of only using pairwise coalescence
times implemented and presented here seems to sufficiently capture the relevant
parts of the data needed to infer the tree parameters. COAL_PHYRE recovered the
same most likely topology as presented in [44], for both the coding and non coding
datasets. The largest discrepancies between our method and BPP in the analysis of
the gibbon data was in fitting parameters to tree 2, which both methods infer to be
an incorrect topology. We also see that large deviations in parameter estimates, can
have negligible effect on the estimated distribution of estimated coalescence times,
for example npg in Table 2.2, and the resulting effect in Figure 2.4.

When studying species tree estimation, it is typical to also study topology re-
construction accuracy. We have found in our simulations that ASTRAL is su-
perior in topology reconstruction, and with the speed of ASTRAL compared to
COAL_PHYRE, we do not make claims that our method is the better method for
inferring topologies. The information extracted and used from the data by the two
methods is largely orthogonal, ASTRAL uses purely the topological information
from each estimated gene tree, and discards all information on coalescence times,
whereas COAL_PHYRE only uses marginal coalescence times from each gene, and
discards topology information. This lends itself to the idea that the information
used in COAL_PHYRE and ASTRAL can be combined or that, at least, be em-
ployed in tandem. For example, it might be possible to use ASTRAL to estimate the
most likely topology (or set of topologies), and then using our method to estimate
parameters of the topologies of interest.

Lastly, none of these methods account for migration/gene flow between species
after divergence, something which is common in most real data sets. Failing to
account for this potential gene flow can affect topology inference as well as drastically
effect divergence time and population size estimation. Accounting for and modeling
potential sources of admixture is a next step for these parameter inference methods.
It is worth noting that a preprint for an extension of BPP implementing the full
MSC with introgression (MSci) has recently been released [11]. Identifying locations



CHAPTER 2. ESTIMATING SPECIES TREE PARAMETERS 26

of admixture and fitting admixture branches to a species tree are left to future work
for COAL_PHYRE.

More studies are needed to understand the robustness of the different methods,
for example with regards to substitution models or, and in particular, the effect of re-
combination within a block. Genomic data is not truly composed of free recombining
segments with no internal recombination, which is effectively assumed by all meth-
ods analysed in this paper. To address the problem of recombination within blocks,
a potential approach is to divide blocks into even smaller units, thereby increasing
the amount of mutational variance within each unit, but decreasing the probability
of recombination within the unit. As COAL_PHYRE is designed specifically to han-
dle increased variance in estimation, this could be a potential work-around in cases
where recombination might be a challenge.

Software Availability

Along with this manuscript, we provide code (implemented in C++) available for
download which implements the likelihood presented here, named COAL-PHYRE.
The code is implemented in C++ and freely available at https://github.com/
gaguerra/COAL-PHYRE.


https://github.com/gaguerra/COAL-PHYRE
https://github.com/gaguerra/COAL-PHYRE
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Chapter 3

Covariances of Pairwise
Differences on a Multi-Species
Coalescent Tree with Implications
for the Statistical Properties of
Sequenced-based Fgm Estimators

This is joint work with Rasmus Nielsen.

We here derive the variances and covariances of pairwise coalescence times in a
general phylogenetic model with piecewise constant changes in population size. We
use these expressions to derive the variance in average pairwise differences within and
between groups and to derive approximate expressions for the expectation and bias
of a sequence-based estimator of Fgr. We show that the commonly used estimator
of Fgr is generally biased and will consequently lead to biases in standard appli-
cations such as the estimation of effective rates of migration. We also explore the
accuracy of the common log transformation and ratio transformation for linearizing
Fst and show that the latter performs better. A freely available software package is
provided, STCov, to calculate mean, variances, and covariances in coalescence times
and pairwise differences, under arbitrary piecewise constant species phylogenies.
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3.1 Introduction

Takahata and Nei [49] derived expressions for the variance in average pairwise nu-
cleotide differences and Nei and Li’s ‘net number of differences’[35] (d). They as-
sumed a Kingman coalescent model [20] of two diverging populations, and an infinite
sites model of mutation [19, 55]. These classical results provided insights into when
the net number of differences can be used as a reliable estimator for species diver-
gence, and the appropriate sampling schemes to combat increased variance. However,
the results relied on the assumption of constant and equal population sizes among
populations and through time. Using the multispecies coalescent (MSC) we extend
these results to arbitrary piecewise constant population size histories along a phy-
logeny. To do so, we present general equations for calculating the covariance of
pairwise coalescence times, for any 2,3 or 4 individuals, arbitrarily chosen within
the phylogeny. We also derive expressions for the expected shared branch length
between sets of lineages. We provide a software package, STCov, for calculating
these quantities. We also use the results to study the sampling distribution of a
statistic measuring Fgr, [45], and the effects of sampling variance and demographic
changes on various Fgr-based measurements, and demonstrate potential large bias
when using Fgr estimated from a small number of segregating sites.

3.2 Average Pairwise Differences

Borrowing notation from Takahata and Nei [49], let dx and dy be the mean num-
ber of nucleotide differences between two (haploid) individuals sampled from within
population X or Y, respectively. Similarly, let dxy be the average number of nu-
cleotide differences between two individuals randomly sampled from populations X
and Y. We can calculate dx, dy, and dxy based on sample sizes of nx and ny from
populations X and Y, respectively, as follows:

2

dx = m Z Z K it
2

dy = —ny(ny .y Z Z k; i

1 nx ny
dxy = § E k’w
nNxny “—' “—
=1 j5=1
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Where k; ;# is the number of pairwise nucleotide differences between individuals ¢ and
-/
7.

To measure the net number of nucleotide differences between two populations,

Nei and Li’s [35] d is defined as

1
d= dXY — §(dX + dy)

The relationship between differences within and between populations gives an
indication of the degree of population subdivision. d specifically measures the excess
number of substitutions between populations, which quantifies the extent of diver-
gence between populations. These measures of species divergence form the basis
for many evolutionary analyses and are among the most basic and commonly used
inferential tools in modern population genetics.

Understanding the mean, variance, and covariance of these statistics (dy, dy,
dxy, d) under arbitrary genetic and species tree models is essential for their biological
interpretability, and considerable previous work has been devoted to understanding
their properties. Tajima [48], and Takahata and Nei [49] studied the variance of
average pairwise differences in a panmictic population, and in a split model with
constant population size. In a series of papers, Wakeley studied the variance in
pairwise differences in a general model of population sub-division [52], the average
pairwise differences in a model with migration [53]. He demonstrated the usefulness
of the variance as an estimator of recombination rates [54].

Here we extend this work to the general case of a multispecies split model with
no migration, but arbitrary piecewise constant population size along the phylogeny.
We derive exact expressions for the means, variances and, in particular, covariances
of coalescence times and of average pairwise differences as functions of the mutation
rate, sample size, divergence times, and effective population sizes. In order to do
so, we first derive the covariance of pairwise coalescence times and expected shared
branch length between pairs of lineages, under arbitrary piecewise-constant species
tree demographic models. We then use these results to demonstrate the effects of
various demographic, mutational, and sampling size changes on the distribution of
d, and extend the discussion to the investigate the statistical properties of Slatkin’s
Fgr estimator [45], and some of its various applications [37, 3, 17].
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3.3 Mean, Variance, and Covariance of Average
Pairwise Differences

In this section, we review previous results for the mean, variance and covariance
of average pairwise nucleotide differences for individuals sampled from two popula-
tions, X and Y, as functions of the individual pairwise difference terms (k; ., ki ;...).
Suppose 4,7 ,4",i"” are individuals from population X, and 7, 5/, 57, j are individuals
from population Y. By definition we have:

E(dy) = E(k; )

and likewise for population Y. Suppose i, 7 are individuals from X,Y respectively,
then:

Following the derivations in Tajima [48], Takahata and Nei [49], and Wakeley [53],
the variance and covariance of dx, dy, dxy, and d can be written as follows:

Var(dy) = {2}3:(/@,) +A(nx — 2)E(kipkiy) + (nx — 2)(nx — 3)
TLX(TLX — 1) ’
X E<ki,i’ki”,i”’)] — E(l{fi’i/)Z
1
Var(dy) = s [2B(k2 ) + 4(ny — 2)E(k; ks o) + (ny = 2)(ny = 3)
X E(kj,j"fj",jf”)] — E(k; )
Var(de) = nxTly [E(kij) + (ny - 1)E(l€i7]‘l{}i/’j) —+ (TLX — 1)E(ki,jki,j’) + (nX — ].)

x (ny — 1)E(ki,jki',j')} — E(ki;)”

1
Var(d) = Var(dxy) + [var(dx) + Var(dy) + 2Cov(dx, dy)] — Cov(dxy, dx)
— COV(dX)/, dy)

Lastly, formulas for the covariance of average pairwise difference terms:
COV(dX7 dY) = Cov(ki,i’v ij/)

with the result due to the fact that the covariance of sums can be decomposed into
the sums of covariances.
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Derived in [49], covariance equations involving the cross population:

2 -2
COV(dxy, dx) = n_E(ki,i’ki,j) + n);j

X X
ny — 2

E(ki ki j) — E(ki i) E(Kj ;)

2
COV(dXY, dy) = EE(I{:]’]I]{:Z’]) + E(kj7j’ki,j”) — E(kl7ll)E(kj7j/)

These expressions are all functions of the individual pairwise differences. In what
proceeds we demonstrate that these expressions can be generalized as functions of
pairwise coalescence times.

3.4 Pairwise Mutational Differences

In this section, we generalize previous work, [49, 48], by deriving expressions for
the covariance of pairwise differences under arbitrary demographic settings using the
coalescent. Throughout we will assume an infinite sites model [19, 55]. We first
review results on the mean and variance from previous work (e.g., [48], [49],[53]).

Mean and Variance

Recall that for a given coalescence time ¢; ; between two lineages, ¢ and j, the expected
number of nucleotide differences between the pair is equal to 2ut; ;, i.e.

E(ki;) = 2uE(t:;).

Under the assumption that mutations can be modelled by a Poisson distribution, it
follows that:
Var(ki;lti;) = E(ki;lti;)

Applying the law of total variance, we see:
O-zi,j = val'(km') = E(Var(k@ﬂti,j)) + Var(E(k:z-,j|ti7j))

= E(2ut; ;) + Var(2ut; ;)
= QME(QJ) + 4u2Var(ti7j)

and we can then get the second moment of the distribution of pairwise nucleotide
differences, E(k7;), from the definition of variance:

E(k};) = o, + E(ki;)? = 2uE(t; ;) + 81 °E(t; ;)
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Covariance

Let 4,7, j, 5" be four individuals from arbitrary populations. Let T be a local coa-
lescent tree relating the four individuals at a non-recombining region of the genome.
Here we show that:

COV(ki?i/, j,j’|T) = ,utm/mjd'/ (31)

and consequently, the unconditional quantity,
COV(k’Z"i/, k‘]’]/) = ME(ti,i’ﬁj,j/) + 4[,[,2COV(ti7i/, th/) (32)

where t; yn;; denotes the amount of branch length on 7" shared between the branch
connecting pair 7,7 and the branch connecting pair j,j’. Figure 3.1 provides an
illustrative example of this quantity, and the appendix section B.5 provides a more
technical treatment. To prove these results, we start by revisiting the idea that the
mutational process given a branch length follows a Poisson distribution. Given T,
with coalescence times t; 7 and ¢, from T', we know that

ki |t ~ Poisson(2ut; ) and k;j|t; ;o ~ Poisson(2ut; ;)

where 2t;;; is the amount of total branch length between the two individuals. A
key feature of the Poisson distribution is that the sum of Poisson random variables
also follows a Poisson distribution. To exploit this, let ¢;;;; denote the amount
of branch length on T shared by pairs i,7 and j,j’. The branch length between
i,7' not shared with pair j,j’ is denoted by ;;;;, with similar notation for pair
j,j" by swapping labels. We can decompose the branch lengths into the shared and
non-shared segments as:

iy = lignjy + iy and 2655 = tiin g + i jni

Notice that k; inj /| T, ki |T, and kj jn; |1 are independent Poisson random vari-
ables. Slmllarly, ki,i/ = ki,i’ﬂj,j’ + ki,i’\j,j’ and k‘jJ/ = ki,i’ﬂj,j’ + kj,j’\i,i'? where ki,i/ﬂj,j/a
kj i and k; ;o are independent of each other conditionally on 7.

We can expand Cov(k;, k; ;/|T) as follows:

Cov (ki kjjr|T) = Cov(kiwnsy + Kigng Kigngg + kjgniw|T)
= Var(ki, iy |T) + Cov(kiinj, ki |T)
+ Cov(ki i, kjjnii|T) + Cov(kiing i, kjjnii|T)
= Var(k; in;;|T)

= Ptiing,
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A Possible topologies
T, 15 T3 Ty

a b ¢ d a b ¢ d a ¢ b d a c b d
B Shared branch length

ta,bﬂc,d, = 0 0 Q1 + Qo Q3

C Expected shared branch length
E(ta,bﬂc,d) = E(Oq + 042|T3)P(T3) + ]E(Oé3|T4)P(T4)

Figure 3.1: (A-C) Explanation of expected shared branch length for 4 unique indi-
viduals. Blue lines indicate the branch length between individuals a and b. Red lines
indicate branch length between ¢ and d. Overlapping blue and red lines (along with
« terms) indicate shared branch length. The 4 tree topologies are representative of
the possible gene tree orderings, but it should be noted that these representative
trees assume a and b are exchangeable, as well as ¢ and d. The expected shared
branch length is a weighted sum of the shared branch lengths across all possible
topology orderings.

The overall result is that the covariance of pairwise differences given the coalescent
tree T' is equal to the mutation rate times the shared branch length.

To get the unconditional quantity, Cov(k; ., k; /), we apply the law of total co-
variance:

COV(I{?LZ‘/’ ]f]J/) = E<Cov(ki,i’7 ],]/|T)) —+ COV (E(kz7zl|T), E(kj7]/|T)>
= E(utiing) + Cov(2utiy, 2t ;)
= pE(t; 0y ) + 4 Cov(ti i, tiyr)
The case when we have only three unique individuals (k;;, k; ;) has the same
form, by replacing j' with i in the equations above.

Takahata and Nei [49] have previously derived formulas for the covariance under
constant population size, see Appendix section B.3 which presents their results and
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a comparison to the generalized results presented here.

3.5 Mean, Variance and Covariance in Pairwise
Coalescence Times

We assume species evolution follows a bifurcating species tree S = (S, 7,7), with no
migration. Each branch, i, of S is a parameterized by constant diploid population
size 1;, start time, 7;, and end time 7,(;), where p(4) is the parent branch of i. Let p be
the mutation rate (constant across the genome/species) per sequence per generation.
Time is measured in units of generations in the past. We implicitly assume that all
coalescent calculations here are conditioned on a fixed species tree S, although the
tree is not always indicated in the notation for the sake of simplicity.

Mean and Variance in Coalescence Times

Let t;; be the coalescence time of two individuals, ¢ and j sampled from species
X and Y, respectively respectively. For species tree S, denote the marginal tree
Sxy = (Txy,nxy) of two species, where Txy represents the set of divergence times
of species ancestral to both X and Y, indexed by (71,72, ...), where 7 := Dxy, the
divergence time for species X and Y. Similarly, nxy represents the corresponding
population sizes. Suppose there are V' > 1 intervals in Syy.

