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Probabilitiy of N lineages at time t:

Initial conditions:

Expected number of lineages at time t:
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to complete speciation is exponentially distributed with
parameter λ2, so the mean time it will take to com-
plete speciation is 1

λ2
. Note that this protracted spe-

ciation model differs slightly from that analyzed by
Rosindell et al. (2010) who assumed a fixed time to com-
plete speciation. If anything, a stochastically varying
time to complete speciation seems more realistic. Incip-
ient species give rise to new incipient species at rate λ3
while they are incipient. Figure 1B shows this protracted
pure birth process. Again, we can write down a master
equation, but now for the probability P[Ng,Ni ; t] that at
time t there are Ng good (hence the subscript g) species
and Ni incipient species:

dP[Ng,Ni ; t]
dt

= λ1NgP[Ng,Ni − 1 ; t]

+λ3(Ni − 1)P[Ng,Ni − 1 ; t]
+λ2(Ni + 1)P[Ng − 1,Ni + 1 ; t]
−(λ1Ng + (λ2 + λ3)Ni)P[Ng,Ni ; t]

(6a)

with initial condition

P[Ng =Ng(0),Ni = 0 ; t= 0] = 1. (6b)

This model cannot be solved analytically for P[Ng,Ni ; t],
but we can write down expressions for the ex-
pected number of good and incipient species at
time t (see online Appendix S1, available from
http://www.sysbio.oxfordjournals.org):

d
dt
E[Ng ; t] = λ2E[Ni ; t], (7a)

d
dt
E[Ni ; t] = λ1E[Ng ; t] + λ3E[Ni ; t]− λ2E[Ni ; t](7b)

with initial condition

E[Ng ; t= 0] = Ng(0), (7c)
E[Ni ; t= 0] = 0 (7d)

This can be solved in general (see online Appendix S1),
but here, we look at the special case where incipient
species gives rise to new incipient species at the same
rate as good species do (λ3 = λ1) in which case, we have
(see online Appendix S1):

E[Ng ; t] =
Ng(0)
1 + λ1

λ2

exp(λ1t) +
Ng(0)
1 + λ2

λ1

exp(−λ2t), (8a)

E[Ni ; t] =
Ng(0)
1 + λ2

λ1

(exp(λ1t)− exp(−λ2t)). (8b)

The expected number of ancestral lineages L at time t
for the good species extant at time T is the sum of the
expected number of good species and the expected
number of incipient species which have at least one
good descendant species before time T:

E[L ; t,T] = E[Ng ; t] + E[Ni ; t](1− P0(T − t)), (9)

FIGURE 2. Expected LTT plot for the protracted pure birth model
(i.e., no extinction) for various values of the speciation completion rate
λ2. The value of the speciation initiation rate λ1 is 0.5. The curve for
λ2=∞ is barely visible, as it almost coincides with the curve for λ2=10.

where P0(T − t) is the probability that none of the de-
scendants becomes a good species. Figure 1C illustrates
that not all incipient species contribute to L because not
all incipient species leave good descendant species be-
fore T. In online Appendix S1, we derive an analytical
expression for P0(t):

P0(t) =
1 + λ2

λ1

1 + λ2
λ1

e(λ1+λ2)t
. (10)

Inserting this expression and Equation (8) in Equation
(9) yields

E[L ; t,T]=Ng(0)

!

exp(λ1t)− e(λ1t) − e(−λ2t)

1 + λ2
λ1

e(λ1+λ2)(T−t)

"

. (11)

We observe that the number of lineages increases less
with t than in the pure birth model without protracted
speciation (λ2=∞), because the second term on the right
hand side increases with t so the closer to the present,
the more E[L ; t,T]will differ from the pure birth model.
Figure 2 illustrates how the slowdown in increase of the
number of lineages depends on the parameter λ2.

The formulas above assume that we start with Ng(0)
good species, but in practice, we look at a phylogeny
starting with two lineages at crown age at which point at
least one of the two lineages is incipient (because it orig-
inates from the other at this point). In online Appendix
S1, we derive analogous expressions for this initial
condition.

