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Abstract

We consider a homogeneous birth-death process with incomplete sampling. Three successive sampling
schemes are considered. First, individuals can be sampled through time and included in the tree. Second,
they can be occurrences which are sampled through time and not included in the tree. Third, individuals
reaching present day can be sampled and included in the tree. Upon sampling, individuals are removed (i.e.

die).

The outcome of the process is thus composed of the reconstructed evolutionary tree spanning all individ-
uals sampled and included in the tree, and a timeline of occurrence events which are not placed along the
tree. We derive a formula allowing one to compute the joint probability density of these, which can readily

be used to perform maximum likelihood or Bayesian estimation of the parameters of the model.

In the context of epidemiology, our probability density allows us to estimate transmission rates through
a joint analysis of epidemiological case count data and phylogenetic trees reconstructed from pathogen
sequences. Within macroevolution, our equations are the basis for taking into account fossil occurrences from
paleontological databases together with extant species phylogenies for estimating speciation and extinction
rates. Thus, we provide the theoretical framework for bridging not only the gap between phylogenetics and
epidemiology, but also the gap between phylogenetics and paleontology.

Keywords: birth-death process, epidemiology, macroevolution, phylogenetics, phylodynamics

1. Introduction

Birth-death processes are used extensively in both epidemiology and macroevolution, to model the un-
derlying population dynamics of, respectively, infected individuals and species. For simplicity, we will refer

to the atomic particles of the process as individuals in this paper. In its most simple form, a birth-death
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process describes the population dynamics of a set of independent individuals, each of which can give birth

to another individual with a constant birth rate A, or die with a constant death rate u.

Seminal results on this process have been derived by [Kendall (1948), who already evoked potential
applications to epidemiology. Much more recently, |Nee et al.| (1994) and Nee and May| (1997) have made
important developments to the theory, showing how to compute the probability density of the reconstructed
evolutionary tree, i.e. the tree obtained by first tracing all genealogical relationships between individuals,
before erasing all branches that do not reach present. This has paved the way to extensive use of birth-death
processes in modern phylogenetics, with many refinements: birth and death rates have been proposed to
vary through time (Morlon et al. [2011} |[Stadler] |2011)), to vary across lineages in the tree (Alfaro et al.|
2009), to vary depending on the type of individuals (Maddison et al., 2007)), or to depend on the number of
individuals (Etienne et al., 2012; |Leventhal et al., 2013)).

In order to fit various applications, the sampling scheme of individuals has also been put under careful
scrutiny. Nee et al.| (1994]) initially suggested that individuals could be sampled at present with a given prob-
ability p; this uniform sampling is also called field of bullets sampling. Yet, trees that were reconstructed
using this sampling scheme were always ultrametric trees describing the genealogical relationships between
present-day individuals only. This assumption was relaxed by [Stadler| (2010)), who additionally modeled the
sampling of individuals throughout the process, with a fixed per-individual sampling rate ¢». When sampled,
an individual is displayed along the tree and the reconstructed (non-necessarily ultrametric) tree corresponds
to the genealogical relationships between all sampled-through-time and sampled-at-present individuals. This
model opened the way to numerous new applications in epidemiology and macroevolution, allowing to take
into account non-synchronous data. In phylogenetics, this process is commonly used as a prior on the ge-
nealogical relationships between individuals sampled through time (Stadler et al.;2011)). In macroevolution,
it allows one to use molecular and paleontological evidence together, by simultaneously considering present-
day species and the subset of fossil taxa which can be placed along a tree using morphological characters

(Zhang et al. 2015; |Gavryushkina et al., [2017).

One step further towards considering even more data jointly in one analysis has been performed by
Vaughan et al.| (2019), who introduce two types of sampling through time. The first one, which is named
sampling and sequencing, is the same as previously described. The term sequencing here referring to the
fact that the individual is placed unambiguously along the reconstructed tree using its genetic sequence.
Alternatively, an individual could be sampled and not sequenced, in which case its existence is only recorded
as a time point occurrence along a timeline. This approach is very promising, for it enables one to consider
jointly data from case count epidemiological studies together with trees reconstructed from pathogens se-

quenced during an outbreak. Alternatively, in the context of macroevolution, it allows one to use poorly
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preserved fossil occurrences, which could not be placed along the reconstructed tree. Yet, in its current
form, the inference framework proposed by [Vaughan et al.| (2019) relies on computer intensive Monte-Carlo
simulations within a particle filtering approach which prevents its use on large datasets. Similarly, (Heath
et al., |2014) proposes placing occurrences on a fixed tree using Markov chain Monte Carlo methodology.
Here the drawback is again the computer intensive approach as well as relying on a fixed tree rather than

sequences.

In this study, we derive a closed form formula for the joint probability density of a reconstructed tree
with individuals sampled through time and a record of occurrences, i.e. sampling times for individuals not
included in the tree. The underlying model is a birth-death process with sampling through time and at
present, where upon sampling individuals are removed (i.e. die). The density can readily be included within
phylodynamic tools as a prior in a Bayesian inference framework based on sequences and occurrences, or can
be used for maximum likelihood parameter estimation based on a tree and occurrences. Its computational

efficiency opens the way to analyse large datasets available for either epidemiology or macroevolution studies.

The aim of the paper is to provide a mathematical study of the birth-death model giving rise to serially
sampled reconstructed trees and occurrences. We first introduce model notations and some preliminary
observations. Then, we provide an alternative derivation of the probability density of the reconstructed
evolutionary tree under the birth-death process with sampling through time (Stadler} 2010), assuming that
an individual is removed upon sampling. Finally, we show how to extend this derivation to account for
non-sequenced occurrences, and provide an analytical formula to compute the probability density of the
reconstructed tree and occurrences. We finally discuss the use of this density to perform inferences in

epidemiology and macroevolution in a maximum likelihood or Bayesian setting.