Under this marginal tree, we can analytically calculate the first two moments of
the distribution of ¢; ; as:
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\4 Tk4+1
E(t:;]S) = ZP22(Tth)/ ti i P(ti;|S, ) dts
k=1 Tk

Vv Thk+1 tlj 7<ti,j*7'k)
— E P22(7'1, Tk) —2 e 2y dt%]
k=1 Tk Tk

_ Th+1~Tk

v
:ZP22(71,Tk)[_(Tk+1+277k)€ 2+ T + 20

v Tk+1 t? _(tljiﬂ—k)
= Z PQQ(TI, Tk) / —’je 2n; dtl j

~ 2 gy —Tket1=Th) 2 2
- Z Poo(11,7) [ = (741 +4Thame +800)e % + 7 + dmyapy + 81

Where Py (7, ;) represents the probability that lineages ¢ and j fail to coalesce in
the time interval (7y,7x). Pao(71,7x) is the probability that 2 lineages which enter
the time interval at 7 (backwards in time) have not coalesced by time 7y:

S )]
Poo(1,78) = H e
T1<T<Tk
Note that the mean E(t;;|S), and variance Var(t;;|S) = E(t;|S) — E(t; ;|S)* of
coalescence times under the standard piecewise constant coalescent process are just
a simply weighted sums over coalescence intervals.

Covariance in Pairwise Coalescence Times

The challenge in calculating the covariance terms from a species tree, S, comes
from the combinatorial problem of integrating over all of the possible times and
orderings of the coalescent events along the multi-species tree. The general formula
for covariance in this case is

Cov(tii, tj|S) = E(tiunt; |S) — E(tio|S)E(t;5|S)
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where the last term is simply a product of independent expectations. The first term
on the right hand side of the equation is what we will focus on, in particular we
write:

E(tiit;|S) = / ti g P(t;0|S) / tia P(tii|ty o, S)dtipdt;

Ix Dy

where D, is the species divergence time between individuals 7,7 from S, where
D,y = 01if i,4" are of the same species (similarly for D; ;). We assume all coalescence
events must be at least as ancient as the species divergence time, (e.g. t; ;7 > D; ),
i.e. we assume no introgression or admixture.

To evaluate this quantity, E(t;t; ;|S), we consider 6 separate conditional cases.
Recall for a bifurcating tree of 4 individuals, there are 3 unique coalescence events.
The 6 cases correspond to the possible orderings of coalescence events for this local
tree of 4 individuals, given that we structure the joint likelihood as P(t;|t;,S)
X P(t;|S):

C1. t; is the first coalescent event.

C2. t;,+ is the second event, t; ; is the third.

C3. t;# =t as the third coalescent event.

C4. t; j is the second event, ¢; » is the third.

Cb. t; ;s is the first event, ¢; ;» is the second.

C6. t; ;s is the first event, ¢;  is the third.

Here, “first event” implies most recent, and “third” implies most ancient. Condi-
tioning on each of these 6 events, and evaluating each expectation separately, the
expression for the joint expectation becomes:

6
E(tiit;0S) =Y E(tit;;1|S, Co) P(CklS)
k=1

In the presence of no population isolation (all individuals from the same species),
but piecewise constant population size history, the set of recursions and integrals is
presented in its entirety in the appendix. This calculation is useful in the instance
that all 4 lineages survive to a common population without having coalesced with
one another, which occurs with some probability in each case.

Introducing a species tree structure on top of the 6 cases increases the number of
cases to consider. There are 5 general possible species tree configurations that can
arise, see figure B.11, located in the appendix. We have derived exact equations and
recursions to evaluate all 6 cases across the 5 general possible tree configurations,
and have implemented them in C+4++ code which is freely available to use (more
information in the code availability section). From this implementation we are able to
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calculate exact theoretical quantities for these statistics under any piecewise constant
scenario.

3.6 Accuracy of Coalescent Calculations

To demonstrate the accuracy of the coalescent equations above, as implemented in
our software, STCov, we compare the theoretical results against empirical estimates
from gene trees using ms, [16]. We test 2 demographic scenarios for a tree of species
X and Y: ny = nx, and ny = 2nx, where n represents scaled effective population
size. We assume nyy = nx in both scenarios. Let lineages 71, 19,73 originate in
population X, and lineages 71, j2, j3 originate in Y. We generate 500 independent
gene trees from ms for each demographic scenario (population sizes and divergence
time), and calculate sample mean, variance, and covariance terms. Overall we see
that the theoretical calculations from STCov match simulations (dots) well, while
variation in the empirical estimates can be attributed to a finite sample size.
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Figure 3.2: ny = nx. Theoretical results from STCov are plotted in black, with
dots representing empirical estimates from 500 independent local trees.



CHAPTER 3. COVARIANCE AND Fgr 38

0
5
|

_ o |
- -~ oc g_
5 - o " - ]
—~ < ~ N _]
£ Sl _°9 = 5 =7
= O [o) q = - am < m - = — ey
S q — < 5 © = N o
w o w w S o - S
0 (42]
- o~ © -
— . n -
<
e 4 0 _| — =
A B SV e T T 11 N
0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
XY Dxy Dxy Dxy Dxy
o]
[oe]
> © ©
| o S S
0 e el gl gl
~Y o Sho T £ S8 S
£ la S o S S 3
= L ! ! d
§,Po o g g3 &34 E
o P > > > >
B « O « 5 o o © [S)
i O o O3 oY O
o g
o
0 _| S © © 4 o
0 e R B R B © © T T T T
0 10 20 0 10 20 0 10 20
Dxy Dxy Dxy

Figure 3.3: 7y = 2nx. Theoretical results from STCov are plotted in black, with
dots representing empirical estimates from 500 independent local trees.

3.7 Accuracy of Pairwise Difference Calculations

In this section we evaluate the accuracy of our results under varying mutation rates,
divergence times and population sizes. We compare our results to simulated data
sets.

We compare 3 population size change models, denoted by 7y = 1nx, ny = 2nx
and ny = 10ny, and 3 mutation rates 2uny = 10,1,0.1, for a total of 9 simulation
scenarios. We present 1 of those scenarios here (figure 3.4), and leave the full set
of results to the appendix. While allowing for variance in the empirical estimates
from sample size, coalescent and mutational variation, there is strong agreement
between the theoretical and simulated results. Note that the theoretical quantities
assume an infinite-sites model of mutation, whereas our simulations are performed
assuming a realistic, finite-sites model. We choose to compare this finite-sites model
over simulations using a model of infinite sites to demonstrate the applicability of
the results to the types of data that will be used in practice.
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Figure 3.4: Average Pairwise Coalescent results, 2uny = 1, ny = 10nx. We
compare our theoretical results (black line) with simulated estimated values from

250 independent genes (red dots), nxy = ny = 10 sampled individuals.

3.8 Accuracy in Approximating Fgr

A direct extension of our discussion on the mean and variance of average pairwise
nucleotide differences is to the measurement, Fgr, for a given species tree, mutation
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rate, and sample size. Slatkin 1991 [45] presented a coalescent-based definition of
Fgr as a function of the difference in expected time to coalescence:

E(ti;) — 3 (Eti) + E(t;;))
E(ti;)

Where 4,7 are from population X, and j, ' are individuals sampled from population
Y. This definition of Fgr relies on estimates of average coalescence times, where
average pairwise differences in DNA sequence data are used as the proxy for the
unknown coalescence times. Discussed in [45, 17], for two populations X and Y, Fgr
can be estimated from sequence data using:

Fer = (3.3)

dxy — :(dx + dy) define
Fop ~ ZE(Y ) degs FS, (3.4)

As we have shown above, we can get exact expressions for the expectation, variance
and covariance of these sample average pairwise differences from theory, for a given
mutation parameter p and sample size. We can use these to study the accuracy of
the FgT estimator to Slatkin’s Fgr under an arbitrary species tree, S.

To begin, it is important to note that the mean of a ratio is not the ratio of
means, specifically it is the case that:

E(dxy) — 5(E(dx) + E(dy))  2uE(t;;) + p(E(tis) +E(t;;))
E(dxy) a 2pE(t:;)

E(FgT> 7& = FST

This implies that the estimator FSGT is potentially a biased estimator of Fgr, such
that Fgr — E(F$) # 0. To study this bias, we need an expression for the mean of
F$r. In general, there is no closed form for the mean of a ratio of dependent random
variables, so we will first simplify our terms, and then approximate the mean and
variance using a Taylor expansion. We can first simplify the expressions for E(F§}):

dxy — %(dX—de)) o 1E<dx+dy>

E(r) -5 2

dxy dxy

1d d 1 d d
Var(F$p) = Var(l - 5%) = ZV&r(%)

We are now interested in the mean and variance of the ratio (dx + dy)/dxy. We

can use a second order Taylor expansion of f(A, B) = % around the mean values,

(E(dx) + E(dy),E(dxy)), to get an approximation to the mean, and a first order
expansion around the means to get an approximation of the variance of the ratio

term:
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dX +dy E(dx) +]E(dy) COV(dX +dy,dxy) E(dx) +E(dy)
5( dxy )~ Edn)  Blda)? | Bldg)p )
B E(dx) + ]E(dy) 1
= E(dXY) — E(de)2 COV(CZ_)(, dXY) + COV(dy, dxy)]
E(dx) + E(dY
+ ]E(de>3 Var(de)

By rearranging terms, observe that E(F$;) is a function of Fgr, along with other
mean, variance, and covariance terms.

E(FG) =1 - JE( )

2 dXY
N 1 E(dx) + E(dY)
=~ QE(dxy)2 (COV(dx, dxy) + COV(dy, dxy) E(dxy) Var(de)
(3.5)
+Fgr

Using this, we can get an expression for the bias of E(F$}):
E(Fgr) — Fsr

~ QIE?(leY)z (COV(andXY) + Cov(dy,dxy) — E(dxy) )Var(de)>
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Similarly, we can get an first-order approximation for the variance of FgT:

1 d d
Var(F§) = ~Var <£>

4 dxy
¢ Vardx+dy) (o) +E@y))° o E(dx) +E(dy)
N4((]E(dx)+E(dY))2 )t o) T2

x Cov(dy + dy, dXY))
1 Var(dy) + Var(dy) + 2Cov(dy, dy) N (E(dx) + E(dy))2
4 (E(dx) + E(dy))” E(dxy)*

E(dx) + E(dy)
E(dxy)?

val"(dxy)

_9 (Cov(dx, dxy) + Cov(dy, dXY)))

Figure 3.5 shows the accuracy of the two Taylor approximations under a constant
population size model. The approximation for the mean is a good one, however the
first-order approximation to the variance is insufficient for low divergence times, as
it can be seen there are higher order terms involved. From this we decide that we
cannot approximate the variance in F§p well with this method, and do not pursue
this aspect further.

In what follows we will evaluate the bias in the FS; estimator under different
demographic and genetic parameters, using results for the mean of FgT.
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Figure 3.5: Fgt mean and variance approximation accuracy, 2uny = 1,17y =
1nx. (A) The approximated value to E(F§}) is shown as a black curve as a func-
tion of the divergence time Dxy for equal sample sizes n,,n,. (B) The first-order
approximation for the variance Var(F§;) as a function of the divergence time.
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Figure 3.6: Fgr approximation bias across divergence times. (A,C,E) On the
y axis are values E(F§}) and Fgr as functions of divergence time Dxy. We plot the
true value of Fgy in red, and approximations E(FS$y), for 2 mutation rates. (B,D,E)
The difference between the true Fgr (red line in adjacent plot) and the expected
sample quantity, to represent the bias in estimation. We simulated assuming equal
sample sizes nx = ny = 10. Each row of plots corresponds to different population
size history as indicated at the top of each. In all figures, dots represent simulated
estimates from 250 independent genes.
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Results for the Mean and Bias of FgT

In this section, we study the effects of varying demographic, and genetic parameters
on the expectation of FgT and consequently its bias as an estimator of Fgp. First we
start with a discussion on the differences between E(F$;) and Fgr, both as described
above. Suppose we had access to the true values, we calculate Fgr only using the
individual expectations of dx, dy, and dxy. We can write:

For E(dxy) — 5 (E(dx) + E(dy)) _ | 1E(dx) +E(dy) _ | 1E(tw) + E(ty)

E(dxy) 2 E(dxy) = 2 E(ty)

Immediately we can note that Fgr is not dependent on nx, ny or the mutation rate,
. Instead, it is solely a function of mean coalescence times, and is only variable in
the demographic parameter space. Also, notice the fundamental difference between
E(F$;) and Fgr is the term

E(dX - dy) s, E(dx) + E(dy)

dXY E(dXY)

It is known that ratio estimators are in general biased. Jensen’s inequality tells us
that for two random variables, A, B |

() > 24

with equality holding when A and B are independent. While dx + dy and dxy
are not independent due to a shared ancestry, this gives a sense of direction of the
bias. As the divergence time between X and Y becomes deeper (more ancient),
we expect dx + dy to become increasingly independent from dyy and E(FS;) to
become increasingly closer to Fgr. Figure 3.6 demonstrates the relationship between
E(FSGT) and Fgr under varying divergence times Dxy, population sizes, and mutation
rates y. As discussed above, the relative bias of F§ is much less under a deep
divergence model (Dxy = 20.0, in units of 2nx generations) as dx,dy and dyy are
more independent, compared to a more shallow divergence (Dxy = 1.0), where we
see in our example Fgp is 3 times as large as E(F§p[2unx = 0.1). Tt is clear that
FSGT is a good estimator of Fgr under very high mutation rates, however, it is biased
downwards for small values of p, although the bias is reduced for deep divergence
models.
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Bias in the Fgt estimator for gene flow

The value of Fgr is often used to estimate levels of gene flow between populations.
Wright [56] first derived the relationship between Fgr to estimate Nm in an Island
models, where N is the number of individuals in each deme (sub-population), and m
is the fraction of migrants into the deme in each generation. Hudson, Slatkin, and
Maddison [17] use this relationship to estimate Nm using the following expression:

1/ 1
< Nm >F_§<F_ST_1> (3.7)
where Fgr is an estimate from sequence data, i.e., FSGT in our notation. The results of
the simulations done in the paper show estimates using < Nm > are upward-biased.
There are two potential sources of this bias, the estimator function, < Nm >pg, and
the estimate, FgT. The scope of this paper concerns the role of estimator FgT, and
we can study the effect of this estimator compared to using the true value, Fgp. We
note that we do not intend to estimate or study gene flow in this manuscript, but
simply evaluate the accuracy of the function < Nm >p when an estimate of Fgr is
used.