BIRTH–DEATH MODEL

Starting from the pure birth model, but allowing
for extinctions, one obtains the well-known birth–death
model (Kendall 1948) for which the master equation
reads:

dP[Ng ; t]
dt

= λ1(Ng − 1)P[Ng − 1 ; t] + µ1(Ng + 1)

×P[Ng + 1 ; t]− (λ1 + µ1)NgP[Ng ; t], (12a)

 at U
N

IV
ERSITY

 O
F CA

LIFO
RN

IA
 BERK

ELEY
 on A

pril 9, 2014
http://sysbio.oxfordjournals.org/

D
ow

nloaded from
 

2012 ETIENNE AND ROSINDELL—EXPLAINING THE SLOWDOWN IN DIVERSIFICATION 205

are much more likely to be recognized as taxonomically
distinct than young populations (Price et al. 2010). Avise
(1999) provides various estimates of upper and lower
bounds to the duration of speciation (the upper bound
being set by the divergence time of sister species, see
also Rosindell et al. (2010), and the lower bound being
set by the divergence time of phylogroups). For birds
and mammals, he reports values between 1 and 3 Myr.
In fish and herpetofauna, the reported rates are similar
to those of birds and mammals but could in reality be
much larger due to slower mitochondrial DNA clocks.
Examples of 5 Myr exist in salamanders. Only in ex-
ceptional cases, for example, polyploidy in plants, can
speciation occur instantaneously. Most detailed genetic
models of speciation also predict that speciation takes
time (Gavrilets 2004). Here, in order to preserve gener-
ality, we deliberately do not assume a specific mecha-
nism for speciation but only recognize the simple fact
that it is gradual rather than instantaneous. This form
of speciation, termed ”protracted speciation” by Rosin-
dell et al. (2010), thus implicitly captures the outcome of
what in reality are complex, ecological, and genetic pro-
cesses, which given enough time lead to the birth of a
new species (Schluter 2009).

Protracted speciation has been shown to resolve prob-
lems with the predictions of the neutral theory of bio-
diversity on speciation rate and species longevities
(Hubbell 2001; Rosindell et al. 2010). Here, we show how
it explains the slowdown in LTT plots, in general, and
when applied to four bird phylogenies. Moreover, we
show that it can predict more imbalanced phylogenies
than the standard birth–death model. We first study the
pure birth model (i.e., no extinctions) with protracted
speciation because it allows analytical treatment, which
elegantly proves our point mathematically. We then ex-
plore the birth–death model with protracted speciation
by simulation.

RESULTS

Model Predictions
Pure birth model

We start with the pure birth model or Yule (1924)
model of diversification. We denote the number of
species with Ng where the subscript g will become clear
later. At a constant rate λ1, species produce new species.
There is no extinction in this model. Figure 1A shows the
pure birth process. The probability that at time t there
are Ng species is given by the following master equa-
tion:

dP[Ng ; t]
dt

= λ1(Ng − 1)P[Ng − 1 ; t]− λ1NgP[Ng ; t] (1a)

with initial condition

P[Ng =Ng(0) ; t= 0] = 1 (1b)

This equation can be completely solved analytically, but
here, we are only interested in the expected number of

FIGURE 1. The pure birth model a) with and b) without protracted
speciation. Dotted lines indicate an incipient species and solid lines
are good species. c) Phylogeny of the protracted pure birth process of
panel b: only those lineages that have completed speciation before the
present will show up in the phylogeny. Note that the branching points
are at the times that the incipient species are produced, not at the times
that they become good species.

species at time t which obeys the ODE

d
dt
E[Ng ; t] = λ1E[Ng ; t] (2a)

with initial condition

E[Ng ; t= 0] =Ng(0). (2b)

The solution is straightforward:

E[Ng ; t] =Ng(0)λ1t. (3)