2. Model and notations

We consider a constant rate birth-death process with incomplete sampling. We allow the possibility that
for some sampled individuals, the attachment times within the tree are known, whereas for others only their
sampling times is known but their attachment times within the tree are unknown. The latter sampling

events are called occurrences.

We assume that an individual gives birth at rate A, and its death rate is (41 +w). Here p is the death
rate without sampling, 1 is the death rate with sampling and tree-inclusion and w is the death rate with
sampling but without tree-inclusion (i.e. an occurrence). Additionally we assume that extant individuals,
alive at present time, are sampled and included in the reconstructed tree with probability p. For convenience,
we will refer to the five types of events in this model using their parameter names. In other words, A-events
refer to the creation of a new individual, u-events refer to death events without sampling, ¥-events refer to
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death events with sampling and tree inclusion, w-events refer to death events with sampling but without

tree inclusion, and finally p-events refer to the sampling of extant lineages at present time.

Time is assumed to be 0 at present, and increases going into the past. The process starts at time
tor > 0 in the past, with one infected lineage and it generates a birth-death lineage tree from which the
reconstructed tree is derived. Our data consists of both the reconstructed tree 7 and the occurrence set
O. The reconstructed tree T is generated by all the - and p-events giving rise to leaves, together with
all A-events subtending those leaves. The occurrence set O consists of the times of all the w-events, all

belonging to the interval (0, t,,); see Figure [1| for an example.

We will be interested in the probability density of the joint observation of (O, T), which will ultimately

depend on the times at which observed A-, 1)-, and w-events happen, but not on the tree topology (see e.g.

(Aldous et all, 2001; |Stadler, 2010)). All these times pooled together are denoted as t,t1, ..., ¢y, starting

with ¢y = 0 and ending with ¢,, = t,., and the number of observed lineages on the interval (¢p,tp41) is

denoted kj,.
. full process I, ) T ks
time with sampling
tor 123 N
ty
f)) .
15
t1
0 1

Figure 1: General setting of the method. On the left in green, the full process with sampling is shown. Red dots correspond
to w-sampling (sampling through time without sequencing), blue dots correspond to -sampling (sampling through time with
sequencing) and orange dots correspond to p-sampling at present. On the right, the observations are shown: a sampled-through-
time reconstructed tree 7 together with sequential observations O of sampled individuals along a timeline.
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2.1. Introducing useful quantities

Let u(t) be the probability that an individual alive at time ¢ before today has no sampled extinct or
extant descendant lineages. Also let p(¢) be the probability that a lineage alive at time t before today has
precisely one sampled extant lineage and no sampled extinct descendant lineages. We can write the Master

Equations for these two probabilities as

W Ot b b ult) + ey @)
B Ot i+ 0p() + 2l (2:2)

with initial condition (u(0),p(0)) = (1 — p, p). Defining

A= p—w—1h—2)
o=V p e PTG Te) ad o=t HTETEIEN (23)
1
the solution of these Master Equations (see Theorem 3.1 in |Stadler| (2010)) is given by
1 e 1 — ) — (1 + ¢2)
t)=—|A 2.4
ult) = 55 +u+w+¢+cle_clt(l_02)+(1+C2) ; (2.4)

4p
t) = . 2.
p(t) 21— 2) + e (1 — )2 + eart(1 + ca)2 (2.5)

2.2. Key first observations

In order to understand better future calculations, we must examine the birth-death dynamics of the
number of hidden lineages in greater detail. Suppose (X;)s>o be the forward in time stochastic process
describing the number of hidden lineages in some time-interval [s1, s2] C [0, ], where 51 < s5 and we use
this new letter s because time is oriented (only in this section of the manuscript) from the origin 0 towards
the present t,.. The number of observed lineages in 7 is fixed and equal to k in this interval and also
there is no occurrence event in this interval. This stochastic process (Xs)s>o is a birth-death process over

nonnegative integers Ny and it has the following characteristics:

e When the state is 4, the rate of birth is A(k + ¢) and if this event happens, the state moves to (i + 1)

with probability

k!
=1 Dy k()
ik - (orit ) (k+i)(k+i+1)

and with probability 1 — ¢;; the state moves to some absorbing state A outside the state space
No ={0,1,...}. Note that as the number of infected lineages increases from & + i to (k+ ¢+ 1) upon
a birth event ¢, is simply the probability that when we “look backwards", the two coalescing lineages
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are not both among the sampled lineages. In case the two coalescing lineages are among the sampled
lineages then the number of observed lineages will not be fixed in the time-interval [s1, s2] and hence
this birth-death trajectory for total number of infected lineages becomes infeasible, which is equivalent

to saying that it gets absorbed at state A.

e When the number of hidden lineages is i, the rate of death is (u + ¢ + w)(k + ¢) and if this event
happens for some state ¢ > 0 then the state moves to (¢ — 1) with probability
R
Y +w
and it moves to the absorbing state A with probability (1 — k). Note that (1 — ) is simply the
probability of a death event either being a w-event or a i-event. Both such events will violate our
assumption that there is no occurrence event and the number of observed lineages is fixed in the time-
interval [s1, s2]. Moreover if ¢ = 0 and a death event happens then the birth-death trajectory again

becomes infeasible and so it gets absorbed at state A.

It is clear that due to the presence of an absorbing state outside the state space, the process (Xs)s>o
is non-conservative. The rate of change of the distribution of this process can be specified by its generator
(see Chapter 3 in Ethier and Kurtz| (1986)). We can define this operator on test functions f : Ry x Ng — R
by
. of(s,i . ) .
2if () = LoD ) w4 1) — 505, (2:6)

+(u+ v +w)(k+1) [Lasoyrf(s,i— 1) = f(s,9)] -
Here we implicitly assume that function f is continuously differentiable in the first coordinate. We now

come to a very important proposition on which our whole analysis depends.

