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Finite populations of asexual and highly selfing species suffer from a reduced efficacy of selection. Such populations are thought

to decline in fitness over time due to accumulating slightly deleterious mutations or failing to adapt to changing conditions.

These within-population processes that lead nonrecombining species to extinction may help maintain sex and outcrossing through

species level selection. Although inefficient selection is proposed to elevate extinction rates over time, previous models of species

selection for sex assumed constant diversification rates. For sex to persist, classic models require that asexual species diversify at

rates lower than sexual species; the validity of this requirement is questionable, both conceptually and empirically. We extend

past models by allowing asexual lineages to decline in diversification rates as they age, that is nonrecombining lineages “senesce”

in diversification rates. At equilibrium, senescing diversification rates maintain sex even when asexual lineages, at young ages,

diversify faster than their sexual progenitors. In such cases, the age distribution of asexual lineages contains a peak at intermediate

values rather than showing the exponential decline predicted by the classic model. Coexistence requires only that the average

rate of diversification in asexuals be lower than that of sexuals.
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Muller’s ratchet.

Asexual and selfing species exhibit low effective rates of re-

combination, which reduces the efficacy of selection on dele-

terious and beneficial mutations due to Hill-Robertson effects

(Hill and Robertson 1966; Charlesworth and Charlesworth 1995;

Charlesworth 2012; Hartfield 2015). This can cause the contin-

uous accumulation of deleterious mutations and the resulting re-

duction in fitness a process known as Muller’s ratchet (Muller

1964; Haigh 1978; Heller and Maynard Smith 1979). In addition,

low recombination rates reduce the probability of fixing beneficial

mutations, lowering adaptive potential (Barton 1995; Orr 2000).

It has long been speculated that these processes will elevate ex-

tinction rates in asexual or highly selfing species relative to their

outcrossing counterparts (Fisher 1930; Maynard Smith 1976). As

a result, it has been proposed that outcrossing and sexual lineages

can be maintained by selection occurring at the species level

(Fisher 1930; van Valen 1975; Maynard Smith 1976; Nunney

1989). Research on the maintenance of sex through species selec-

tion has been somewhat neglected because only lower levels of

selection can explain the persistence of sex in populations exhibit-

ing variation in reproductive mode (Williams 1975). Within pop-

ulations, sexual individuals suffer a twofold disadvantage in their

genetic contribution to the next-generation relative to asexuals

(Maynard Smith 1971; Williams 1975). This problem has gener-

ated extensive work in search of genetic processes that favours sex

in populations despite its costs (Otto 2009). However, the presence

of extant asexual and selfing species implies that individual selec-

tion does not always favor sex and outcrossing. Species selection

remains a plausible explanation for the distribution of low recom-

bining species at the tips of phylogenies (Judson and Normark

1996; Butlin 2002; Rice 2002). Here, we examine how species

selection maintains sex when incorporating time-dependence in

the diversification rate of asexual lineages. Specifically, we ask

how such time-dependence alters the conditions for maintenance

of sex at the macro level, the abundance of asexuals relative to

sexuals, and the age distribution of asexual species. We primarily

use the language of sex/asex but the results are also pertinent to
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outcrossing/selfing as highly selfing species have low effective

recombination rates and suffer a similar reduction in the efficacy

of selection as asexuals. Though the model we present below is

motivated by reproductive mode as the focal trait (i.e., sex/asex,

outcrossing/selfing), the model applies to any trait with one-way

transitions that involve age-dependent declines in the diversifica-

tion rate in the derived state.

In species levels models, the diversification rate is used to

describe the net change in species abundance over time due to

speciation and extinction. van Valen (1975) formulized a model

where sexual species gave rise to asexual species at rate, μ. If the

diversification rate of asexual species is less than sexuals by a fac-

tor 1-s, the equilibrium proportion of asexuals is μ/s assuming 0 <

μ << s << 1. Higher transitions rates to asexuality and smaller

reductions in asexual diversification rate increase their equilib-

rium proportion. If there is variation in the transition rate among

sexual lineages, selection can also reduce the transition rate be-

cause lineages with lower transition rates give rise to less asexual

descendants (Nunney 1989; de Vienne et al. 2013). In this model,

if transitions occur at all (μ > 0), sexuals must diversify faster

than asexuals (s > 0), else sexuals will be eventually completely

eliminated. However, this requirement of lower diversification

rate of asexuals may not be satisfied because nonrecombining

lineages can do very well initially (as discussed below). This con-

cern might be alleviated by the widely held belief that nonrecom-

bining lineages will eventually perform poorly. Such statements

imply that asexual diversification rates are time-dependent but

this feature has not been modeled explicitly, which is our goal

here.

For sexuals to persist, the classic model requires sexuals

to diversify faster than asexuals. This requirement is viewed as

plausible because sexual species do not suffer elevated mutation

accumulation rates from processes such as Muller’s ratchet that

can raise the extinction rate of asexuals. Sexual populations can

also diversify into novel habitats more quickly than asexual pop-

ulations when adaptation involves multiple genes or is associated

with sexual selection (Fisher 1930; Barton 1995; Ritchie 2007;

Schluter 2009). However, there are plausible reasons to believe the

reverse that newly created asexual lineages may diversify faster

their sexual counterparts. Newly created asexual lineages could

have either a higher speciation rate or a lower extinction rate

than their sexual progenitor. Gene flow between populations is a

major barrier to speciation (and ecological divergence) in sexual

taxa but is irrelevant to asexuals (Gavrilets 1999; Barraclough

et al. 2003). Young asexual species can potentially diversify at

high rates because speciation is unrestricted by gene flow. Asex-

uals may possess lower extinction rates because they do not

suffer mate limitation when recovering from population crashes

(Stephens and Sutherland 2000; Knight et al. 2005). Similarly,

asexual migrants can colonize (and diverge in) new habitats more

easily because they do not require mates. Phylogenetic analyses

of Solanaceae (Goldberg et al. 2010) and Onagraceae (Johnson

et al. 2011) revealed self-compatible and asexual species have

higher speciation rates than their self-incompatible and sexual

counterparts, respectively (see Discussion). This hints at the pos-

sibility that the loss of sex and outcrossing may promote higher

speciation rates and perhaps higher diversification rates at least

initially. If true, then classic models of species selection cannot

explain the maintenance of sex; highly diversifying asexuals will

drive sexuals extinct. However, the longer term consequences of

reduced recombination may be negative.