Because all species survive (no extinction), the expected
number of ancestral lineages in the phylogeny, L, at time
t for the good species that are extant the present time T
is simply given by

E[L ; t,T] =Ng(0)eλ1t. (4)

The present time T is irrelevant for this model but will
be relevant for the protracted form of this model. From
Equation (4), we see that the logarithm of the number of
lineages increases linearly with time t:

lnE[L ; t,T] = lnNg(0) + λ1t. (5)

PROTRACTED PURE BIRTH MODEL

Now we make speciation a protracted process. That
is, each extant species still produces new species at a
rate λ1, but these new species are not yet good species.
Instead, they are incipient species which become good
species at a rate λ2. This means that the time needed
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where µ1 is the extinction rate and the initial conditions
are given by Equation (1b). See Figure 3, panels A and
B, for an illustration of the birth–death process. The so-
lution for this model can be obtained analytically with
the method of characteristics. Here, we are interested in
the expected number of species at time t, which is given
by

E[Ng, t] =Ng(0)e(λ1−µ1)t. (12b)

To compute the number of ancestral lineages L at time
t of the species extant at time T, we first need the prob-
ability, Pt1,t2 , that there are surviving lineages at time t2
for a process starting at t1 with a single individual. This
probability is given by (Kendall 1948; Nee et al. 1994a)

Pt1,t2 =
1− µ1

λ1

1− µ1
λ1

e−(λ1−µ1)(t2−t1)
, (13)

assuming that λ1=/ µ1. The number of ancestral lineages
at time t conditional on survival of the clade until the
present time T is given by (Nee et al. 1994a, see also on-
line Appendix S2)

Estem[L ; t,T] =Ng(0)e(λ1−µ1)t Pt,T

1− (1− P0,T)Ng(0)
. (14)

This expression is valid for the expected number of lin-
eages when starting with Ng(0) species at the stem age
t = 0. In practice, we usually have data on crown age,
the branching point of the first two ancestral lineages.
To produce the model’s expectations for a phylogeny
with a prescribed crown age, we must require that both
ancestral lineages survive because if only one survives,
there may still be a phylogeny, but it does not have the
prescribed crown age. Mathematically, starting with two

FIGURE 3. The birth–death model with and without protracted
speciation. a) A birth–death process that is extinct before the present
time T, an eventuality that most analyses are conditioned against. b)
A birth–death process that survives up to the present time T. c) The
birth–death process of b where speciation is protracted. Dotted lines
indicate an incipient species and solid lines are good species. d) Phy-
logeny of the protracted birth–death process of panel c. Only those
lineages that have completed speciation or incipient lineages whose
parent species has gone extinct before the present will show up in the
phylogeny.

lineages at the crown age t = 0 implies that we can
simply take twice Equation (14) with Ng(0) = 1:

Ecrown[L ; t,T] = 2e(λ1−µ1)t Pt,T

P0,T
. (15)

Regardless of whether we use the stem age–based Equa-
tion (14) or crown-age based Equation (15), the loga-
rithm of the number of lineages increases more than lin-
early with time:

lnE[L ; t,T] ∼ (λ1 − µ1)t + lnPt,T, (16)

where we ignored all terms that do not depend on t
because Pt,T increases more than linearly with t. This
means that the model predicts an upturn in number of
lineages near the present. This phenomenon is called the
pull of the present (Nee et al. 1994b) and can be seen in
Figure 4. The verbal explanation is that recently arisen
species have not had the time to become extinct caus-
ing an apparent acceleration of diversification near the
present.

