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Abstract

The discrete space, continuous time birth-death model is a key process for describing phylogenies in the absence
of coalescent approximations. Extensively used in macroevolution for analysing diversification, and in epidemiology
for estimating viral dynamics, the birth-death process (BDP) is an important null model for inferring the parameters
of reconstructed phylogenies. In this paper we show how optimal, point process (Snyder) filtering techniques can be
used for parametric inference on BDPs. Specifically, we introduce the Bayesian Snyder filter (SF) to estimate birth
and death rate parameters, given a reconstructed phylogeny. Our estimation procedure makes use of the equivalent
Markov birth process description for a reconstructed birth-death phylogeny (Nee et al, 1994). We first analyse the
popular constant rate BDP and show that our method gives results consistent with previous work. Among these
results is an analytic solution to the special case of the Yule-Furry model. We also find an equivalence between the
SF Poisson likelihood and two standard conditioned birth-death model likelihoods. We then generalise our estimation
problem to BDPs with time varying rates and numerically solve the SF for two illustrative cases. Our results compare
well with a recent Markov chain Monte Carlo method by Hohna ef al (2016) and we numericaly show that both
methods are solving the same likelihood functions. Lastly we apply the SF to a model selection problem on empirical
data. We use the Australian Agamid dataset and predict the same relative model fit as that of the original maximum
likelihood technique developed and used by Rabosky (2006) for this dataset. While several capable parametric and
non-parametric birth-death estimators already exist, ours is the first to take the Nee et al approach, and directly
computes the posterior distribution of the parameters. The SF makes no approximations, beyond those required for
parameter space discretisation and numerical integration, and is mean square error optimal. It is deterministic, easily
implementable and flexible. We think SFs present a promising alternative parametric BDP inference engine.
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1. Introduction

Real populations are discrete, denumerable and undergo random fluctuations in size due to births (speciations or
branching events) and deaths (extinctions). Consequently, they are most accurately described by stochastic, contin-
uous time birth-death branching processes (BDPs) [1]]. In its classical form (known as constant rate BDP), if the
discrete integer state of the BDP is I(¢) at time ¢ then the model proceeds in forward time by allowing one of two
nearest neighbour transitions. Either a birth occurs to state /() + 1 with rate A/(¢) or a death occurs to state I(f) — 1 with
rate ul(t). For our purposes [(¢) will be called the true number of lineages or taxa. The pair of non-negative constants
(4, p) are called the per lineage birth and death rates. Births or deaths of any lineage occur independently of any
other and at any time only one transition is possible. Assuming /(0) = 1 and allowing the BDP to progress with time
results in a rooted binary tree (phylogeny) containing both extant and extinct members, that is a useful null model for
molecular phylogenies [2]]. To ensure the tree survives to the present, T > 0, this process is often conditioned so
that /(T) > 1. This is representative of the idea that if a BDP did not survive we would have no way of observing it.
Practically, it is only possible to observe dead lineages or extinct taxa if fossils are available. In our work, we focus
on the BDP in the absence of fossil data.
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If the BDP tree is pruned such that only lineages with descendants at 7 remain then this is called the reconstructed
birth-death process (rBDP) and corresponds to an ideal observable phylogeny [2]. We denote the number of lineages
in the reconstructed tree at time ¢ by the counting process ¥ (f) < I(f). ¥ (¢) for 0 < ¢t < T is a non-decreasing integer
function that describes the observable data (it counts reconstructed branching times). Harvey ef al [3] showed that
even though the rBDP does not have explicit information on extinct lineages it still contains signal for estimating
both the per lineage birth and death rates (4, u). Estimating these rates given ¥ (#), for the constant rate BDP and
more generalised BDPs, is of central importance to macroevolution, ecology and phylodynamics, since it allows us to
fundamentally link the properties of organisms to their environment [4].

In particular, inference solutions for BDPs with time-varying rates, density dependent rates, trait dependent rates,
incomplete sampling schemes, phylogeographic and multi-type behaviours have led to many insights ranging from
understanding the diversification behaviour in the animal kingdom to the space-time dynamics of viral epidemics [5]
6] (71 181 [9] [LO]. Achieving these insights is, however, not an easy task as the loss of information (death events) in
going from a true BDP (complete phylogeny) to an rBDP (observable phylogeny) leads to several difficulties. For ex-
ample many combinations of birth and death rates can produce the same rBDP which can cloud the true diversification
process and result in inaccurate or biased rate estimates [[11] [4]. Moreover, many standard inference methods may
struggle to infer non-zero death rates from real data despite known extinction events [4] [12]. This is often attributed
to model assumptions being implicitly violated or an inability to properly describe the diversification scenario pre-
sented by the data [13]. Additionally, validating these BDP estimates and insights against those achievable by other
competing phylogenetic models such as the coalescent [14] is also of interest [15[] [6] [16]. Since it is believed that
many of these points can be addressed or resolved with more sophisticated inference schemes that account for more
complex rate variation settings [13]], BDP inference remains an important, non-trivial and current field of research.

We focus on inference for BDPs with time-varying birth and death rates, denoted (A(¢), u(f)). Such temporal
variance is often attributed to external influences such as abiotic and biotic environmental changes [4] [13]. In
particular, we introduce a parametric Bayesian estimation method from control and electrical engineering which we
refer to as the Snyder filter (SF) [[L7]. We apply it to infer A(¢) and w(7) given the rBDP, and treat the constant rate BDP
as an important special case. This application rests on having a description of the rate of producing new observable
events according to the rBDP. We previously showed how the SF could be adapted for inference on the coalescent
process, the most popular competing phylogenetic model to the BDP [18]]. While we do not discuss the performance
of BDPs relative to coalescent models, we do comment on when their inference problems are deemed mathematically
similar according to the SF approach.

Several methods already exist for inferring time-varying BDP rates from rBDPs. Nee ef al [2] initiated the
investigation of rBDPs in 1994 by writing down, but not optimising, likelihood functions based on multiplying the
densities of waiting times for events in the rBDP. Since then explicit likelihood function approaches have dominated
the field [13]] with several methods based on different: constructions of probability densities, conditioning criteria for
the BDP, optimisation scheme choices and on whether a maximum likelihood or Bayesian viewpoint is emphasised
[9]. A detailed look at the various likelihood based inference methods in the literature for time-varying and even more
generalised BDPs can be found in Morlon ef al [13]. The most powerful among these methods tend to use Markov
chain Monte Carlo (MCMC) sampling to optimise likelihood functions. This allows one to accommodate complex
BDP features such as sampling schemes, clade variation or genealogical uncertainty, usually at the expense of analytic
exactness and methodological simplicity [6] [7].

Existing non-likelihood based methods usually involve summary statistics or optimisation to lineage through time
plots (LTTs) [19] [13]] [20]. In our notation LTTs are plots of the number of reconstructed lineages ¥ (f) against ¢.
Such methods often do not account for the aforementioned complex BDP features and possess less power. However,
they are still popular since they are simple and easy to use. The SF technique we introduce in this paper functionally
fits between the likelihood and non-likelihood approaches. We focus on achieving an analytical or exact solution
as much as possible while maintaining ease of use and avoiding optimisation and sampling procedures like MCMC.
We do not yet account for complexity like genealogical uncertainty or non-uniform sampling schemes but we do
submit a method with the potential flexibility to accommodate such features in the future. Methodologically, the SF
has very different mechanics from other existing techniques since it simply involves solving coupled linear ordinary
differential equations with discontinuous updates at branching times. The result is a direct computation of the posterior
distribution of the parameters of interest given the observable rBDP.

We start by defining the SF and its equations in the Methods section before describing how it can be applied to

2


https://doi.org/10.1101/165712
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/165712; this version posted May 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

BDPs which are conditioned to survive until some arbitrary present time, 7. We also explain how to incorporate ho-
mochronous sampling but do not implement this addition since it does not alter the inference problem. Consequently,
all our work is based on completely sampled BDPs. In the Results and Analysis section we first numerically solve the
constant rate BDP Snyder equations and then compare results against both the true values and a least squares method
by Paradis [20]. Further, we provide analytic Snyder solutions for the Yule-Furry process and make some compar-
isons to the Kingman coalescent. We then illustrate that the Poisson type likelihood solved by the SF is equivalent to
the standard likelihood of a BDP conditioned on survival. This equivalence holds for trees starting at either the root or
crown (most recent common ancestor). We extend our analysis to time-varying birth and death rates and test the filter
on two simulated models from the literature. We compare our results with the true value and a modern, recent Markov
chain Monte Carlo (MCMC) based method by Hohna et al [8]] [21]. We not only find that estimates correspond but
also show that the likelihoods evaluated by both methods are well matched. Finally we show how the SF can be used
for model selection on empirical data. We run the filter on the Australian Agamid dataset and compare our results
with those from the maximum likelihood method developed by Rabosky [22]. Rabosky originally tested his method
on this Agamid dataset. In the Discussion we comment on the ability and potential of the SF as a useful inference
technique for BDPs and note that it can easily incorporate extra functionality such as density dependence.

