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Ecological disruptive selection acting on quantitative loci can
drive sympatric speciation
Pavithra Venkataraman 1✉ and Supreet Saini 1

The process of speciation generates biodiversity. According to the null model of speciation, barriers between populations arise in
allopatry, where, prior to biology, geography imposes barriers to gene flow. On the other hand, sympatric speciation requires that
the process of speciation happen in the absence of a geographical barrier, where the members of the population have no spatial,
temporal barriers. Several attempts have been made to theoretically identify the conditions in which speciation can occur in
sympatry. However, these efforts suffer from several limitations. We propose a model for sympatric speciation based on adaptation
for resource utilization. We use a genetics-based model to investigate the relative roles of prezygotic and postzygotic barriers, from
the context of ecological disruptive selection, sexual selection, and genetic architecture, in causing and maintaining sympatric
speciation. Our results show that sexual selection that acts on secondary sexual traits does not play any role in the process of
speciation in sympatry and that assortative mating based on an ecologically relevant trait forces the population to show an adaptive
response. We also demonstrate that understanding the genetic architecture of the trait under ecological selection is very important
and that it is not required for the strength of ecological disruptive selection to be very high in order for speciation to occur in
sympatry. Our results provide an insight into the kind of scenarios in which sympatric speciation can be demonstrated in the lab.
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INTRODUCTION
Understanding phenomenology and genetics of speciation is a
longstanding problem in biology. Historically, allopatric speciation,
which is driven by geographical isolation, has been considered the
null model of speciation1–3. The likelihood of the occurrence of
speciation in sympatry, where geography does not pose any
hindrance to gene flow, was often thought to be an impossible
phenomenon in nature2,3. However, several empirical evidences of
sympatric speciation in nature have been found4–21. The study of
sympatric speciation, however, has been limited because of the
absence of a laboratory model. Therefore, identifying conditions
and adjudging the likelihood of sympatric speciation is important
to understanding forces that drive the generation of biodiversity.
Speciation is the “fission of a gene pool”22. To explain the cause

of this “fission” and its maintenance in sympatry, several models
have been proposed (reviewed systematically in ref. 22,23). These
models, based on an idea first proposed by Maynard Smith24,
describe disruptive selection acting on a trait of members of the
population. In such a setting, an adaptive response of the
population is to diverge into two groups.
Premating isolation in the form of preferential mating due to

sexual selection (assortative mating) has been studied exten-
sively25–32. The preference of mates can be based on the trait under
ecological selection or selectively neutral marker traits. The genetic
basis of assortativeness has been examined theoretically33–38.
Disruptive selection, also considered a driving force of

speciation in sympatry, can be invoked to act on mating traits,
secondary sexual characters, or physical traits that are ecologically
relevant24,25,39–51.
These broad frameworks to decipher the conditions in which

sympatric speciation may occur suffer from several limitations.
First, disruptive selection, sexual or ecological, has been con-
sidered a major force that drives sympatric speciation23. The
theory has shown that an extremely high strength of disruptive

selection is needed for sympatric speciation to occur. However,
examples from ecology where such stringent conditions may be
met are not known52,53. Second, for a divergence to be
maintained in a population, several models invoke sexual
selection, where males invest in an ornament and females exhibit
mating bias. These costs are not accounted for in models of
sympatric speciation54. Third, assortative mating based on
secondary sexual characters or neutral marker traits that have
little ecological significance are used as traits on which disruptive
sexual selection acts. The ecological relevance of such a frame-
work is an open question55. Last, we do not yet know of the
importance of genetic architecture in dictating the likelihood of
sympatric speciation.
To address these limitations, we develop a multi-locus genetic

model to investigate the likelihood of sympatric speciation in a
(bird) population (Fig. 1). We invoke ecological disruptive selection
on a physical trait (beak size), and sexual selection on female
mating preference to investigate the relative roles of these two
selection forces.
Our results show that assortative mating based on sexual

selection does not play a role in creating or maintaining genetic
divergence. We show how genetic divergence can be created
when the strength of disruptive selection is low, thus enabling the
understanding of sympatric speciation in nature. We also decipher
the role of genetic architecture in driving sympatric speciation and
provide a framework that can be used to empirically test
sympatric speciation in the lab.

