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There is increasing evidence1±6 for the process of sympatric
speciation7,8, in which reproductive isolation of species occurs
without physical isolation. Theoretical models9±14 have focused on
disruptive natural selection as the crucial pressure for splitting a
species. Here we report the theoretical ®nding that sympatric
speciation may be caused by sexual selection even without dis-
ruptive natural selection. Speci®cally, we show that variation in a

male secondary sexual character with two conspicuous extremes
and the corresponding variance in female mating preference
around no preference may jointly evolve into bimodal distribu-
tions with increasing modal divergence of the male and female
traits, pulling a population apart into two prezygotically isolated
populations. This mode of speciation, driven by two runaway
processes15±17 in different directions, is promoted by an increase in
the ef®ciency of females in discriminating among males or a
decrease in the cost of male conspicuousness, indicating that
sympatric speciation may occur more readily if barrier-free or
predator-free conditions arise. Although even a slight cost of
female preference would cancel the runaway process of sexual
selection18, it would not cancel the divergent runaway processes of
sympatric speciation.

Consider a diploid species with polygynous mating (that is, each
female chooses one mate and breeds once, but the entire set of males
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Figure 1 Examples of sympatric speciation generated by our model. We set N � 1;000

and m � n � 5. The initial distributions of male and female mating traits (x and y) were

generated as their stationary distributions with a � 0:02 and qM � 10; the evolutionary

dynamics of speciation were generated with a � 0:2 and qM � 10. a, The evolutionary

changes in the distributions of male and female mating traits in the case without female

cost. b, c. The genetic correlation between male and female mating trait loci (b) and the

evolutionary change in the interbreeding rate between the two subpopulations, each of

which comprises the males and females of the same sign at the breeding season (c), in

cases without and with female cost (qF � 20). d, The evolutionary changes in the

distributions of male and female mating traits in a case with female cost (qF � 20).
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is available to every female). Suppose19 that males have a secondary
sexual character x with two extremes, whose value is additively
determined by m loci (each taking three alleles: -1, 0, +1) as
2 2m # x # 2m (where - and + represent alternative directions
of the male trait), and that females have the corresponding alter-
native mating preferences, y, additively determined by n loci (each
taking three alleles: -1, 0, +1) as 2 2n # y # 2n. For example20, in
some ®sh males range from black to white through different shades
of grey; the extremely black and white males, represented by -2m
and +2m, respectively, in our model, are the most conspicuous and
suffer the highest predation. Females have varying degrees of mating
preferences for either black or white males; the most choosy females
for black and white males are represented in our model by -2n and
+2n, respectively, and y � 0 means no preference.

Assume that for one-time mating a female of mating preference y
chooses a male of trait value x out of the entire set of surviving male
adults with a probability proportional to eaxy (that is, the probability
eaxy=Sxp�x�eaxy , where p(x) denotes the number of males of trait
value x at the breeding season, which varies from generation to
generation, and a represents the ef®ciency of male discrimination
by females)16. She produces a ®xed number of offspring, each of
which is assigned a sex with a 1 : 1 ratio and receives from each of its
parents one genome randomly chosen after free recombination.

We assume a cost to the male of his secondary sexual character
x, which is re¯ected in the relative premating survival prob-
ability (under predation pressure) of a male of trait value x,
exp��2 x2=2q2

M��, where qM denotes the range of x with high
viability16. We assume that there is no cost to the female of her
mating preferences18 (although we will later consider such a cost). N
male and N female adults are randomly chosen as survivors at the
breeding season out of the male and female offspring populations,
respectively, weighted by their relative survival probability
distributions.

Although we assume here that there are no mutations (mutations
from 61 to 0 and their back mutations), numerical simulations
show that the following theoretical results are also true with
mutations. Also, the adoption of an alternative mate choice by
females according to the `best of n rule'17 (that is, a female courts
with n males and chooses the one with the greatest xy value) would
lead to the same main conclusions, where the male discrimination
ef®ciency of females is re¯ected in the sample size n. (In fact,
speciation occurs more readily with the best of n rule as long as n is
suf®ciently large, because discriminating females avoid males of the
opposite sign more strongly when conspicuous males appear.)

Starting with a pair of unimodal distributions around x � y � 0
for the male and female mating traits (x and y), generated as the
stationary distributions for a case in which speciation does not
occur, our model simulates the evolutionary process of speciation
under certain conditions. In such a case, the initial unimodal
distributions are transformed into bimodal ones whose modal
distance increases with time (Fig. 1a), where the genetic correlation
(linkage disequilibrium) between the loci of male secondary sexual
character and those of female mating preference builds up quickly
(Fig. 1b). Also, the interbreeding rate between the two subpopula-
tions, each of which comprises the males and females of the same
sign at the breeding season (that is, the ratio of the frequency with
which females mate with a male of the opposite sign to that of all
mating events) rapidly declines almost to zero, indicating that
prezygotic isolation is quickly established (Fig. 1c).