To start, we can once again use a Taylor expansion to get an approximation for
the mean of < Nm >p, when using F§y:

1 dx + dy
E(< Nm >r) = -E
(< Nm>p) =7 <dxy—§(dx+dy)>
1 E(dyx) + E(dy)

B 4E(dxy) — H(E(dx) + E(dy))
Cov(dy +dy,dxy) — %(Var(dx) + Var(dy)) — Cov(dy,dy)
-~ (E(dx) +E(dy)) (E(dxy) — 5(E(dx) — E(dy)))
N Var(dxy) + 1 (Var(dx) + Var(dy) + 2Cov(dx, dy))
(E(dxy) — §(E(dx) ~ E(dy)))
Cov(dx,dxy) + Cov(dy,dxy)

(E(xy) — 3 (E(dx) - Bdy)))’

X

(3.8)

We can use this expression to study the difference between using the estimator FgT
and the (unknown) true value, Fgr in the expression for < Nm >p. Figure 3.7 shows
the difference between using Fgr and FgT in < Nm >p under different mutation
rates, population sizes, and species divergence times. From the figure we see that
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the expectations are, in fact, overestimates. In our figure, 10 individuals are sampled
from each population. We see that when the divergence time Dxy is low, the bias
relative to the true value is substantial, resulting in an estimate twice as large as
that would have been obtained using an accurate estimate of Fgp. For high values
of the mutation rate, u, this bias decreases rapidly as Dxy increases. For a low
mutation rate, 2uny, a bias of greater than 50% overestimation persists. Even at
high mutation rates, an upwards bias of about approximately 5% exists even at large
divergence time values. Note, however, that we do not see a large difference in the
bias across different population size models. The results here can explain (at least
a portion of) the bias seen in [17], that using an estimate of Fgr can result in an
artificial increase in the function < Nm >p.
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Figure 3.7 < Nm > approximation bias across divergence times. (A, C,
E) On the y axis are values < Nm >p as functions of divergence time Dxy. We
plot the value of using the true Fgr in red, and approximations E(< Nm >p |6),
for mutation rates = 10.0 and 1.0, in blue and green, respectively. (B, D, F) The
percent difference between < Nm >p using Fgr (red line in A) and the expected
sample quantity to represent the bias in estimation. We simulated assuming equal
sample sizes nx = ny = 10, and population size structure as indicated at the top of
each plot. For a fixed sample size, the expected sample quantity tends to overestimate
the ‘true’ value, with the amount of overestimation a function of ;4 and Dyy .
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Accuracy of log transform for linearizing Fgr

Under a neutral divergence model, Fgr has also commonly been transformed as a
linear approximation to the population divergence time, Dyxy. Discussed in [3],
and later in [37], is that given an estimate of Fgr, Dxy can be estimated by the
transformation:

Dxy o —log(1 — FSGT) (3.9)

Another commonly used transformation, presented in [46] relates the time of diver-
gence to a ratio of Fgr values:

G

. F
Dxy oc —3% (3.10)

Here we evaluate the accuracy of these transformations by approximating the ex-
pected value of each using similar Taylor expansions as earlier. Without having an
accurate approximation of Var(F$;), we can only make a first order approximation
of equation 3.9 such that:

E(—log(1 — Fgr)) ~ —log(1 — E(Fgp)) (3.11)

For equation 3.10, by plugging in the estimator for Fgr from equation 3.4, we find

Taking the expectation of this quantity,

F§ d
E(%) _ 2E<i> 1
By deriving a similar second-order Taylor approximation for the expectation on the
RHS, as we did earlier with E(M>, we get:

dxy

. ( dxy ) E(dxy)  Cov(dx,dxy) + Cov(dy,dxy)
dX =+ dy ~ E(dX) + E(dY) (E<dX) + E(dY))2
Var(dX) + Var(dy) + QCOV(dx, dy)
(E(dx) + E(dy))”

E(dxy) (3.12)

and we have a second-order Taylor approximation of the expectation of equation
3.10.
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Figure 3.8: Linearized Fgr estimates. Testing the linearity of two Fgr transfor-
mations plotted against species divergence time. On the left is the approximate mean
log transformed value. On the right is the approximated mean fraction transformed
value. Both using FgT as a proxy for the unknown Fgr. Plotted on the x-axis of both
is the simulated divergence time. The red circles correspond to empirical values of
E(—log(1 —Fgsr)) and E(Fst/(1 — Fgr)) to verify the accuracy of the approximation
(line in black). (A,B) correspond to the approximations under a constant population
size model. (C,D) correspond to the 7y = 107x imbalanced population size model.

In figure 3.8 we evaluate the linearity between these expressions and divergence
time (x versus y axis), and the accuracy of our approximations against simulated
data (dots versus line), under two different population size models. It is clear that
Slatkin’s [46] linear Fgr is a linear predictor of divergence time under the constant
population size model assumed in its derivation. However, under a model where
the population size of species Y is 10 times higher than X, the linearity disappears.
The log transformation of [3] and [37] performs worse and can only be used as a
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local-linear approximation. Across large values of Dyy, it demonstrates clear non-
linear behavior and Slatkin’s [46] transformation is preferable under all conditions
investigated here.

3.9 Discussion/Conclusion

In this paper we have discussed the equations needed to calculate exact values for
the covariance between pairs of coalescence times in a species tree model, under
piecewise constant population sizes. Using these expressions, we are able to get exact
values for the mean, variance, and covariance of average pairwise differences for a
given mutation rate and sample size. We have demonstrated that in the constant
population size scenario, we can exactly recreate the results of Takahata and Nei [49].
Using our results, we have further explored properties of Fgr and its approximation
F$; under a divergence model. In particular we demonstrate the downward bias in
Fgr estimation using sequence data, and show it is non-vanishing for low mutation
rates. As well, the results of the transformation used for gene flow estimation can
be biased upwards when using an empirical estimate of Fgr. Finally we study the
accuracy of a couple of commonly-used linear transformations of Fgr as approximate
measures of population divergence times, and find for equal population sizes, the
estimator proposed in [46] has the best performance, but when population sizes are
no longer equal, even this transformation shows deviations from linearity.

There are many interesting properties to study with the covariance in pairwise
coalescent times. In this manuscript we presented one such application, the distri-
bution of average pairwise differences. We hope that the software provided, STCov,
will allow for greater investigation into the properties and usefulness of these quan-
tities for estimating various species tree properties, such as topology reconstruction,
divergence time and population size estimation, gene flow and admixture detection.

3.10 Software Availability

Along with this manuscript, we provide code (implemented in C++) available for
download which calculates the various coalescent quantities presented here (means,
variances, covariances, and shared branch length). We have designed the code to be
very flexible to user inputted species trees. The program outputs exact quantities
for any user-defined rooted, bifurcating, piecewise-constant population size species
tree. The code is implemented in C++ and freely available at https://github.
com/gaguerra/STCov.
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Chapter 4

Statistically Consistent Species
Topology Inference using
Coalescent Covariance and
Minimum Spanning Trees

This is joint work with Rasmus Nielsen.

Methods for estimating species tree topologies have been on the rise with the
increase in the availability of large scale sequence data for many species. These
methods mainly focus on variation between local gene trees due to the process of in-
complete lineage sorting (ILS), with some also modelling the variance in constructing
each gene tree estimate from a finite amount of data, although the latter can be com-
putationally intensive. Here we define a new distance metric which can be used to
infer species tree topologies based on the estimated covariance between coalescence
events within local gene trees. We first demonstrate that this is in fact a metric
that uniquely defines a tree shape, and provide (partial) proofs that, in the limit
of infinite gene trees, the graph-theoretic minimum spanning tree (MST) algorithm
recovers this shape (statistical consistency). This approach is an extremely fast,
summary statistic based method that averages information across input sequences
to return an estimated species topology. We compare against the quartet-based
method ASTRAL on sets of simulated data under various sampling efforts.
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4.1 Introduction

It has become clear in recent years that trees relating a set of species at a local region
of the genome can differ from one another, and from the evolutionary history of the
species as a whole [30, 8, 36]. A highly common source of gene tree discrepancy
due to coalescent variation, incomplete lineage sorting (ILS), is an inherent result of
the stochastic coalescent process. The level of ILS is a function of the demographic
parameters surrounding the evolutionary history. Short branch lengths and large
ancestral population sizes on a species tree are where ILS is most present across local
trees. In the presence of high ILS, traditional methods that attempt to concatenate
multiple sequences and estimate a single gene tree, or estimate a most common gene
tree, have been shown to be potentially statistically inconsistent in the presence of
ILS [24, 9] and the anomaly zone [6].

The multispecies coalescent (MSC) framework has become the common way to
model deviations of gene trees from the underlying species tree. From a set of
estimated gene trees, a class of computationally efficient summary statistic methods
have been developed to estimate species trees using large amounts of genes, and
large amounts of species, for example [23, 58, 29]. Here we present a new summary
statistic method based on the previously unstudied covariance in pairwise coalescence
times, and show that a statistically consistent topology estimator exists using this
information.

In the previous chapter, we introduce theory and a package to calculate this co-
variance in coalescence times. Here we expand the theory to demonstrate that a
distance metric based on this covariance, specifically correlation, can be used to con-
struct a fully connected graph between all pairs of individuals, and a minimum span-
ning tree through this graph is guaranteed to reconstruct the species tree topology
accurately, under the assumption that the covariance terms are estimated without
error. As the covariance can never be known without variance in estimation, we
present empirical simulations to demonstrate the effect of estimation error from too
little genes, and its diminishing effect as the number of genes increases.

4.2 Tree Estimation Method

Constructing the fully connected graph Ggs

Let S represent a bifurcating, rooted, species tree of n species, labeled (1,...,n).
Viewing the topology of S as a graph, let each leaf node and branching point in the
tree represent a node on the graph. This is a graph consisting of 2n—1 nodes (labeled
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Ny, ..., Na,_1), with 2n — 2 edges connecting the nodes in a tree pattern. See figure
4.1A for an example visualization of n = 4 species. Take node Ny in the figure as an
example, this point on the tree represents the speciation event of species 3 from the
species ancestral to (1,2). We associate a random variable with node Ng which has
distribution equal to the distribution of time to coalescence between two lineages,
where one is a modern-day individual sampled from species 3, and one is from species
1 or 2. For a leaf node, e.g. node N5, we associate the random variable of the time to
coalescence for any two individuals sampled from species 2. A fully-connected graph
of these nodes can be denoted by Gs and can be seen in figure 4.1B.

We can define a distance between nodes on Gs as a function of their associated
random variables, as such:

Definition 4.2.1. For nodes Nx, Ny on species graph Gs, define the distance be-
tween the nodes (edge weight) to be

CO'U(Txl,xQ ) Tyl,y2>
\/ Var(Te1,z2) Var(Ty y2)

where x1 and xo are indiwiduals sampled from each side of the divergence event Nx
on S, and similarly for yi, yo. We assume that all 4 individuals are unique.

d(Nx,Ny)=1-—

The distance metric defined here is non-additive, the distance between two nodes
is not equal to the sum of weights on any non-direct path between the two.

To construct Gg, the topology of S must already be known. This is rarely known
exactly, and must be estimated. To be able to do the estimation, we must gener-
alize our fully connected graph Gs to something that can be constructed without
knowledge of S.

Constructing the fully connected graph ¢

In reality, we do not have the information necessary to determine which species
diverged at which node on the species tree. As such, the distance in definition
4.2.1 cannot be calculated without first knowing the tree, S. However, what can be
calculated is the distance between pairs of species.

Let G also be a fully connected graph, which requires no knowledge of & to
construct. For a set of n species, let G have M = (Z) + n nodes. Each node
represents one of the M pairs of taxa, allowing pairs of the same species. Here (Z)
represents the number of nodes where the pair of taxa are unique, i.e. species ¢ and
species j. The next n nodes represent pairs of taxa where both individuals are from
the same species, i.e. 7, i. We refer to the nodes on G as “pseudo-nodes” in this
paper as we reserve the proper term “node” to be a vertex on the species graph, Gs.
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Definition 4.2.2. For any two species, with species labels i, j, denote the pseudo-
node Z; ; € G, to be the speciation event of species i and j. Z; ; € G.

Definition 4.2.3. For pseudo-nodes Z; ;, Z1 on graph G, define their edge weight

to be:
CO’U(EJ, TkJ)

 /Var(T,,) Var(Ty)

d(Zi,j, Zk,l) — 1

Where T} ; is the time to coalescence for a lineage sampled from species 7, and
one from j. Again, note that this distance metric in non-additive.

Figure 4.1C gives a visualization of G from a set of n = 4 species, whose unknown
species topology is shown in panel A.

To clarify the use of the term ‘pseudo-node’, we use the term pseudo-node and
node as distinct terms to refer to the nodes of G and Ggs, respectively. All nodes,
Ny, are unique, but all pseudo-nodes are not necessarily unique. Each node (on Gs)
represents a unique speciation event in the evolutionary history of the set of species.
Each pseudo-node, however, only represents the speciation event for a single pair of
taxa, and this can be redundant for speciation events deep in a tree. Observe in
figure 4.1C that the pseudo-nodes grouped by a grey dotted circle are all represented
by the same, single, speciation event. This leads us to the following definition:

Definition 4.2.4. A pseudo-node Z; j; maps to a node Nx if the speciation event of
1 and j occurs at node Nx on species tree S.

This will be useful later on when we begin proofs of statistical consistency.

Estimating a tree topology

From a set of K gene trees of n species, we can estimate the edge weights of the
graph, G from sample variances and covariances. The goal is to estimate the species
tree topology, S. We do this using the minimum spanning tree algorithm over G.

Minimum spanning tree

From the fully connected graph, G, define MST(G) to be the minimum spanning tree
(MST). The MST is a graph-theoretic procedure which determines the dominant tree-
like pattern of the entire set of edge-weighted nodes by outlining the shortest path
of nearest-neighbor connections. In general, a spanning tree is an acyclic subgraph
which passes through all nodes contained in G. The MST is the spanning tree whose
total edge weight is minimized. Using Kruskal’s algorithm [22], the MST can be
found in Mlog(M) time.
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Tree topology from the MST

Given the constructed MST(G) from the set of distances, the estimated unrooted
species tree topology S can be discerned by pruning the MST. We use two steps
sequentially to prune the tree:

e Step 1: Prune MST(G)
— For any node Z, ; of degree 1, in MST(G), if i # j, remove node and its
edge from MST(G).
— Recalculate node degrees

— Repeat until all Z; ;,7 # j are of degree 2 or higher.
e Step 2: Contract MST(G)

— For any node Z; ; of degree 2, if i # j, contract node.
— Recalculate node degrees.

— Repeat until all Z; ;,¢ # j are of degree 3 or higher.

Here, contract consists of two steps. First, remove the node and its edges. Second,
add an edge directly between the two nodes formerly connected by the removed
node. Note that Step 2 is performed on the pruned version of MST(G) from Step 1.
Due to Step 2, any root node (for example node N7 in figure 4.1) will be removed.
This means the algorithm will return an unrooted species tree, and it is the user’s
responsibility to provide a rooting location/outgroup.

In what immediately follows, we will show that (conditional on a conjecture) the
MST algorithm is guaranteed to return the true topology when the covariance/vari-
ance between coalescence times are known without error.

4.3 Statistical Consistency

In this section, we prove (contingent on conjecture 1) that when the covariance
between pairs of coalescence times is known without error, that the estimated tree
via the MST algorithm is guaranteed to recover the true species tree topology.

Species tree S, known

First, we start with the proof of consistency when the tree is known. This is a sanity
check that the distance metric and minimum spanning tree approach is guaranteed
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S Us g

Figure 4.1: Graph Theoretic View of Species Trees: (A) A standard bifuract-
ing, rooted species tree, S of 4 species. (B) A fully connected graph, Gs between
the leaf and internal nodes of §. (C) Assuming the species tree S is unknown, and
therefore the nodes are unknown, a fully connected graph, G between what we call
“pseudo-nodes”, indicating the speciation event between a pair of species. A graph
G can be contracted/pruned into Gs once the species tree is known. In both (B)
and (C) an example spanning tree which matches the topology of S is highlighted in
black.

to return the correct tree. Given the species tree, we can reduce the fully connected
graph, G of M nodes to the much smaller complete sub-graph Gs of 2n — 1 nodes.
The set of nodes, NV, in this subgraph can be chosen randomly from the pseudo-nodes
that map to each node. By definition, Ny, ..., N,, are the pseudo-nodes Z 1, ..., Z, .
For an internal node N,, define X; and X, to be the sets of species on each side of
the node in §. We can arbitrarily choose any pseudo-node Z,, ., (x1 € Xy, 29 € X5)
to represent Nx.

Definition 4.3.1. For two nodes, Ny and Ny, and species tree S, define P(Ny, Ny)
to be the set of nodes in the path between the two nodes, obeying the edges of S.
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Lemma 1. For any two nodes (leaf or internal), denoted by Ny, Nj, and topology S:
d(NIa NJ) Z d(Nph Np2)
for all Npy and Ny € P(Np, Ny).

Proof. Let Ny and N; be nodes on species tree S. As well, let Nx be a node in the
path from N; to N; along S. We will first show that d(N;, N;) > d(Nx, N;) and
iteratively apply this rule to show that for any two nodes Ny, Ny in the path that
d(Ny, Ny) > d(Nx, Ny).

Decompose the distance matrix to note that:
d(Ny,Nj) > d(Nx, Ny)

is equivalent to

COV(ELQ,Y}LJQ) < COV(Txl,xz,Tijz)
0i0; B 020
where notation o, is the standard deviation in time to coalescence for a pair of
individuals originating at node N,.