RESULTS
Based on the strength of disruptive selection, three outcomes
are possible
We start with a population where each individual has the same
genotype for beak size, and hence the same beak size (=1).
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Similarly, every female has the same genotype for choosiness, and
every male’s genotype for investment strategy is identical. The
starting population’s females are not choosy (choosiness= 0), and
the males do not make the ornament (investment strategy= 0).
Each of the loci that control x, p, and t contribute equally to the
phenotype.
In this setting, three responses are possible—(a) the entire

population shifts to one of the niches (runaway selection), and (b)
the population splitting into two (equally or unequally) and
occupying both the niches, which we term as sympatric
speciation. Alternatively, (c) we consider a population to be ill-
adapted if, after 50 generations, individuals with a beak size equal
to 1 exist.
Figure 2 shows the three possible evolutionary trajectories of

the population. In Fig. 2a, the population does not split into two
groups. The scenario when the population splits into two distinct
groups based on beak size is shown in Fig. 2b, and the possibility
that the entire population shifts to one of the two niches is shown
in Fig. 2c.
In Fig. 2c, the shift of the population to one of the niches occurs

quite suddenly. It must be noted that just before the shift occurs,
the frequency of well-adapted individuals in both niches is highly
disproportionate. Therefore, for the population size to reach the
desired size, it is possible that matings occur only between well-
adapted individuals of this niche, resulting in the shift of the
population to one of the two niches. In nature, such a shift of the
population should be expected to occur more gradually, given
that generations overlap.

Likelihood and intensity of split depends on the strength of
disruptive selection
In our framework, individuals with beak sizes 0, 1, and 2 have the
lowest fitness. Other beak sizes confer fitness to the birds
depending on the strength of disruptive selection. When
disruptive selection is low, individuals acquire a significant gain
in fitness without making a big change to beak size. But, as the
strength of disruptive selection increases, small deviations from
the starting beak size do not increase the fitness of the individual
significantly. Thus, we hypothesize that an increase in selection
pressure should lead to a greater chance of speciation in
sympatry.
For a given value of strength of disruptive selection, the

population can exhibit any of the three responses, as shown in Fig.
2. However, the relative frequency of each response changes. Our
results show that as the strength of disruptive selection increases,
the population’s tendency to undergo a split increases, up to a
certain extent (Fig. 3a). This is accompanied by an increase in the
split intensity (quantified in equation 14) (Fig. 3b). For Fig. 3b, only
cases where the population underwent a split are considered for
calculation of the average split. So, for the case when strength of
disruptive selection is ~1.67, there does not exist a value of the
intensity of split. With a further increase in the strength of
disruptive selection, the population increasingly responds to
runaway selection.
Therefore, the intensity of split at high values of strength of

disruptive selection drops as depicted in the heat plots in
Supplementary Fig. 1. The effect of changing the strength of
disruptive selection on beak size, choosiness of females, and

Fig. 1 Model description. a The variation of fitness with beak size. In the hypothetical environment under consideration, there are two types
of food resources, A and B. An individual with a small beak best utilizes resource A; while resource B is most effectively utilized with a larger
beak. b, c Behavior of the males and females. In the bird population under consideration, the males invest a portion of their fitness to make an
ornament, to attract the females. Increasing investment in making this ornament comes with costs, including exposure to predators and a
physiological disadvantage. Females, on the other hand, are choosy. They first court the males in the population and then pick a mate based
on his ornament intensity. A highly choosy female may not find a partner.
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investment strategy of the males, at the end of 50 generations, are
shown as heat plots in Supplementary Figs. 2–4.
This non-monotonic behavior of the population as the strength

of ecological disruptive selection increases can be explained by
looking at the genetic architecture of the loci that control the beak
size of the birds in the population. At low values of strengths of
disruptive selection, even small deviations from that starting beak
size (=1) are significantly beneficial. But, as the intensity of
strength of disruptive selection increases, small deviations from
the intermediate beak size are no longer as beneficial. In such a
case, the population has to evolve beak sizes closer to either 0.5 or
1.5, thus reducing the width of the distribution of beaks centered
around 0.5 and 1.5.
Increasing strength of disruptive selection makes the popula-

tion’s trajectory increasingly dependent on the number of high-
fitness males and females occupying a given niche in the first few
generations. The number of such individuals being small, this
dependence leads to an increase in probability of runaway
selection as the strength of disruptive selection increases.