2. Methods

2.1. Optimal Snyder Filtering

Consider a doubly stochastic Poisson process (DSPP) , F(¢), at time r > 0. F(f) is a non-decreasing integer
valued process that counts the number of points at 7. Its instantaneous intensity, B(z, X(¢)), is stochastic and on the
space of non-negative real numbers. We want to infer the vector information process X(¢) (section will show
how X(f) encodes the parameters of a BDP) given past observations of the DSPP. We denote the observed process as
F: = {F(s) : 0 < s < t}. Snyder derived a filter that solved the problem of optimally inferring ¥(z) given F; and the
basic statistics of ¥(#) [17]. We call this the SF. It is an exact, Bayesian inference method that generates the informed
posterior, g(t) = P(X(#)|F;), by solving a set of non-linear differential equations on the probability distribution of
X(), sequentially with time over ;. The SF is ‘causal’ because the inferred posterior at time ¢ only depends on
observations up to 7. It is ‘exact’ because it computes this joint posterior directly, without approximating either the
observation process, ¥;, or the information process, X(¢). The only approximations in this method are due to the
standard inaccuracies in numerically integrating its differential equations and in representing distributions discretely.
In some cases, these differential equations are analytically solvable and there are no approximations.

The SF is quite ‘flexible’ since it applies to any Markov information process that has dynamics describable by:
dx(r) = f()?(t)) dr + g(x(¢)) di(¢r). Here ¥(¢) is a martingale with independent increments and ]? & are arbitrary vector
functions of choice (see [23]] for details). The filter is also valid if the DSPP intensity is generalised to depend on
the observed process as B(t, X(t), ;). This makes the DSPP self-exciting [23]]. The SF framework is therefore very
general. In section we will show how estimation with the reconstructed BDP can be cast as a Snyder inference
problem. We focus on inference problems with f = 0 and ¢ = 0. This means our information process is just a
vector of random variables X. We also restrict the type of self-exciting dependence in the DSPP rate to be Markovian
(0-memory). This means that the DSPP intensity is now B(z, X, ¥ (¢)) instead of B(z, X(¢), ;). Under these conditions
the SF, can be transformed into a set of linear differential equations on an un-normalised distribution g*(¢). This is
then normalised afterwards to ¢(¢) [24]]. The resulting SF is described by equations [23]] [24]. As( is a diagonal
matrix called the rate matrix. It has entries for each possible value of (¢, X, ¥ (¢)) at any given ¢ due to the possible
values of & and F(¢). Let an arbitrary value of X be € and denote the corresponding normalised and unnormalised
probabilities as g(z, €) and ¢*(¢, €). The complete posterior distribution is then ¢(¢) while g(¢, €) is the single value
corresponding to €. Assume we have observed an event stream over 0 < ¢ < T. If the first event time is ¢ = 7; then
7] and 77 are infinitesimally before and after that event time. The initial condition for the differential equations is the
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prior: g(0) = P(X). The following equations then describe the dynamics of g(¢) with time until 77.

? = —q"()Ary), for0 <t <77 €))]

= (1 —

qi = M#(Z)de forO <t < 2
-1

qda@y) = da)Ase;) ( f gy, ep(, € F (1)) df) (3)

From 0 to 7| the state probabilities undergo a continuous exponential decaying trajectory (equation . At this point
an event is observed and a discontinuous update of the posterior occurs (equation . The updated posterior g(77)
is then used as a new initial condition and the equations solved again until the next event (over 7| < ¢ < 7). This
procedure repeats until we obtain g(T'). Note that the integrals enumerate every possible value of X. More information
on the SF and some of its biological applications can be found in [17] [23] [25] and [26] and [18].

We will show that BDP inference falls within the SF framework and derive the appropriate rate matrix Ag. Our
posterior of interest, §(T') = P(¥(¢) | ¥7) uses all of the observed data F7 and yields the minimum mean squared error
(MMSE) estimator of any given function of the parameters, f(%). This is denoted f(¥) and defined:

f® =E[f®|F7] = f 4T, e f(e)de 4)

The estimator f(%) is also called the conditional mean [23]. The integrals are taken over the parameter vector space.
The SF is optimal because it directly calculates the posterior, ¢(T), that achieves the MMSE.

2.2. Birth-Death Process Inference

We consider a BDP with time-varying but not lineage dependent rates. We denote the per lineage birth and death
rates as A(f) and u(r) respectively and the number of true lineages or taxa at time ¢ by /(). Due to death events
(extinctions) [(7) is unobservable. We assume that the BDP survives until some time 7" and denote the number of
extant lineages at this time /(T") = n. If the true birth-death tree is pruned such that only lineages with descendants at
T remain then this is called the reconstructed process (rBDP) and corresponds to an ideal observable phylogeny [2]].
Let the number of lineages on the rBDP at time ¢ be ¥ () with F () < I(#) and boundary conditions (¥ (0), F(T)) =
(I(0), (T)) = (1, n). Unlike /(¢) which rises and falls with time, ¥ (¢) is a non-decreasing integer valued function.
If we denote the time of the k™ birth event in the tBDP as ¢, for 1 < k < n — 1 then the observed process is:
F =1+ ZZ;{ 1(t > ¢). Here 1(:) is an indicator function. As is common in the literature we define the negative
total diversification, a(f, 7) and the probability that a single lineage at time ¢ survives until 7, P(t, T), as follows.
These equations were originally derived by Kendall [27].

alt, 1) = fT u(u) — A(u) du (®)]

T *1
P(t,T) =1+ f u(r)e®® dr] (6)

Nee et al [2]] showed that the rBDP is actually a generalised pure birth process [27] with birth rate, 5(f) defined below.
This rate contains information about deaths through the P(¢, T) function. Note that when u(¢) = 0 over 0 < 7 < T then
P(t, T) = 1 and B(t) = A()F (t) = A(){(t) and the rBDP contains all the information of the BDP.
1
L) = lim —P(F @+ A1) —-F@) = 1|F() @)
At—0 At
B@) = AP, T)F (1) 3

In this form the rBDP rate is amenable to SF inference. This is because the counting statistics of a self-exciting point
process with 0-memory are identical to those of pure birth process with a population dependent birth rate [23]. We
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assume that the BDP can be described with p parameters: X = {x|, x, ... x,} and that this set is partitioned so that
the birth and death rates are parametrised as A(z, X;) and u(?, ¥,). Note that X; and %, may have common parameters
but together they must span all of ¥. For notational brevity we will not explicitly refer to X, or ¥, and continue writing
A(t) and u(t). The inference problem on the rBDP therefore conforms to that of the self-exciting DSPPs mentioned in
section Our rate of interest is explicitly B(z, X, F(¢)) and we want to compute P(¥| 7).

We assume complete homochronous sampling so that all n taxa or lineages observable in the rBDP are sampled
at the present time 7 with probability 1. Incomplete homochronous sampling would involve sampling each extant
lineage with probability v < 1. It is well documented that estimates change based on how the taxa are sampled
[S]. The impact of sampling measures on inference is a problem that is currently outside the scope of our work.
However, in we explain how incomplete homochronous sampling can be easily handled by the current
SF framework since it simply alters the form of 3(r).

We now explain the numerical implementation of the filter for BDP inference. Let the vector of p random variables
(parameters) to be estimated, X be such that the distribution of the i random variable can be described on a domain
of m; points. The parameter vector is then on a joint Cartesian grid of m = I—[ipzl m; possible values and so there are
m possible sets of values for ¥. We denote some arbitrary value from this set of ¥ as €. The SF solves a differential
equation for the joint probability mass across all €. Consequently, the filter has dimension m and the prior P(¥) and
posterior g(f) = P(X| ;) have m elements. The rate matrix, Ag(; is then an m X m diagonal matrix with entries at each
time ¢ given by enumerating (¢, X, ¥ (¢)) across the possible €. The integrals in equationsare across the elements
of the relevant vectors or matrices and solved along the observed stream ¥ (¢) for 0 < ¢ < T. Note that at the rBPD
event times (at which equation [3|is solved): T(cl’;) = F(c;) + 1. The only approximations of the Snyder inference
method are inherited from the tolerances in performing standard numerical integration and the quantisation errors in
discretising the parameter space. The MMSE estimates and the joint posterior g(T') form the core of the results that
we present in sections|3.1]- We take estimates at 7 because this makes use of all the information that exists in the
event time series. More information on the numerical implementation, accuracy and complexity of the SF as applied
to phylodynamic problems can be found in Parag and Pybus [18].