We do not expect the diversification rate of asexuals to re-

main constant over time; rather, it should decline. Extinction rates

of asexual species are likely to increase over time because they

are more susceptible to processes that lower population fitness

than sexual species. First, slightly deleterious mutations accumu-

late at higher rates in asexual populations due to selective inter-

ference (Muller 1964; Hill and Robertson 1966; Charlesworth

2012). Second, environmental change may alter the optimum

phenotype over time. Inefficient selection on beneficial alleles

within asexual species can cause them to lag behind the optimum

(Charlesworth 1993; Burger 1999). Sexual populations are less

vulnerable to either process and maintain high fitness due to ef-

ficient response to both negative and positive selection. Relaxed

negative selection is evident in asexual species (Paland and Lynch

2006; Barraclough et al. 2007; Neiman et al. 2010; Henry et al.

2012; Hollister et al. 2014) and highly selfing species (Cutter et al.

2008; Qui et al. 2011; Ness et al. 2012; Arunkumar et al. 2015).

Positive selection is also more efficient in outcrossers compared

to their highly selfing relatives (Slotte et al. 2010; Burgarella

et al. 2015). In addition to increasing extinction risk, elevated

rates of deleterious mutation accumulation and reduced rates of

adaptation may reduce the chance of asexual speciation when

colonizing new habitats. Asexual individuals from species that

have accumulated deleterious mutations and exhibit low absolute

fitness, perhaps realized as a low population growth rate, may

be more susceptible to stochastic loss and less likely to estab-

lish in new areas, especially if this requires rapid adaptation to

novel conditions. In sum, multiple mechanisms likely contribute

to declining rates of diversification in asexual lineages. We expect

this decline to have quantitative and qualitative consequences on

the abundance and coexistence of asexual and sexual species,

especially when young asexual lineages diversify faster than

sexuals.

We aim to determine the conditions for sex to persist in a

community of asexual and sexual species where diversification

rates are dependent on lineage age. We assume that frequent re-

combination in sexuals prevents processes that cause age-related

declines in diversification rates in asexuals. Sexual species di-

versify at a constant rate but occasionally give rise to asexual
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species that suffer reductions in diversification rates as the lin-

eage age due to inefficient selection; they “senesce” with respect

to diversification rates. Contrary to past models, we find that co-

existence between asexual and sexual species permit the presence

of asexuals with (initially) higher diversification rates than sexu-

als. Coexistence merely requires the average diversification rate

of asexual species be lower than that of sexual species.

Model and Results
We consider an evolutionary time scale relevant for speciation

and extinction to occur at appreciable rates. Here, we define the

diversification rate more generally as the net effect of specia-

tion and extinction, such that the number of species within a

lineage changes by a factor of its diversification rate at each time

step. Sexual species suffer much less from Hill-Robertson effects

and are assumed to possess a constant diversification rate, eS. At

each time step, sexuals transition to new asexual species at rate,

eU << 1; we assume transitions in the reverse direction are not

possible. Transition occurs when a newly arisen asexual individ-

ual outcompetes its progenitor sexual species. Given the twofold

cost of sex, we assume the transition occurs instantaneously on

our time scale. An asexual species that has newly arisen from

a sexual progenitor has a basal diversification rate, eA; asexual

speciation events can be thought of as resulting in the formation

of two distinct genetic clusters from one (e.g., Fonteneto et al.

2007). We define R0 = eA/(eS-eU) as the basal diversification rate

of asexual relative to the realized rate of change for sexual species

(i.e., at each time step, sexual species grow by a factor of their

diversification rate minus their transition rate to asexuals). We

assume eS – eU > 1 so that sexual species always have a positive

growth rate.

An asexual species progresses through age classes with each

time step and we allow the diversification rate to change across

age classes. We assume that asexual species have declining di-

versification rates over time, which are inherited by any daughter

species they produce. Declining diversification rates may be due

to accumulating deleterious mutations or reduced rates of adap-

tation, either or both of which could increase the extinction rate

or reduce the speciation rate. We do not specify the mechanism

through which asexual diversification rates decline; we simply

assume that it does. Because the diversification rates of asexuals

decreases with the age of their lineage we think of asexual lin-

eages as “senescing” with respect to their diversification rates. If

there are nx(t) asexual species in age class x at time t, then there

will be nx(t) eA zx in age class x + 1 at time t + 1. The senescence

function, zx, reduces the diversification rate of species in age class

x relative to the basal rate and declines with age, zx+1 � zx.

We model the number of sexual and asexual species, in dif-

ferent age classes, using a system of linear equations.

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

NS (t + 1)

NA,0 (t + 1)

NA,1 (t + 1)

NA,2 (t + 1)

NA,3 (t + 1)

NA,4 (t + 1)

...

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

eS − eU 0 0 0 0 0 · · ·

eU 0 0 0 0 0 · · ·

0 eA z0 0 0 0 0 · · ·

0 0 eA z1 0 0 0 · · ·

0 0 0 eA z2 0 0 · · ·

0 0 0 0 eA z3 0 · · ·

...
...

...
...

...
...

...

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

NS (t)

NA,0 (t)

NA,1 (t)

NA,2 (t)

NA,3 (t)

NA,4 (t)

...

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(1)

NS(t) and NA,x(t) represents the number of sexual species

and asexual species in age class x at time t, respectively; all age

classes are assumed to be of equal length (i.e., one time step). The

timespan within a class can be made arbitrarily short by having

many age classes. If time steps are short, the diversification rate

may change little (or not at all) between successive classes, as

specified by the choice of zx. Importantly, we allow for any finite

number of asexual age classes but the transition matrix is truncated

at an arbitrary, but very old, age class; this only negligibly affects

the steady-state approximations when R0 < 1 and/or when asexual

diversification rate senesce (Supplementary File 1). Our form

of truncation precludes a steady-state equilibrium where only

asexual species exist. However, we are interested in the conditions

that lead to coexistence, so we do not discuss the asexual-only

equilibrium.