Without loss of generality (WLOG), assume Ny is more ancient than node Nj.
(This must be true of either N; or N;) Observe that we can write the distribution
of coalescence times for pairs of individuals whose species diverge at node Nx as a
conditional function of the distribution of times at node N;. Let 7x and 7; represent
the timing of the nodes on the species tree S, (divergence times). Then we have:

d
Ti102 = Tinio|Tinie > Tx

dy o o e e .
where “=" indicates equality in distribution. We can use the law of total variance
to get an expression of o7 as a function of ¢%. Define random indicator variable

& — 1, W.p. P(ELZ‘Q > Tx|8>
0, w.p. 1-— P(T‘il,ig > Tx|8)

Note that T} jo is independent of @, as the pair of individuals (ji,j2) are distinct
from (i1,42), and marginally, T}, j» does not depend on these individuals. As well,
observe Tj ;5 is independent of T} j» conditional on the event (T}, < 7x), as the
event implies i1, 42 have coalesced before the lineages reach 7; (as 7x < 7;).
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The law of total variance of Tj; ;o gives us:
o7 = E(Var(Ti,»|®)) + Var(E(Ti,2|®))
= P(Thi2 > TX|S)VaT(E1,i2|ﬂ1,i2 > TX) + (1 — P(Th 2 > TX|3)>

2
X Val"(Til,iQ‘Til,iz < TX) + P(Th 2 > 7x|S) (E(ﬂl,iﬂﬂl,z’z > Tx) — ]E(Til,z'2)>

2
+ (1 - P(Til,m > 7'X|3)) (E('E‘l,iﬂﬂl,m < TX) - E(Tu,ﬂ))

Where observe Var(T; jo|Ti1 40 > Tx) = Var(Ty1 .2) = 0%. We can then write:
0} = P(Tini2 > 7x|S)o% +¢

where ( is a sum of non-negative terms, therefore is greater than or equal to 0.
Similarly, we can use the law of total covariance to get an expression for the term
COV(Tﬂ,m le,j2)i
COV(Til,m, le,j2) = E(COV(TiLzQ, le,ﬂ@)) + COV(E(Til,iz@), E(le,p@))
= P(Th2 > 7x,S)Cov(Ti12, T jo|Titie > Tx)
+ (1 — P(Ti0 > TX|8))COV<ﬂ1,i27le,j2|Tz‘1,z’2 < Tx)
+ P(Ti0 > 7x|S) (E(ﬂ1,z‘2|Tz‘1,z‘2 > Tx) — E(Tﬂ,ﬁ))
x [E(Tj g2l Tz = 72) — E(Tj32)]
+ (1 — P(Ti0 > TX|5)> (E(Tz‘Lz’ﬂTil,n < Tx) — E(Til,i2)>

X (E(El,j2|ﬂl,i2 > Tyx) — E('le,ﬂ))
= P(Ti1i2 2 7x|S8)Cov(To1 a2, Th j2)

As we have mentioned, marginally, T} jo 1L ® and so the last two terms equal 0,
as well, T} jo AL Ti1 40| (Tiug < Tz) making the second covariance term 0. We then
have the result:

COV(Tz'l,iz,le,jz) = P(Tﬂ,iz > TX|5)COV(Tx1,x2;le,j2)

With these two results, we observe:
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Cov(Tiro, Tjij2)  P(Tive > 72|S8)Cov(Ten w2, Ti1j2)
010y N 0/ P(Tivio > 7x|8)0% + ¢
< P(T140 > 72|S)Cov(Ty1 w2, Tj1 42)
oi\/ P(Tiio > 7x|S)0%
\/P(Tﬂ,iz > 7x|S)Cov(Th1 22, Tj1,52)
0j0x
< COV(Txl,xzyle,p)

0j0x

where the first inequality comes from ¢ > 0, and the second comes from 0 <
\/P(Tz‘l,iz > 7x|S) < 1.
So we have now shown for any three nodes, in order (Ny, Nx, N;), that:

d(Nr, Nj) > d(Nx, Ny)

To show the general case, let (N7, Nx, Ny, N;) be an ordering of nodes on tree S,
meaning Ny, Ny € P(Ny, Ny). Again, without loss of generality assume node Ny is
more ancient on the tree than Ny, and Ny is more ancient on the tree than N;. We
will show that d(N;, Nj) > d(Nx, Ny). To do so, first consider the triplet of nodes
(N7, Nx, Ny), from above we know

d(N;,Ny) > d(Nx, Ny)

Next, consider the second triplet of nodes (Nx, Ny, N;), as we have already removed
N from the expression. Applying the result above again, we see:

d(Nx,Ny) > d(Nx, Ny)
which gives us our result:
d(Nr,Nj) > d(Nx, Ny)
for any nodes in the path from N; to N; on species tree S. O

We have defined the metric d(-, -), with the property that the direct distance be-
tween any two nodes is greater than or equal to any individual distance on the path
connecting them via species tree S. Denote the MST of graph Gs to be MST(Gs).
Assuming each edge weight is unique, the MST is unique.
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Theorem 1. For the fully connected graph, Gs, induced by metric d(-,-) on tree S,
known, the minimum spanning tree, MST(Gs), is the same unrooted topology of leaf
nodes as the species tree S, assuming the distances d(-,-) are known without error
and no two distances are exactly the same.

Proof. We will show this result by showing that all edges that are not in species tree
S cannot be in any minimum spanning tree of Gg, and therefore only edges matching
S remain. To do this, we exploit the cycle property of MSTs.

The cycle property states that for any cycle C in the graph: The edge f in cycle
C whose edge weight is larger than every other edge in the cycle, cannot be an edge
in a MST. This is easily proven using a contradiction argument.

Let N; and N; be any two non-adjacent nodes in species tree S (meaning there
exists some other node Nj such that to traverse from N; to N; via § you must pass
through Ni). Define cycle C; ; to be the set of edges which connect Ny and N, on
tree S, as well as the direct edge connecting N; and N;. Combining the result of
Lemma 1, and the assumption that no two distances are exactly the same value, it
is true that d(N;, N;) is the maximum edge length in C; ;. Therefore, by the cycle
property, the edge directly connecting N; and N; cannot be in any MST.

By iteratively applying this argument to all pairs of nodes which are not directly
adjacent on tree S, we see that no edge directly connecting the pair can be in a
MST. Therefore, the only path which remains to connect all nodes is the same path
as S. [

Species tree, S, unknown

In practice, we do not directly know the internal nodes. Instead, we have distances
between all M pseudo-nodes, pairs of lineages. To show statistical consistency still
holds in the presence of pseudo-nodes, it suffices to prove that the distance between
two pseudo-nodes which map to the same node, Ny, is smaller than the distance from
either of the two pseudo-nodes to a pseudo-node which does not map to N;. If this
is true, than the minimum spanning tree result above still holds, as all pseudo-nodes
which map to the same node will cluster with one another, forming a node on the
tree. This section relies on a (currently) unproven conjecture:

Conjecture 1. For any two pseudo-nodes Z; j, Zy,; which both map to a node Nx,
and any pseudo-node Z,,, which maps to a node Ny more ancient on S than Nx:

A(Zig, Zr1) < min(d(Zig, Zuny)s A Znt, Zowy)
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In the proof of the following lemma, we consider a pseudo-node Z,,, which does
not map to a node Nx. There are then three possibilities to where this pseudo-node
could map to: a node more recent on §, a node more ancient on S, or a sister-node on
S (meaning it is not an ancestral node to Nx, nor Nx to it). Conjecture 1 accounts
for the case when the node is more ancient than Ny.

Lemma 2. For pseudo-nodes Z; ;, Z; which both map to node Nx, and any node
Zw,y which does not map to Nx:

A(Zig, 1) < min(d(Zig, Zun)s A Zt, Zawy) )
Proof. WLOG assume that d(Z; j, Zwy) < d(Zy,, Zw,y), then it suffices to show :
d(Zij, Ziy) < d(Zij, Ziy)

There are three cases to consider here: 1. Z,,, occurs more recently on S than Ny,
2. Z,,4 occurs more anciently than Ny, and 3. Z,,, maps to a sister node of Nx.

1: Let Z,, occur more recently than Ny. Then, similar to the proof of Lemma
1, we can write T}, as a conditional expression of T, ,:

Ty < Twy|Twy > Thy
Applying the laws of total variance and covariance, we see:
Var(Ty,) = Var(Ly,) P(Twy > Tii|S) + ¢
Cov(T;j, Twy) = Cov(Tyj, Tit) P(Twy > Ti|S)
where ( is a sum of non-negative terms. Applying these results we get the following:
Cov(Tij, Twy)  Cov(Tij, Thy) P(Twy > Th|S)

040w,y Jij\/\/ar Tkl)P(T wy = Tkl‘S) +C
Cov(T”,Tkl VP(Tyy > 714|S)
0i,j0k,1
S COV(’I‘Z'J‘, TkJ)
04,50k,

which implies d(Z; ;, Zx,;) < d(Z; ;, Zy,,) for case 1.

2: Let Z,,, occur more anciently than Nx. We must currently conjecture this is
true (see conjecture 1).

3: Let Z,,, — Npg, a sister node to Nx. This case is straightforward. As Np and
Nx are sister nodes, there exists a common node ancient to both, denote this Ny,
N4 € P(Nx, Ng). Lemma 1 tells us that d(Nx, Ng) > d(Nx, N4). By applying case

2 to any pseudo-node which maps to N4, we have our result. ]
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We have now shown that the distance between pseudo-nodes which map to the
same node is smaller than the distance to any other pseudo-node, conditional on
conjecture 1 being true. Let G be the fully connected graph over the M pseudo-nodes
with our distance metric. Denote the MST of graph G to be MST(G). Assuming
each edge weight is unique, the MST is unique.

Theorem 2. For the fully connected graph, G, induced by metric d(-,-) on tree S, the
minimum spanning tree, MST(G), is guaranteed to return the same topology of leaf
nodes as the species tree S when pruned, assuming the distances d(-,-) are known
without error and no two distances are exactly the same. Conjecture 1 must be
assumed to be true.

Proof. Here it suffices to show that the path between any two pseudo-nodes Z; ;,
Zy,; which map to the same node Nx only contains other pseudo-nodes which map
to Nx in their path. Given that this is true, we can effectively collapse the set of
pseudo-nodes into Nx, and apply Theorem 1.

We will show this by contradiction.

Suppose there exists a pseudo-node Z;; which does not map to Nx such that
Zsyr € P(Z;j, Zy;) on MST(G). Let D be the total weight of this path P(Z, ;, Zy,).
Insert the edge that directly connects Z; ; and Zj, to form a cycle, C, in the minimum
spanning tree, C = (Z; ;, Zy1)+P(Z; j, Zk,;). WLOG assume Z; ; and Z;,; are directly
connected on MST(G). If we apply the result of lemma 2, we know:

d(Zij, Zry) < d(Z;j, Zsy)

By removing the edge (Z; ;, Zs+) from C, the total weight connecting all nodes in C
is now:

<D +d(Zig, Zag) — d(Zs, Z&t)) <D

and so the spanning tree which replaces edge (Z; ;, Zs;) € MST(G) with edge (Z; ;, Zx,)
results in a spanning tree of less total weight than MST(G), therefore MST(G) is not
the minimum spanning tree, a contradiction.

From this, we know that all pseudo-nodes of a node Nx form a self-contained
spanning tree in the MST(G). Denote this self contained spanning tree as N%. To
form a spanning tree, any two self contained spanning trees, N%, Ni can only be
connected by one single edge, otherwise a cycle will form in the graph. Therefore
we can treat these self contained spanning trees, N{ ,..,NI | as we would the nodes
Ny, ..., No,_1. From this we apply theorem 1. By collapsing all self contained span-
ning trees into single nodes, we exactly recover the species tree topology S. [
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We have conditionally proven that if the covariance between all pairs of indi-
viduals is known without error, constructing a minimum spanning tree using the
correlation-based distance will exactly recover the underlying species tree, S.

4.4 Consistency Simulation

As the covariances, and therefore distances, cannot be estimated without error, we
present simulations to show as the amount of information increases, the error in
estimation decreases, and the MST approach is asymptotically consistent. We note
that there are two sources of variance in our simulation, a finite number of genes,
and a finite amount of pairwise differences within a gene. We simulate a species
tree of 8 individuals, and test the claim of consistency by evaluating the accuracy
under different levels of sequencing efforts. Specifically, we test the accuracy in
reconstruction for 100, 500, 1000, 2500, 5000, 10000, and 20000 sampled genes. For
each, we produce 100 independent replicates, and assess the average performance. We
measure two metrics: First, the percentage of replicates in which the MST returns the
true tree, and second, the average Robinson-Foulds (RF) [42] distance between the
estimated and true species tree topology. As expected, as the proportion of correct
trees fixes to 1.0 with a sufficient number of sequences sampled, as the covariance
terms can be estimated with a decreasing amount of sampling variance. See figure
4.2 for the results of this test.

Tree parameters

We simulate an 8 species topology, (H,((G,(F.,E)), (D,(C,(B,A))))), with 4 individuals
per species, a requirement for our approach. We generate K gene trees using ms [16]
and gene sequences of length £ = 1000bp conditional on each tree using Seq-Gen [39]
with population scaled mutation rate # = 0.001. The species tree is parameterized
as fOHOWS, TAB = 25, TE,F = 20, T(A,B),C = 30, T((A,B),C),D = 35, T(E,F),G = 40,
T(((A,B),C),D),((E,F),G) = 5.0, TH,(G,(F,E)),(D,(C,(B,A)))) = 8.0, with all population sizes

4.5 Performance against ASTRAL

5 species simulation

We test the performance of our method against ASTRAL-III for various number
of genes sampled for a tree of 5 species (4 individuals per species), under a fixed
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Figure 4.2: Consistency Plot: For a fixed species tree, gene length, and mutation
rate, we simulate K independent loci and estimate the species tree topology. (A) The
y-axis represents the percentage of 100 independent replicates in which the true tree
is correctly estimated. (B) The distribution of RF-distances between the estimated
and true topologies, with 25 independent replicates per K.

species tree and mutation rate. We simulate a tree topology ((A,B),(C,(D,E))),
where in particular the branch length connecting node (D,E) to C is short. We
expect there to be ILS between the lineages C,D E, making tree inference difficult
between topological orderings (C,(D,E)), (D,(C,E)), and (E,(C,D)). We assume a
constant population size across the phylogeny (scaled to equal 1.0), and the following
species divergence times: 7p g = 2.0, Top. g = 2.2, Tap = 1.5, Tapcpr = 5.0. For
each replicate we simulate K gene trees using ms [16], and generate sequences of
length £ = 1000bp for each tree using Seq-Gen [39], with mutation parameter . We
simulate a number of independent genes, K in {100,500, 1000, 2500, 5000, 10000},
with § = 0.001. This gives a total of 6 simulation scenarios. For each scenario we
simulate 100 independent replicates, and count the number of replicates in which
each method produced the correct topology. Figure 4.3 shows the results of this
simulation for our MST method against ASTRAL.

We see for low sample size, K, our method does not have sufficient information
to accurately estimate the variance covariance structure between individuals, and
so cannot discern the correct branching pattern of C,D,E. As the number of genes
increases, our method has an increasingly better approximation to the variance/co-
variance, and can accurately estimate the topology. ASTRAL is much more accu-
rate than our method for low numbers of genes, as the local topology at every gene
is informative for ASTRAL, whereas we rely on pooling information across genes.
Note, for any pair of individuals (i, 7), the expected number of pairwise differences
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Figure 4.3: Performance, 5 species: The number of independent genes is indi-
cated on the x-axis. Accuracy is measured as the percentage of correctly estimated
topologies across 100 replicates for each method.

4.6 Discussion

We have defined a new metric between nodes on a species tree using the correla-
tion between coalescence times. We have conditionally proven that constructing a
minimum spanning tree over a fully connected graph of what we call “pseudonodes”,
where weights on the graph are given by the distance presented here, is guaranteed to
return the underlying unrooted true species tree topology, S. Our proof, as presented
here, relies on conjecture 1 that has yet to be shown.