3. Results and Analysis

We apply the SF to a series of birth-death inference problems. We start by estimating the constant rate BDP.
We compare our results with known true parameter values and with a least squares method by Paradis [20]. We
then provide an analytic solution to the Yule-Furry process (a constant rate BDP with zero death rate) and make
comparisons to the Kingman coalescent. We also present an inhomogeneous SF solution which leads to a Snyder
likelihood. We show numerically that this is identical to two of the well known, standard likelihoods for the constant
rate BDP. We then extend our analysis to BDPs with time varying birth and death rates. These present a notably more
difficult inference problem. We numerically solve filters for two example models from the literature and compare
results, both in terms of sampled marginal posteriors and computed parameter likelihoods, with a recent fixed tree
MCMC method developed by Hohna [8]]. Having verified the SF on simulated models we extend our investigations
to the empirical Australian Agamid dataset. We use the SF to perform model selection according to a simple least
squares metric and observe the similarity between our estimates and those of a maximum likelihood method by
Rabosky [22] that was originally tested on this dataset.

3.1. Constant Rate Birth-Death Estimation

The constant rate BDP with complete homochronous sampling is considered. The parameters to be estimated are

set as x; = A and x, = pu or equivalently x; = p = ’3‘ < land x; = 0 = A —pu > 0. The second parametrisation

is standard in the literature [5]. For the constant rate, completely sampled BDP, P(z, T) has the explicit expression

given in equation[9] We can then parametrise 3(7) in terms of o~ and p as in equation[I0] We note in that
solutions to this completely sampled problem are directly applicable to the incompletely sampled one.

A—p
P T) = —— s T )
B@6) = AP(t, TF (1) = 5 F () (10)

_ pe—(r(T—s)
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We start our BDP investigation by simulating a true constant rate rBDP under known parameter values. We used the
efficient BDP sampling algorithms of [28]] and [3]] with re-parametrised inverse distributions given below. Here the
uniform random variables {ry, r;, 2 < i < n} ~ U(0, 1) and we assume n extant lineages.

1
~ 1 l—pl"”
T=Q1(T|r0,p,0',n):;10g[ P] (11)

-7

1—pe™" —p(1—e M,
1-pe T —(1-eT)y;

1
si= F YT, p, o, n) = p log( (12)

We obtain a tree depth 7' using equation [T1] and then a series of bifurcation times s; from expression [I2] The s;
represent the information carrying data, since we can map the entire reconstructed tree from these speciation times.
In the original algorithm time is labelled going backward so that the present is time 0. We work in forward time from
0 to T and so construct the dataset S = sort{T — s;, 1 < i < n} where sort{X} sorts X in ascending order. The birth
events are such that ¢,_; = T with ¢ for 1 <k <n — 1 as the (k + 1) element of S. The observed process ¥ is then
the counting process of these events and the ¢ are the times at which we perform the Snyder updates of equation [3]

We numerically integrate the SF (equations [T3)) using the Markov birth process description of [2]] with the rate
function B(¢) from equation We use the (o, p) parametrisation since it is numerically easier to define priors under
this pair. We then convert our results to the classical (4, ) for analysis. We obtained conditional mean estimates for
these parameters over 10* replications and plotted them in the histograms of Figureat a high and low y setting. The
percentage relative MMSE is obtained for parameter x; according to 100(1 — %)2. In all cases the Snyder estimates
seem to cover the true values well. In general u appears to be more difficult to estimate than A and estimation accuracy
improves with reduced . Lastly, when g is high it seems that there is a bias toward underestimating its value. These
are all well known trends in the literature which are now confirmed by the SF [29].

To get an idea of the relative performance of the SF we compared our results with another parametric, least squares
method. Developed by Paradis [20], this technique constructs an empirical cumulative distribution function (CDF)
and then fits a theoretical, parametric CDF using a sum of squares criteria. The empirical CDF, F,(f), is obtained
by normalising the lineage through time plot of the observed birth-death tree. The theoretical CDF, F(z, {4, u}), is
expressed below for some possible value of (4, u). We derive this by taking the original equations from [20] and
substituting expressions from [2] for constant rate BDPs with D := 1 — e =079,

fot D;ze(/l"‘)s ds
Fit, {4, u) =7

=7 13)
fo D;2e-1s ds

T
(Acat: ficar) = arg min f (Fo(t) = F(t, {4, ) dt (14)
> 0

If the search space for (4, u) is matched to that used in the SF then it is easy to compare the results of the two methods.
Since the parameter space is small for the constant rate BDP we were able to find the optimal least squares Paradis
estimates (;lcdf, [lear) using a brute force search. The integral in equation can be analytically solved. This is given
below for completion with the parametrisationa = A — y, b = A, and ¢ = pe*=T,

at

! , 1 be" — ¢ 2 b(e”-1)
D264 s 4 = — |2¢1 +b(e” -1)- _ 15
j(: s ST | e (e ) c—b be" —c (1>

The Snyder-Paradis comparison is given in Figure for 2724 replicate 200 tip rBDP trees. A uniform prior of % is
used across the Snyder grid in the (4, y) parametrisation to keep comparisons fair. If we used uniform priors on (o, p),
the actual induced priors for (4, p) would be non-uniform. The Paradis method achieves a slightly better estimate of
A but a noticeably worse one for p. Overall we find the methods very comparable in performance, with the SF being
computationally simpler. Both methods are designed to use parametric square error type metrics of performance hence
making the comparison sensible.
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Figure 1: Estimation of the constant rate BDP. The constant rate BDP is simulated and then estimated with the SF. Panel a) is a histogram of
these estimates across 10* simulated trees with [m;, n] = [100, 200]. Simulations are done under the o-p parametrisation and converted to A-u for
ease. The top subfigures are for a high death rate setting (priors between [0.01, 0.99] for p and [0.01, 100] for o) and the bottom ones for a low
setting (priors between [0.01, 0.1] for p and [0.1, 2] for o). True values are given in dark grey and the % MSE given as a measure of accuracy.
Panel b) is a boxplot comparing the Snyder and Paradis inference methods for the constant rate BDP on 2724 trees with n = 200 tips with m; = 30
grid points selected for both methods. Uniform priors are now directly over [0.01, 0.1] for A and [0.005, 0.5] for u since we want to ensure a fair
comparison between methods.
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3.2. Snyder Filter BDP Likelihood

We can numerically solve the filter equations from section [2.1] with the rate function from [2.2] to estimate the
parameters of BDPs. In section we showed this for constant rate BDPs and in later segments of this paper we
will extend this to time-varying BDPs. Here we provide and investigate another SF solution. When 7 (¢) is a standard
inhomogeneous Poisson process (so 8(f) is not a function of the lineages), Snyder and Miller showed that the filter
could be solved to give the posterior according to [23]]:

F

H(t, €)= — fo B(s, € ds+Zlogﬁ(c,~, €) (16)
i=1

HEOP(R = €)

P(X¥=€|F () = feH(z,e)]P()?= €)de

a7

We use € for an arbitrary value of the parameter vector ¥ so that enumerating the above expressions across all € gives
the complete posterior distribution. The /- acts as a likelihood function and expression is simply Bayes law. If
the B(#) function admits closed integrals then this solution is completely analytic.

However, our BDP problem is self-exciting in addition to being inhomogeneous. We therefore modify these
expressions to account for the extra dependence 5(¢) has on the number of existing lineages in the rBDP. If ¢; are the
observed event times for 1 < i < n — 1 then the rBDP is inhomogeneous between event times (these are the regions
in which the SF of section [2.] has continuous solutions). We can therefore disaggregate the likelihood into interval
sums as H(z, €) = ), H; and then use the appropriate self-exciting birth rate S(s, €, i — 1) for times s in this interval
starting with i — 1 lineages. This gives us the expressions below. In equation |19 we use the posterior from the interval
ending with i — 1 lineages, P(Z| F (¢ < c¢;_1), as the prior for the subsequent interval by the Markov property.

Ci
H,-:—f B(s, €, i—1)ds +logB(ci, €, i — 1) (18)

PR = €| F(t < ciny))

(X=€lF(r<ci) [efP(X = €| F(t < ci1))de

19)

The constant rate BDP allows for closed form solutions to the integral in equation [I8]thus making this method useful
for this specific inference problem. We obtain the following relation for H;. The € values correspond to different
combinations of the parameter set (o, p). Our only source of error is the parameter discretisation that implicitly
features due to the sequential Markov normalisation. We present a sampled version of this likelihood in[Appendix Al

1 — pe(c-1=D (i-1o

H,' = —((i— 1)0'(Cj—Ci_1)+(i— l)logm +logm

(20)
We compared this analytic solution to the standard SF one in equations [I}f3] The advantage of the former is that it
is not susceptible to errors from numerical integration. The inclusion of explicit exponentiation can lead to minor
numerical issues but the Markov decomposition we proposed in |19 resolves this with sequential normalisation. The
results of the comparison are given below. We simulated M = 10* trees with 100 tips under a high u setting to
emphasise any difference between the methods. Figure [2a] shows that the distribution of estimated parameters from
each method is very similar. As expected, the analytic solution was slightly more accurate, achieving relative %
MSE values over [p, o] of [10.139, 7.1176] to [11.742, 7.3410] from the original Snyder solution. We found that the
correlation between the posteriors calculated by both methods was consistently above 0.988 and that the closeness of
the estimates from the methods improved at lower u settings.