PROTRACTED BIRTH–DEATH MODEL

Making speciation protracted changes the master
equation to

dP[Ng,Ni ; t]
dt

= λ1NgP[Ng,Ni − 1 ; t] + λ3(Ni − 1)

×P[Ng,Ni − 1 ; t] + λ2(Ni + 1)
×P[Ng − 1,Ni + 1 ; t] + µ1(Ng + 1)
×P[Ng + 1,Ni ; t] + µ2(Ni + 1)
×P[Ng,Ni + 1 ; t]− ((λ1 + µ1)Ng

+(λ2 + λ3 + µ2)Ni)P[Ng,Ni ; t]. (17)

See Figure 3C for an illustration of the process. As in the
protracted pure birth model, the master equation cannot
be solved analytically. Nevertheless, it is again possible
to obtain analytical expressions for the expected number
of good and incipient species at time t. We will not write
out these expressions and their solutions explicitly be-
cause they are cumbersome to write, and, more impor-
tantly, they cannot easily be used to obtain an expression
for E[L ; t,T]. First of all, conditioning on survival to the
present, as in Equation (14), is no longer trivial because
this requires (a function of) P[Ng,Ni ; t] for which an an-
alytical solution is lacking. Furthermore, the addition of
the expectations of Ng and Ni with a correction for the
latter, as in Equation (9), no longer holds, because of the
complicating factor that even if an incipient species has
not become a good species by time T, it will be counted
as a good species if its immediate ancestor was good but
has become extinct (it simply replaces this extinct ances-
tor, because as long as it has not completed speciation,
it will be considered identical to the ancestor species).
Figure 3D explains this.

Because further analytical treatment seems extremely
challenging, we simulated the process in order to gain
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constant rate birth-death process

Yule (pure birth) processes are simply a
special case where μ = 0
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also undergo speciation within a single region, yield-
ing one endemic and one wide-ranging daughter, that
is, the daughters have states A and AB if speciation
was in Region A, or B and AB. The region-specific per-
lineage rates for this within-region mode of speciation
are sA and sB. Alternatively, an AB species may diverge
along the boundary that separates the regions, yielding
one A and one B daughter. The rate of this between-
region mode of speciation is sAB. Because widespread
lineages are subject to both the between- and within-
region modes of cladogenesis, their effective rate of
speciation is greater than that of endemics; it is the sum
of sA, sB, and sAB.

Identical inheritance of geographic distribution is
likely impossible when examined on a fine spatial scale,
but we ignore structure inside regions. Therefore, al-
though the two daughter ranges of an endemic parent
are equal in our model, we do not specify whether
within-region speciation is allopatric, parapatric, or
sympatric. Between-region speciation events in GeoSSE
are not traditional vicariance events (a physical change
in the connectivity of the regions that affects all species)
but allow different species to respond individually to
their environment.

Formulation
Because the mathematical description of the GeoSSE

model is similar to BiSSE (Maddison et al. 2007), we
present the formulation only briefly here; a full deriva-
tion can be found in online Appendix 1 (available from
http://dx.doi.org/10.5061/dryad.8343). A schematic
comparison of GeoSSE and BiSSE is shown in Figure 1.

Like BiSSE, GeoSSE assumes a fully resolved, dated
phylogeny of the group in question. Although BiSSE
can in principle allow for ancestral nodes with hard
polytomies (via modification of Equation 4 in Maddison
et al. 2007), the possibility of character state changes at
nodes makes this unwieldy for GeoSSE. Phylogenetic
uncertainty can better be incorporated by performing
analyses across a posterior set of bifurcating trees, as we
illustrate in our empirical case study below.

Geographic ranges of extant species should be known
with sufficient precision to say whether each species
is present in Region A only, Region B only, or both

regions. Incomplete sampling, either randomly dis-
tributed across the tree or in the form of unresolved
clades, can be incorporated as in FitzJohn et al. (2009),
as can uncertain tip state information. Such incom-
plete information, of course, reduces the power of the
analysis.

Likelihood of tree and character states (D).—The likelihood
DNi(t) is proportional to the probability of a lineage be-
ginning at time t in state i (i=A, B, or AB) evolving into
a clade with identical branching structure and character
states as the (sub)tree actually observed to descend from
N. The branching process will be viewed as proceeding
forward in time, though time is defined to increase to-
wards the root of the tree (Online Fig. A1-1).