We solve for the only positive eigenvalue of this system, eS –

eU and the corresponding right eigenvector to obtain the stable age

class distribution, �u. By normalizing all classes in �u relative to the

sexual class, we obtain �u = {1, f0, f1, f2, . . . , fmax } , where fx
represent the frequency of asexual species in class x relative to the

abundance of sexual species (fmax is the frequency of an extremely

old age class that will be very rare if net diversification rates of

old lineages is less than unity). We now specify the senescence

function as zx = e−2αx, where α � 0. α scales the effects of accu-

mulating deleterious mutations (or a reduced rate of adaptation)

as the asexual lineage ages and higher values of α represent faster

senescence in diversification rates. We assume an exponentially

decaying diversification rate (linear decay shows similar results,

Supplementary File 1). We find the relative abundance of asexuals

of age x at equilibrium is

fx = eU e(A+α)x
(
eS − eU

)−(x+1)
e−αx2

(2)

Figure 1 shows the distribution of fx for several parameter

values. Increasing senescence rates reduces the frequency of all

age classes except for the first class, which transitions from sexual

species. Finally, total relative frequency of asexual species, F, is
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Figure 1. Distribution for the frequency of asexual species in age class x normalized to the frequency of asexual age class 0, fx/f0. Black

and gray lines represents case where α = 0.0005 and 0.001, respectively. There is a peak in fx at class x∗ when R0 is larger than 1 (vertical

dashed line).

found by summing over all asexual age classes. The frequency of

asexual species among all species is then simply F/(1+F).

We assume all diversification, transition, and senescence

rates are sufficiently small to approximate our discrete time model

with a continuous time model (as would be true if we make a suf-

ficiently large number of short age classes). We also assume the

diversification rate of asexuals never increases with lineage age

(α � 0). These assumptions allow our model to approximate a

system with an infinite number of age classes (detailed in Sup-

plementary File 1). Now we examine when senescence is relevant

and what conditions allow sexuals and asexuals to coexist.

Constant Diversification Rates
We first ignore senescence and allow all asexual species to diver-

sify at a constant rate by setting α = 0 and consequently Rx = R0

for all x, where Rx = eA zx/(eS – eU). Note that without senescence

all asexual age classes become equivalent (as in classic models),

but we keep this notation for consistency when comparing to sub-

sequent models. The total relative frequency of asexual species

when we assume R0 < 1 is given by

Fconst = eU

eS − eU

1

1 − R0
(3)

The frequency of asexual species is then equal to Fconst /

(1+Fconst) = eU-S / (1-eA-S), which resembles the classical result

of van Valen (1975), μ/s, described in the Introduction as 1– eA-S is

equivalent to s and eU-S is equivalent to μ. (μ can be thought of as

the rate that sexuals generate new asexuals relative to generating

more sexuals.) Importantly, this solution for equation (2) only

converges when R0 < 1, implying coexistence requires all asexual

species to diversify at a slower rate than sexual species (Fig. 2A).

Strongly Senescing Diversification
Rates
A limiting case occurs when senescence is very strong (α >

1), such that most age classes contribute negligibly to the total

frequency of asexuals. The total relative frequency of asexuals as

α approaches infinity is

lim
α→∞ Fsenesce = eU

eS − eU
(1 + R0) (4)

With strong senescence, asexuals consists of only the first

two age classes. Class 0 arises from sexuals and diversify at rate

R0 to produce class 1; class 1 and all subsequent classes diversify

at negligible rates. The rate of senescence becomes irrelevant for

asexual frequency once α is large enough.
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Figure 2. The frequency of asexual species, Fsenesce/(1 + Fsenesce), for a range of senescence rates (α) with ln(eU/(eS–eU)) = –5. (A) R0 =
0.91, 0.93, 0.95, 0.97, 0.99 (top to bottom). The solid lines represents equation (5) and converges to the dashed lines, equation (3) (no

senescence), with decreasing senescence rates. (B) R0 = 1.05, 1.03, 1, 0.97 (top to bottom). The solid black line represents equation (5)

and the dashed dark gray line indicates the numerical solution to Fsenesce. The gray dotted line represents equation (3) but substituting

R̄ obtained from equation (7) for R0. These three lines are difficult to distinguish because they are highly overlapping.

Weakly Senescing Diversification
Rates
For weak senescence, we utilize an integral approximation to

obtain the total relative frequency of asexual species, Fsenesce =
∫∞

0 fx dx . This assumes there are many extant age classes to

apply a continuous approximation to the class distribution. The

integral approximation fails in two scenarios where there are few

extant classes. First, when R0 is small and less than one, asexual

species are very rare relative to sexual species. Senescence does

not reduce asexual frequencies much further and equation (3) is

sufficient to approximate Fsenesce. The second case occurs under

strong senescence (α > 1). Asexual species mostly consist of

the first two age classes and equation (4) approximates Fsenesce.

Numerical tests indicate that our integral approximation applies

when the basal asexual diversification rate is comparable to or

larger than that of sexuals, R0 > 0.8, and when senescence is

intermediate in strength, 0 < α < 1.

Under the integral approximation, the total frequency of asex-

ual species is

Fsenesce = eU

eS − eU
e
(

ln(R0)+α

2
√

α

)2 √
π

2
√

α

(
1 + erf

(
ln (R0) + α

2
√

α

))
,

(5)

where erf represents the error function. Under our assumptions,

the solution converges for all values of R0. As expected, increasing

senescence reduced the frequency of asexual species (Fig. 2A, B).