Population dynamics obtained after simulations, when the
strength of disruptive selection is ~2.94, ~3.85, and 5, are shown
in Supplementary Fig. 5.

Assortative mating based on sexual selection does not play
any role in dictating the population behavior
Several models describe how divergence of mating preferences
drives speciation in sympatry23,25,55–57. But, it has been argued
that evolution and maintenance of divergence in isogenic
populations is rare23,55,58. In our model, given that there is
ecological disruptive selection acting on beak size, mating bias of
females in the environment is likely to evolve based on a trait that
is reflective of a male’s fitness59.
Sexual selection acts on the ornament size of the males and

choosiness of the females. Since the type of ornament produced
by males from both niches is the same, there is no divergence in
mating preferences shown by the females. We check how female

Fig. 2 Possible evolutionary outcomes in this environment. In an environment where the strength of sexual selection is fixed (=5), the
evolutionary trajectory of the trait relevant for fitness (beak size) is studied, by varying the strength of disruptive selection. When the strength
of disruptive selection is a intermediate (=3.85), the population adapts to split into two distinct groups; b low (=1.667), the population does
not split, and c high (=5), the population adapts to move to one of the two niches.

Fig. 3 An increase in the strength of disruptive selection increases the tendency of the population to split, the intensity of split, and the
likelihood of runaway selection. At low values of strength of disruptive selection, the population does not split into two. As the strength
increases, the likelihood of the population splitting increases, along with the intensity, as shown in a, b. But, as depicted in a, when the
strength of disruptive selection increases, the population’s tendency to undergo runaway selection also increases. We check if (i) the IoS
(SoDS= 1.67) < IoS (SoDS= 2.94), (ii) if IoS (SoDS= 2.94) < IoS (SoDS= 3.85), and (iii) if IoS (SoDS= 3.85) < IoS (SoDS= 5), using one-tailed t
tests. The p values (one-tailed t test) obtained for all three tests are less than 0.001. Since these p values (one-tailed t test) obtained indicate
statistical reliability, we conclude that IoS (SoDS =1.67) < IoS (SoDS= 2.94) < IoS (SoDS= 3.85) < IoS (SoDS= 5). The error bars indicate
means ± standard deviations.
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choosiness and male investment strategy vary with time in this
modeling setting.
Figure 4a, b show the temporal change in female choosiness

and male investment strategy, respectively, for the population
that underwent a split at the end of 50 generations (shown in Fig.
2b). Supplementary Fig. 6 shows the temporal variation in these
traits when the population does not split, or moves to one of the
two niches. These traits that are under sexual selection appear to
be evolving neutrally.
To test how the evolution of female choosiness and male

investment changes if the nature of the starting population is
changed, we perform simulations where the two traits are
maximum (female choosiness= 0.4, male investment strategy
= 0.8). All other parameters were kept the same as those in Fig. 2.
As shown in Supplementary Fig. 7, a split in the population can
occur at the end of 50 generations in this modeling setting.
Supplementary Fig. 7 also shows the temporal variation of female
choosiness and male investment strategy respectively.
Clearly, these two traits under sexual selection show no

diversification. This leads us to investigate if sexual selection has
any role to play at all, in dictating population dynamics in this
modeling setting.
We vary the strength of sexual selection, keeping the strength

of disruptive selection fixed, to show that sexual selection does
not play any role in causing or maintaining speciation in sympatry,
as depicted in Fig. 5. See Supplementary Fig. 1 for data of split

obtained in other cases. In fact, sexual selection may lead to a loss
in genetic divergence by bringing together a choosy female from
one niche and a male with an intense ornament from the other
niche. The effect of changing the strength sexual selection, on
beak size, choosiness of females, and investment strategy of the
males, at the end of 50 generations are shown as heat plots in
Supplementary Figs. 2–4.
We next investigate the effect on the split intensity when (a) the

females are not choosy, (b) when the males do not invest in
making an ornament, and (c) when the females are not choosy,
and the males do not invest in making an ornament. The results
when the strength of disruptive selection is 3.85, and the strength
of sexual selection is 5 are shown in Fig. 6.
When the females in the environment are not choosy, and/or

the males in the environment do not invest in making an
ornament, the intensity of the split in the population remains the
same as that in the null case, where the females are choosy, and
the males are making an ornament. This shows that sexual
selection and the traits that it acts on have no role to play in the
maintenance of genetic divergence in this setting.