Changes in the DNi over time within a branch are
described by

dDNA

dt
=−(sA + dA + xA)DNA(t) + dADNAB(t)

+ 2sADNA(t)EA(t), (1a)
dDNB

dt
=−(sB + dB + xB)DNB(t) + dBDNAB(t)

+ 2sBDNB(t)EB(t), (1b)
dDNAB

dt
=−(sA + sB + sAB + xA + xB)DNAB(t)

+ xADNB(t) + xBDNA(t)
+ sA[EA(t)DNAB(t) + EAB(t)DNA(t)]
+ sB[EB(t)DNAB(t) + EAB(t)DNB(t)]
+ sAB[EA(t)DNB(t) + EB(t)DNA(t)], (1c)

where Ei(t) is the likelihood that a lineage in state i goes
extinct before the present time, described in more detail
below.

Comparing Equation 1 with Equation 3 of Maddison
et al. (2007), the description for states A and B (Equa-
tions 1a and 1b) is quite similar to that for BiSSE’s two
states. A lineage remains unbranched and in state A,
for example, if it does not speciate, disperse, or go ex-
tinct (first term in Equation 1a); it changes state by dis-
persing (second term in Equation 1a); and if speciation
does occur, one daughter lineage goes extinct before the

FIGURE 1. The states and allowed transitions in a) BiSSE and b) GeoSSE. Both models have six rate parameters and allow state-dependent
speciation (λ or s) and extinction (µ or x), and anagenetic state changes (q, d, x). GeoSSE additionally allows state changes during speciation in
association with the third (AB) character state.
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Figure 2: Tree and binary character simulated under BiSSE. State 1 (dark blue) has a speciatian rate three times
that of state 0 (light blue).

3.5 Testing for character dependent diversification

We know the tree and character shown in Figure 2 evolved jointly under a BiSSE process;
the diversification process was dependent on the character. However, in an actual empirical
study usually all we have is a tree and the observed tip states. How do we test for character
dependent diversification? Let’s treat our simulated tree and tip data as if this was an
empirical study and see if we can successfully detect character dependent diversification.

First, let’s fit a BiSSE model to the simulated data. Since the diversification rate is
dependent on the character state, the BiSSE likelihood function takes both the tree and the
tip data:

bisse_lik = make.bisse(tree, tree$tip.state)

We’ll find the maximum likelihood estimate for all parameters. We use a helper function to
find starting values of the parameters for the search heuristic.

p = starting.point.bisse(tree)

fit_bisse = find.mle(bisse_lik, p)

What were the parameter estimates and log-likelihood?

coef(fit_bisse)

fit_bisse$lnLik

Ok, now let’s estimate diversification rates under a constant rate model, where the diver-
sification process is independent of the character states. We’ll use the same BiSSE likelihood
function as above, but constrain the diversification rates to be equal in both character states:

constant_lik = constrain(bisse_lik, lambda0 ~ lambda1, mu0 ~ mu1)

Again, find the maximum likelihood estimates of our parameters:

3
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FIGURE 2. Alternative scenarios by which a lineage with state 0 at time t+!t on the branch might yield clade decended from node N but no
other living descendants.

To move the next step down the tree (Fig. 1), we need to
calculate corresponding probabilities for one small time
step (!t) further down the branch; i.e., DN0(t + !t) and
DN1(t + !t). To calculate DN0(t + !t), we enumerate all
of the ways that the observed clade could have arisen
by considering all possible events that could occur in
the !t time interval. Specifically, we use the law of total
probability to write DN0(t + !t) as the sum of all pos-
sible transitions forward in time from t + !t to t times
the probability that the clade would have evolved in the
manner observed from time t to the present. There are
four cases, each of which requires that the lineage of in-
terest did not go extinct during the !t interval (Fig. 2). In
the first case (Fig. 2a), nothing happens in the !t interval.
In the second case (Fig. 2b), the character changes. In the
third case (Fig. 2c), a speciation event occurs and the left
lineage generates node N; the right lineage must thus go
extinct sometime before the present, which occurs with
probability E0(t), described further in the next section.
The fourth case (Fig. 2d) is similar, except that the left
lineage goes extinct and the right lineage generates node
N. No other cases contribute to the probabilityDN0(t +
!t) because of the assumptions that the events are inde-
pendent and the clade had to survive to the present.