When R0 < 1, Fsenesce approaches equation (3) as α goes to 0

(Fig. 2A). Coexistence of sexual and asexual lineages does not

require senescence when asexuals diversify at lower rates than

sexuals (van Valen 1975); senescence merely reduces asexual

frequencies further. When R0 � 1, Fsenesce approaches � as α

approaches 0, implying the elimination of sexual taxa (Fig. 2B)

because sexuals transition into asexuals that subsequently diver-

sify at high rates. Importantly, the inclusion of senescence, α > 0,

permits coexistence even when asexual species at the beginning

of a lineage diversify at higher rates than their sexual progeni-

tors (Fig. 2B). As discussed above, increasing α causes Fsenesce to

converge toward equation (4).

We observe qualitative changes in the distribution of asex-

ual age classes when R0 > 1 compared to classic models where

R0 < 1. With R0 < 1, the youngest asexual lineages are the

most abundant and each subsequent class is rarer (i.e., fx > fx+1).

For R0 > 1, fx initially increases with lineage age x, but once

Rx � 1, each older class is less abundant than the one before

due to elevating extinction rate. This forms a peak in the distri-

bution of fx at class x∗ = ln R0/(2α), whereby asexual species

younger than x∗ diversify at higher rates than sexual species
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(Fig. 1). The proportion of asexual species with Rx > 1 is given

by

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

erf
(

ln(R0)+α

2
√

α

)
− erf

(
α

2
√

α

)

1 + erf
(

ln(R0)+α

2
√

α

) , R0 > 1

0, R0 ≤ 1

(6)

We can summarize the growth of asexual lineages by finding

the average diversification rate in asexuals relative to the real-

ized rate of change of sexual species, R̄ = 1
eS−eU ∫∞

0
fx

Fsenesce
eAzx

dx,

R̄ =
1 + erf

(
ln(R0)−α

2
√

α

)

1 + erf
(

ln(R0)+α

2
√

α

) (7)

Despite values of R0 > 1, R̄ remains below unity pro-

vided α > 0, because the numerator in equation (7) is less than

the denominator due to the “–α” versus “+α” in the mono-

tonically increasing error function. Coexistence with senescing

diversification rates allows young asexuals to diversify faster

than sexual species (R0 > 1), but the average diversification

rate of asexuals still falls below the realized rate of change of

sexual species (R̄ < 1). Using this average rate in the classi-

cal (“no senescence”) model by substituting R0 = R̄ in equa-

tion (3), we recover the result for Fsenesce given in equation (5)

(Fig. 2B). This means that effects of senescence on the fre-

quency of asexual species can be fully captured by the average

growth of asexuals (though this average growth rate depends on

senescence).

Variable Senescence Rates
Our model above assumes a constant senescence rate, α, im-

plying diversification rate decays uniformly throughout the lin-

eage’s lifetime. This may not be biologically realistic, but the

extent to which genetic processes reducing individual fitness

also affects ecological success and diversification is unknown.

Even if asexual lineages accumulate mutations at a linear rate,

the effects on extinction may not be linear (see similar discus-

sion in Agrawal and Whitlock 2012). For example, if extinc-

tion rates only change after passing a threshold of accumulated

mutations, species may initially experience no senescence fol-

lowed by strong senescence. Conversely, fitness may decline ini-

tially but then stop declining in the presence of compensatory

or beneficial mutations (Goyal et al. 2011), causing extinction

rates to remain constant after a period of senescence. Clearly, as-

suming a constant senescence rate would become inappropriate

and may not reflect biologically relevant dynamics in extinction

rates.

To accommodate such scenarios, we allow flexibility in how

diversification rate changes with lineage age. Specifically, we

model diversification rate as a piece-wise function consisting of n

pieces or intervals, each can be of any length encompassing one to

many age classes. In principle, the piece-wise model can approxi-

mate any monotonic function of diversification rates. Within each

interval, diversification rate declines exponentially with age (the

rate of decline could be made zero to model constant diversifica-

tion rates). Within the ith interval, the diversification rate senesces

at

αi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

α0, y0 = 0 ≤ x < y1

α1, y1 ≤ x < y2

α2, y2 ≤ x < y3

...
...

αn, yn ≤ x < yn+1 = ∞

(8)

where yi represents the threshold age class where senescence rate

changes for the ith time, that is if age class x falls in the inter-

val yi � x < yi+1 then its diversification rate senesces at rate αi .

We define αi = α0 + ∑i
j = 1 δ j , such that δ j = {δ1, δ2, . . . , δn}

denote effects of the ith change in senescence rate. We now con-

struct a continuous piecewise function, containing n+1 subfunc-

tions, to describe the asexual diversification rate of age class

x, Dx. The ith subfunction governs the diversification rate fol-

lowing the ith change in senescence rate and over the age class

interval yi � x < yi+1, analogous to the senescence rate step

function.

Dx =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eA−2α0x , y0 = 0 ≤ x < y1

eA−2(α0x+�1), y1 ≤ x < y2

eA−2(α0x+�2), y2 ≤ x < y3

...
...

eA−2(α0x+�n ), yn ≤ x < yn+1

(9)

where �i = ∑i
j=1 δ j (x − (y j − 1 )) .

Analogous to the model with a constant senescence rate, we

construct a system of linear equations and use the piecewise Dx

function to build the subdiagonal of the transition matrix, which

describes the diversification rate of asexuals in successive age

classes. As before, we find the eigenvector corresponding to the

sole positive eigenvalue, eS – eU, to obtain the stable age class

distribution. The relative frequency of asexual species within class

x normalized to the abundance of sexual species, fx can be written

analytically as
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(
eU /

(
eS − eU

))−1
fx

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
eS − eU

)−x
e−α0x2

e(A−α0)x , y0 = 0 ≤ x ≤ y1(
eS − eU

)−x
e−α1x2

e(A−α1)x eL1x eM1 , y1 < x ≤ y2(
eS − eU

)−x
e−α2x2

e(A−α2)x eL2x eM2 , y2 < x ≤ y3

...
...

(
eS − eU

)−x
e−αn x2

e(A−αn )x eLn x eMn , yn < x < yn+1

(10)

where Li = ∑i
j=1 2δ j (y j − 1 ) and Mi = ∑i

j=1 −δ j y j (y j − 1 ).