Unfortunately the analytic inhomogeneous Snyder solution of equations is not useful for time-varying rate
BDPs because the integrals are not closed for these problems [2]. In such cases there is no advantage in using
this method over the original Snyder solution. Additionally, this inhomogeneous solution is not as flexible to more
complex dynamics. Consequently, we only employ the original SF method for solving inference problems in the rest
of this text. However, we do make use of the likelihood expressions derived from this method for later comparisons
on both constant and time-varying rate BDPs.
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Figure 2: Comparison of constant rate birth-death estimators for the numerical self-exciting Snyder method and the analytic inhomoge-
neous Snyder solution. The same true parameters are used to generate 1000 trees from which speciation times are obtained. Snyder inference using
both the self-exciting and inhomogeneous method is performed using m; = 100 points within 0.01 —0.99 for p and 0.01 — 100 for o (the true o and
p are given as vertical dashed lines). The conditional mean estimates from each method for each tree are then combined into the histograms. The
darker grey histogram denotes the analytic method. The posteriors leading to each conditional mean estimate, while not shown, had correlations
above 0.988 between the two methods. Simulations were done at m; = 100, M = 1000, n = 100 and were representative for other (o, p) settings.

In particular, we now use the log likelihood from equation 20|to determine what conditioning assumptions the SF
is making for BDPs. As noted by Stadler [30] there are seven different BDP likelihoods even for the simplest constant
rate BDP. These arise from conditioning the BDP on different quantities and can affect the accuracy and comparability
of estimates obtained from different BDP inference schemes. We examine the likelihood that is implicitly solved by
our Snyder inference procedure and compare it to the seven outlined by Stadler.

We start by examining a fine grid over the (o, p) parametrisation of the constant rate BDP with m; = my = ¢ = 150
and generate a rBDP tree with parameters at the median of this grid. We evaluate the log likelihood functions at each
point on this grid over the branching times of this observed tree and then marginalise for each parameter. We plot
all seven of the marginal log likelihood sets outlined by Stadler [30] in Figure [3a below. To be consistent with
the definitions in Stadler, we converted our rBDP speciation times so that they are referenced backward in time and
appropriately adjusted our initial conditions to account for when a likelihood function assumed a process starting at
the crown instead of the tree root. Figure[3a|clarifies that conditioning can make a noticeable impact on the likelihood.

We compared the full set of Stadler likelihoods to the analytic SF likelihood on the same tree. Again the relevant
adjustments are made to account for time scale and tree conditions. When the SF is applied to a tree that starts with the
root, it exactly matches the 2nd Stadler log marginal likelihood provided the correction constant C = —clog((n — 1)!)
is added. This correction is equivalent to multiplying the Stadler joint likelihoods with (n — 1)! (when marginalising
we sum the log of this factor a number of times equal to the number of nuisance grid points - hence the ¢ factor).
As noted in [30] this means the SF is computing a likelihood on branching times because for a given (observed)
branching time vector there are (n — 1)! different (equally likely) oriented trees.
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(b) Snyder likelihood comparison

Figure 3: Comparison of constant rate birth-death likelihood functions from Stadler and Snyder. The seven Stadler likelihoods and the Snyder
likelihood from the inhomogeneous method are examined over a grid with m; = 150 points within 0.01 — 0.99 for p and my = 150 points within
0.01 — 100 for o (the true o and p are at the range medians). Panel a) shows the Stadler log marginal likelihoods for each parameter. Consistent
markers indicate marginals from the same joint likelihood. All the curves are based on the same tree data, adjusted as necessary to meet various
conditions. Panel b) compares the Snyder analytic inhomogeneous marginal log likelihoods to the 2nd and 5th Stadler ones. The light grey curves
are the Stadler likelihoods. The squares are the Snyder likelihoods for conditioning on the survival to T of the root lineage. The circles are for
conditioning on the survival of both crown lineages to 7. The grey dashed lines are the true parameter values.
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The 2nd Stadler likelihood is for a BDP conditioned on just survival to T (the present). It makes sense that the SF
computes this as the Markov birth process rate 8(¢) depends on P(¢, T), a function that encodes survival time. If tree
data starting from the crown or MRCA is applied then interestingly the SF matches the 5th Stadler likelihood with
the same correction constant C. The 5th likelihood is for a BDP conditioned to start at the crown with both initial
lineages surviving until 7. The match of the marginal log likelihoods between these Stadler functions and the Snyder
one is given in Figure[3b] The Stadler values are in light grey and the corrected Snyder ones given as square and circle
markers for the 2nd and 5th likelihoods respectively.

The equivalence shown here is important for three reasons. Firstly, it confirms our Snyder implementation. Sec-
ondly, it makes comparison of results from our method and others in the literature more transparent and valid. For
example, later in this manuscript we compare the Snyder estimates to those from an MCMC method by Hohna et al
[8] [31] (which makes use of the Stadler likelihoods but in a time-varying sense). Since we know what the SF is
conditioning on we can ensure we use the relevant Hohna et al conditions. Keeping the data and likelihood functions
consistent between methods means that any difference in inference results will directly reflect differences only in the
techniques themselves. Lastly, Stadler [30] noted that different likelihoods can lead to different estimate accuracies
and recommended using the 2nd and 5th likelihoods due to their robustness and accuracy. The fact that these are
exactly the likelihoods solved by the SF is quite promising for our point process approach.

3.3. The Yule-Furry Model and the Kingman Coalescent

BDPs and coalescent models offer popular, alternate descriptions of the diversity patterns within a population.
Understanding the similarities and differences between BDPs and coalescent process descriptions is important for
choosing the appropriate null model for a given dataset [15] [L6]. Thus, while we are primarily concerned with BDPs,
we make some comments on and comparisons with the fundamental Kingman coalescent [14]], which models the
diversity in a constant population. Previous comparisons have usually been from the perspective of density functions
or inter-event intervals. Stadler [32] [S]] showed that a constant rate BDP is only analogous to the Kingman coalescent
under the specific sampling condition of 4 = u = %, for a tree downsampled from m to n taxa. Hey [33] found that
the true birth-death equivalent to the Kingman coalescent (provided a Volz rate correction is applied [34])) is achieved
if birth and death events are synchronised. This leads to a Moran type model, also with 2 = u. Our BDP-coalescent
comparisons are from the perspective of the resulting parametric inference problem.

Unlike the BDP, the coalescent is defined in backward time and assumes a population size that is large in compar-
ison to the sample size n [35]. We first rewrite the Kingman coalescent equations in forward time to match the BDP
and use ¥.(¢) as its observed process that counts the number of tree lineages at . The Kingman coalescent with pop-
ulation N(0) then has observable inter-event intervals exponentially distributed with rate (T"(Q“)N (0)~!. Given F.()
then this interval derives from a homogeneous Poisson process. Consequently, it admits a simple and well-known an-
alytic solution for the estimator of N(0). We presented the analytic SF solution for this problem in [18]. The constant
rate BDP with 4 = y however does not lead to a similar homogeneous Poisson process description. This is because
the observable rBDP is not homogeneous given ¥ (¢), and therefore presents a more complex inference problem. This
can be seen by applying L’Hopitals rule to expression [10{but in the original (4, x) parametrisation.

—AF (1) AF (1)

Jim A(#) = lim — & e =D T AT -0 @D

This results as the birth and death events are completely independent, which is in contrast to the Hey model [33]. It
also emerges because when conditioned on survival (which is the case for an rBDP to be observed) then the expected
number of lineages is not constant despite the equality in the birth and death rates [9]. The impact of conditioning
becomes clear if we use the expression given by Hohna [9]. Hohna finds, for all BDPs with A(¢) = u(¢), that P(¢, T)
is the same as the inverse of the expected number of lineages at T conditioned on survival of the true process (hence
we use [(¢)). Using Hohna’s expressions in our S(¢) calculation gives the following.

AOF @ AT (@) (22)

A A0)=4(?) - 1+ sz A(s)ds ~ EI(T)| () > 1]

However, the inference problem for the Kingman coalescent can be made identical to that for a BDP if the death rate
is set to 0. The resulting model is called a Yule-Furry process [36]. Estimation on this process is with the true tree
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as the rBDP and BDP are equivalent at 4 = 0. This allows us to analytically solve the SF equations in a manner that
mirrors the solution that we presented in [18]] for the Kingman coalescent. Additionally, also as in [18], we will
describe the solution robustness to prior specification.