Proposition 2.1. Let u(t) be given by (2.4) and define the function fr : Ry x Ng = R by

Fi(s,1) = wmtor — 8,

Then the action of generator Ay on function fi simplifies to
Apfr(s,i) = k(2 u(tor —s) — A+ p+ ¥ +w)) fr(s, i).

Moreover the following is a positive martingale in the interval [s1, s2] w.r.t. the filtration generated by process

X

Ms = p(tor - S)kfk(SaXs>7 (27)
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Remark 2.2. The function fi is a time-varying eigenfunction for the operator Ay and the corresponding

eigenvalue is k (2 u(tor — 8) — (A4 p+ ¢ + w)).

Proof See Appendix. O

Note that the fact that M, is a martingale implies that
E(Ms,) = E(Ms,)

which yields
p(tm“ - 51) b
E(fr(s2,Xs,)) = | =] E(fr(s1,X5,))- (2.8)
p(tor - 32)
Reversing the direction of time and letting t1 = (tor — $2) and to = (¢, — $1), conditioning on X, = i, and

exploiting the time-homogeneity of the Markov process (X;)s>0 we can express (2.8) as

(k+4) . w) B+
S - ) =) = (22 ) S (29)

1!
i20 P

where the subscript ¢ denotes that the initial state is Xy = 4. This formula will help us provide an alternative

derivation of the probability density of a reconstructed tree without occurrence data originally introduced

by [Stadler| (2010]).

3. Revisiting the probability density of the reconstructed tree with samples through time

We assume in this section that w = 0, and there is no occurrence data. We wish to offer an alternative
derivation of the probability density of the reconstructed tree spanning both p-sampled and -sampled
individuals as in [Stadler| (2010)).

Let tg < t1 < g < --- < t, be the ordered set of times at which the tree events occur backward in time
starting from the present time ¢y = 0 and culminating at t,, = t,,. For any ¢ € [0, t,,], call k; the number of
observed lineages at time ¢ in 7 and let Lgi) =P (’7;i | It = ki + z) be the probability for the observed tree
below time t (i.e. in the time-interval [0,¢]) when the total number of lineages is k; + ¢ at time ¢. Clearly the
probability density of the observed tree is ngz =P (ﬁir | I;, = 1)7 and to obtain this quantity we would

like to study how L; evolves with time ¢ and how it depends on the state 3.

We now introduce an ansatz for the form of ng‘), given by

(k+i)

L = S (D), (3.10)

where W (t) is some real-valued weight function that only depends on time ¢ but not on i or k.

7
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Let us consider the interval (¢,_1,tp) for some h > 1. In this interval the number of observed lineages is
constant and equal to k. Using ansatz (3.10) and applying the Markov property we obtain

(k+1)!
7!

—

-
=

Pi(X (th — th-1) = ) %)1
0

<
|

I
]

Bt — tnr) = ) P )

1 th-1
j>0 !
k .
p(tn) (k419! N
B b Wth_y),
(i) 5w wie
where the last equality follows from (22.9). This proves that under ansatz (3.10)
k
- M%)) N
e Wltio)- 3.11
(%) (p(th—l) (th-1) ( )

We now examine how W (t+) and W (¢t™) are related, for any time ¢ at which we observe an event.
Suppose first that the event at time ¢ is a y-event. Then k¥ = £~ + 1 and if the total number of lineages is
k* +i at time ¢} then the rate at which this event happens is 1/(k* +14) and subsequently the total number
of lineages falls to (k~ + ¢). This shows that

(Kt +14)! ui
S W) = L)
=kt +4) L
(k" +9)! -
=k~ +1+19) ] s W(t™)
Et+a)0 _
=R e,
and hence
W(tt) =W (t). (3.12)
Now suppose the event at time ¢ is a A\-event. Then kT = k= — 1 and if the total number of lineages is

(k™ +4) at time ¢T then the rate at which this event happens is A(k™ + 7) and with probability 1/((k* +
i)(k¥ + 1 + 1)) this event is a coalescent event between two observed ordered lineages. Once this event
happens the total number of lineages increments to (k= + ). Therefore

(kT +4)!

T Wt = L)

_ . 1 )
= Akt +14) ((k+ Y +Z_)> LY

B A (k= +1)!
okt 1440 dl
8

up W(t7)
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Et4+4)
_ A% u W),
which proves that
W) = AW (t7). (3.13)

Let ko be the number of extant lineages at time ¢y = 0. Using relations (3.11)), (3.12) and (3.13) we

can propagate the weight function W (t) backward in time starting from W (tJ) = p** and ending at W (t;;)
which is equal to the tree density £(7). This backward propagation scheme is described in Algorithm
and it yields a closed-form formula very similar to theorem 3.5 in [Stadler| (2010). Since individuals are here
removed upon sampling, our result can be derived from theorem 3.5 by setting k¥ = 0 and dropping po(y;)

factors corresponding to the death of i-sampled leaves.

Algorithm 1 Computes the probability density £(T).
Input: Observed tree T, and parameters ., A, i, 1, p.
Output: The density value L£(T).