The total relative frequency of asexuals described by each sub-

function of fx is approximated by integrating over all age classes

within the corresponding interval,

(
eU /

(
eS − eU

))−1
Fi =

yi+1∫
yi

fx dx

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

eMi
(
eKi yi+1 − eKi yi

)
Ki

, αi = 0

e
(

Ki +αi
2
√

αi

)2+Mi

( √
π

2
√

αi

) (
erf

(
Ki − αi (2yi − 1)

2
√

αi

)
− erf

(
Ki − αi (2yi+1 − 1)

2
√

αi

))
, αi > 0

,

(11)

where Ki = ln R0 + Li; Li and Mi are slightly different

when considering age classes on a continuous scale (Supple-

mentary File 1). The integral approximation requires the same

assumptions as that for weak senescence rates in equation (5).

Similarly, the average diversification rate of asexual species

relative to the realized rate of change of sexual species for each

subfunction, R̄i , is given by

R̄i =

⎧⎪⎨
⎪⎩

R0 eLi , αi = 0

erf (Ki − αi (2yi + 1)) − erf (Ki − αi (2yi+1 + 1))

erf (Ki − αi (2yi − 1)) − erf (Ki − αi (2yi+1 − 1))
, αi > 0

. (12)

The total relative frequency of asexuals is Fsenesce = ∑n
0 Fi

and the average diversification rate relative to sexual species is

R̄ = ∑n
0(Fi/Fsenesce)R̄i . As discussed below, Fsenesce is finite and

thus sex is maintained as long as R̄n < 1, which is satisfied when

R0 eLn < 1 or αn > 0 due to the negative curvature of the error

function. Similar to the model with constant senescence rates,

the analytical solution for Fsenesce matched well with numerical

solutions and by substituting R̄ into the nonsenescent model,

equation (3) (results not shown).

We illustrate the effects of changing senescence rates with

a simple example involving a single change in the rate of senes-

cence: α0 changes to α1 = α0 + δ1 at age class y1. Compared to

a case with no change in α, altering α0 by δ1 changes the relative

frequency of asexual age class subsequent to y1 (Fig. 3A). The age

class where senescence rates changes can have dramatic impacts

for Fsenesce. Increasing α0 to α1 at a young age class drastically

reduces Fsenesce compared to increasing the senescence rate at a

later age (Fig. 3B). Changes in senescence rates contribute to

the average diversification rate of asexuals, R̄, in proportion to

Fi/Fsenesce (eq. (12)). When α1 > α0 > 0, the effect of δ1 decreases

with increasing y1 because the proportion of age classes that will

experience α1 also decreases with time.

Discussion
Species with low rates of recombination suffer a reduced efficacy

of selection due to Hill-Robertson interference, which is specu-

lated to lead inevitably to extinction (Hill and Robertson 1966;

Haigh 1978; Lynch et al. 1993; Charlesworth and Charlesworth

1997; Bürger 1999). Our model is inspired by selective interfer-

ence under little or no recombination causing the accumulation

of deleterious alleles and low rates of adaptation over the lifetime

of an asexual lineage, spanning multiple potential diversification

events. With senescing diversification rates in asexual species, we

show that species selection maintains sex even if young asexual

species diversify faster than sexuals. A value of R0 > 1 is com-

patible with coexistence and creates a peak in asexual species

frequency at intermediate age classes (Fig. 1). In contrast, co-

existence in past models assuming constant diversification rates

require all asexual species diversify slower than sexuals (R0 = Rx

< 1). Furthermore, we extend our model to accommodate age-

dependent senescence, allowing diversification rates to change in

almost any manner as asexual lineages age. In a lineage already

undergoing senescence, a change in the rate of senescence has the

most impact on asexual frequencies and average diversification

rates when it occurs early on in the lineage’s lifetime.

We show for both the simple and extended senescence model

that maintaining sex merely requires the average growth rate of
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Figure 3. Distribution of the relative frequency of asexual species in age class x normalized to the frequency of age class 0, fx /f0, in

a model possessing two senescence rates. Here R0 = 1.03 with an initial senescence rate of α0 = 0.0005. The solid lines in both panels

indicate a case with no change in senescence rates. (A) The effects of altering senescence rate at age class 10 by δ1 = 0.00025 (gray thin

line) or by δ1 = –0.00025 (gray thick line). (B) The effects of altering the senescence rate by δ1 = 0.001 at age class 25 (thin gray line) or

age class 75 (thick gray line). Vertical dashed lines indicate the age class where senescence rate is altered.

asexuals relative to sexuals fall below one (R̄ < 1). This conclu-

sion is not specific to our choice of the senescence function. A

model that assumes a linear senescence function also shows that

R̄ < 1when there is senescence (Supplementary File 1). More

generally, one can argue that any monotonically decreasing senes-

cence function in which the asexual diversification rate falls below

1 beyond some age class xcritical should allow the coexistence of

sexuals and asexuals in the type of deterministic framework used

here. This is because any given asexual lineage will eventually

reach the age xcriticial and is then doomed to extinction. The growth

of asexuals as a class is thus limited by a required replenishment

from sexuals; consequently, asexuals cannot become infinitely

more common than sexuals. Given coexistence, it must be the case

that R̄ < 1 because at steady-state asexuals and sexuals grow at

the same total rate (eS – eU) but asexuals receive input from sexual

transitions ((1/Fsenesce) eU) in addition to their own diversification

((1/Fsenesce)∫∞
0 fx eAzx dx) whereas sexuals reach this same total

rate on their diversification rate alone. By this logic, the average

diversification rate of asexuals is (eS – eU) – (1/Fsenesce) eU.

The argument above for coexistence (provided that Rx <

1 for x � xcritical) does not consider interspecific competition or

the discrete nature of species numbers. In reality, if young asexual

lineages are very successful (R0 >> 1), they could drive all sexual

lineages extinct before the asexual lineages themselves get old

and evolve towards extinction. We speculate that these types of

processes do not strongly alter the conclusions in our model under

conditions when the predicted equilibrium frequency of asexuals

is not too high.