The Yule-Furry process has inter-speciation intervals that are independent and exponentially distributed with rate
id over the period c;; —c; where 7 (¢; < t < ¢;41) = i. The known maximum likelihood estimate of A, Aml = n-DH7 !
137]. 7 = Z?:_]l i(ci+1 — ¢;) is the sufficient statistic for the Yule-Furry process. If the observed intervals {c;;; — ¢;} for
all i € {1, n— 1} are exponentially scaled by the number of lineages to {(c;+1 — ¢;)i} = {0;} and a new observed process
defined G(7) := argmax <j<,—1 »,;0; < £, then Gr is homogeneous and Poisson. For a homogeneous process Snyder
showed that the filter equations can be solved analytically to give the formula 23|below [I7]. As usual € indicates
some arbitrary value of the parameter of interest. This solution is only applicable to the Yule-Furry because of the
transformation from 7 to Gr. Note that 7 (f) = G(7) and the conditional mean 1 = fow eP(1 = €| Gy) de.

e9De=P(1 = €)
fow €9De=€P(A = €) de

PA=¢|F) =PA=€|G) = (23)

Here P(1 = ¢) is the prior and the exponentially scaled observed stream ends at T = 27:_11 6; = 7. We can obtain
the Bayesian sensitivity of the Snyder Yule-Furry solution to prior specification by describing the dynamics of the
maximum a posteriori (MAP) estimate of 2. The MAP estimate is the mode of the posterior §(T, €) = P(1 = €| G7).
We simplify and solve Snyder’s MAP estimate differential equation: 0 = 3‘—1 [log 4, e) — fot edr + Zkg:(? log e] [LL7]
for the Yule-Ferry process to get expression[24} with ¢(0, €) = P(1 = e).

= 0’ ’
T —n-ne' + 189 _g 24)

4(0, €)
Solving for € gives the MAP estimate ;lmap. It clearly depends on the logarithmic derivative of the prior, D = q(;((oo, ?)

D represents the sensitivity of the Bayesian MAP estimate to the prior. For a uniform prior ©® = 0 and ;lmap =
(n— DT = Am. If the prior is a negative exponential: (0, €) = ae ¢ then D = —b and ;lmap =m-1)T +b)~".
Most importantly, as n (and hence 7°) gets large, then for any prior, D, becomes negligible and every /Almap — At In
we present a new sampled condition under which a constant rate BDP with 2 # u is analogous to this
Yule-Furry one and thus can admits all the above results.

For completion, we write the analytic Snyder likelihood for the entire observed Yule-Furry process e?T4, as
equation 23] below, by directly solving equation[I6] Note that the rBDP rate is now parametrised only in terms of A.

TN = (= 1)L Bt FACIm=e = (g = )17 g Zi AT =) (25)

Expression[25]is equivalent to (n — 1)!L(1) where L(A) is the tree likelihood for an rBDP conditioned on 7' with u = 0.
This is one of the seven rBDP tree likelihood functions presented in [30] and further confirms the Snyder method.

3.4. Time Varying Rate Birth-Death Estimation

We now generalise to estimating BDPs with deterministically time-varying (but not lineage dependent) per lineage
birth and death rates A(r) and wu(f). These types of models, while not as tractable as the constant rate BDP, are
important for describing complex diversification dynamics such as adaptive radiations or mass extinctions [20]. As
mentioned in section we assume that the birth and death rates can be parametrised as A(#, ¥;) and u(t, X,) with
X={x1, x2, ... xp} for a p > 1 parameter BDP. The vectors ¥, and ¥, are spanning subsets of the parameter set. This
means that both the birth and death rate may be functions of all the p parameters or just a subset but each parameter
must appear at least once (otherwise it cannot be inferred). Often we will just write A(¢) and u(f) for convenience.

Time varying BDPs admit no explicit inference solutions [20] and so we will numerically integrate the Snyder
equations [T}f3] across the observed reconstructed process or BDP. We previously noted that this rBDP is equivalent to
a Markov birth process, ¥ (¢), with rate at time ¢t < T, given in equation [§|and with #(T) = n. This rate is explicitly
written for convenience in equation[26]to show its parametric form and that it depends on nested integrals. This makes
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the inference problem much more complex than the constant rate BDP one. The rate is still Markov because it only
depends on the current count of the rBDP [23]].
A, )F (1)

t, X, F(1)) = g
T T e el st
t

<AL, X)F () (26)

The inference problem is to find conditional mean estimates of the parameters x;, X; = E[x; | ¥7]. The SF will directly
generate the joint posterior P(¥| #7) and the estimate £; will be obtained by marginalising for this parameter and then
integrating the marginalised posterior across its domain.

We investigate two time-varying rate BDP models. The first has a constant death rate u(f) = x3 and an exponen-
tially decreasing birth rate A(r) = x3 +x;e . We call this the Hohna model since he introduced it in [38]] to describe a
speciation rate which initially starts above the extinction rate and then decays to a critical A(f) = u(¢) state. He used this
and various nested simplifications for a model selection problem on empirical ant and snake phylogenies. The second
model uses a logistic function for both the birth and death rate so that: A(f) = (1+e %)~ and u(f) = (1+e5*+%)71,
This model, which we refer to as the logistic, was used by Paradis [20] to capture the monotonically increasing or
decreasing birth and death dynamics commonly found in the macroevolution literature.

We simulated reference (observed) time-varying rBDPs from each model using the algorithms of Hohna [31].
These are available in the R package TESS [21] and involved inversely sampling the i rBDP speciation time, c;,
from the theoretical CDF of equation 27} P,(z, T) = P(t, T)*e®"T) is the probability that a lineage at ¢ leaves exactly
1 surviving descendant at 7. Note that P(¢, T) is the analogous probability for when at least 1 descendant survives to
T). Here each r; ~ U(0, 1) and the tree generated is for n lineages at time 7T so that ¥ (T') = n. Where possible, we
simulated under true parameter values that matched those found in the previous Hohna and Paradis works.

o T -1
r= ( f AP, T) dt) ( f AP, T) dt) 27
0 0

Having simulated the observed data for each time-varying BDP model we then applied the SF and compared its
estimates to the true value. To get an idea of relative performance of our method, we also analysed the simulated trees
with a recent fixed tree adaptive MCMC inference method. Developed by Hohna et al [31] [21]], and also included
in the TESS package, we used this method as a modern benchmark for time-varying BDP estimation. This Hohna
technique also accommodates incomplete sampling and density dependence.

Since the root of a tree is less likely to be observed in real life, we conditioned our rBDP trees to start from the
crown or most recent common ancestor. Our starting time is therefore c; instead of 0 and 7 (c;) = 2. For these
inference problems, the Hohna MCMC method samples from the likelihood function given in equation 28] This is the
time-varying form of the 5th Stadler likelihood mentioned in section [3.2]for constant rate BDPs.

n-2

1_[ iA(cis1)Pi(ciy1, T) (28)

i=1

_ Pi(0, T)
~ PO, T)?

For all models we simulated M = 100 replicate rBDP trees with n = 100 tips. We estimated model parameters from
the simulated trees using both the Snyder and Hohna techniques. To keep comparisons fair we used the uniform priors
across the same parameter ranges for both methods. For the SF we used probability % for the i parameter grid, with
m; = 20 for the Hohna model and m; = 15 for the logistic model. We checked the con'vergence of the MCMC method
by using the Geweke statistic [39] and by examining the autocorrelation function of the MCMC samples.
Figures[4a|and[5a|below show the resulting combined marginal posteriors from both methods. These are obtained
by combining and smoothing histograms of samples generated from the marginal posteriors estimated from each tree.
While there is some bias in the estimates of certain parameters, it is clear that all the true values are within the cover
of the posteriors. This bias emerges because time-varying BDPs present a difficult inference problem [20]. Most
importantly both methods lead to well matched marginals, validating the performance of the SFE. We confirm this
further by plotting the Hohna and Snyder marginal likelihoods across each m; point parameter grid. These are given
in Figures @] and @ Within numerical tolerances the likelihoods from both methods are identical. For illustration,
we converted the Snyder posteriors from each tree into an estimated birth and death rate trajectory. We present a
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summary of these trajectories in Figures[6a) and [6b] The Hohna death rate is accurately measured but the birth rate is
initially underestimated. In contrast, the logistic birth rate is well covered but its death rate is initially overestimated.
Note that estimates of both the parameters and the rates will improve as n increases.
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Figure 4: Snyder and MCMC estimates for the Hohna time-varying BDP model. We simulated M = 100 trees with n = 100 tips and then
estimated the underlying parameters of the model using the SF and Hohna MCMC methods. We used uniform priors spanning [0.1, 0.4, 0.1] to
[5, 20, 5] for the 3 parameters respectively. We ran the Snyder method on a grid with [m;, m] = [20, 203] points. Panel a) shows the smoothed
marginal posteriors obtained by aggregating samples from all the tree posteriors and then applying a normal smoothing kernel. The MCMC
posteriors are in solid grey and the Snyder ones in dashed grey. The dark vertical dashed line is the true parameter value. Panel b) compares the
Snyder and Hohna MCMC marginal likelihoods. We evaluated the relevant joint likelihood functions for both methods on a given tree over the 203
grid points, and then marginalised. The solid grey curves are the Hohna likelihoods while the circle markers are the Snyder ones.
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(b) Snyder-Hohna likelihood comparison