We have shown through 2 simulation scenarios the performance of this approach
on the problem of species tree inference. The results of our simulation against AS-
TRAL are promising for large numbers of genes. Further simulation studies and
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larger numbers of replicates are needed to make any claims about our performance,
in general.

The proofs of consistency here only rely on proving inequalities of correlation-
s/covariances between pairs of coalescence times. The distance we define in this
manuscript is therefore not required for our statistical guarantees. In fact there
are likely other distance metrics which make use of this correlation/covariance that
have better performance and properties. A problem with our distance metric as
it is defined here is that the distance is highly non-additive. A transformation of
the correlation/covariance that maintains some additive property will probably have
better performance in the presence of estimation error of the covariances. Defining a
distance metric using the only the covariances would be most preferred as the error
in variance estimation can be ignored. Note that the proofs are all still correct for
any distance metric which only uses the relative difference between covariances, and
not necessarily normalized by their variances.

4.7 Notation reference

e n: Number of modern-day species, here labeled {1, ...,n}.
e S: Species tree relating the n species.

e N: The set of 2n — 1 nodes on S connected by 2n — 2 edges. Labeled
N1, No, ..., No,_1. Nodes 1, .., n represent leaves, n+1,..,2n — 1 internal nodes.

e 7x: The speciation time of Ny according to S.

e Gs: A fully connected graph between all nodes on S.

e 7;;: The split time between species 7, j on S.

e Z; ;i A “pseudo-node” indicating the speciation event of species ¢ and j.

e T ;: The random variable of time to coalescence between an individual sampled
from species i and one from j.

e M: The set of n(n + 1)/2 total pseudo-nodes across n species.
e G: A fully connected graph between all pseudo-nodes.
e d(Nyx, Ny): The edge weight between two nodes on Gs.

o d(Z;;, Zy,): The edge weight between two pseudo-nodes on G.
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o T, < k.. Indicates that T; ; is equal in distribution to T},

67
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Appendix A

Supplement for Chapter 2

A.1 Notation Reference

e N: Number of species considered.

e S =(5,7,1m): A species tree parameterized by topology S, split times 7, and
population sizes 7.

e K: Number of independent loci/genes.
e M: Number of sampled individuals (M > N).

e ()= (]\24 ) : Number of pairs of individuals.

° h; Set of M haplotypes at locus j, j € {1,2,..., K}.

e g;: Estimated gene tree at locus j.

e G;: True gene tree at locus j.

e a,b: Individuals sampled from populations A, B, respectively.

e 74 p: The split time of species A and B according to S.

e Each pair of individuals are indexed by an integer 7,in (1,..., Q).

e g;(i): The estimated coalescence time of pair ¢ at locus j.

G;(i): The true time to coalescence of pair ¢ at locus j.

u: The per generation per base pair mutation rate.
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e L: The number of base pairs of gene.

e (: The population scaled mutation rate, = 2unq, for the reference population
size, 1.

_ 1
¢ w= XL

>

e wG,;(i): Mutational estimation variance of the true coalescence time.

A.2 Further Simulation Details

5-species simulation details

In this simulation study we analyzed a species tree of 5 species (labeled 1...5) with 10
individuals (labeled 1...10) where 2 individuals are from each species (i.e individuals
1 and 2 are from species 1). We simulate the rooted species topology (5,(4,(1,(2,3)))).

For a single replicate, we use ms to generate K independent gene trees of 10
individuals, 2 from each species, and Seq-Gen [39] to generate sequence data from
the gene trees. To generate K = 100 gene trees of 10 individuals with species labeled
as integers 1 through 5:

./ms 10 100 -T -I 522222 -n11.8-n22.4-n31.0-n42.0
-n53.0-¢j1.023-en1.032.4-¢j1.513-en1.533.0
-ej 2.2 34 -en 2.2 44.0 -ej 4.045 -en 4.0 55.0 | tail +4
|grep -v // >gene.trees

In ms [16], time is measured in units of 47, generations, whereas COAL_PHYRE
measures time in 27 generations, so that times from COAL_PHYRE must be halved
to compare to the units of ms. As well, population sizes in ms are diploid, whereas
in COAL_PHYRE we measure population sizes as haploid. To compare with ms,
population sizes from COAL_PHYRE need to be doubled.

From the gene.trees file, and for a given mutation parameter 6 (which we used
either 0.01 or 0.001 in our simulation), and sequence length £, we use Seq-Gen. For
example, for # = 0.001 and £ = 1000:

./Seq-Gen -mHKY -1 1000 -s 0.001 <gene.trees >seqfile

We use this sedqfile file as input into COAL_PHYRE.
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8-species simulation details

For 8 species, 2 individuals sampled per species, we generated a single replicate of
K = 100 independent gene trees using:

./ms 16 100 -T 822222222 -n11.5-n225-n32.0-n46.0
-n 505 n61.0-n730-n84.0-ej0.521-en0.516.0
-ej 0.75 4 3 -en 0.75 3 1.0 -ej 0.8 8 7 -en 0.8 7 2.0 -ej 1.

.531-en 1.515.0 -¢j 1.875 -en 1.81

1 6.0 | tail +4 | grep -v // >gene.trees

6 5
-en 1.3 5 4.0 -ej 1 .5
-ej 2.05 1 -en 2.0

For § = 0.01 and gene length £ = 1000, we generate sequence data with Seq-Gen:
./Seq-Gen -mHKY -1 1000 -s 0.01 <gene.trees >seqfile

We use this sedfile file as the input into COAL_PHYRE.

A.3 Normal Approximation To Poisson, A
Simulation

Throughout we discuss the distribution of estimated coalescence times. The esti-
mation error from the mutation process, conditional on a branch length, follows a
Poisson distribution. As our estimated coalescence times are not discrete, we use
the Normal approximation to the Poisson. In this section we demonstrate in a sim-
ple simulation scenario, that this approximation is well fit to model the estimation
error. For a given coalescence time (fixed here to be 5 in units of 27y generations),
we simulate 1000 pairs of sequences, of length £ = 1000 base pairs, under varying
scaled mutation rates, ¢ (indicated in figure A.1 legend), to generate an empirical
distribution of estimated coalescence times from the number of pairwise differences.
Figure A.1 shows these distributions versus the normal approximation presented ear-
lier. This demonstrates the accuracy and suitability of the Normal approximation to
mutational variance in time estimation.
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Appendix B

Supplement for Chapter 3

B.1 Simulation Details

For a given divergence time, we simulated (ny,ny) haploid individuals from each
population under a species tree with split time parameterized by the value seen on
the x-axis on the figures. In every simulation, we use the population size of species
X, nx, to be the reference population size. As well, we assume nx = 7nxy, but we
vary population size 7y to be 1, 2, and 10 times the value of nx. Gene trees are
generated using ms, and empirical estimates indicated by open circles in the figures
are calculated using independent trees. With the simulated gene trees, to evaluate
empirical estimates sequence data (10,000 bp per gene) is generated under a finite-
sites model with the Jukes-Cantor model of evolution, using Seq-Gen, and a mutation
parameter, which we vary 2unx = 0.1,1.0,10.0. From the pairwise differences in
each sequence, we generate empirical estimates using the sample means, variances
and covariances from the independent replicates, to simulate estimates from the type
of data used in practice (finite sites).

B.2 Mean, Variance and Covariance of Average
Pairwise Differences

Using results presented earlier, we can write exact expressions for the variance and
covariance of average pairwise differences as functions of the mutation rate (u), sam-
ple sizes (nx,ny), and coalescence times:
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1%
nx(nx — ]_)
=+ 4/,LCOV(ti7l'/, ti,i”)) —+ (TLX — 2) (nX — 3) (E<tl,zl N ti”,’i”/)

+ 4/,LCOV(ti,i’7 ti”,i”'))] — 4M2E(ti,i/)2

Var(dX) = |:4E(tl7zl) + 8,uVar(tZ»7i/) + 4(7’LX — 2) (E(tz’zl N ti,i”)

L
ny(ny — 1)
+ 4MCOV(tj7j/, tj,j”)) + (TLY — 2) (’)’Ly — 3) (]E(t],]/ N tj”,j”’)

+ 4,uCov(tj7j/, tj//7j///))i| — 4/,L2E(t]7]/>2

Var(dy) = |:4E(t.7,]/> + SMVar(tM/) + 4(77/Y — 2) (E(t],]/ N th//)
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nNxny
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Var(de) = |:2E(tzﬁj) + 4uVar(ti7j)

Similar to the the variance equations, the covariance terms can be expressed as
functions of coalescence times by plugging in the expressions presented earlier:

COV(dX, dY) = ME(tz‘,z"mj,j') + 4MQCOV(ti,z"a tj,j’)

2
Cov(dxy,dx) = <ME(ti,i/mi,j) + 4M2COV(ti,i’a ti,j))

nx

+nx—2

(/LE(t@i/mi//J) + 4/,LQCOV(I§Z'7,L'/, ti//J))
nx

2
COV(dxy, dy) = E <,LLE(tj’j/m7j) + 4M2COV(tj,j/, t@j))

’I’Ly—2

y (ME(tj,j’ﬁi,j”) —+ 4M2COV<tj7j/7 ti,j”))
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B.3 Comparing against Takahata and Nei’s
Results
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Figure B.1: Comparing Results to Takahata and Nei, constant population
size. We compare the theoretical results derived by Takahata and Nei (blue solid
lines) with those derived here (black dashed lines), for a sample size of n, = 10,
and variable divergence time Dyy. Note that Var(dy) and Cov(dy,dxy) are not
pictured as they are identical to their dx counterparts, by swapping nyx for ny in
the equations.

Here we compare against Takahata and Nei’s [49] results for the variance and covari-
ance in pairwise differences under a constant population size model, and sample sizes,
ny, ny. Under this scenario, Takahata and Nei (with partial results also derived by
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Tajima [48]) find:

E(dyy) =E(dx)(1+ %DXY)
Var(dy) = ?)(’?X—tll)xa(dx) + 23;2 E;ZX_—E)B)E(CZX)Q
Var(dxy) = (1= e P02 (Dyy /2 4+ 1 = 2F)E(d) + E(dx )
+ 2e7Pxv/2(] — o= Dxv/2) [(% - % — F)E(dx) + %E(dx)ﬂ
e [LE(dx) + SB(dy)’]
Cov(dy,dy) = e Px¥ (%E(dx) + SE(dx)Q)
Cov(dxy,dx) = % [(1 — e DY/ E(dy ) F + e—DXY/Q{%(% + 1)E(dx)

1 3 1
g (1 _ §e*DXY/2 + 56*3DXY/Q>E(dX)Z1

1 2 nx — 2
+ gIE(dX) }] + o

Y 1 Z)E(dy) + E(d)?)

3 —Dxy/2 —3DXY/2{
5l ¢ 35 9

4 e 3Dxy /2 (%]E(dx) + SE(de)]
Where E(dx) = E(dy), F= %(1 — (DXy/2 + 1)67DXY/2>,

Zy =1—=3(14 Dxy/2)e”Px¥/2 4 1(1+ 3Dxy /2)e *Pxv/2 and Zy = 3{1 — (1 +
3ny/2)e_3DXY/2}. Results for Var(dy ), Cov(dxy, dy) can be obtained by replacing
ng with ny.

Figure B.1 demonstrates that the results from Takahata and Nei match those
derived in this manuscript with calculations done using STCov. The results presented
in this manuscript can therefore be viewed as generalizations to those above.
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B.4 Average Pairwise Difference Accuracy Plots
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Figure B.2: Average pairwise difference results, 2unx = 10, ny = 1nx.
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Figure B.7: Average pairwise difference results, 2unx = 0.1, ny = 2nx.
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Figure B.8: Average pairwise difference results, 2unx = 10, ny = 10nx.
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Figure B.10: Average pairwise difference results, 2unx = 0.1, ny = 10nx.

B.5 Covariance and Shared Branch Length

In this section we provide further details on the calculations of covariance and ex-
pected shared branch length for a pair of coalescence events. As mentioned in the
main text, these calculations depend on the species tree topology. For 4 unique indi-
viduals a, b, ¢, d, there are 5 canonical topologies which need to be considered. Figure
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B.11 illustrates these possibilities. Note that for events in which multiple individuals
are in the same population, we simply assume divergence times are 0 on the tree.

Possible species tree configurations:

AW Ao A

N /\\ 4\ /A

Figure B.11: 5 possible species tree configurations. For 4 individuals,(a, b, ¢, d)
there are 5 canonical species tree configurations to consider when calculating quan-
tities Cov(tap, tea) and E(tapneqa). Here we assume some exchangeability between
lineages a,b and between lineages c,d.

In the following sections we discuss the general equations and tools needed to
calculate the expected shared branch length and covariance as presented in the main
text.

Expected shared branch length, 4 unique individuals

Here we present some details into the equations/recursions for the expected shared
branch length of two coalescence events t,, and t.; where a,b,c,d are all unique
individuals, who can originate from different modern day species. There is some
underlying species tree &, which we condition all of our calculations on, implicitly.
Let D, and D.4 represent the divergence times on S of these pairs of individuals.

Defining shared branch length

To understand the expected shared branch length between two coalescence branches
2t and 2t.4, we need an explicit formula to calculate shared branch length. Following
the logic of [34], we take a two step approach:

Step 1:
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Compute
Bl = tab + tcd
52 = tac + tbd
B3 = taq + tye
Step 2:

Let £, = min(fB1, B2, B3). Then compute

ta,bﬂc,d - (ﬁl - 5m)

where t, pnc.q represents the total length of overlap shared by the branch between
a, b the branch connecting ¢, d. Note when there is no shared branch length, ¢, ync.q =
0, which occurs when t,, or t.4 is the minimum coalescence time on the tree of these
4 individuals. See figure 3.1 for an illustrative definition of expected shared branch
length.

We are interested in

]E[ta,bﬂc,d] = ]E[ﬁl - 6771] - IE’[ta,b + tcd - Bm] = E[tab] + E[tcd] - ]E[ﬁm]

We already know E[t,;] and E[t.4] from earlier mean calculations. What is left to
do is derive the equations for E[f,,].

Expanding E[3,,]

Using the definitions above, we can expand [, to the following, by conditioning on
the probability that quantity S, 82 or 3 is the minimum value,

E[Bm] =E[min(B1, B2, B3)]
=E[min(ta + ted, tac + tods tad + toc)]
=E[ta + tealtas +tea = Bm] P(tap +tea = Bm)
+ Eltac + toaltac + toa = B P(tac + toa = Bm)
+ Eltad + toeltad + toe = Bn] Ptad + toe = Bin)

Next, it is important to observe that t., + t.q achieves the minimum if and only if £,
or t.q is the first (most recent) coalescence event on the tree of 4 individuals a, b, ¢, d.

For the sake of generality, we will focus on one of the three terms, although all
results hold for the other two, by just appropriately re-labeling terms.
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Focusing on E[ty, + teal|tar + tea = b P(tapy + tea = Bim)

Using the observation that the minimum is achieved if and only if one of the two
times is the minimum coalescence time, we can further expand this quantity. For
notation, let us denote C,, to be the first coalescence time on the tree.