Two major questions arise when considering the relevance

of senescence in asexual lineages. First, how large is R0? If R0 is

low (R0 << 1), then even new asexual lineages diversify more

slowly than sexual ones and the long-term success of asexuals

is unimportant making senescence irrelevant. Second, how much

would diversification rate decline over time in a nonrecombining

lineage due to accumulation of deleterious mutations and reduced

adaptation?

Senescing diversification rates affect species selection when

the basal diversification rate of asexual species is comparable to

or larger than that for sexuals (eq. (5)). Low diversification rates

of asexuals on long-time scales do not preclude high diversifying

species at the base of lineages. For example, a lack of gene flow be-

tween populations and reproductive assurance can promote higher

speciation and lower extinction rates in young asexual species rel-

ative to sexual species (Barraclough et al. 2003). To assess the rel-

evance of senescing diversification rates, we can estimate diversi-

fication rates from phylogenies. Using the BiSSE model, Johnson

et al. (2012) found asexual Onagraceae possessed higher diversi-

fication rates than sexual species but Goldberg et al. (2010) found

self-compatible (SC) Solanaceae diversified at half the rate of

self-incompatible (SI) species. At face value, we may suspect that
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senescence is not important for maintaining self-incompatibility

because SC Solanaceae have a low diversification rate. However,

BiSSE does not incorporate time varying diversification rates, so

the estimates may be more comparable to the time-averaged (R̄)

rather than the basal (R0) rate (i.e., observed rates would underes-

timate R0). Asexual Onagraceae and SC Solanaceae both possess

higher speciation and higher extinction rates than their sexual and

self-compatible counterparts. The estimated speciation rates are

likely similar or an underestimate of the basal rate because we

have no reason to believe that asexual speciation rates should in-

crease with lineage age. In contrast, if extinction increases with

lineage age, the estimated extinction rates are an overestimate

of the basal rate. For these reasons, we suspect the basal diver-

sification rate (R0) of asexual Onagraceae and self-compatible

Solanaceae are likely higher than BiSSE estimates. The low real-

ized diversification rate in SC Solanaceae may actually be a result

of senescence, rather than a low basal rate. Estimating basal rates

awaits statistical models that account for lineage age dependence.

Nonetheless, current evidence, at the very least, does not refute

the idea that rates of diversification in asexual or highly selfing

taxa are initially high.

Whether diversification rates change with lineage age re-

mains difficult to test. Empirical evidence supports the assumption

that asexual and selfing species suffer from inefficient positive and

negative selection (Cutter et al. 2008; Slotte et al. 2010; Qui et al.

2011; Ness et al. 2012; Hollister et al. 2014; Arunkumar et al.

2015; Burgarella et al. 2015). Projections using realistic mutation

rates and selection strengths predict Muller’s ratchet reduces the

lifetime of asexual and selfing lineages (Lynch et al. 1993; Loewe

and Lamatsch 2008; Loewe and Cutter 2008). However, inferring

the fitness effects of nucleotide substitutions is difficult, even if

informed by protein structure changes (Lambert and Moran 1998;

Henry et al. 2012). More challenging is determining whether mu-

tations reducing individual fitness will reduce diversification rates

of the species. Fontaneto et al. (2012) offer evidence that asexual

bdelloid rotifers decline in diversification rates over time but the

cause is unknown. Our model accommodates a wide range of re-

lationships between age class and diversification rates. It remains

a challenge to test and parameterize the effects of lineage age on

speciation and extinction rates.

Lastly, we consider if current data show signatures of senesc-

ing diversification rates. Using the distribution of asexual species

age, Neiman et al. (2009) revealed that asexuals have a large

age variation and the so-called “scandalously” old species are

not actually outliers. Alexander et al. (2016) applied a likelihood

model to self-compatible (SC) clades of Solanaceae (Golderg

et al. 2010), and found that extinction rates decreased with species

age. However, it is unclear how results may change when im-

plementing age-dependence in extinction rates that define age

from a character transition event (sex to asex) rather than a spe-

ciation. In our model, diversification rates depend on the time

since an asexual lineage transitioned from sexuality; this for-

mulation of age-dependence diversification is similar to that in

the Bayesian Analysis of Macroevolutionary Mixtures model of

Rabosky (2014). For the Solanaceae dataset, we could consider

whether diversification depends on the age of an SC clade since

it transitioned from self-incompatibility (SI). Following a helpful

reviewer suggestion, we examine whether there is a relationship

between diversification rate and clade age among the 73 SC clades

in the Solanaceae dataset (Golderg et al. 2010); the largest dataset,

to our knowledge, that exists for this purpose. If diversification

rate senesces over time, we expect a negative relationship between

our estimates of diversification rate and clade age. We estimate

clade age, t, as the time since an SC clade transitioned from self-

incompatibility (SI) assuming no transitions from SI back to SC,

which is the oldest possible age for the SC lineage (discussed

below). We estimate diversification rate as d = log (S)/t, where S

is the number of species in a clade (Supplementary File 2). We

then fit a generalized linear model assuming a quasi-Poisson error

distribution for d against the absolute clade age or the rank clade

age. The relationship is negative. However, measurement error

in t will create a negative correlation between our estimates of d

and t because the estimate of d is inversely proportional to the

estimate of t. After attempting to account for this correlation via

performing permutation tests, we found no evidence of clade age

or rank clade age being more negatively associated with d than

would be expect from the inherent negative correlation; excluding

singletons does not alter our conclusions (Supplementary File 2).

Although we found no evidence of senescing diversification rates

in SC Solanaceae, there were multiple factors that obscured our

efforts to detect a significant relationship between d and t. First

and most importantly, SC species are not necessarily highly self-

ing (Wright and Barrett 2010). Old SC lineages may not senesce

if they contain a single species with a modest amount of outcross-

ing as low rates of outcrossing are sufficient to prevent most of

the negative effects associated with prolonged selfing (Hartfield

2015). Second, our estimates of clade age, which traces the clade

to the nearest SI ancestor node, will overestimate the true age

if the SI ancestors of SC clades went extinct or if transitions

did not occur at the root. Third, sampling incompleteness may

cause an underestimation of diversification rates, especially for

small clades. Fourth, we are overestimating diversification rates

by ignoring extinction events (Magallon and Sanderson 2001).