Figure 5: Snyder and MCMC estimates for the logistic time-varying BDP model. We simulated M = 100 trees with n = 100 tips and then
estimated the underlying parameters of the model using the SF and Hohna MCMC methods. We used uniform priors spanning [0.02, 0.1, 0.03, 0.2]
to [1, 5, 1.5, 10] for the 4 parameters respectively. We ran the Snyder method on a grid with [m;, m] = [15, 15%] points. Panel a) shows the
smoothed marginal posteriors obtained by aggregating samples from all the tree posteriors and then applying a normal smoothing kernel. The
MCMC posteriors are in solid grey and the Snyder ones in dashed grey. The dark vertical dashed line is the true parameter value. Panel b)
compares the Snyder and Hohna MCMC marginal likelihoods. We evaluated the relevant joint likelihood functions for both methods on a given
tree over the 15% grid points, and then marginalised. The solid grey curves are the Hohna likelihoods while the circle markers are the Snyder ones.
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(b) Reconstructed rates for logistic model

Figure 6: Reconstructed birth and death rates for time-varying BDPs. The SF is applied to M = 100 replicate n = 100 tip trees simulated from
the Hohna and logistic models. The joint posterior from each tree is used to obtain a reconstructed birth (A(7)) and death rate u(¢). Panel a) provides
a summary of these estimated birth and death trajectories for the Hohna model whilst panel b) illustrates the logistic model trajectories. The SF
settings match those in Figures@and@respectively. In both panels the solid grey line is the mean of the estimated trajectories while the dashed
lines enclose 95% of all trajectories. The dark solid line is the true rate.
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3.5. Birth-death Estimation with Empirical Data

We extend our analysis of time-varying BDPs to empirical data. As the SF is flexible and easily implemented it
should be useful for model selection problems. We test that assertion on the Australian Agamid lizard dataset from
Harmon et al [40], which is known to be almost completely sampled (above 93%) at the species level [22]. Previous
work by Rabosky and Lovette (herein referred to as simply Rabosky for convenience) [22] analysed 4 (nested) birth-
death models and found that the dataset was best described by a constant death rate, u(f) = x3 and an exponentially
decreasing birth rate, A(f) = x;e™'. This supported a model for declining diversification. We apply the SF to the
same nested parametric models used by Rabosky, and use the same time scaled Agamid tree as our observed process.
These models, with parameters x; are: i) constant birth-death, const: A(t) = x;, u(t) = x,; ii) time-varying speciation,
spvar: A(t) = x1e™", u(t) = xp; ii) time-varying extinction, exvar: A(f) = x, u(t) = x3(1 — e™") and iv) time-varying
birth-death, bothvar: A(f) = x1e™, u(f) = x4(1 — ™).

Since there are no true parameter values for this problem we use the maximum likelihood estimates (MLEs) from
Rabosky’s method as our reference. We recalculated these using the R package LASER [41]]. LASER uses the
function ‘optim’ with the ‘L-BFGS-U’ method to maximise a likelihood function from Nee ef al [2]. In order to
protect against local maxima the optimisations were repeated 100 times. We perform model selection with estimates
from both the Rabosky and Snyder methods by using a least squares technique developed by Paradis [20]. This
method involves converting the tree data into an empirical cumulative distribution function (CDF), F,(¢) (essentially
a scaled version of F(1)). A theoretical CDF, F(z, €) for some arbitrary value of the parameter vector, ¥ = ¢, is also

defined as in equation The accuracy of a model is assessed by the square error: fOT (F.(t) - F(t, €))* dr.

-1

! T
F(1, E)z( f A>8)e™ 9 p(s, T)? ds) ( f A()e™ I P(s, T)? ds (29)
0

0

We used this Paradis metric since it was simple, easy to visualise and fits directly to the empirical data of interest.
More complex model selection techniques were found unnecessary for this problem. Additionally, sometimes using
such techniques, like the Akaike information criterion, can be misleading for BDP problems [42] [38]]. We calculated
the Paradis metric across the 4 models and scaled the resulting values by the maximum model value (the result is a
value between 0 and 1). Our model selection results are given in Figure[7al The main plot compares the Snyder based
F(t, %) for each model (light) against the empirical F,(¢) (dark). The SF was run for the Agamid n = 69 tree with
uniform priors of % on each parameter for every model. The grid sizes ([m;, m]) were: [30, 3071, [30, 30°], [30, 30°]
and [20, 20*] for const, spvar, exvar and bothvar respectively.

The spvar and bothvar are the top grey curves, and seem to fit the empirical data equally well. Since the spvar has
less parameters, it is the best model for the Agamid data. The other models are below the empirical CDF and seem to
fit poorly. The inset table lists the scaled Paradis metric for both the Rabosky and Snyder inference. Observe that the
relative fit given to each model is essentially consistent across the methods and matches that in the original Rabosky
analysis [22]. By confirming the spvar model description, the SF is also supporting a declining diversification rate
hypothesis for the Agamids. Figure[7blexamines the Snyder marginal posteriors for the best fit spvar model. The dark
dashed line indicates the Rabosky MLE from LASER (we were not able to get confidence intervals for the Rabosky
estimates). Note that the Snyder posteriors are strongly matched to the Rabosky estimates. The posterior for the death
parameter, x3, is not shown because it remained unchanged from the set prior. This suggests that either the death rate
is not an important explanatory variable or that the Agamid rBDP may not be sufficiently informative to allow death
rate dynamics to be inferred. The essentially zero death rate was also found in the original Rabosky work on this
dataset [22]. The SF therefore provides evidence for a more concise model than spvar that excludes death events.
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Figure 7: Comparison of several time-varying BDP models on the Agamid dataset. The SF and Rabosky method were applied with the
const, spvar exvar and bothvar models to the n = 69 tip Agamid tree. All models were examined with m; = 30 except for bothvar which had
m; = 20. Snyder priors were uniform at mi‘ over the ranges [0 — 10, 0 — 1], [1 - 100, 1 - 25, 1073 - 0.01], [0.01 — 10, 0.01 - 10, 1073 - 0.01] and
[1-100, 1-25, 0.01—1, 1073 —0.01]. Panel a) gives the Snyder CDFs (light curves) against the empirical CDF, F,(¢) (dark stepwise function). The
const and exvar fit poorly (lie under F,(¢)) while the spvar and bothvar show a much better and identical fit (the curves are overlaid). The inset table
gives the relative fit to F, () based on the relative ratio of the Paradis metric. Results support spvar as the best model. Panel b) therefore examines
the Snyder spvar posteriors (solid light curve) against the Rabosky MLEs (dark dashed line). The light dashed line is the Snyder conditional mean
estimate. No comparison is provided for x3 since it seems irrelevant (its posterior matches its prior).
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4. Discussion

In this paper we have introduced the SF as an alternate approach to BDP rate estimation problems. We have shown
that if we exploit the equivalent Markov birth process statistics of a BDP’s associated rBDP, then the SF can be used
to compute the posterior distribution of its parameters. This method only relies on having a parametric description of
the birth and death rates and a means of calculating the probability that a lineage alive at time ¢ leaves at least one
descendant at 7', (P(¢, T)). Given such minimal requirements, the SF provides a flexible, useful and accurate inference
scheme. We subsequently summarise the evidence of this, which was provided throughout the main text.

We started by using the SF to estimate the parameters of a constant rate BDP. We found that its estimates were
accurate and improved with decreasing death rate. These trends matched the literature. We found the SF performance
to be comparable to a least squares optimisation method by Paradis [20], without requiring a search for minima itself.
One benefit of the SF is its lack of susceptibility to local optima. We also used Snyder theory to derive (for the first
time, to our knowledge) the analytic MMSE estimator for the Yule-Ferry process. This was analogous to the Kingman
coalescent solution that we have previously presented in [18]. Interestingly, in we found that under a
new and specific homochronous sampling condition the constant rate BDP behaves like a Yule-Furry process with
parameter A — ¢ and so also admits an equivalent analytic estimator.