The population bifurcation is driven by divergent runaway
processes. There is mutual reinforcement of male and female
mating traits such that more conspicuous males increase because
they are preferred by discriminating females of the same sign (while
intermediate males decrease), and then more discriminating
females increase by hitchhiking (owing to increasing linkage dis-
equilibrium). This in turn enhances the advantage of more con-
spicuous males over intermediate males.

With the same initial unimodal distributions around x � y � 0,
three distinct evolutionary outcomes may occur: no change, trait
shift (in a stochastically determined direction) and speciation.
Which occurs will depend on the change in the values of parameters
involved (Fig. 2). Given the other parameter values, speciation may
occur if the ef®ciency a of male discrimination by females exceeds a
threshold. As a increases from 0 to the threshold the frequency of
trait shift increases relative to that of no change; after a exceeds the
threshold speciation occurs with increasing frequency and then
replaces trait shift (Fig. 3a). Speciation may be prevented by too
high a cost of male secondary sexual character (that is, too small a
value of qM), and be promoted by a reduction in male cost (Fig. 3b).
(Note that the likelihood of speciation is greater in the case of Fig. 3a
than in that of Fig. 3b for the same parameter values a � 0:2 and
qM � 10. This is because the variances of the initial distributions are
greater in the former case (in which the initial distributions are
generated under a � 0:02 and qM � 10) than in the latter case (in
which the initial distributions are generated under a � 0:2 and
qM � 1), indicating that greater genetic variability in the original
population should facilitate speciation.)

These dependencies of the model dynamics on the parameter
values suggest the following evolutionary mechanism: a species
population with moderate mating traits is sustained as long as the
male discrimination ef®ciency of females is suf®ciently low, or the
predation pressure on conspicuous males is suf®ciently high. If
these barriers are weakened (owing to a change in the physical or
biological environment) the population may either shift its mating
traits, if the change is limited, or undergo speciation. Numerical
simulations show that if a trait shift occurs following a change in
either of these parameters, a further change in that parameter (in the
same direction) will not lead to speciation (although it is possible to
return to the original state by reversing the parameter change and
then produce speciation by a large change in either of the param-
eters, noting that the evolutionary processes of trait shift and
speciation are reversible, as indicated in Fig. 2). Thus, speciation
may occur with rapid, not gradual, changes in these key parameters.

A larger population size, N (more strictly, more males or females
participating in reproduction), would facilitate speciation (Fig. 3c)
because it would reduce the random drift in the trait distributions.
Furthermore, numerical simulations (performed with scaling for
comparison) con®rm that a change in the remaining parameters m
and n, the numbers of the loci determining the male and female
mating traits, respectively, would not affect the evolutionary
outcome.

It might be thought that the mechanism for sympatric speciation
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Figure 2 Three possible evolutionary outcomes: no change, trait shift and speciation. The

evolutionary transitions (indicated by arrows) may occur with changes in the parameters a

and qM. Here we changed a as indicated, while ®xing the other parameters as qM � 10,

N � 1;000 and m � n � 5.
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driven by divergent runaway processes hinges on the symmetry of
the dipolar female mating preference, which is the ultimate force for
pulling the population apart in two directions, or on that of male
cost, which in contrast suppresses the growth of divergent runaway
processes. Speciation may, however, occur even if the female mating
preferences or male costs on the - and + sides of the trait ranges are
not exactly balanced: that is, a2 Þ a� or q2

M Þ q�
M, where a- and

a+ (q-
M and q+

M) are, respectively, the a (qM) values for the negative
and positive y (x) values (Fig. 3d, e). This indicates that this
mechanism for sympatric speciation does not depend on this
subtle balance, and that, even if the forces in the opposite directions
are off balance, speciation may be achieved as long as prezygotic
isolation can be established before either of the two subpopulations
(on the negative and positive sides of the mating trait ranges)
becomes extinct.

It is known18 that the incorporation of even a slight cost of female
mating preference into a model for sexual selection by a runaway

process causes the system to return to its original state, cancelling
the runaway process, and that additional factors have to be con-
sidered to prevent this cancellation21,22. To examine the effect of this
cost to the female, we incorporated it into our model for sympatric
speciation in a similar way to male cost; that is, in terms of the
relative survival probability of a female of value y, exp�2 y2=�2q2

F��,
where qF indicates the range of y with high viability. As long as it is
suf®ciently small (that is, qF is suf®ciently large), a female cost
would not cancel the divergent runaway processes, but only reduce
the modal divergence of the male and female mating traits in the
case of sympatric speciation by sexual selection (Fig. 1c, d). The
reason for this difference in the effect of female cost between the case
of a single runaway process and that of divergent runaway processes
is inferred to be as follows: in the former case females can without
any loss, avoid the costly mating preference when the male trait of
the entire population evolves to its steady state (that is, the balance
between sexual selection bene®t from, and natural selection cost of
the male mating trait). In the latter case they have to pay a greater
cost for disadvantageous interbreeding (because of the presence of
another peak on the opposite-signed side of the male mating trait
range) as they reduce their mating preference intensity.