However, accounting for extinctions in our estimation of diver-

sification rates does not change our conclusions (Supplementary

File 2). Lastly, there are factors other than senescence that can

introduce rate variation among SC clades, such as the ecological

conditions at the time and place of origin (Rabosky and McCune

2010) and species-specific factors attributable to themselves or

their SI ancestors. Crucially, standard methods of phylogenetic
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reconstruction have more statistical power for detecting signa-

tures of temporally changing diversification rates (Rabosky et al.

2014; Hagen et al. 2015; Alexander et al. 2016). Simply using the

number of species and branch lengths as we have done discards

much of the information.

The role for species selection on the evolutionary mainte-

nance of sex remains controversial. Our model expands the pa-

rameter space where asexual and sexual species coexists in a sim-

plified world. Detecting lineage age dependence in diversification

rates awaits statistical methods that confidently distinguish effects

of senescence from other factors intrinsic or extrinsic to lineages.

Lack of well-constructed phylogenies containing asexual/sexual

or selfing/outcrossing clades also limit the scope of these analyses.

Although empirical data is much needed to parameterize species

selection models, we believe that our model explores a credible

parameter space where senescing diversification rates affect the

maintenance of sex.

AUTHOR CONTRIBUTIONS
EKHH and AFA conceived the idea and wrote the paper. EKHH per-
formed the analyses.

ACKNOWLEDGMENTS
We thank Matthew Hartfield, Yuheng Huang, Nicole Mideo, and Alison
Wardlaw for helpful discussion. We would like to especially acknowledge
the thoughtful and useful comments and suggestions of a reviewer who
went beyond the call of duty. This work was supported by the Natural
Science and Engineering Research Council (Canada).

DATA ARCHIVING
The doi for data used in the figures is https://doi.org/10.5061/dryad.6p87s.

LITERATURE CITED
Agrawal, A. F., and M. C. Whitlock.2012. Mutation load: the fitness of indi-

viduals in populations where deleterious allele are abundant. Annu. Rev.
Ecol. Evol. Syst. 43:115–135.

Alexander, H. K., A. Lambert, and T. Stadler. 2016. Quantifying age-
dependent extinction from species phylogenies. Syst. Biol. 65:35–50.

Arunkumar, R., R. W. Ness, S. I. Wright, and S. C. H. Barrett. 2015. The
evolution of selfing is accompanied by reduced efficacy of selection and
purging of deleterious mutations. Genetics 199:817–829.

Barraclough, T. G., C. W. Birky Jr., A. Burt. 2003. Diversification in sexual
and asexual organisms. Evolution 57:2166–2172.

Barraclough, T. G, D. Fonateto, C. Ricci, and E. A. Herniou. 2007. Evidence
for inefficient selection against deleterious mutations in Cytochrom Ox-
idase I of asexual bdelloid rotifers. Mol. Biol. Eco. 24:1952–1962.

Barton, N. H. 1995. A general model for the evolution of recombination.
Genet. Res. Camb. 65:123–144.

Burgarella, C., Gayral, P., Ballenghie, M., Nernard, A., David, P., Jarne, P.,
Correa, A., Hurtrez-bousses, S., Escobar, J., Galtier, N. et al. 2015.
Molecular evolution of freshwatersnails with contrasting mating sys-
tems. Mol. Biol. Evol. 32:2403–2416.

Bürger, R. 1999. Evolution of genetic variability and evolution of sex and
recombination in changing environments. Genetics 153:1055–1069.

Butlin, R. 2002. The cost and benefits of sex: new insights from old asexual
ineages. Nat. Rev. Genet. 3:311–317.

Charlesworth, B. 1993. Directional selection and evolution of sex and recom-
bination. Genet. Res. Camb. 61:205–224.

———. 2012. The effects of deleterious mutations on evolution at linked
sites. Genetics 190:5–22.

Charlesworth, D., and B. Charlesworth. 1995. Quantitative genetics in plants:
the effect of breeding system on genetic variability. Evolution 49:911–
920.

Charlesworth, B., and D. Charlesworth. 1997. Rapid fixation of deleterious
alleles can be caused by Muller’s ratchet. Genet. Res. Camb. 70:63–73.

Cutter, A. D., J. D. Wasmuth, and N. L. Washington. 2008. Patterns of molec-
ular evolution in Caenorhabditis preclude ancient origin of selfing.
Genome Res. 178:2093–2104.

de Vienne, D. M., T. Giraud, and P. Gouyon. 2013. Lineage selection and the
maintenance of sex. PLoS One 8:e66906.

Fontaneto, D., C. Q. Tang, U. Obertegger, F. Leasi, T. G. Barraclough. 2012.
Different diversification rates between asexual and sexual organisms.
Evol. Biol. 29:262–270.

Fontaneto, D., E. A. Herniou, C. Boschetti, M. Caprioli, G. Melone, C. Ricci,
and T. G. Barraclough. 2007. Independently evolving species in asexual
bdelloid rotifers. PLoS Biol. 5:e87.

Fisher, R. A. 1930. The genetical theory of natural selection. Dover Publica-
tions Inc., London.

Gavrilets, S. 1999. A dynamical theory of speciation in holey adaptive land-
scapes. Am. Nat. 154:1–22.

Goldberg, E. E., J. R. Kohn, R. Lande, K. A. Robertson, S. A. Smith, and
B. Igic. 2010. Species selection maintains self-incompatibility. Science
330:493–495.

Goyal, S., D. J. Balick, E. R. Jerison, R. A. Neher, B. I. Shariman, M. M.
Desai. 2011. Dynamic mutation-selection balance as an evolutionary
attractor. Genetics 191:1309–1319.

Hagen, O., K. Hartmann, M. Steel, and T. Stadler. 2015. Age-dependent
speciation can explain the shape of empirical phylogenies. Syst. Biol.
64:432–440.