We then observed that by conditioning on the number of lineages between the branching events of the rBDP
we could adapt an analytic SF solution, known to apply to inhomogeneous Poisson processes. We easily obtained
marginally more precise results than the basic SF implementation for constant rate BDP estimation, using this method.
Unfortunately, this more analytic technique is not as usable for more complex BDPs. However, this method revealed
a likelihood function that the SF was implicitly solving. Stadler [30] stated that seven distinct BDP likelihoods exist
depending on what rBDP characteristics are used for conditioning. She examined all of these for the constant rate
BDP and found that the 2nd and 5th likelihoods were the most robust and hence useful for study. We examined the
implicit Snyder likelihood and found that it was solving the 2nd and 5th Stadler likelihoods, a property likely inherited
from the Nee et al function P(¢, T) [2]. This confirmed the SF as a useful and valid BDP inference technique.

This likelihood robustness refers to a mismatch which can often occur in BDP analyses. If one simulates a tree
with a fixed size n then the correct likelihood function is the 7th. This conditions on n and places a uniform prior
on tree stem age. However, conditioning on survival is important to get more accurate estimates, especially at higher
extinction rates. This creates an expected issue, as it is not advised to condition on both survival and n [30]. Luckily,
Stadler found that the 2nd and 5th likelihood, which condition only on survival at either the root or crown, leads to as
accurate estimates as the 7th despite the data being simulated under the n condition. This implicitly features in this
work since simulations are often done under the n condition in order to fix the information content of the tree (more
branching events leads to sharper estimates). This allows a better evaluation of an inference method than for example
simulating to survival at a fixed 7. Since the SF uses the robust likelihood functions, then there is no issue. This
approach to testing a survival based inference method on n conditioned data is not uncommon [43]].

We then extended our SF analysis to time-varying BDPs. We simulated two models from the literature: one
introduced by Hohna [38]] that describes a BDP with an exponentially declining speciation and constant exinction
rate, and one used by Paradis [20] featuring logistic birth and death rates. We applied the SF to data simulated
from both models and compared the results with a modern fixed tree MCMC method developed by Hohna [21]]. For
both models, both methods gave very similar marginal posteriors and were found to be solving identical likelihood
functions. This confirmed the SF performance for time-varying BDPs as well as clarified a key relative advantage
of our method. The Hohna method often required multiple runs to avoid poor convergence and could give different
results on the same data. The SF does not have convergence issues, and is a deterministic method. Given the data,
the SF will always produce the same posterior. In terms of computational speed, we found both methods comparable.
More discussion of the Snyder computational and methodological complexity can be found in Parag and Pybus [18]].

Having tested the SF on simulated trees we investigated a model selection problem on an empirical phylogeny
of Australian Agamids. This dataset was first analysed by Rabosky and Lovette [22] and we used their original tree
and compared our results directly with their MLEs. Both methods, under a Paradis CDF least squares metric [20],
supported models that featured declining birth rates and constant death rates. The SF marginal posteriors for the
selected model were found to match the Rabosky MLEs very well (the Rabosky point estimates were near the mode
of the Snyder marginals). Thus the SF performs well on empirical datasets. The Rabosky MLE for the death rate was
0 while the SF produced a posterior that matched the prior. The SF therefore deems this parameter redundant. The
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suggests the data is not informative enough or that an assumption in the BDPs has been violated. This can likely be
resolved with more generalised models or the addition of fossil data [12]].

The SF presents a capable alternative BDP inference technique that, within the numerical tolerances of integration
and parameter discretisation, provides exact MMSE estimates by directly solving for the joint parameter posterior. It is
simple, deterministic and does not suffer from stability issues like local minima or poor convergence. Most importantly
it fully exploits the Markov birth nature of rBDPs, which should allow easy generalisation to more complex BDPs. All
that is required is a means of calculating P(¢, T'). Some obvious extensions that we can mention pertain to genealogical
uncertainty, incomplete sampling and density dependence. This work has only focused on the fixed tree problem. To
account for tree uncertainty we could likely sample a set of trees describing this uncertainty, run a SF on each and
combine the results in a Bayesian manner. This would be similar to combining multiple Poisson streams and is a
generalisation made possible by taking the Markov birth process approach [23].

The dependence on P(¢, T) is a key point for incorporating incomplete sampling. We have already shown how
to accommodate homochronous sampling (also known as uniform taxon sampling) by replacing P(z, T) with the
probability that a lineage leaves at least 1 descendant at T and is sampled P, (¢, T) (see [Appendix A). As long as a
sampling process admits a description for P,(f, T') then the SF can be easily extended to these scenarios. We further
note that the extension for density dependence is trivial. Density dependence means that the birth and death rates now
become functions of the number of lineages. However, the rBDP already involves linear lineage dependence since
B, X, F (1)) « F(¢). If, in addition, the birth and death rate become functions of #(¢) all this means is the structure
of B becomes more complex. The inference problem, however, is unchanged since ¥ (¢) is known (observed data) and
the parameter space is still the same. Consequently, as long as the functional dependence can be explicitly written as
A(t, Xy, (1)) and p(r, %, F (1)) then density dependence is easily accommodated.

Thus we believe that the SF has promise as a BDP inference technique. It is simple and flexible and allows direct
computation of the posterior of estimated parameters. Its approach involving equivalent Markov birth processes and
ordinary differential equations is fresh to this field and allows a new direction from which estimation insight can be
derived. Since it focuses on parametric estimation, we envision the SF as useful for learning about a dataset in a
phenomenological manner or comparing different parametric birth-death rate models in an attempt to learn problem
physics. Our future work will look to extend this method to handle more difficult problems such as multitype BDPs
or BDPs with protracted speciation, with inclusion of genealogical uncertainty.

Acknowledgments

This work was supported by the European Research Council under the European Commission Seventh Framework
Programme (FP7/2007-2013)/European Research Council grant agreement 614725-PATHPHYLODYN.

5. Bibliography

[1] T. Gernhard, The Conditioned Reconstructed Process, Journal of Theoretical Biology (253) (2008) 769-78.
[2] S. Nee, R. May, P. Harvey, The Reconstructed Evolutionary Process, Phil Trans R Soc B 344 (1994) 305-11.
[3] P.Harvey, R. May, S. Nee, Phylogenies without Fossils, Evolution 48 (3) (1994) 523-9.
[4] R.Pyron, F. Burbink, Phylogenetic Estimates of Speciation and Extinction Rates for Testing Ecological and Evolutionary Hypotheses, Trends
in Ecology and Evolution 28 (12) (2013) 729-36.
[5] T. Stadler, On Incomplete Sampling under Birth—Death Models and Connections to the Sampling-Based Coalescent, Journal of Theoretical
Biology 261 (2009) 58-66.
[6] T. Stadler, D. Kuhnert, S. Bonhoeffer, A. Drummond, Birth-death Skyline Plot reveals Temporal Changes of Epidemic Spread in HIV and
Hepatitis C Virus (hcev), PNAS 110 (1) (2013) 228-33.
[71 M. H, T. Parsons, J. Plotkin, Reconciling Molecular Phylogenies with the Fossil Record, PNAS 108 (39) (2011) 16327-32.
[8] S. Hohna, T. Stadler, F. Ronquist, T. Britton, Inferring Speciation and Extinction Rates under Different Sampling Schemes, Mol. Biol. Evol
28 (9) (2011) 2577-89.
[9] S. Hohna, The Time-dependent Reconstructed Evolutionary Process with a Key-role for Mass-extinction Events, Journal of Theoretical
Biology 380 (2015) 321-31.
[10] D. Kuhnert, T. Stadler, T. Vaughan, A. Drummond, Phylodynamics with Migration: A Computational Framework to Quantify Population
Structure from Genomic Data, Mol. Biol. Evol 33 (8) (2016) 2102-16.
[11] T. Kubo, Y. Iwasa, Inferring the Rates of Branching and Extinction from Molecular Phylogenies, Evolution 49 (4) (1995) 694-704.
[12] A. Purvis, Phylogenetic Approaches to the Study of Extinction, Ann. Rev. Ecol. Evol. Syst. 39 (2008) 301-19.
[13] M. H, Phylogenetic Approaches for Studying Diversification, Ecology Letters 17 (2014) 508-25.

21


https://doi.org/10.1101/165712
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/165712; this version posted May 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

[14] J. Kingman, On the Genealogy of Large Populations, Journal of Applied Probability 19 (1982) 27-43.

[15] E. Volz, S. Frost, Sampling through Time and Phylodynamic Inference with Coalescent and Birth—death Models, J. R. Soc. Interface
11 (20140945).

[16] T. Stadler, T. Vaughan, A. Gavryushkin, et al., How well can the Exponential-Growth Coalescent Approximate Constant-Rate Birth-Death
Population Dynamics?, Proc. R. Soc. B 282.

[17] D. Snyder, Filtering and Detection for Doubly Stochastic Poisson Processes, IEEE Transactions on Information Theory 18 (1972) 91-102.