1: Set W(tg) = pho

2: for h=1,...,ndo

3: Set
() \M n
wien) = (L) wie)
4 if h = n then
5: return W (t;)
6: else if t; is a Y-event then
7 Set W(t) = ¢yW(t;,)
8 else t;, is a A-event
9 Set W(t5) = AW (t,)
10: end if
11: end for

4. The density of the reconstructed tree and case count record

We now consider the scenario where w # 0 and we have occurrence data O along with the observed
lineage tree 7. As in the previous section, let ty < t; < to < --- < t, be the ordered set of times at
which the events occur backward in time starting from the present time ¢y = 0 and culminating at ¢,, = t,,.
For any t € [0, 0], let Lf) =P (7?, Of | I = ky + z) be the probability for the observed lineage tree and
occurrence data below time ¢ (i.e. in the time-interval [0,¢]) when the number of observed lineages in T is
k; at time ¢t and the number of hidden lineages is i. Clearly the probability density of the observed tree and
occurrence data is again LﬁSZ =P (Tﬁw Otiw | I, = 1), and to obtain this quantity we would like to study
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how L; evolves with time ¢ and how it depends on the state i. It will become evident that ansatz (3.10]) will

not work for this probability, and so we generalize this ansatz as

L :Zq:

=0

ul=h W(t), (4.14)

where ¢ is a nonnegative integer, k is the number of observed lineages at time ¢, and W (t) = (Wy(¢),..., Wy(t))
is some vector-valued weight function that only depends on time ¢ but not on i or k. Note that for ¢ = 0,

this ansatz becomes the previous ansatz ([3.10)).

4.1. Backward evolution at punctual events

We first examine how W (t+) and W (t™) are related when ¢ is an event time. Suppose first that the
event at time t is a 9-event. Then kT = k= + 1 and if the total number of lineages is k* + i at time tT
then the rate at which this event happens is ¥(k* +4) and subsequently the total number of lineages falls

o (k= 4 4). This shows that

q .

) LI i
2 ((i —r e W) = LY
1=0 )

= -0
a
(kT +4)! _
:¢Z (l—l)' thVl(t )7
1=0
and hence
W(th) =W (). (4.15)
Now suppose that the event at time t is a A-event. Then k* = k= — 1 and if the total number of

lineages is (k™ + ) at time ¢* then the rate at which this event happens is A(k™ +4) and with probability
1/((k* +d)(k* + i+ 1)) this event is a coalescent event between two observed ordered lineages. Once this
event happens the total number of lineages increments to (k= + ). Therefore

q
k'Jr + Z . i
Z (Z — l) 1Z§ ! Wl(tJr) = Ll(g-%—)

=0

_ ’ 1 (i)
=AUT +1) <(k+ T 11 +¢)) Li-

A (k= +0)! ., _
_k++1+il§ oo W )

(ki)
=23 (g W)
> T

=0
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which proves that

W) = AW (7). (4.16)

So far the transition conditions and are identical to what we encountered in the previous
section. However the difference comes for w-events as we now discuss. Suppose t is a w-event. Then kT =k~
and if the total number of lineages is (k™ +1) at time ¢t then the rate at which this event happens is w(k™ +1)
and subsequently the total number of lineages falls to (k™ + ¢ — 1). This shows that

q

(Kt +40)! i
y i oo u W) = LY
=0

— (i—1-1)
q
k*
w3 G T i)
1=0
and hence
W(th) = wSW (), (4.17)
where S is the shift-operator defined by
S(v1,...,vn) = (0,v1,...,v,) forany (vi,...,v,) € R™ (4.18)

Setting ¢ = 0 in this calculation shows that the simpler ansatz (3.10)), in which W(t) is a scalar function
instead of a vector-valued function, is not compatible with the requirement that W (t) is not a function of ¢

or k.

4.2. Backward evolution on a time interval without punctual events

Now that we have the transition conditions, , (4.16) and (4.15), we can propagate the weight
function W (t) backward in time, provided we can evaluate how it evolves in a time-interval (t;_1,¢5) for
any h > 1, and this backward evolution preserves our ansatz (4.14]). In order to study this backward

evolution we need some new notation and a simple lemma, which we now provide.

For any time ¢t > 0 and 6 € (0,1), define

A —2)0
c2(0) = ety ; (4.19)

c1
e (1 = () — (14 c2(0))
e=t(1—c2(0)) + (1 + c2(0))

1
u(t,@):ﬁ Atpt+w+y+a (4.20)
11
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4(1-9)
21— ca(0)2) + e (L — ca(0))2 + e/ (1 1 5(9))?

where ¢ is as given in (2.3)). Notice that if we set § = 1 — p then c2(0), u(t,0) and p(t,0) become identical

and p(t,0) = (4.21)

to ca, u(t) and p(t) defined in Section [2 Henceforth for any & € Ny we also define the ratio

k
Ry (t,0) = <§((é’ Z;) ; (4.22)

and when k = 1, we drop the subscript and refer to Ry (t, 0) as R(t,0). To ease further algebra, we also name

here the function corresponding to the denominator of p(t,6), namely q(t,0) = 4(1 — 0)/p(t,0). The next

lemma gives us analytical expressions for the higher order partial derivatives of R(t,0) and u(t,0) w.r.t. 6.

Lemma 4.1. Let u(t,0) and Ry (t,0) be as defined by (4.20) and (4.22)) respectively. Then for any n =
1,2,... we have the following:
(A) Let T, = {(j1,72) € N3 : j1 + 2j2 = n}. Then 9y Ry (t,0) is given by

(=177 (i + ja + k= 1)! (30Q(t79)>j1 (%q(t,e))”
Oy Ri(t,0) = n!Ry(t,0 : — .
PR =m0 2 = Caty ) e

(B) The quantity Oju(t,8) is given by

C1

Opu(t,0) = [~ & (¢4 (1-+ 2(6))? — e (1 ~ a(0))?) G R(t,0)

P e ep(B)(e - ) 0 R(L6)

_An(n—1)

20, (et —e ") Op°R(t,0)| .