Haigh, J. 1978. The accumulation of deleterious genes in a population-Muller’s
ratchet. Theor. Popul. Biol. 14:251–267.

Hartfield, M. 2015. Evolutionary genetic consequences of facultative sex and
outcrossing. J. Evol. Biol. 29:5–22.

Heller, R., and J. Maynard Smith. 1979. Does Muller’s ratchet work with
selfing? Genet. Res. Camb. 32:289–293.

Henry, L., T. Schwander, and B. J. Crespi. 2012. Deleterious mutation accu-
mulation in asexual Timema stick insects. Mol. Biol. Evol. 29:401–408.

Hill, W. G., and A. Robertson. 1966. The effects of linkage on limits to
artificial selection. Genet. Res. Camb. 8:269–294.

Hollister, J. D., S. Greiner, W. Wang, J. Wang, Y. Zhang, G. K. S. Wong, S. I.
Wright, and M. T. J. Johnson.2014. Recurrent loss of sex is associated
with accumulation of deleterious mutations in Oenothera. Mol. Biol.
Ecol. 32:896–905.

Johnson, M. T. J., R. G. Fitzjohn, S. D. Smith, M. D. Rausher, and S. P. Otto.
2012. Loss of sexual recombination and segregation is associated with
increased diversification in evening primroses. Evolution 65:3230–3240.

Judson, O. P., and B. B. Normark.1996. Ancient asexual scandals. TREE
11:41–45.

Knight, T. M., J. A. Steets, J. C. Vamosi, et al. 2005. Pollen limitation of
plant reproduction: patterns and process. Annu. Rev. Ecol. Evol. Syst.
36:467–497.

Lambert, J. D., and N. A. Moran. 1998. Deleterious mutations destabilize ribo-
somal RNA in endosymbiotic bacteria. Proc. Natl. Acad. Sci. 95:4459–
4462.

1 8 7 4 EVOLUTION JULY 2017

https://doi.org/10.5061/dryad.6p87s


BRIEF COMMUNICATION

Loewe, L., and A. D. Cutter. 2008. On the potential for extinction by Muller’s
ratchet in Caenorphabditis elegans. BMC Evol. Biol. 8:125.

Loewe, L., and D. K. Lamatsch. 2008. Quantifying the threat of extinction
from Muller’s ratchet in the diploid Amazon molly (Poecilia formosa).
BMC Evol. Biol. 8:88.

Lynch, M., D. Burger, D. Butcher, and W. Gabriel. 1993. The mutational
meltdown in asexual populations. J. Hered. 84:339–344.

Magallon, S., and J. Sanderson. 2001. Absolute diversification rates in an-
giosperm clades. Evolution 55:1762–1780.

Maynard Smith, J. 1971. What use is sex? J. Theor. Biol. 30:319–335.
———. 1976. A short-term advantage for sex and recombination through

sib-competition. J. Theor. Biol. 63:245–258.
Muller, H. J. 1964. The relation of recombination to mutational advance. Mut.

Res. 1:2–9.
Neiman, M., S. Meirmans, P. G. Meirmans. 2009. What can asexual lineage

age tell us about the maintenance of sex? Ann. NY Acad. Sci. 1168:185–
200.

Neiman, M., G. Hehman, J. T. Miller, J. M. Logsdon Jr, D. R. Taylor. 2010.
Accelerated mutation accumulation n asexual lineages of a freshwater
snail. Mol. Biol. Evol. 27:954–963.

Ness, R. W., M. Siol, and S. C. H. Barrett. 2012. Genomic consequences of
transitions from cross- to self-fertilization on the efficacy of selection in
three independently derived selfing plants. BMC Genomics 13:611.

Nunney, L. 1989. The maintenance of sex by group selection. Evolution
43:245–257.

Orr, H. A. 2000. The rate of adaptation in asexuals. Genetics 155:961–968.
Otto, S. P. 2009. The evolutionary enigma of sex. Am. Nat. 174:S1–S14.
Paland, S., and M. Lynch. 2006. Transitions to asexuality result in excess

amino acid substitution. Science 311:990–992.

Qui, S., K. Zeng, T. Slotte, S. I. Wright, and D. Charlesworth. 2011. Reduced
efficacy of natural selection on codon usage bias in selfing Arabidopsis
and Capsella species. Genome Biol. Evol. 3:868–880.

Rabosky, D. L. 2014. Automatic detection of key innovations, rate
shifts, and diversity-dependence on phylogenetic trees. PLOS ONE
9:e89543.

Rice, W. R. 2002. Experimental tests of the adaptive significance of sexual
recombination. Nat. Rev. 3:241–251.

Ritchie, M. G. 2007. Sexual selection and speciation. Annu. Rev. Ecol. Evol.
Syst. 38:79–102.

Schluter, D. 2009. Evidence for ecological speciation and its alternative. Sci-
ence 323:737–740.

Slotte, T., J. P. Foxe, K. M. Hazzouri, and S. I. Wright. 2010. Genome-
wide evidence for efficient positive and purifying selectionin Capsella

grandiflora, a plant species with a large effective population size. Mol.
Boil. Evol. 27:1813–1821.

Stephens, P. A., and W. J. Sutherland. 2000. Vertebrate mating systems, Allee
effecs and conservation. In: M. Apollonio, M. Festa-Bianchet, and D.
Mainardi. eds. Vertebrate mating systems. World Scientific Publising,
London.

van Valen, L. 1975. Group selection, sex and fossils. Evolution 29:87–94.

Williams, G. C. 1975. Sex and evolution. Princeton Univ. Press, Princeton.

Wright, S. I., and S. C. H. Barrett. 2010. The long-term benefits of self-
rejection. Science 330:459–460.

Associate Editor: M. Neiman
Handling Editor: M. Servedio

Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. Relationship between estimated diversification rate, d1, and age of SC clades.
Figure S2. Relationship between estimated diversification rate, d2, and age of SC clades.

EVOLUTION JULY 2017 1 8 7 5