Introduction of dominance and unequal contribution
individually and in combination in the loci controlling beak
size reduces the likelihood of runaway selection
Complex traits are defined via unequal contributions from several
loci60–62. Moreover, dominance relationships between alleles

Fig. 4 Temporal variation in the traits under sexual selection. In an environment in which the population splits into two distinct groups at
the end of 50 generations, we show how a female choosiness, and b male investment strategy varies with time.

Fig. 5 Sexual selection does not play a role in dictating the evolutionary trajectory of the population. In this modeling setting, sexual
selection acts on two secondary sexual characters—choosiness of the females, and ornament size of the males. The figure describes the results
obtained when the strength of disruptive selection is ~3.85. a The proportion of cases where the population undergoes a split, runaway
selection, or does not split remains the same with increase in the magnitude of strength of sexual selection at play. b The intensity of split,
whenever it occurs, also does not change with change in the strength of sexual selection. The error bars indicate means ± standard deviations.
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mean that the precise contribution from a single locus is
dependent on the exact alleles present in an individual. We vary
the genetic architecture of the loci that control evolvable traits in
our model, and study the evolutionary effects of such
modifications.
Specifically, we make alterations to the genetic architecture by

introducing (a) dominance, (b) unequal contributions, and (c)
unequal contributions and dominance in the loci that control beak
size. Our results, as depicted in Fig. 7, show that the likelihood of
runaway selection decreases in all three cases. Beak size and
intensity of split do not change with an increase in strength of
sexual selection when the nature of loci controlling beak size is
altered (Supplementary Figs. 8–15).
In the case where dominance relationships exist, the total

number of possible beak sizes is lesser than the null case, but a
step change in the genetic makeup confers twice the change in
the beak size (in the no dominance case, an allele going from 0 to
1 increases the beak size by 0.05, but in the dominance case, it
increases it by 0.1). This eases the possibility of the population
splitting, by creating fit individuals in both niches, in lesser time.
Hence, the likelihood of the population exhibiting runaway
selection reduces.
In the case where the loci contribute unequally with or without

dominance relationships, the number of accessible beak sizes
increases, when compared to the null case where the loci
contribute equally and show no dominance (since contributions
of the loci are drawn from an exponential distribution, beak sizes
like 0.59989 may be possible, compared to when they had to be

multiples of 0.05 in the null case). As a result, creation of fit
individuals in both niches is easier, and as a result, the likelihood
of the population to split into two increases.
Both dominance relationships and unequally contributing loci

enhance the possibility of acquiring beak sizes that enable survival
in the presence of ecological disruptive selection.
We next check how the intensity of the split varies when

changes are made to the genetic architecture of the loci
controlling beak size. As shown in Fig. 8a, the intensity of split is
the maximum in the null case (when there is no dominance in
equally contributing loci), for all values of strength of disruptive
selection. Figure 8b is a comparison of the intensities of split in the
four different conditions of genetic architecture. These results are
obtained by comparing the intensities of split using a Welch t test.
All the p values obtained (less than 0.001, two-tailed t test)
indicated the statistical reliability of the results.
Our results demonstrate that the intensity of split is the least

when only dominance relationships in the loci that control beak
size exist. Since the number of accessible beak sizes is the least in
“dominance” condition, the mean beak sizes of the split
populations are strictly 0.5 and 1.5. However, that is not the case
with the other three conditions of genetic architecture. Therefore,
when intensity of split is calculated according to Equation 14, the
numerator is the least for the “dominance” condition.