]E[tab + tcd|tab + tcd = 6m]P(tab + tcd - 6m)
= E[tab + tcd|(tab = Om) OR (tcd = Cm)} P((tab = Om) OR (tcd = Cm))

If we write out the integrals required to compute this quantity, and employ the use
of Bayes” Theorem, we can form this into more recognizable terms,

]E[ab+tcd| ab_C )OR(cd_Cm)}P((tab_C )OR(cd:Cm))
/ / ab + tcd ab7 cd’( ab — ) (tcd = Cm))dtcdtab
ab_C )OR(cd_Cm))

(tab - Cm) OR ( cd — m)’talntcd)P(tabatcd)
a ted) dt qdt,
// Fab - fea P((tab:C’m) OR (fog = Cyn)) e

/ / ab + tcd ( ab — Cm) OR (tcd = Cm)|tab7 tcd)P(taba tcd)dtcddtab
ab cd

Now, let’s expand P((tab = Cp) OR (teqg = Cp)tan, tcd). Observe, by the inclusion-
exclusion principle

P((tay = Cm) OR (tea = Cn)[tab, tea)
= P(tay = Cnltap, tea) + P(tea = Cltas, tea)
— P((ta = C) AND (tog = Cin)[tap, tea)
= P(ta = Cpltap, tea) + P(tca = Criltap, tea)

since P(tab =(C,, AND t,, = Cm\tab,tcd) = (0 as we assume all coalescence events
are bifurcating between only two individuals at a time.
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Applying Bayes’ Theorem once more to each of these terms we see

P(tab - Cm|tab7 tcd) + P(tcd = Cm|taba tcd)
_ P(taba tcd|tab = Cm)P(tab - Cm) + P(taba tcd|tcd = Cm)P(tcd - Cm)
P(tab, tcd) P<tab7 tcd)

By plugging in this expression to our density in the double integral above, we can
get a much more clear expression for the expectation

/ / (tab + tcd)P((tab - Cm) OR (tcd - Cm)|tabu tcd)P(taln tcd)dtcddtab
ab cd

o oo Pty tealtas = Con) Pltay = Con
:/ / (tab+tcd)[ (taby tedltay )P (tap )
Dgp /' Deg P(tabatcd)

P(taps tealtea = Cm)P(tca = C’m)}
P(tabatcd)

= / / (tab + tcd) [P(tab; tcd|tab - Cm)P(tab = Cm)
ab cd
+ P zzb7 cd|tcd >P<tcd - C )i| dtcddtab

/ / ab + 2l:cd ab7 cd’tab - ) ( ab — C'm)dtcaldtab
ab cd

P(taln tcd)dtcddtab

/ / ab + tcd ab7 cd|tcd - ) ( cd = Om)dtcddtab
ab cd

= E ab + tcd’tab = ]P(tab = C ) + E[ ab T tcd‘tcd = ]P(tcd = Cm)
To summarize this subsection, we have shown that

E[tas + tea|(tas = C) OR (tea = Cin)| P((tar = Cin) OR (teqg = Ciy))
= IE[tab + tcd’tab = Cm]P(tab = Cm) + IE’[tab + tcdltcd = Cm]P(tcd = Cm)

Next we will focus on one of these two expectation terms, E[t,,+tca|tas = Con] P(tay =
Cn), as it can be generalized to all terms in this calculation.
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Immediately note that we can expand each expectation using the linearity of
expectations
E[tab + Zfcd‘tab = Cm]P<tab = Cm)
- EE[tabuab - Cm]P(tab - Cm)j_l'EE[tcdHab = Cm]P(tab - Cm)

J/

TV TV
Term 1 Term 2

Recall that the expectation is still over the joint conditional distribution P(tp, teq|tas =
Cy,) (and similarly with ¢.4 in the conditional for the second term).

In the next two subsections, we present a derivations of terms 1 and 2 in case
when a, b, c,d are all in the same (potentially ancient) population. The rest of the
cases are implemented in our C++ code.

Calculating Term 1: E[ty|to, = Cn|P(ter = Crn)

Under the condition that all 4 individuals having survived to the same species without
coalescing, the probability that any one of the possible 6 pairs is the first to coalesce
is %. So we know immediately P(t,, = Cp,) = %. Let Dgpeq be the time at which all
4 individuals have a common species ancestor. Let H,,.4 represent the population
size change history back in time starting at time Dgp.q. Hapeq can be viewed as a list
of time/size pairs (7;,1;) where 71 = Dypeq-

Term 1 = E[tabﬁab = Cm]P(tab = Cm)

= / tabp(tab|tab - Cm)P(tab = Cm>dtab

Dabcd
Tit1
= Z P(tab > tz) / tabp(tab|tab = Cm)P(tab = Cm)dtab
ieHabcd Ti
1 Tit1
- Z P(tab > tz)é/ tabP(tab|tab - Cm>dtab
ieHabcd Ti
1 Ti4+1
= 3 Plta > / taP(6p Coal = toy|7)dtas
7;EI—Iabcd i
1 7+ 6 —6(ta,—7i)
= Z P(tab > Tl)é/ tabz— 27?2' dtab
iEHabcd Ti Th

Notation: <6p Coal = t|7‘,~> is the event that 6 possible pairs can coalesce starting

at time 7;, and the time of the first event is ¢ > 7;,. These 6 pairs represent the
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6 possible pairings: {a|b, a|c,ald, blc,b|d, c|d}. We formally present this and more
notation at the end of this manuscript.

Calculating Term 2: E[t|to, = Cpn|P(te = Chn)

Term 2 = E[teqltes = Con] P(tay = Cn)
- / / ch abv cd|tab — ) ( ab — C(m)dtabdtcd
abcd abcd

Ti+1
= cd > T; / cd/ ab|tcd> ab — m) ( ab — Cm’tcd)
abcd

'LeHabcd

X P( cd)dtcddtab
= Z P(tcd > Ti)

ieHabcd
Tit1 tea

X / tch(tcd)/ P<tab|tcda tab - Cm)P(tab = Om|tcd)dtcddtab
Ti l)abcd

s

P
Term 2(%)

Tit1 ted
Term 2 ch cd / P(tabltcda tab = Cm)P(tab = CVm|tcd)dtcddtab
abcd

Z (P(5p No Coal € (0,73))

k€H gpeq,k<i

cd P cd

=)
s

Tk+1
X / P(tab‘tcdy tab - Cm>dtab>

Tk

ted
+ P(5p No Coal € (O, TZ))/ P(tabltcd, tap = Cm)dtab] dt.q
Z (P(5p No Coal € (0,7%))

Ti+1
= / tch(tcd)
Ti k€H g peq,k<i

Tk4+1 1
X / 5P(5p Coal = tablTk)dtab>

Tk

ted 1
+ P(5p No Coal € (0, Tl))/ 5P(5p Coal = tabln,tcd)dtab] dt g

i
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Ti+1
== / tcdp<tcd)

% %[1 — P(5p No Coal € (Tk,TkH))])

Z (P(5p No Coal € (0,7%))

k€H spcq,k<i

1
+ P(5p No Coal € (0,7))7 [1 — P(5p No Coal € (T,»,tcd))}] dl oy

Tit1
= / tch<tcd)dtcd[ Z (P(5p No Coal € (0, Tk))

k€EH gpeq,k<i

« %[1 — P(5p No Coal ¢ (Tk,ml))])]

1 Ti41
+ P(5p No Coal € (O,Ti»g/ teaP(teq) [1 — P(5p No Coal € (7;,teq)) |dteq

i

Tit1
— / tch(tcd)dtcd[ Z <P(5p No Coal € (0,7%))

i k€H g peq,k<i

X

| =

[1 — P(5p No Coal € (Tk,TkH))D]
1 Ti+1
+ P(5p No Coal € (O,Ti))g/ teaP(teq)dteq

1 Titl
— P(5p No Coal € (0, TZ))S/ teaP(teq) P(5p No Coal € (74, teq))dteq

Notation: <5p No Coal € (Ti,t)> is the event that none of the 5 possible pairs

coalesce in the time interval (7;,t). We formally present this and more notation at
the end of this manuscript.

Expected Shared Branch Length, 3 unique individuals

Here I am deriving the equations/recursions for the expected shared branch length of
two coalescence events 4, t., Where a, b, ¢ are three unique individuals, not necessar-
ily of the same species. There is some underlying species tree S, which we condition
all of our calculations on, implicitly.
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Defining shared branch length

To understand the expected shared branch length between two coalescent branches
tay and t., we need to take a different approach than in the 4 individual case. Note
that there are three possible scenarios for the ordering of our pairs: (. = tp.),
(tap < toe), (tap > tpe). Let toprpe denote the shared branch length. We can expand
the expectation into these three cases, and calculate their values separately.

E(ta,bﬁb,c) - IE(ta,bﬁb,c|tab = tbc)P(tab - tbc) + E(ta,bﬁb,c|tab < tbc)P(tab < tbc)
+ E<ta,bﬂb,c|tab > tbc)P(tab > tbc)
= 2]E(tab‘tab = 2fbc) - E(tac|tab = tbc) P(tab = tbc)

+ E<tab|tab < tbc)P(tab < tbc)
+ E(tbc‘tab > tbc)P(tab > tbc)
= QEE(tab“:ab = tbc)P(tab = tbcz_ E(tac|tab = tbc)P(tab = tbc)

Te;rrn 3 Te?rrn 4
+ £E<tab|tab < tbc>P(tab < tbc)J+E(tbc|tab > tbc)P(tab > tbc)
Te;rrn 5 Te?rrn 5

Here let us observe that, in a tree of only three individuals, the event <tab = tbc> is

equivalent to events (tac < tab>, (tac < tbc> and (tac = Cm> where C,, denotes the

first coalescence event. Using this, we can see that Terms 4 and 5 are symbolically
equivalent to calculating the expected coalescence time conditional on being the first
event. From this, we will derive the forms for Term 3 and Term 4, which is sufficient
to symbolically represent all terms in the expression.

Calculating Term 3: E(tu|tay = tpe) P(tay = toc)

Denote C, to be the first coalescence event among the three pairs {al|b, a|c, b|c}.
Note that when t,, = t., it must be that t,. = C,,.
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Term 3 = ]E(tab|tab = tbc)P(tab = tbc)
= / tabP(tab‘tab = tbC)P(t(lb = tbc)dtab

Dape

1€H pe Dgpe

Ti+1 tab
- Z P(tab > Tz)/ / tabP(tab|tac - Cm)P(tac - Cm)dtacdtab
t

ab

Ti+1
= Z P(tab > Tz)/ tabp(tab)/ tabP(tac = Cm|tab)dtacdtab
T; D

i€H gpe abe
Tit1 tab 1
= Z P(tab > Tz)/ tabP(tab)/ —P(Qp Coal = tac)dtacdtab
i€Hgpe Ti Dase 2
Ti+1
= > Plta,>T) / twP(tw)| > P(2p No Coal € (Dase, 7))
i€ Hape Ti kEHype,k<i
Tk+1 1
X / EP(ZP Coal = t4.)dt,e
Tk

tab 1
+ P(2p No Coal € (Dgpe, TZ))/ 5P(2p Coal = tac)dt,w] dtap
t;

Tit1
= Z P(tab > TZ)</ tabp(tab)dtab

1€Hgpe

Z P(2p No Coal € (Dgpe, Tx))

kEHabcvk<i

Tk+1 1
X / §P(2p Coal = tg.)dt e

Tk

Tit1 Lab 1
+ P(2p No Coal € (Dgpe, TZ))/ tabP(tab)/ §P(2p Coal = tac)dtacdtab>

Tit1
= Z p(tab > Tz)</ tabp(tab)dtab

1€Hped i

Z P(2p No Coal € (Dgpe, Tx))

k€H gpe k<t

1 Tk+1
X 5/ P(2p Coal = t,.)dt,.| + P(2p No Coal € (Dgpe, 7))
Tk

Ti4+1
X / tabP(tab)

i

DO | —

[1 — P(2p No Coal € (7, tab))} dtab)
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Tit1
= Z P(Tab > Ti) (/ tabP(tab>dtab[ Z P(Qp No Coal & (Dabca Tk)>

1€Hped k€H gpe,k<i
1

Th41
X 5/ P(2p Coal = tac)dtaC]
Tk

1 Tit1l
+ P(2p No Coal € (0,7;)) [5/ tap P (tap)dtap

1

Tit1
_ 5/ tabp(tab)P(2p No Coal € (Ti, tab))dtab]>

Term 4: ]E(tacltab == tbc)P(tab = tbc)

Term 4 = ]E(tac’tab = tbc)P(tab = tbc)

- / tacP(tac|tab - tbc)P(tab - tbc)dtac

Dgpe

_/ ZfacP@ac = Cm’tac)P(tac)dtac

Dabc

Tit1
= Z P<tac > Tz)/ P(tac - Cm|tac>P(tac)dtac

1€EH g pe
Ti4+1
=S Plte > 1) / P(2p No Coal € (Do, tae)) P(tuc)dt e
1€EH gpe Ti
= > P(te > 7:)P(2p No Coal € (Dgye, 1))

1€H gpe

Ti+1
X / P(tq.)P(2p No Coal € (15, t4.))dt e
t;

1 —3(tac—T7;)

Tit1
= Z P(tye > 1;)P(2p No Coal € (Dabc,n))/ —e i dtg
t;

2N
1€Hgpe Th

Covariance calculation, 4 individuals (same species)

In this section, we will describe the equations needed to derive a key quantity in
the covariance between pairs of coalescence events, where we explicitly assume all
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individuals have failed to coalesce with one another until that point, and there are 4
unique individuals.

Let us suppose we are interested in calculating Cov(Typ, Teq|S) for some individ-
uals labeled a,b,c,d in our set of species. Note we may have piecewise constant
population sizes within the ancestral species, which we get from species tree S. The
formula for the covariance of our two random variables is as follows:

COV(Tab, Tcd|8) = E(Tachd|S) — E(Tab|S)E(Tcd|3)

The second part of the right hand side is a simple exercise in the multispecies
coalescent framework, which has been presented in the main text. The challenge
comes from calculating E(7,,7.4|S), which is what we will focus on in this section.
Specifically, we focus on the component when all lineages have already survived
to a common ancestral population. Denote the time of this event to be Dg.q the
divergence time of all 4 individuals/species. Further, let us use the symbol > D, peq
to indicate all lineages being more ancient than this time.

To begin, note that for 4 individuals there will be 3 distinct coalescence events,
with the last (most ancient) being the TMRCA of the set. Using this, we are inter-
ested in evaluating

E(Tachd|87 > Dabcd) = /

Dabed

tch(tcd|87 > Dabcd)/ tabP(tab|tcd7 87 > Dabcd)dtabdtcd

Daped

by conditioning on all of the possible orderings of coalescence events.
Here is what we define as the canonical 6 orderings of events:

C1. T, is the first coalescent event.

C2. T,y is the second event, T4 is the third.
C3. T, = T,.4 as the third coalescent event.

C4. T4 is the second event, Ty, is the third.
Cbh. T,4 is the first event, T}, is the second.

C6. T4 is the first event, T, is the third.

From here on out, we will use C; for ¢ € {1,...,6} to denote each case.

For any split on the species tree, here the split denoted by time Dgpeq, let Hapeq
be the sequence constant population size intervals back in time that trace the single
ancestry from time Dy back. For instance Hgpeq[l] = (71,m1), where 71 = Dgpeq
and 7; represents the population size of this ancient population. So we will denote



APPENDIX B. SUPPLEMENT FOR CHAPTER 3 101

i € Hypeq to be the " branch segment in the ‘history’ of this ancient species.

So we can begin our equation. For notation’s sake, we drop the > D .4 notation
from the following calculations as a space saving measure, but implicitly assume it
is present. It will be made clear when this is no longer the case.