We have derived from a theoretical model a novel mechanism for
sympatric speciation driven by divergent runaway processes. Our
main conclusions also follow from a simpli®ed deterministic model
(G.T., M.H. and N.Y., in preparation), suggesting their robustness.

Wu23 presented a sexual selection model which assumes that
females have an absolute mating preference (that is, a female most
prefers males with a male mating trait value uniquely speci®ed by
her preference trait value) and showed that sympatric speciation
was possible. However, prezygotic isolation could not be sustained
in the long term in a small population (in contrast to our model, in
which relative mating preference is assumed), indicating that
relative mating preference is required for lasting sympatric
speciation.

Another model20, which is similar to, but different in several key
features from, our model, showed that sympatric speciation may
occur if all females initially possess an extreme mating preference
and the corresponding male secondary sexual character has a
distribution biased toward the extreme preferred by the females.
Assuming such a speci®c initial condition, this model leads to the
conclusion that speciation requires a cost of male secondary sexual
character; the authors considered this male cost to be the driving
force for speciation (although it is not clear whether their conclu-
sion, that is, their interpretation of the model results, is correct
because they did not examine the effect of male cost by comparing
cases with different male costs, including the case with no cost).
Their conclusion is completely opposite to the prediction derived
from our model that male cost is not necessary for, but its reduction
promotes, speciation (Fig. 3b). This prediction leads to a hypothesis
that sympatric speciation by sexual selection tends to occur as
predation pressure is reduced (with other conditions unchanged)
by, for example, a population entering into a new enemy-free
habitat such as an island or a lake.

Another prediction derived from our model, that sympatric
speciation is promoted by the ef®ciency of male discrimination by
females (Fig. 3a), explains high species diversity in a habitat with
good visibility (for example, cichlid ®sh diversity in the African
great lakes2,3,6), and implies that high species diversity depends
critically on the integrity of the environment3. M
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Figure 3 The likelihood (represented here by the number of occurrences out of 30

simulations runs) of each of the three evolutionary outcomes, speciation (de®ned here

as a case in which the interbreeding rate is less than 0.05), trait shift and no change,

when either a or qM is changed from a value for generating initial stationary unimodal

distributions to another value. m � n � 5. a, The results when a is changed from 0.02

(for generating the initial distributions) to the values indicated while ®xing qM � 10,

N � 1;000. b, The results when qN is changed from 1 (for generating the initial

distributions) to the values indicated while ®xing a � 0:2, N � 1;000. c, The results

when a is changed from 0.02 (for generating the initial distributions) to 0.2, while ®xing

qM � 10, under the different population sizes indicated. d, The results when a+ and a
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The cochlear travelling wave is fundamental to the ability of the
mammalian auditory system to resolve frequency. The seashell-
shaped outer bone of the cochlea (the auditory inner ear) contains
a spiral of cochlear ¯uid and the sensory tissue known as the
cochlear partition. Sound travels down the ear canal to the
eardrum, causing its ¯exible tympanic membrane to vibrate.
This vibration is transmitted to the cochlea via the ossicles.
Motion of the stapes (the stirrup ossicle) sets the cochlear ¯uid
in motion, which in turn sets the cochlear partition near the
stapes in motion. The motion of the cochlear partition ripples
down the cochlear spiral as a travelling wave, stimulating the
cochlea's sensory hair cells. The wave peaks near the base (the
stapes end) of the cochlea for high frequency tones and near the
apex for low frequencies1. The fundamental elements of the
cochlear travelling wave are ¯uid pressure and motion and
partition forces and motion. However, the wave's direct experi-
mental study has to date relied almost solely on measurements of
the partition motion. Here I report ®nely spaced measurements of
intracochlear pressure close to the partition, which reveal the
¯uid component of the cochlear wave. The penetration depth of
the wave is very limited, ,15 mm. Over a range of frequencies at
least an octave wide, the depth is independent of frequency.

I recently described pressure measurements made in the extreme
base of the cochlea2; here a turn-one location, 14% further towards
the apex along the cochlear spiral, is emphasized. Strong nonlinear-
ity was detected at the turn-one location, whereas in the extreme
base the responses were nearly linear, owing to the extreme fragility
of that region. Therefore, the basal results describe the passive
cochlea. Nonlinearity in the cochlea's mechanical response to sound
is the key to its dynamic range and ability to ®nely separate
frequencies. Outer hair cells appear to be essential to this mechani-
cal enhancement3,4, whereas the inner hair cells communicate
information about the partition's motion to the auditory neurons5.

Here I demonstrate the frequency and position dependence of the
nonlinear ¯uid pressure. Pressure differences are used to ®nd ¯uid
velocity, and the results are interpreted with respect to the cochlear
travelling wave. In particular, the wave's penetration depth is found
to be ,15 mm. The penetration depth indicates how much ¯uid the
wave contains, and its size and frequency dependence constrain
cochlear models. In models, the ¯uid component of the cochlea is
often simpli®ed to one dimensionÐalong the partition. In two-
dimensional models the height of the ¯uid is included, and in three-
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