DISCUSSION
What causes speciation in sympatry? The environmental condi-
tions in which it occurs and the link of genetics with the likelihood
of speciation in sympatry is not well understood. Several models
have been able to demonstrate sympatric speciation in theory, by
making a number of assumptions that often cannot be explained
using first principles in biology22,23,34,52–54,63–65. For instance,
disruptive selection acting on an ecologically irrelevant trait is
unlikely to drive divergence in a trait relevant for fitness in an
environment, which is necessary for speciation to occur in
sympatry. In several models, assortative mating based on
preferences is used to demonstrate sympatric speciation
(reviewed exhaustively in ref. 22). However, these preferences
come with costs, that are often not accounted for25. Also, the

Fig. 6 There is no effect on the intensity of split in the population
when the secondary sexual traits of the females and males are
absent. We check if the choosiness of the females or the investment
strategy of the males has any role in dictating the evolutionary
trajectory of the population. Null case here corresponds to the
scenario where the females are choosy, and the males invest in
making an ornament. The data shown here were obtained when the
strength of disruptive selection and sexual selection were ~3.84 and
5, respectively. There is no change in the intensity of split in the
population (p= ns, two-tailed t test), in the three test cases—a in an
environment where the females are not choosy but the males invest
in making an ornament, b when the males do not invest in making
an ornament but the females are choosy, and c when the females
are not choosy and the males do not make an ornament. The error
bars indicate means ± standard deviations.

Fig. 7 The likelihood of the population undergoing runaway
selection decreases when there is a change in the genetic
architecture. Results are shown for data obtained when the
strength of sexual selection is 5. The graphs show the proportion
of cases where the population does not split, undergoes runaway
selection, or a split when the loci controlling beak size do not show
dominance and contribute equally to the trait (null), when they
show dominance relationships (dom), when they contribute
unequally (uneq), and when they contribute unequally and have
dominance relationships governing them (uneqdom).
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relative roles of the forces that cause speciation in sympatry, and
genetic architecture of traits under selection are not very clearly
understood.
Addressing these concerns, our model exhibits speciation in

sympatry and explains the contributing forces and their roles in
dictating the phenomenon. Since the starting population is
isogenic for all the evolvable traits, it is unlikely that a divergence
in mating preference based on secondary sexual traits, in order to
survive the ecological disruptive selection will arise, at least until
the population has undergone some genetic divergence in beak
size59. In the absence of such a divergence in mating preference
that constitutes a pre-zygotic barrier, we demonstrate that a split
in the population can arise and be maintained with the help of
postzygotic barriers that exist due to the ecological selection
pressure.
We then investigate the role of strength of disruptive selection in

dictating the evolutionary outcome of the population. Our results
show that as strength of disruptive selection acting on the
population increases, its tendency to show one of the two adaptive
responses—split, or runaway selection—increases. An increase in
disruptive selection increases the tendency of the population to split
initially, but thereafter, the population is more likely to undergo
runaway selection. This is despite accounting for competition within
a niche. However, the tendency to exhibit a runaway response is
greatly reduced when we include dominance and unequal
contribution by loci in the genetics controlling the trait.
A common critique associated with demonstration of sympatric

speciation is that it requires extremely strong disruptive selection
(which is uncommon in nature). However, we demonstrate that for
quantitative traits, split in the population can occur and be
maintained for low disruptive selection values too. Hence, the
proposition that genotypic divergence can occur when ecological
disruptive selection is acting on a continuous quantitative trait
controlled by quantitative trait loci is not unreasonable. This result
not only provides an insight into the type of experiments that can
be designed to demonstrate sympatric speciation, but also shows
the importance of understanding the genetic architecture of the
loci that control the trait under disruptive selection.
As discussed before, there are problems associated with

modeling sexual selection based on traits that are not an indicator
of an organism’s quality of genotype66,67. We address this issue by
invoking sexual selection to act on a trait—an ornament—whose
intensity is dependent on the organism’s fitness. We also account
for the costs that come with producing such an ornament. Similarly,
the females in the population are allowed to evolve choosiness
based on this ornament. Sexual selection acts on these two traits