]E(Tachdls) :/ tch<tcd|S>/ tabP(tab|tcdas)dtabdtcd
l)cd

Daped

Ti+1 ted
= Z P(Tcd > Tz)/ tcdp(tcdls)/ tabP(tab|tcd7 S)dtabdtcd

iEHabcd Dabcd

- Z P(Tcd > Ti)[/,ﬁﬂ thP(tcd|S>

iEHabcd

X / tabP<tab|tcd7 S)ﬂ-(tab < tcd)dtabtcd

Dabed

Tit1
(Tl = To) / 2 P(teg] )Pty = toaltea, )t

Ti+1 [e.e)
+/ tch<tcd|S>/ tabP(tab|tcdys)1]-(tab > tcd>dtabdt0d]

ted

= Z P(Tcd > Ti)

1€Hped

Tit+1 led
X [/ tcdp(tcd’S)/ tabp(tab‘tcd, [Tab 1St event},S)

Dabcd

X P([Tab 1St event] |tcd7 S)dtabdtcd

Ti+1
+ / baP(tulS)

i

ted
X / tabP(tabltcda [Tac,ad,bc,bd 1St event], [Tab 2nd event], S)

Dabcd

X P([Tab 2nd event]]tcd, [Tac,ad,bc,bd 1St event], S)
X P([Tac,ad,bc,bd 1St event} |tcd; S)dtabdtcd
Tit1 ) led 4
+/ tcd P(tcd|5)/ gp(tac,ad,bc,bd - <1|tcdus)

to

teq 1
X / §P(Coal event not Ty, or Tog = (2|C1, teq, S)dCodidteg
¢1
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Tit1 ted 4
+/ tch(tcd|S)/ SP(Tac,ad,bc,bd 1St event = C1|tcd78)

to

X P(2p No Coal n (Cl, tcd)‘tcdy S)dCl/ tabp(tab‘tcdy S)dtabdtcd

ted

Ti+1
+/ teaP(teq|S)P(5p No Coal in (tg, teq)|tea, S)

<1
X / gtabP(Bp coal = tab|tcd7 S)dtabdtcd
ted

Tit1 9
+/ teaP(teq|S)P(5p No Coal in (tg, teq)|tca, S)/ §P(3p Coal = (lteq, S)

ted

X/ tabP(tab|C75>dtabd<dtcd
¢

Where inside the bracket of the last equation is a sum of 6 quantities which cor-
respond directly to each of the 6 cases presented above, in order. Also, note we use
notation, (, to represent coalescence events not equal to ty, or t.4.

We will go through each one of these 6 equations, and evaluate the integrals, not-
ing that these are all conditional on the event that T4 occurs in the interval (7;, 7;41).
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Case 1: T, is the first coalescent event.

Tit1 ted
Cl(i) = / toaP (] S) / £ P(Fap| e, [Ty 1% event], S)

Daped

X P([Ty 1% event||teq, S)dtspdt cq

Ti+1
_ / taP(tealS)| Y- (P(5p No Coal in (15, )

k<i€Hgapeq

Th+1
X / tabP(tab|tcd7 [Tab 1St event], S)dtab>

Tk

i

ted
+ P(5p No Coal in (to, TZ)) / tabp(tab|tcd7 [Tab 1St event], S)dtab] dtcd

i

Tit1
_ / aP(tealS)[ " (P(5p No Coal in (15, )

k<i€Hgped

Tt 1 5 _5(teb—7k)
X tap——¢€ 2 dtab>
Tk ?7
1 5 5(tab_7—i)

ted
+ P(5p No Coal in (to, Tl)) / t“bEQ e 2 dtab] dt.q
T ni

Ti4+1
= / teaP(tcalS)dteq

Tetl 1 5 _5ltap=mi)
X [ E (P(E)p No Coal in (to,Tk))/ tap———¢ B dtab>]
k<i€Hgpeq k

+ P(5p No Coal in (o, 7))
T by [y 18 e
X /TZ cd ( cd| )/TZ abEQ_nie i abWled

(. J

C1A>)

The first quantity is separated into easy to evaluate integrals for every interval in

the species tree. Now we look specifically at the remaining double integral denoted
C1A().
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_ 5(ted—7i)

Titl 1 2 2
ClA(l) = / tcdp(tcd|5)g |: — (gm + tcd)e 2n; -+ 577@ + Ti] dtcd

_ 6(teg—74)

2 /'Ti+1 . 1 _wdt 1 / T,+1t2 1 276#
= ——"1); cd=—€ i cd — ¢ i cdn € " ¢
25! “om; 175 )T “2m; ’

Ti

2 Ti+1 1 teg—Ti
(gni+7i)/ teas—¢ e dteq

Which is a sum of easily evaluatable integrals.

Case 2: T, is the second event, T, is the third.

Ti+1 ted
02(2) = / tch(th|S)/ tabp<tab’tcd, [Tac,ad,bc,bd 15t event], [Tab Qnd event}, S)

Dabcd

X P([Tab 2nd event] tcd; [Tac,ad,bc,bd 1St event], S)
X P([Tac,ad,bc,bd 1St event]|tcd, S)dtabdtcd

i—1

Tit1
= / tcdp(tcd|s> |:Z (P(5p No Coal in (to,Tk>>

k=0

Tk+1 4
></ 5P(5p Coal = (lteq, S)
Tk

ted 1
X / tany P(2p coal = tupltea. . S)dtabdg‘)}dtcd

Ti4+1
+ P(5p No Coal in (f, 7)) / toaP (el S)

i

ted 4
X {/ EP(5p Coal = (lteq, S)

tea 1
X / tab§P(2p Coal = tablCa tcda S)dtabd7:| dtcd

T

= C2A(i) + P(5p No Coal in (to, 7;))C2B(i)

So let’s look at each of these two triple integrals, starting with C2A(i), which is
the event that 7T}, occurs more recently than the interval that contains T4 (before

i)
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Ti+1 i1
C2A(i) = / tch(tcd|S)[ (P(5p No Coal in (o, 74))

k=0

Tk+1 4
></ gP(E)p Coal = (lteq, S)

Tk

tcd 1
x / tany P(2p coal = tusltea, T, S)dtabdgﬂdtcd
¢

i—1

Ti+1
:/ teaP(tcalS) [Z (P(5p No Coal in (tg, 7%))

k=0

Tk+1 4
x/ gP(5p Coal = (lteq, S)

Tk

Tk+1 1
x ( / tar P(2D Coal = turlC, tua, S)dtardC
¢

tcd 1
+ P(2p No Coal in((, Tk+1))/ tabaP(Zp Coal = tup|mer1, ted, S))} dteq

Tk+1
Ti+1 i1
_ / toaP(tod]S)dt g {ZP(@ No Coal in (fo, 7))
i k=0

Tk+1 4
x/ gP(E)p Coal = T|te, S)
Tk

J/

-~

C2A(i)1(k)

Tk+1 1
X / tab§P(2p Coal = tab|<7 tcd7 S)dtabd<:|
¢

N J/
-~

C2A(i)1(k) con’t

i—1

Th+1 4
+ Z P(5p No Coal in (t, Tk>/ EP(5p Coal = ([te, S)
k=0

Tk

x P(2p No Coal in (¢, m11))dC

Tit1 ted
X/ tcdp<tcd|s)/ P(Qp Coal = tab|7_k+17tcd7 S)dtabdtcd

Tk+1
>

-~

C2A(i)2(k)
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—

Tit+1 -
_ / thP(tcd|S)dtcd[ P(5p No Coal in (fo, 7)) x C2A(i), (k)
Ti 0

e
Il

i—1

Tk+1 4
+Y " P(5p No Coal in (to, 7, / =P (5p Coal = 7ltes, S)tas
k=0

Tk

X %P(Zp No Coal in (¢, 7e1))dC x C2A(i)a (k)

So let’s evaluate the double integrals C2A(i);(k) and C2A(i)2(k) next.

Tk+1 4
C24(0(k) = [ SP(op Conl = (lta5)
Tk

Th+1 1
X / tab§P(2p Coal = tab|7—7 tcd, S)dtabd<:|
¢

Th+1 A 1 2419
= [ 2POp Conl = (e S) [~ (et ) B
Tk
e+ Q) |dc
1 Thk+1 20419
= —5(771' + Tk+1)/ P(5p Coal = ([te,S)e e d(
1 Tk+1 ™
+ 5%/ P(5p Coal = (lteq,S)dC
I
w5 [ cPw Conl =l S)d¢

Tk

which are simple to evaluate integrals for each interval.
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Tit1 led 1
CQA(Z)Q(]{?) :/ tcdp(tcd|8)/ tabQ (2p Coal —tab|7—k+17 cd;S)dtabdtcd

Tk+1
Ti41 Ti 1
:/ tch(tcd|S)|:/ tab§P(2p Coal = tab|7—k+1a7_ias)dtab
Ti Th+1

+ P(Qp No Coal in (Tk+1, Tz))

cd t
X / ~® p(2p Coal _tab|7i,tcd,5)dtab} dt o

2
Ti4+1 i1
-/ thP(th|S>dt6d( S~ P(2p No Coal in (7441, 7))
Ti j=k+1

Tj+1 1
X / tabEP(Qp Coal = tab|Tj,Tj+1,S)dtab)
+ P(2p No Coal in (1411, 7:))

2(teg—Ti)

Tt 1 _
X / tch(tcd|S)§( — (771' + tcd)e i 4y + Ti)dtcd

Tit+1
= / cdp(tcd’S)dtcd

i—1
( Z P(2p No Coal in (741, 7;))

X
j=k+1
TJ+1
/ P(2p Coal = tul|15, Tj41, S)dtab)
1 Ti+1 _20eq=ms)
+ §P(2p No Coal in (7341, 7)) [ — m/ teaP(teq|S)e 2 dieg

Ti+1 9 _ 2(teg—T;) Tit+1
—/ thP(tcd|S)6 2n; dtcd + (7’]z + Tz)/ tch(tcd|S)dtcd

So this finishes Case 2A, I currently leave the single integrals up to the reader.
See the notation section for assistance.

Let’s look at C2B(i) now. Note this is the event where all three coalescent events
occur in (75, 7;41) with T, as the second event, and T, is the last.
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Tit1 ted 4
c2) - [ aw%ww/gmwamzw%ﬁ
1 th 1 1
X / tab§P(2p CO&I = tabKa tcda S)dtabd<:| dtcd
¢

Tit1 ted 4
= [ taptas)| [ 3r60 Conl = clea s

5
1 72(%(1*0
X 5( —(mi+tag)e = 2 4+ T)]d{dtcd
Tt 2 5/ otea—) e (teg—Ti)
:/ tcdp(tcdys)[_5(ni+tcd)§<e 2 gni —e 5 gni )
2 ,5(tcd_7i) 2 2 ,5(tcd_"i) 2
=il — i —<— =i +te 2 =i z) dt.
+577( e )+5 (577+ q)e +577+T] d
2 ikt o (teg=Ts) 2 [Tt g lteg=s)
- _5771/ thP<th|S)€ ? gm‘ dth_ 5/ tzdp(tcd|s)€ ? gm‘ dtcd
8 Tit+1 _ (tc —7i)
+—77¢/ tcdp(tcd|5)€ 5 gm‘ dt .4
(G
4 Tit1 _ (teq—T4)
1 12, P (Lt S)e > 50 dieg

2 /2 it
+ g (gm + TZ') / tcdp(tcd|5)dtcd
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Case 3: T, = T.; as the last coalescent event.

Tit1 ted 4
CS(Z) - / tchP(tcd’S)/ 5P<tac,ad,bc,bd = Cl‘tcda S)

i to

ted 1
X / §P(Coal event not Ty, or Tog = (|C1, ted, S)dCedidteg

G
Tit1 i—1
- / tea?P(teq)S) {Z P(5p No Coal in (ty, 73,))
i k=0

Tk+1 4 ted 1
X/ gP(5p Coal = <1|tcd7s)/ §P(2p Coal = C2|tcd7C1aS)dC2dC1

Th 81

ted 4
+ P(5p No Coal in (to,n))/ gP(5p Coal = (i|teq, S)

tcd 1
></ §P(2p Coal = C2|tcd,C1,S)dC2dC1} dteq

G
Ti+1 i—1
— / teg?P(teqlS) {Z P(5p No Coal in (to, 7))
Ti k=0

Tk+1 4
« [ 5pw Coal = Gl 9)

Tk

Tk+1 1
x (/ 5P(2p Coal = (oltea, C1,.5)d(s
¢1

ted 1

+ P(2p No Coal in (ClaTlH—l))/ §P(2p Coal = (altea, Tht1, S)dC2) dC1] dteq
Tk+1

+ P(5p No Coal in (tg, 7;))

Tit1 ted 4
X/ tchP(tcd|S)/ gP(E)p Coal = C1|tcdaS)

C3A®)

ted 1
< [ 5P Conl = Goltes, G, S)dGadrdr
G

[\

-~

C3A(%) con’t
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P(5p No Coal in (tg, 7)) x C3A(7)

Tz+1 i—1

—i—/ P(teq|S)dteq [ZP 5p No Coal in (tg, 7%))
k=0
Tk+1 4 Tk+1 1
x / SP(p Coal = Gltea.) [ 5P(2p Conl = Gl G, S)dad
G
C3B(k)

0
Tht1 4
X / gP(5p Coal = (i|tea, S)P(2p No Coal in ({1, Tk41))dG
Tk

Tit+1 ted 1
X/ tcd2P<th‘S)/ §P(2p CO&l = Cg‘tcd,Tk+1,S)dC2dth:|

Tk+1
>

C3C(i k)
= P(5p No Coal in (g, 7;)) x C3A(1)

i—1

T’L+1
/ P(teq|S)dteq [ZP 5p No Coal in (to, 7)) x C3B(k )}

i1 Thtl 4
[ZP 5p No Coal in (to,Tk))/ 5P(5p Coal = (|teq, S)
k=0 Tk

X P(Qp No Coal in (Cla Tk+1>)d<1 X CSC(Z, k?):|

So let’s evaluate C3A(:), C3B(k) and C3C(i, k). The rest of the equation are
easy to evaluate single integrals (with a constant population size).
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k3

Tit1 ted 4
C3A(7) :/ tchP(tcd|S)/ 5P(5p Coal = (4tea, S)
teq '

1
/ B P(2p Coal = (Colteq, C1,S)dCadidt g

2(tcd_cl)

Ti+1 ) ted 4 1 _
/ toa2P(1 cd|5)/ =P(p Coal = Giltea, ) 5(1—6 ) d¢ydtoy

Tz+1 ted 2
P(toS) { [ 2pen conl =G )6

2(tcd7€1>
/ 5p Coal = Cl‘tcda ) i d<1:| dtcd

Ti+1 5(tcd ;) 2 72(tcd_7i) 75(tcd_7'i)
= cd cd|S) l—e 2 - 5 € 2mi —€ 2 dtcd

2 [T, 2 [T g
- 5/ tcd P(tcd|S)dtcd - g/ cd P( cd|S) 2 dtcd

Ti

4 Tit1 cd z)
— tc cdl S i (..
+ 15/ a-P(tealS)e d

Now for C3B(k):

Tk+1 4 Tk+1 1
C3B(k) :/ gP(5p Coal = C1|7fcd75)/ §P(2p Coal = (oltea, C1,.5)dd(,
Tk G
2 5(m+1—¢1)

Tk+1
= 5/ P(5p Coal = (ifteq, S) [1 —e 1dC1

2 Tk4+1
-2 / P(5p Coal = Gltes, S)dC,
Tk
9 5(Tg41—C1)

Tk+1
2 [ P Coal =t S)eT B g

Now for C3C(i, k):
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Tit+1 teq 1
030<Z,k}) :/ thQP(tcd|S)/ §P(2p Coal = C2|tcd>7—k+las)d§2dtcd

Tk+1

Tit1 T
:/ tcd2P(th|S)dth/ §P(2p Coal = C2|Tk+1,TZ‘7S)dC2

Tk+1

+ P(2p No Coal in (7411, 7;))

Tit1 ted 1
y / to2P(ta]S) / SP(2p Conl = Gl fea, )ty

i—1

Ti4+1
= / tchP(tcd|S)dth[ Z P(2p No Coal in (741, 7;))

i j=k+1

Ti+1 1
X/ 5P(2p Coal = <2’Tj’Tj+1,S)dC2:|

Tit1
+ P(2p No Coal in (7%11,7)) [/ tea? P(teq|S)dl g

2(teg—T4)

Ti+1
—/ tcd2P(tcd|S)€_ 2n; dtcd:|

Case 4: T, is the second event, T}, is the third.