Proof See Appendix. O

Recall the formula (2.9)), for the probability evolution on a time-interval [t1,¢5] on which the number of

observed lineages remains fixed at k, and call now 6 = u(t1,1 — p). Appealing to the semi-group property

of solutions to ODEs (2.1)-(2.2) we get
(t2,1—p) _ p(ta —t1,0)

— _ _ — _ p —
u(ta, 1 — p) = ul(te — t1,u(ty, 1 — p)) = u(ty — t1,6) and o1 p) 20.0)

Hence we can rewrite (2.9)) as
kE+)! . k+1i)! ;
SR gy = ) = B 0y Recr0), (4.23)
= 4 1!
where t = (t3 — t1). Note that the probability P;(X (¢) = j) does not depend on 6. Differentiating (4.23)) I
times w.r.t. 8 we obtain

) ) . l
5 (k) _gt i Py(X(t) = §) = (’“‘51)1 3 (;)agn [u(t, 0)"] 0 " Ry(t,0). (4.24)

1l — !
AN Al

m=0
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Applying the Faa di Bruno’s formula (see [Fraenkel (1978))), for any m = 1,2,... yields

m 7 - il 1—n —
" [u(t,0)'] = nz:% i n)!u(t,ﬂ) Bonn (Doult, 0), 03u(t, 0), ..., 3" Luft, 0)), (4.25)
where Bm,n(x1,za,...,Tm_nt+1) is the incomplete Bell polynomial. Such polynomials can be computed

efficiently via a recurrence relation

m—n+1 m 1
Bm,n(xlvm%“'axmfnJrl) = § (n_ 1>$i8mi,nl($1a'~~axmni)a
1=0

where Byo =1 and B, 0 = Bo,m = 0 for each m > 1. Henceforth we denote
Bonn(t,0) = Bun(9u(t, 0), 03u(t,0), ..., 05 " u(t,0)).

Substituting (4.25) in (4.24) we obtain

ki) o= <A (1 3! o o

_( - ) mz::O > <m) g 0 B (L0)3) " Be(1.0)
. l . l

_ (’“;’)! 3 (,“n)' u(t, )" (ﬂi) B (1, 0)0, ™ Ry (1, 0). (4.26)

’ n=0 ’ m=n
Letting
Lo
Cin(t,0,k) = Z (m)an(t,O)aémRk(t,H), (4.27)
we can express as

. l .

Z ((];J_’?))" PR(X() =)= éfj;;: u(t,0)™ Cn(t, 0, k). (4.28)

j>0 n=0

This formula will play a critical role in determining the backward propagation of the vector-valued weight

function W (t) = (Wy(t),..., Wy(t)) between the transition points.

Indeed, let us consider the interval (¢5_1,ts) for some h > 1. In this interval the number of observed
lineages is constant and we assume that it is equal to kj. Also let 8, = u(ty, 1 — p) for each h. Using ansatz

(4.14) and applying the Markov property we obtain

q .
(kp +0)! i - i
S e =1
1=0 ’
=Y Pi(X(th — th1) = LY
7>0 e
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E) SRt — t 1) = U gt

I
M=
=

g = G-
L (ki + ).
=>Y Wit 1).}17 05, " Cin(th — th-1,0n1,kn)
(i —n)!
=0 n=0
(kn +0)!

I
M@

0" ZWZ ti_)Crn(tn — tho1,0n_1, kn),

0<Z—n) I=n

n

where the second-last equality is due to formula (4.28). This calculation proves that ansatz (4.14)) is preserved
by the backward evolution of the weight vector W (¢) and

W(ty) =Wt )C(th — th—1,0n-1,kn), (4.29)

where W (t;,) = (Wo(t;,), ..., Wy(t;)) and W (t)_,) = (Wo(t)_,),...,Wy(t)_,)) are (¢+1)-dimensional row
vectors and C(ty, — th—1,0n-1,yn) is the (¢ + 1) x (¢ + 1) lower-triangular matrix matrix whose entries are
given by Cy,(tp, — th—1,0n—1,kr) for I > n and 0 for I < n. Note that by using Lemma this matrix can
be analytically computed.

4.8. Summary of the likelihood computation

Let kg be the number of extant and sampled lineages at time ¢35 = 0. Using relations , ,
and (| we can propagate the vector-valued weight function W (t) backward in time starting from
W (t$) whose entries are all equal to p* and ending at W (t,,.), whose first component Wi (t;,.) is equal to
the target probability density £(7,O). Note that due to the presence of the shift operator S in the
dimensional of W (t) is (¢ + 1) where ¢ is the number of occurrence events in the time-interval [0,¢]. This
backward propagation scheme is described in Algorithm [2] and it simplifies to Algorithm [I]in the absence of

occurrence data.
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Algorithm 2 Computes the probability density £(O,T).

Input: Observed (O, T), and parameters to., A, i, ¥, w, p.
Output: The probability density £L(T,O).
1: Set ¢ =0, 0= (1—p) and W(tJ) = ph.
2: forh=1,...,ndo
3: Compute the (¢ + 1) x (¢ + 1) lower-triangular matrix C(t, — tp—_1,0, kn) whose entry Ciy,(tn, —
th—1,0,ky) for [ > n is given by .
4: Viewing W () = (Wo(t)_,),..., Wt} ) as a1 x (g + 1) vector, set

W(t,) =Wt _)C(th — th-1,0,kn).

5: if i = n then

6: return Wy (¢, ) which is the first component of the weight vector W (¢, ).
7 else if t; is a 1-event then

8: Set W(t5) =wW(t;,)

9: else if t;, is a A-event then

10: Set W(t5) =AW (t,)

11: elset;, is a w-event

12: Set W (t}) = wSW(t; ), where S is the shift operator (4.18).
13: Set g =q+ 1.

14: end if

15: Set 0 = u(ty, — th—1,06).

16: end for

4.4. Numerical implementation and sanity check

The main algorithm to compute the probability density of (O, 7) has been implemented numerically
and is available on GitHub: https://github.com/ankitgupta83/tree-and-occurrences/. As a check that the
method leads to correct values, we compared the results obtained with our analytical calculation (Algo-
rithm [2) with the ones obtained using Monte Carlo simulations as described in [Vaughan et al.| (2019)) and

implemented here in C++.