The probabilities for these four cases can then be
summed to yield DN0(t + !t):

DN0(t+!t) =
(1 − µ0!t)× (in all cases no extinction in !t)

[(1 − q01!t)(1 − λ0!t)DN0(t) (see Fig. 2a: No state change, no speciation)
+ (q01!t)(1 − λ0!t)DN1(t) (see Fig. 2b: State change, no speciation)
+ (1 − q01!t)(λ0!t)E0(t)DN0(t) (see Fig. 2c: No state change, speciation, extinction) (1)

+ (1 − q01!t)(λ0!t)E0(t)DN0(t)] (see Fig. 2d: No state change, speciation, extinction)
+ (µ0!t) × 0 (if the lineage went extinct, the clade has zero probability of being observed)

For clarity in Equation (1), we have ignored several pos-
sible transitions that involve multiple events within the
time interval (e.g., speciation and extinction), because
these occur with a probability (of order !t2) that is neg-

ligibly small if !t is small. Dropping all terms of order
!t2, we get:

DN0(t + !t) = [1 − (λ0 + µ0 + q01)!t]DN0(t) + (q01!t)

DN1(t) + 2(λ0!t)E0(t)DN0(t) (2a)

Similarly,

DN1(t + !t) = [1 − (λ1 + µ1 + q10)!t]DN1(t) + (q10!t)

DN0(t) + 2(λ1!t)E1(t)DN1(t) (2b)

Dividing [DN0(t + !t – DN0(t)] and [DN1(t + !t) –
DN1(t)] by the time interval, !t, and taking the limit as
!t goes to zero, we can derive two coupled differential
equations:

dDN0

dt
= −(λ0 + µ0 + q01)DN0(t) + q01 DN1(t)

+2λ0 E0(t)DN0(t) (3a)

dDN1

dt
= −(λ1 + µ1 + q10)DN1(t) + q10 DN0(t)

+ 2λ1 E1(t)DN1(t) (3b)

We have not found analytical solutions for these equa-
tions. Nevertheless, given solutions for E0(t) and E1(t)
described below, they can be numerically integrated

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
I
n
g
e
n
t
a
 
C
o
n
t
e
n
t
 
D
i
s
t
r
i
b
u
t
i
o
n
 
T
a
n
d
F
 
t
i
t
l
e
s
]
 
A
t
:
 
0
3
:
5
7
 
4
 
J
a
n
u
a
r
y
 
2
0
0
9



character dependent birth-death processes

2007 MADDISON ET AL.—A CHARACTER’S EFFECT ON DIVERSIFICATION 705

Assume that we have calculated E0(t), the probability
that a lineage starting at time t in state 0 leaves no descen-
dants at the present day. Then E0(t + !t) can be obtained
by considering the four different possible events in the
!t interval consistent with the lineage (and all of its de-
scendants) going extinct ultimately (Fig. 3). In the first
case (Fig. 3a), the lineage goes extinct during the !t time
interval. In the second case (Fig. 3b), the lineage neither
goes extinct nor changes state nor speciates between t
and t + !t , but nevertheless it goes extinct eventually.
In the third case (Fig. 3c), the lineage changes state dur-
ing the !t time interval and then goes extinct. Finally,
in the fourth case (Fig. 3d), the lineage speciates during
the !t time interval, but now both descendant lineages
must go extinct before the present day. We assume in the
fourth case that the extinction events are independent of
one another, thus contributing a term E0(t)2 to the prob-
ability. No other cases need be considered because of the
assumption that the events are independent and !t is
extremely small.