[18] K. Parag, O.Pybus, Optimal Point Process Filtering and Estimation of the Coalescent Process, Journal of Theoretical Biology (2017) 153-67.

[19] O. Pybus, P. Harvey, Testing Macro-evolutionary Models using Incomplete Molecular Phylogenies, Proc. R. Soc. Lond. B 267 (2000) 2267—
72.

[20] E. Paradis, Time-Dependent Speciation and Extinction from Phylogenies: a Least Squares Approach, Evolution 65 (3) (2011) 661-72.

[21] S. Hohna, M. May, B. Moore, Tess: an R Package for Efficiently Simulating Phylogenetic Trees and Performing Bayesian Inference of
Lineage Diversification Rates, Bioinformatics 32 (5) (2016) 789-91.

[22] D. Rabosky, I. Lovette, Explosive evolutionary radiations: Decreasing speciation or increasing extinction through time, Evolution 62 (8)
(2008) 1866-75.

[23] D. Snyder, M. Miller, Random Point Procresses in Time and Space, 2nd Edition, Springer-Verlag, 1991.

[24] M. Rudemo, Doubly-Stochastic Poisson Processes and Process Control, Advances in Applied Probability 2 (1972) 318-338.

[25] O. Bobrowski, R. Meir, Y. Eldar, Bayesian Filtering in Spiking Neural Networks; Noise, Adaptation and Multisensory Integration, Neural
Computation 21 (2008) 1277-1320.

[26] K. Parag, Point Process Noise in Fundamental Molecular Reactions and Invertebrate Vision, Ph.D. thesis, University of Cambridge (2014).

[27] D. Kendall, On the Generalized Birth and Death Process, Ann. Math. Stat. 19 (1948) 1-15.

[28] K. Hartmann, D. Wong, T. Stadler, Sampling Trees from Evolutionary Models, Syst. Biol. 59 (4) (2010) 465-76.

[29] S. Nee, Inferring Speciation Rates from Phylogenies, Evolution 55 (4) (2001) 661-8.

[30] T. Stadler, How can we Improve Accuracy of Macroevolutionary Rate Estimates, Syst. Biol. 62 (2) (2013) 321-9.

[31] S. Hohna, Fast Simulation of Reconstructed Phylogenies under Global Time-Dependent Birth—-Death Processes, Bioinformatics 29 (11)
(2013) 1367-74.

[32] T. Gernhard, New Analytic Results for Speciation Times in Neutral Models, Bulletin of Mathematical Biology 70 (2008) 1082-97.

[33] J. Hey, Using Phylogenetic Trees to Study Speciation and Extinction, Evolution 46 (3) (1992) 627—40.

[34] E. Volz, Complex Population Dynamics and the Coalescent under Neutrality, Genetics 190 (2012) 187-201.

[35] M. Nordberg, Handbook of Statistical Genetics: Coalescent Theory, John Wiley and Sons, 2001.

[36] G. Yule, A Mathematical Theory of Evolution, based on the conclusions of Dr J. C. Willis, Phil Trans R Soc B 213 (1924) 21-87.

[37] P. Moran, Estimation Methods for Evolutive Processes, J. R. Statist. Soc. B 13 (1951) 141-6.

[38] S. Hohna, Likelihood Inference of Non-Constant Diversification Rates with Incomplete Taxon Sampling, PLoS ONE 9 (1).

[39] J. Geweke, Evaluating the Accuracy of Sampling-Based Approaches to the Calculation of Posterior Moments, in: In Bayesian Statistics 4,
Oxford University PressUniversity Press, 1992, pp. 169-93.

[40] L. Harmon, J. Schulte II, A. Larson, J. Losos, Tempo and mode of evolutionary radiation in iguanian lizards, Science 301 (2003) 961-4.

[41] D. Rabosky, LASER: A Maximum Likelihood Toolkit for Detecting Temporal Shifts in Diversification Rates from Molecular Phylogenies,
Evolutionary Bioinformatics 2 (2006) 247-50.

[42] D. Rabosky, Likelihood Methods for Detecting Temporal Shifts in Diversification Rates, Evolution 60 (6) (2006) 1152-64.

[43] H. Alexander, A. Lambert, T. Stadler, Quantifying Age-dependent Extinction from Species Phylogenies, Syst. Biol. 65 (1).

Appendix A. The Sampled Birth-Death Process

Throughout the main text we have assumed complete sampling. Whilst the impact of sampling strategy is outside
the scope of our work, we provide some analysis of sampled BDPs to show how easily the SF can accommodate such
processes. We focus on incomplete homochronous sampling, which includes each extant lineage with probability (or
sampling fraction) v < 1. [3]]. Since v acts as an additional determinant of what lineages we will see in the sampled
rBDP (deaths are the other controlling factor), our rate of producing observed rBDP lineages no longer depends on
just P(t, T) (see equation@. Nee et al [2] noted that the function P(z, T') simply needs to be replaced with a v sampled
version P,(t, T). For the time-varying BDP this was derived by Morlon et al [7] in reverse time. We reproduce their
function in forward time using the transformations described in the supporting information of their work. This is given
in equation with B(t, T) = fl T A(s)e=® D) ds. The importance of this expression is the very visible effect of v.
When v = 1 this yields the equivalent definition for P(¢, T) given by Kubo and Iwasa [11]]. The sampled rBDP rate,
By(t), can be calculated using equation[A.2]

e—a(t, T)
P, T)= m (A.1)
B(t) = AP, (¢, T)F (1) (A.2)

For the constant rate BDP, A(f) = A and pu(t) = u for 0 <t < T, and equation[A.T|reduces to the well known expression
-1
found in [2: P,(t, T) = v(d — p) (V/l + (1 -v) - ,u)e’(l’/‘)(T”)) . Combining the above expressions with those
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from the completely sampled case gives the inequalities in[A.3] The second half of this relation comes from observing
that f ;,gi g = ILJ;IIS;{;’TT)) > 1. The sampled rBDP therefore has a rate that is between that of a completely sampled
rBDP and an rBDP with scaled birth rate of A(f)v~!. The latter is equivalent to a Bernoulli thinning of a completely
sampled rBDP. Additionally, if v is very small, we observe that 8, () = vA(t)e~*" ¥ (¢) and so the rate of observable

informative events is low and directly proportional to the sample probability.

T = s <1 = B0 <40 < A (A3
The sampled rBDP rate, 3,(¢), is still that of a self-exciting Markov process and so the usual Snyder equations apply to
the incompletely homochronously sampled time-varying BDP. The inference problem given v is essentially the same.
In fact in the constant rate case, we can assume complete sampling and run the Snyder equations as usual to estimate
parameters x; = A and x, = u as 1 and ji. We can then obtain the true MMSE estimates which account for incomplete
sampling using v by the transformation given by Stadler [S]: A = Av™' and 1 = i — A(1 — v~"). Note that if v is not
known then it cannot be estimated simultaneously with X from #7 and more information is required [5].
Since the homochronously sampled BDP fits within the Snyder inference framework, a likelihood function similar
to those derived in section [3.2] can be written. We simply replace B(f) with the equivalent 8,(f). We do this for the
constant rate BDP and achieve an altered form of equation [20] given below.

H;(v) = —|(i— Do(ci —ci-1) + (i—1)log

v+(l-v- p)e‘T(""“n) log @i-1yvo (Ad)

v+ (1 —v-—p)oaT v+ (1 —v=—p)saT

To complete our Snyder analysis of homochronous sampling, we mention an interesting case of the sampled constant
rate BDP that admits a solution similar to the Yule-Furry and Kingman coalescent ones from section Stadler
[32] showed that the sampling condition 4 = y = 5 can be used to make a sampled constant rate BDP behave like
a Kingman coalescent. Our condition is, however, different and we do not require equal birth and death rates. We
sample such that v = 1 — p in the (p, o) parametrisation of the constant rate BDP. In this case the rBDP rate, 3,(7)

follows from equation as below. This constraint means we’ve removed a free parameter.

vor
+(-v—-pleoTD|__,

B1) = T(t)v = of (1) (A.5)
The lack of dependence of the per lineage rBDP rate on T or ¢ is striking. This sampled BDP therefore yields a
reconstructed tree that matches a Yule-Furry process with speciation rate A — y. Consequently all of the analysis from
section [3.3]is applicable with A replaced by o in those equations. Furthermore, for these parameter settings the BDP
will present an analogous inference problem to that of the Kingman coalescent [18].

As a final point, we comment that there are many other ways to sample (both deterministically and randomly) the
extant lineages for the reconstructed process. Unfortunately, these are more involved than homochronous sampling
and do not yield simple relationships [5]. However, once the resulting sampled rBDP conforms to a Markov birth
process then the SF can be applied. Investigating the application of the SF to various sampling measures will form a
key part of our future work.
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