We consider two toy examples depicted in Figure A) for which we calculate the probability density.
The comparisons are shown in Figure B) and Figure (C)7 and one can see that there is a close match

between numerical values computed analytically and those estimated with simulations.
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Figure 2: (A) Two toy examples of reconstructed trees along with occurrence data (open circles). (B) Comparison between
probability densities obtained analytically with Algorithm @ and the corresponding probability densities obtained with simu-
lations as described in |[Vaughan et al.| (2019). The parameter A varies between 0 and 2, while the other parameters are set to
Y =01, =0 w=0.1and p=0.7. (C) Same as (B) except now the parameter w varies between 0 and 1, while the other
parameters are set to ¢ = 0.1, u =0, A = 1.25 and p = 0.7.
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5. Applications

Our results pave the way to different applications that we present in this section.

5.1. Different flavors of the likelihood

Following |Stadler| (2010)), we first point out that our main result, Algorithm [2} allows us to compute the
density of the observations, given a model with fixed time of origin ¢,,.. This quantity, that we call £ below,
can be seen as an extension of Theorem 3.5 in |Stadler| (2010)) (while assuming that samples correspond to

death events), when occurrences can be observed.

Depending on the analysis that one wants to perform, it might be desirable to condition this density on

various events, including,

1. the number of p-sampled leaves at present,

L
({p-sampling n individuals })

L(O, T | {p-sampling n individuals }) = P

where the denominator is a well-known quantity which can, e.g., be found in Theorem 3.3 in [Stadler
(2010)), replacing p by p+ 1 + w in our case.
2. the survival of the process up to the present,

L

L(O,T | { survival of at least one individual at present }) = 0
- Ut,,

3. the survival of two lineages starting at time t,,,cq,

L p(tmrca)
(1 —ue,,)? Ap(tor)

L(O,T | { survival of two lineages originating at trcq}) =

In each case, since the event we condition on is in the observed data, one only needs to divide by
the probability of the event. These are only three possibilities that one could use. In the context of
phylodynamics, conditioning on the survival of the process, or on the survival of two lineages starting at
tmrca 1S cOmmon practice, since we study an evolutionary process precisely because it survived.

We also stress that the probability density provided in this manuscript applies to an oriented and unlabelled
tree. If one wishes to compare the probability densities of trees under different generating models, then
it might be useful to add a combinatorial factor for dealing, e.g. with unoriented and labelled trees, as

described in |Stadler| (2010).

5.2. Maximum likelihood estimators

The previous probability densities can readily be used to estimate parameters of the model from recon-
structed trees and occurrences. Taken as a function of parameters, the density is indeed called likelihood, and
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mazimum likelihood estimators can be obtained by maximizing the likelihood function over the parameters.
Since it does not appear straight-forward to identify optimal parameter configurations analytically, we sug-
gest relying on numerical optimizers instead. In this context, computing quickly the likelihood value using
Algorithm [2] in place of the more computationally intensive Monte-Carlo algorithm proposed by [Vaughan

et al.| (2019)), can prove essential, since the optimization requires many calls to the function.

5.3. Bayesian analysis

This density is also a key component when using this model in a Bayesian framework, where one can
estimate the parameters of the model directly from the occurrences and the sequencing data rather than
fixing a tree. Suppose we observe the sampling times of occurrences O (individuals without any measurement
data), the sampling times and genotypic or phenotypic measurements of m w-sampled individuals, and
the genotypic or phenotypic measurements of n p-sampled individuals. We call A the sequencing data,
summarizing all the genotypic or phenotypic measurements (e.g. a nucleotide alignment of pathogens, or
a collection of morphological traits for fossil species, or any combination of those), and @ all parameters

relating to the model of character evolution along a tree.

Loosely defining f to represent all probability densities involved, and relying on the name of the random

variable to know which one we refer to, one is generally interested in sampling from,

f(Ta97)‘7Ma p7w7wator | OaA) X f(A | Ta 9)f<oa7— | )\7,U/ap7wvw>tor)f()‘nu’>pawaw7aato’r‘)>

with f(A, p, p,¥,w,8,t,,) being the prior distribution on the model parameters. Standard MCMC (Markov-
Chain Monte-Carlo) algorithms can be used to sample from this posterior distribution. As a result, from
sequencing and occurrence data, we can directly obtain the marginal distribution of birth-death parameters

integrated over the posterior distribution of trees.

5.4. Simulations of the process

While the raw process is quite easy to simulate forward-in-time, it can be more difficult to simulate it
under a different conditioning event C, relating for example to the number of p-, -, or w-samples. Naive
rejection sampling is not an efficient option if one wishes to condition on an event happening with very low
probability. Adapting the particle filtering algorithm developed by [Vaughan et al.| (2019) would be a much

better option.

Another option is to use the results of this paper and directly sample from the density f(O, T | A\, i, p, ¥, w, tor, C),
using our ability to evaluate f(O, T | A, u, p, ¥, w, tor) quickly, within an MCMC algorithm with any reason-
able movement proposal changing the reconstructed tree and possibly occurrence times or numbers while
satisfying the constraint C.
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6. Discussion

In this study, we derived a closed-form probability density formula of a reconstructed tree and an occur-
rence record (i.e. a record of when cases occurred) under a linear birth-death model with sampling. This
can readily be used for statistical purposes, to infer the parameters of the model in a maximum likelihood
or a Bayesian framework.

In the context of epidemiology, this study offers a way to improve the accuracy of statistical estimates of
key epidemiological parameters, such as the transmission and recovery rate (A and (u + ¥ + w)), and thus
the basic reproductive number R = \/(u+ % + w), using jointly the occurrence record and the phylogenetic
tree reconstructed from pathogen sequences. This should be of use to health policy makers as well as epi-
demiologists, enabling them to jointly use the epidemiological data (occurrence record) as well as molecular
data (genetic sequences), to recover the dynamic of an outbreak.