The probabilities for these four cases can then be
summed to yield the probability of extinction, E0(t + !t):

E0(t + !t) =
µ0!t (see Fig. 3a: Extinction in !t)
+ (1 − µ0!t)(1 − q01!t)(1 − λ0!t)E0(t) (see Fig. 3b: No state change, no speciation)
+ (1 − µ0!t)(q01!t)(1 − λ0!t)E1(t) (see Fig. 3c: State change, no speciation) (5)

+ (1 − µ0!t)(1 − q01!t)(λ0!t)E0(t)2 (see Fig. 3d: No state change, speciation)

Again, we have included some terms in Equation (5) that
are negligibly small (of order !t2). Dropping these terms,
we get:

E0(t + !t) = µ0!t + [1 − (µ0 + q01 + λ0)!t]E0(t)

+ (q01!t)E1(t) + (λ0!t)E0(t)2 (6a)

Similarly,

E1(t + !t) = µ1!t + [1 − (µ1 + q10 + λ1)!t]E1(t)

+ (q10!t)E0(t) + (λ1!t)E1(t)2 (6b)

Dividing the change in E0 and E1 by the time interval, !t
and taking the limit as !t goes to zero yields the coupled
differential equations:

dE0

dt
= µ0 − (µ0 + q01 + λ0)E0(t) + q01 E1(t) + λ0 E0(t)2

(7a)

dE1

dt
= µ1 − (µ1 + q10 + λ1)E1(t) + q10 E0(t) + λ1 E1(t)2

(7b)

As with the equations for D(t), these equations for the
extinction probabilities can be solved using numerical
integration.

Initial conditions.—At time t = 0, there is no time for
extinction, and thus E0(0) = E1(0) = 0.

APPLICATION TO ESTIMATION AND TESTING

Maximizing the BiSSE likelihood, calculated as de-
scribed above, can yield estimates for all six parameters.
This means that the method could be used not just to un-
derstand speciation and extinction, but the entire process
of diversification including character state change. With
such a flexible model, a variety of hypothesis tests are
possible. For example, is speciation under state 0 more
rapid than under state 1? Is net diversification rate (speci-
ation − extinction) higher under one state than the other?
What causes an excess of species with one state (Maddi-
son, 2006): asymmetrical character change (rate 0 to 1
different from rate 1 to 0), asymmetrical extinction, or
asymmetrical speciation? To answer these questions, one
can perform likelihood ratio tests by comparing like-
lihoods given unconstrained versus appropriately con-
strained models.

In the following, we provide an initial exploration of
BiSSE using simulated phylogenetic trees and characters.
First, we estimate rate parameters when true speciation,
extinction, and character transition rates either do or do
not depend on the character state. Second, we examine
whether the null hypothesis of equal rates can be rejected
using likelihood-ratio tests.

These examples do not attempt to provide a full ex-
ploration of the method. To understand the method’s
capabilities and limitations, we would want to study the
power of the method to reject false null hypotheses under
a variety of parameter values and assumptions, includ-
ing cases with multiple simultaneous asymmetries. We
would also like to know the size of the tree needed for
adequate power, as well as the accuracy and precision
of estimated parameter values. These explorations we
leave for a subsequent paper.

Implementation
The BiSSE likelihood calculations described above

have been programmed in the Diverse package of mod-
ules (Midford and Maddison, 2007) for Mesquite (Mad-
dison and Maddison, 2007). These calculations use a
fourth-order Runge-Kutta method of numerical inte-
gration (Ralson and Rabinowitz, 1978) for proceeding
along the branches and Mesquite’s implementation of
Brent’s (1973) optimizer for seeking maximum likeli-
hood estimates. If the choice is made to condition the
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branch heterogenous birth-death processes

A compound Poisson process 
introduces shifts in the 
diversification process across 
lineages and through time.

Rate shift events occur according 
to a Poisson process

where the rate parameter λ
equals the average number of 
events in an interval.

This assumes that descendant 
lineages inherit diversification 
regimes.  