Tit1 ted 4
C4(i) = / tcdp(tcd|5)/ SP(Tac,ad,bC,bd 1°" event = (i [teq, S)

i to

X P(2p No Coal n (Cl, tcd)|tcd7 S)dél/ tabp(tab|tcd> S)dlfabdtcd
ted

C

Tit1 tcd4
_ / teaP(tedlS) / 2 P(5p Coal = Gt )

i to

X P(2p No Coal in (Cl,tcd)’tcd, S)dcl/ tabp(tab|tcd> S)dtabdtcd
ted

C

i—1

Tit+1
_ / tch(tcd|S)[Z (P(5p No Coal in (to, 7))

k=0

Te+1 4
X / gP(5p Coal = (i|tea, S)P(2p No Coal in ({1, teq)|tea, S)dC
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x P(2p No Coal in (7, tuq)|t e, s>)
tcd 4
+ / =P(5p Coal = Ciltes, S)P(2p No Coal in (G, tes)ltea, S)iCa

Ti+1
X |:/ tabP(tab|tcd7 S)dtabdtcd + P(lp No Coal n (tcd7 Ti+1)|tcd7 S)

ted

></ tabP(tab\TiH,S)dtab]

Ti4+1

i—1 Tht1 4
= {ZP(5p No Coal in (tO,Tk))/ gP(5p Coal = (iltea, S)
k=0

Tk

x P(2p No Coal in (¢, Tkt1)|tea, S)dC

x P(2p No Coal in (7441, 7‘@)):|

Tit1 Tit1
X |:/ thP(tcd\S)PQp NO Coal n (ti, tcd))/ tabP(tab’tcda S)dtabdtcd
T ted

c

C4A>)

Ti+1
—i—/ teaP(teq|S)P(2p No Coal in (t;,t.q))P(1p No Coal in (teq, Tiv1)dteq

X / tap P (tap| Tis1, S)dtab] + P(5p No Coal in (o, 7))

Ti+1
Ti+1 teq 4
x [ [ taals) [ 5 PoD Col = Gt 5)
C4B(i)

Tit1
X P(2p No Coal in (Cla tcd)’tcda S)dCI/ tabP(tab|th; S)dtabdtcd

ted

J/

TV
C4B(i) con’t

Tit1 tcd4
s [ taP(tals) [ 5 PER Conl =Gt

2 3
N J

C40(i)
x P(2p No Coal in ((1,tcq)|tea, S)dCi P(1p No Coal in (teq, Tiv1))dteq

~
C4C(i) con’t

></ tav P (tap| i1, S)dtap

Ti+1
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So let’s evaluate C4A(i), C4B(i), and C4C(3).

Tit1 Ti+1
0414(2) = / tcdp(tcd|S)P(2p No Coal in (ti7tcd))/ tabP(tab|tcd7 S)dtabdtcd
T ted

Tit1 Z) ~ (Tig1—teq)
= / teaP(tealS)e < — 2+ Tip)e T 4 2n + tcd) dteq

i Tit+1 _ 2(teg—Ti)
—(2771‘ ‘I'Ti-}—l)/ tch(tcd|S)€ ;e 2 dtey
Ti
(teg—mi)

Tit1 (tog—71) Tit1
+27h’/ teaP(tealS)e 2 dtcd+/ t2aP(tea| S)e™ 2 dicq

%

(Tit1—ted)

Now on to C4B(i):

Tit1 ted
CAB(i) = / toaP(tod] S) / %P(5p Coal = (,[teg, S)

x P(2p No Coal in ((1,teq)|ted, S)dC
Ti+1
X/ tabP<tab|tcdaS)dtabdtcd

teq

s 4 7 _20eg=m)  B(teg—7;)

[ ooy
_(Tiv1—ted)

2 + 2771 + tcd dtcd

~ (Tig1—ted)

2 dtcd

X | —(2m; + Tig1)e

2(teg—7i)

Ti4+1
(27714—7'1“)/ teaP(teq|S)e 2 e

-
: 5(teg—7i) _ (Tit1—ted)

e i dteg

Ti+1
(2771‘ + Ti+1)/ tch(tcd|S)e_ 2n;
8 Ti+1 ¢ Cd, 8 Ti+1 5(tcd Tz)
+ gnl/ ch( cd|S) 2n; dtcd — 57]1/ thP(tcd’S) 2n; dtcd
4 Tit+1 _ 2(teg—Ti) 4 Ti4+1  5teg—7s)
+ 5/ £2,P(tea] S)e™ 0 dteq — g/ £2,P(tea S)e™ 0 dteg

+

[GLR TN C»JI»J;,—|

Next, C4C(i):
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Tit1 teq 4
040(2) :/ tch(tcd|S)/ EP(5p Coal = Cl|tcd7 S)
x P(2p No Coal in ((1,tcq)|tea, S)dCi P(1p No Coal in (teq, Ti1))dteq
Ti+1
= / teaP(teq|S)P(1p No Coal in (teq, Ti41))

2
4 _20teg—mi) 4 5(teg—mi)
X (—e M ——e 2 )dtcd

4
3

Tit1 C 2(teg—7)  (Tit1—ted)
tch(tcd|S>e i e 2m; dtcd
-

i

5(teg—7i) _ (Tit1—ted)

4 [T+ _
— g/ tch(th|S)6 i e 2n; dtcd
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Case 5: T, is the first event, T}, is the second.

Ti+1
C5(i) = / toaP(tea] ) P(5p No Coal in (fo, tea)|tea, S)

A

>1
X / gtabp(3p coal = tab|tcd7 S)dtabdtcd
ted

c

Ti+1
— P(5p No Coal in (£, 7:|5) / £oaP(tea] S)P(5p No Coal in (7:, tua)[ftea, S)

Tit1 1 '

X |:/ tab§P(3p Coal = tab’tcd,S)dtab
ted

+ P(3p No Coal in (teq, Tit1))

< 1
X / tab§P(3p Coal = tab’Ti+17 S)dtub] dtcd

Ti+1

= P(5p No Coal in (tg, 7;|5)

Ti+1
X [/ teaP(teq|S)P(5p No Coal in (7;,teq)|tea, S)

N J/
-

C5A(i)

Tit1 1
X / tabgp(Bp Coal = tab‘tcda S)dtabdtcd

ted
~

-~

C5A(4) con’t

Ti+1
+/ teaP(teq|S)P(5p No Coal in (73, teq)|ted, S)

< 1
X P(Sp No Coal in (tcdu Ti+1)>dtcd/ tabgp(?’p Coal = tab|7—i+17 S)dtab

Ti+1

So let’s evaluate C5A(i):
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Tir1l
CHA(T) = / toaP(toal S)P(5p No Coal in (s, tu)|tu, S)

Tit1 1
X / tabgp(?)p Coal = tab‘tcda S)dtabdtcd

ted
Tit1

thP(tcd|S>P(5p No Coal in (Tz'atcd>|tcd’ S)

I
S~

1 2 _3Cit1—tea) D
X 3 [ - (§771 + Ti+1)e S 3l + tea|dtea
1,2
= —g(gm + Ti+1)

_3(Tig1—ted)

tch(t0d|S)P(5p No Coal in (Ti7 tcd)|tcd7 S)e 2nq dtcd

X
ﬁ\
3

k3

Ti+1
+ ni/ teaP(teq|S)P(5p No Coal in (74, teq)|tea, S)dteq

— O N

Ti+1
+ / tgdp(tcd|S)P(5p No CO&l n (Ti’tcd>|tcda S)dtcd

3
Case 6: T, is the first event, T, is the third.

Tit1 9
C6(i) = / teaP(teq|S)P(5p No Coal in (tg,tcd)]tcd,S)/t §P(3p Coal = Tlteq, 5)

c

X / tabP<tab|T, S)dtadedtcd:|
Tit1
= / tcdp(tcd|S)P(5p No Coal in (t07tcd>|tcd’ S)
' Ti+1 2 [ee)
« l / = P(3p Coal = 7}ty 5) / Ly Ptus| T, S)dt T
ted T

>~ 2
+ P(3p No Coal in (teq, Tiv1)|tea, S)/ §P(3p Coal = 7|7341,5)

Ti+1

X / P(tab‘T, S)dtude‘| dtcd
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Ti+1
- / toaP(tea] ) P(5p No Coal in (fo, te)|tea, S)

Tit1 9 Tit1
y [ / P(3p Coal = 7ltu, S) / b Pt . S)dt T

+

Ti+1
/ P(3p Coal = T|teq, S)P(1p No Coal in(7, 7;41)|S)dr

X/ tap P (tap|Tiv1, S)dtap
Ti+1

2
+ P(3p No Coal in (¢ cd,Ti+1)|tcd,S)/ §P(3p Coal = 7|7;41,5)

Ti+1

/ abP ab|7— S)dtabd7:| dtcd

Ti+1 Ti+1 2
- / toaP(tea] ) P(5p No Coal in (fo, te)|tea, S) / ~P(3p Conl = 7lts, )

% ted

N J/

C6A®)

Tit1
X / tabp(tab’T, S)dtadedtcd

[\ J/

C6A(2) con’t

Tit1
—|—/ teaP(tea|S)P(5p No Coal in (to, teq)|tea, S)

(. J

C6B(i)

7—7,—0—1
X / P(3p Coal = Tlt.q, S)P(1p No Coal in(7, 7;41)|S)d7dt cq

J/

-~

C6B(3) con’t

X / abP ab‘Terla S)dtab

Ti+1

Ti+1
+ / £ P(taa] S)P(5p No Coal in (fo, tug)ltea, S)P(3p No Coal in(teg, 7i:1)|S)dtes

/ P(3p Coal = 7|71, S)/ tapP(tap|T, S)dtapdT
Tz+1 T

J/

C60(i)
o) Tit1
= C6A(Z) + CGB(Z) / tabP<tab|7—i+17 S)dtab + 060(2) / tcdp(tcd’S)

Ti+1 i

x P(5p No Coal in (tg,teq)|tea, S)P(3p No Coal in(teq, 7541)|S)dltca
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So let’s evaluate each of these three components.

Ti+1
C6A(i) = / teaP(tea|S)P(5p No Coal in (to, teq)|tea, S)

Ti+1 9 Tit1
X / §P(3p Coal = T|tcd, S) / tabP(tablT, S)dtadedtcd

ted T

Ti+1
= / teaP(tea|S)P(5p No Coal in (g, teq)|tea, S)

Ti+1 2
X / §P(3p Coal = 7lt.q, S)

ted

X {— <277i + Ti+1>P(1p No Coal in (7, 7;41)|S) + 2m; + T:| drdt.g

Tit+1
= / teaP(tea|S)P(5p No Coal in (tg,teq)|tea, S)

9 Tit1l
X {— §<277i + Ti+1> / P(3p Coal = T|teq, S)
te
! 4 Ti+1
x P(1p No Coal in (7, 7;41)|S)dT + gm/ P(3p Coal = 7|teq, S)dr
tcd

92 Ti+1
+ g/ TP (3p Coal = 7lt.q, S)d’?’} dt g
ted

Ti+1
= P(5p No Coal in (to,n)|5)/ teaP(tea|S)

i

x P(5p No Coal in (7, teq)|ted, S)

_ (Tig1—ted) _ 3(Tit1—ted) 4 _ 3(Tit1—ted)
X | = <277i + Ti+1> <€ 2n; — e ;g ) + g <1 — € 2n; >

2 2 _8Ciga—ted) 2
T3 [ - (gm + Ti+1>6 i+ 3t tcd] dtca
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= P(5p No Coal in (o, 7;)|5)

X (2 + 1 2(2 + ))
i T Titl — 5 T g\ T T
n +1 373 377 +1

Tit1 _3(Tiq1—ted)
« / toaP(tal S)P(5p No Coal in (s, tug)|tes, S 21 dt.
Z _ (mip1—ted)

Ti+1
— <2m + TZ'_H) / teaP(teq|S)P(5p No Coal in (73, teq)|tea, S)e 2 dtyg

4 4 Tit1
+ (g + §7’h> / tcdp<tcd|S)P<5p NO CO&] n (Ti7tcd)|tcd7 S)dtcd

2 Ti+1
+ g/ tzdp<tcd|S)P<5p No Coal in (Tivtcd)|tcd7 S)dtcd

So now lets look at C6B(7):

Tit1
C6B(i) = / toaP(tea] ) P(5p No Coal in (fo, te)|tea, S)

Ti+1 2
X / §P(3p Coal = (|tcq, S)P(1p No Coal in((, 741)|S)dCdt cq
led

c

Ti4+1
= P(5p No Coal in (tQ,Ti>|S>/ teaP(teq|S)P(5p No Coal in (75, teq)|tea, S)

i

213/ _(Figi—ted) _3(Tig1—ted)
X 3 5(6 o —e 21 ) dteq

Ti+1
= P(5p No Coal in (to,Ti)]S)/ teaP(tea|S)

_ (Tig1—ted)

x P(5p No Coal in (73, teq)|ted, S)e i dtey

Ti4+1
_ P(5p No Coal in (f, 7:)|5) / boaP (el S)
1 3(Ti+1—ted)

x P(5p No Coal in (7;,teq)|tea, S)e 2% dteg

Lastly, let’s look at C6C(4):
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o0 2 o0
C60(i) = / ~P(3p Coal = (711, ) / tas P(tas|C, ) dtdC

Tit1 ¢
nt Ti+1 9
= Z (3p No Coal in (Ti+1,7j)‘S)/ §P(3p Coal = (|5, 5)
j=i+1 i

Tj+1
X [/ tanP(tap|C, S)dtay + P(1p No Coal in (7,7j11))
¢

X / tabP(tab|Tj+1; S)dtab:| d(
Ti+1
n—1
= Z (3p No Coal in (7,41, 75)|95)
j=i+1
Ti+1 9 (1410
X {/ §P(3p Coal = (|5, S)( — (27]j + Tj+1)€ i+ 2n; + C)dC

J

00 Ti+1 9 _ir1=9
—i—/ tabP(tab‘Tj+1ys)dtab/ gp(?’P Coal = ([r;, S)e ~ * dé}

Tj+1 73
n—1

= Z (3p No Coal in (7,41, 75)|95)
j=i+1
X |:</ tabP<tab|7-j+17 S)dtab — (277j + Tj+1)>
Tj+1

Ti+1 9 (7419

X / 5P(3p Coal = (|1;,5)e  * d(
4 Ti+1l 9 2 Ti+1 9

+ §”j/ gP(Sp Coal = (|75, S)dr + §/ gCP(3P Coal = (|75, S)d¢

By piecing together these quantities, which have all been presented as single inte-
grals over a constant population window, we can get the exact value for E(T,y, T.4|S, >
D apeq) which is used in all subsequent covariance calculations.

We omit the presentation of similar calculations when only three individuals are
present (E(tp, toe|S; > Dape)) as the logic follows similar to the process presented
here.
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Notation for integrals
_K@ip1—m)
P(K p No Coal € (13, 741)) =€ 2

indicates the probability that given K pairs of individuals entering branch ¢, none of
them coalesce in the branch parameterized by times 7;, 7,11 and 7;.

K 7K(T—Ti)

PKpCoal =7|1;) = —e 2

2m;
is the probability that given K pairs of individuals have survived to branch 7, that
the first coalescence of the K pairs occurs at time 7.

st
Tac,ad,bqbd 1%* event = Cl

is the event that of the available 6 pairs of coalescence events, the first to occur
happens at time (; and it is not pairs a,b or ¢, d.
In the equations presented here, we commonly see ambiguous notation like

Tit+1
/ P(tap)dta

Here we are assuming t,, has failed to coalesce before 7;, and therefore the density
P(tq) should also be conditioned on that value, such that

1 _Tab_Ti

P(tabITi) = 2_7’}'6 2n;

we simply leave this off for sake of compactness in our equations.
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