In the context of macroevolution, the present work contributes to the ongoing effort towards bridging the
gap between inferences made from the fossil record and inferences made from contemporary data. It can be
seen as an extension of the birth-death process with sampling through time (Stadler, 2010)), allowing one
to take into account fossil occurrences which evolutionary relationships to other taxa are not well resolved.
However, we need to point out here that we assume removal of a sampled individual from the population,
while a species continues to exist if a specimen is preserved in and observed from the fossil record. Numerical
rather than our analytic treatment of the model can deal with non-removal upon sampling (Vaughan et al.)

2019).

Many extensions of this model are possible. One of the simplest would be to consider time-varying rate
parameters A, i, V¢, wy. The most widely used approach to do so in the recent literature has been to consider
so-called skyline versions of birth-death processes (Stadler et al.| |2013)), meaning that the rate parameters
are piecewise constant functions. Because we expressed all our results based on two key functions u; and py,
whose analytical expressions can easily be obtained considering piecewise constant rates, our central result
would still hold. The challenge, however, would be to use such a model with an appropriate number of rate
shifts so as not to overfit the data, although in a Bayesian context the number of rate shifts could also be
estimated as part of a reversible jump MCMC scheme (Greenl [1995]).

Another important extension of the model would be to allow for the possibility not to remove individuals
upon sampling. In fact, the model considered in Stadler| (2010) does assume that t-sampled individuals
keep living in the process. However, it is central for the derivation of our result that w-sampled individuals
are removed upon sampling. Our choice to remove all individuals upon sampling also seems reasonable for
a number of applications in epidemiology, since sampled individuals are generally those that have sought

medical attention, and - even if not quarantined - might be much less likely to spread the disease (but see
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also (Gavryushkina et al., 2014))).

Recently, [Stadler et al.|(2018) introduced an other extension of the birth-death model with sampling through
time to account for data on the lifetime of some individuals. It assumes that individuals can be sampled
multiple times, and that the first and last sampling event are recorded along the tree. This extension of the
model could be transposed in our setting, where the record of occurrences would become a record of sampled

lifetime intervals. Such an approach would allow to use infection interval data or stratigraphic range data.

In summary, we present a way to analytically calculate the likelihood of phylogenetic trees together with
occurrence data. So far, this likelihood could only be calculated analytically for the phylogenetic tree or
for the occurrence data. Thus, we view this work as a major step towards coherent statistical analysis of

different data sources under the birth-death model with sampling through time.

Acknowledgements

The authors are very grateful to Rachel Warnock for helpful comments on potential applications of the

model.

References

Aldous, D.J., et al., 2001. Stochastic models and descriptive statistics for phylogenetic trees, from yule to today. Statistical
Science 16, 23-34.

Alfaro, M.E., Santini, F., Brock, C., Alamillo, H., Dornburg, A., Rabosky, D.L., Carnevale, G., Harmon, L.J., 2009. Nine
exceptional radiations plus high turnover explain species diversity in jawed vertebrates. P. Natl. Acad. Sci. USA 106,
13410-13414.

Ethier, S.N., Kurtz, T.G., 1986. Markov processes. Wiley Series in Probability and Mathematical Statistics: Probability and
Mathematical Statistics, John Wiley & Sons Inc., New York. Characterization and convergence.

Etienne, R.S., Haegeman, B., Stadler, T., Aze, T., Pearson, P.N., Purvis, A., Phillimore, A.B., 2012. Diversity-dependence
brings molecular phylogenies closer to agreement with the fossil record. Proceedings of the Royal Society B: Biological
Sciences 279, 1300—1309.

Fraenkel, L., 1978. Formulae for high derivatives of composite functions, in: Mathematical Proceedings of the Cambridge
Philosophical Society, Cambridge University Press. pp. 159-165.

Gavryushkina, A., Heath, T.A., Ksepka, D.T., Stadler, T., Welch, D., Drummond, A.J., 2017. Bayesian total-evidence dating
reveals the recent crown radiation of penguins. Systematic biology 66, 57-73.

Gavryushkina, A.; Welch, D., Stadler, T., Drummond, A.J., 2014. Bayesian inference of sampled ancestor trees for epidemiology
and fossil calibration. PLoS computational biology 10, e1003919.

Green, P., 1995. Reversible jump markov chain monte carlo computation and bayesian model determination. Biometrika 82,
711-732. do0i:10.1093/biomet/82.4.711.

Heath, T.A., Huelsenbeck, J.P., Stadler, T., 2014. The fossilized birth—death process for coherent calibration of divergence-time
estimates. Proceedings of the National Academy of Sciences 111, —2957.

Kendall, D.G., 1948. On the generalized ‘birth-and-death’ process. Ann. Math. Stat. 19, 1-15.

Leventhal, G.E., Giinthard, H.F., Bonhoeffer, S., Stadler, T., 2013. Using an epidemiological model for phylogenetic inference
reveals density dependence in hiv transmission. Molecular biology and evolution 31, 6-17.

Maddison, W.P., Midford, P.E., Otto, S.P., 2007. Estimating a binary character’s effect on speciation and extinction. Systematic
Biology 56, 701-710. doii10.1080/10635150701607033.

Morlon, H., Parsons, T.L., Plotkin, J.B., 2011. Reconciling molecular phylogenies with the fossil record. P. Natl. Acad. Sci.
USA 108, 16327-16332.

Nee, S., May, R.M., 1997. Extinction and the loss of evolutionary history. Science 278, 692—-694.

Nee, S., May, R.M., Harvey, P.H., 1994. The reconstructed evolutionary process. Philosophical Transactions of the Royal
Society of London B: Biological Sciences 344, 305-311.

Stadler, T., 2010. Sampling-through-time in birth—death trees. Journal of theoretical biology 267, 396—404.

Stadler, T., 2011. Mammalian phylogeny reveals recent diversification rate shifts. P. Natl. Acad. Sci. USA 108, 6187-6192.

20


http://dx.doi.org/10.1093/biomet/82.4.711
http://dx.doi.org/10.1080/10635150701607033
https://doi.org/10.1101/679365
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/679365; this version posted June 21, 2019. 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 4.0 International license.

Stadler, T., Gavryushkina, A., Warnock, R.C., Drummond, A.J., Heath, T.A., 2018. The fossilized birth-death model for the
analysis of stratigraphic range data under different speciation modes. Journal of theoretical biology 447, 41-55.

Stadler, T., Kouyos, R., von Wyl, V., Yerly, S., Boni, J., Biirgisser, P., Klimkait, T., Joos, B., Rieder, P., Xie, D., et al., 2011.
Estimating the basic reproductive number from viral sequence data. Molecular biology and evolution 29, 347-357.

Stadler, T., Kiithnert, D., Bonhoeffer, S., Drummond, A.J., 2013. Birth—death skyline plot reveals temporal changes of epidemic
spread in HIV and hepatitis C virus (HCV). Proceedings of the National Academy of Sciences 110, 228-233.

Vaughan, T.G., Leventhal, G.E., Rasmussen, D.A., Drummond, A.J., Welch, D., Stadler, T., 2019. Estimating epidemic
incidence and prevalence from genomic data. Molecular Biology and Evolution doi:10.1093/molbev/msz106.

Zhang, C., Stadler, T., Klopfstein, S., Heath, T.A., Ronquist, F., 2015. Total-evidence dating under the fossilized birth-death
process. Systematic biology 65, 228-249.

Appendix

Proof of Proposition [2.1]

Note that reversing the direction of time in (2.1) we can write the ODE for u(t,, — s) as

du(ty, — s)

i = —pu+ A+ p+wtulte —s) — Mu(ter — 5)° (A1)

Applying the generator Ay on function fy(s,4) we obtain

Arfi(s,i) = qu(t - s)i‘lw
+ Ak +1) ((bzkwu(tor —s) - wu(tor - s)i>
+(p+w+v)(k+1) (]1{1>0}5Wu(t0r — )it = (k :r' i) u(tor s)i) .
Since ¢ > 0, noting that
(g T =R e ek g B
and using we get
afiloni) = - iy, — oy
+A+ptwt w)ﬂw(tor —s)’
_ A@maw — sy A2k + i)wu(tm. _ gyt
— Ak + )(k : D! u(tor — 8)° + ui(k%i)!u(tor —s)it
—(p+w+)(k+ )(k j‘ i)t u(tor — )"
(k +1)! (k: + i)

=—k(A+p+w+) U(tor — 8)" 4 2kA——"u(ty, — s)" Tt

= k(2)‘u(tor - S) - ()\+M+¢+W)) fk(svk—i—i)'
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We now prove that M, defined by (2.7) is a martingale w.r.t. the filtration F; generated by process X.
Note that since this process has generator Ay the following is a Fs-martingale (see Chapter 4 in [Ethier and

Kurtz| (1986))
ms = fr(s, X(s)) — fr(s1, X(s1)) — /: E@Au(tor — 2) = (A + p+1p +w)) fr(z, X(2))dz.
Writing this equation in differential form we obtain
dms = dfy(s, X(s)) = k 2hu(tor — s) = (A + p+ ¢ + w)) fu(s, X(s))ds.
Multiplying both sides by the integrating factor

Js = exp (—/sk(Q)\u(tor—z)—()\+u+w+w))dz>

51

we get
Jsdms = Jsdfi (s, X (8)) + fr(s, X(8))dJs = dJs fr(s, X(s)).

Upon integration we see that fssl J.dm, is a martingale which implies that Jfi(s, X(s)) is a positive F-

martingale in the time-interval [s1, s2]. Note that J; satisfies the ODE
dJs = =k 2Mu(tor —8) — A+ pu+ ¢ +w)) Js

which is similar to (2.2)). Exploiting this similarity allows us to write

= (Re=y)

Now the fact that Jsfx(s, X(s)) is a positive Fs-martingale proves that M is also such a martingale. This
completes the proof of this proposition. O

Proof of Lemma [4.7]

Observe that
8962(9) = ——

and all higher order derivatives of cy(6) are zero, i.e. Jj'ca(6) = 0 for all m > 2. As ¢(t,0) is a simple

quadratic function of c3(6) we get from chain-rule for derivatives that

4\
0pq(t,0) = _a (ec1t —e ot 4 02(9)(601t 4ot _ 2))

82
Dpq(t,0) = = (et +e 1t —2),
1

and 09p'q(t,0) =0 for m=3,4,....
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As ¢(0,0) = 4 is independent of § we can express the derivatives of Ry(t,0) as
O Ry (t,0) = 4oy {1] .
(q(t,0))*
Using the derivatives of ¢(t,0) computed above and the Fad di Bruno’s formula (see [Fraenkel (1978))) we
obtain the expression for 9y Ry(t, ) reported in part (A).

For part (B) observe that we can write u(¢,6) as

Atput+w+v ¢
u(t,0) = == — ()R, 0)

where

r(0) = e (1 + ca(0))? — e (1 — c2(0))2.

The derivatives of () can be obtained as

) X , X
i [eclt + e—clt +02(9)(6c1t _ e—(,lt)] ,

C1

(997“(9) = —

2
Pr(0) = S e — e
1

and 0p'r(0) =0 for m=3,4,....
Applying the generalized product-rule for derivatives to formula (A.2) we can express Jju(t,d) as
2

A u(t,0) = —g% (:L) ayrr(0)9p ™ R(t,0).
m=0

Substituting the values of 9;'r(#) and simplifying, we obtain the expression for Jju(t,6) reported in part
O

(B). This completes the proof of this lemma.
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