such that it helps in producing a fit offspring, by increasing the
probability of mating between fit males and females. We report
that in the absence of a divergence in the marker traits produced
by the males, sexual selection seems to have no role in dictating
the population’s evolutionary fate. This result contradicts41 that
assortative mating based on neutral marker traits can lead to a split
in the population, and does not agree with a result reported
previously59 that divergence in mating preferences is not required
for the population to speciate in sympatry.
In fact, our results show that sexual selection in the environ-

ment tends to homogenize the genetic diversity in the population
by favoring the mating of a very choosy female and a male with a
bright ornament from different niches. A hybrid produced by this
mating faces postzygotic barriers because of its low fitness and
does not survive. The following strategies can prevent these
“futile” cross-niche matings—(a) the individuals evolve niche-
specific ornaments, and (b) the individuals mate assortatively
based on the trait that is under ecological disruptive selection
(beak size in this case). Exhibiting ornaments come with two costs
for the male—increased risk of predation, and lower fitness left to
perform physiological activities.
The nature of pre-zygotic barriers that will arise in this

population to prevent cross-niche matings remains to be clearly
ascertained. Will novel mutations allow for divergence of the
ornament in the two niches? Also, how will a strategy that poses a
pre-zygotic barrier evolve to get linked with the trait under
ecological disruptive selection?
Although the choosiness and assortativeness of the females,

and the investment strategy of the males of the starting
population is zero, the entire population is not isogenic for these
two traits (females and males differ in the loci that control
choosiness, assortativeness, and investment strategy). This quick-
ens the process of evolution of these traits. If we were to start with
a population that was isogenic for all these traits, and if evolution
were to occur only via mutations, the population would take much
longer to attain the values of these phenotypes that we report.
Although sympatric speciation has been thought of an

important route via which species diversity can arise, it has not
been demonstrated experimentally. Our results provide an insight
into an experimental design that can be adopted to demonstrate
speciation in sympatry. Accordingly, we propose an experimental
setup in which disruptive selection acts on a trait that is essential
for metabolism, and hence survival. This trait should, favorably, be,
controlled by several loci that contribute unequally. The strength
of disruptive selection in such an experimental setup should be
intermediate. Importantly, we show through our simulations that

Fig. 8 Intensity of split varies with variation in the genetic architecture. Varying the genetic architecture of the loci controlling beak size
alters the intensity of split of the population. a shows the intensities of split at different values of strengths of disruptive selection. b is a table
that is drawn after doing pairwise comparisons using Welch t test. A block is blue if IoS (row condition) >IoS (column condition), red block if IoS
(row condition) <IoS (column condition), and yellow if IoS (row condition)= IoS (column condition). low_DS, int_DS, and high_DS correspond to
the low, intermediate, and high strengths of disruptive selection, respectively. The error bars indicate means ± standard deviations.
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traits on which sexual selection acts in the presence of ecological
disruptive selection need not be considered while designing
experiments to demonstrate sympatric speciation.

METHODS
Model description
Imagine a bird population, where the fitness of an individual
depends on its beak size, x. The environment has two food
resources (A corresponds to niche 1 and B to niche 2). The
variation of fitness with beak size is shown in Fig. 1a.
The strength of ecological disruptive selection in this environ-

ment is quantified by Eq. 1.

Strength of disruptive selection SoDSð Þ ¼ μ1 � μ2
σ1 þ σ2

(1)

where μi and σi are the mean and standard deviation of the fitness
distribution in ith niche.
Males in the environment are capable of investing a portion of

their fitness in making an ornament to attract the females. The
intensity of this ornament is given by Eq. 2.

Ornament intensity ¼ male investment strategy � fitness of themale

(2)

However, males also incur costs for producing on ornament due
to increased predation and by reducing their physiological fitness
(Fig. 1b). Females, on the other hand, are capable of evolving
“choosiness”, by virtue of which they preferentially pick mating
partners based on ornament intensity. The ornament intensity is
used by the females as a proxy of the fitness of the male it courts.
A highly choosy female tends to pick a male with a high-intensity
ornament for mating. But such a female risks not finding a partner
(Fig. 1c), because—(a) a male with high-intensity ornament may
not exist, or (b) the fitness of a high-intensity ornament male
could be very low. The females in the environment meet males in
the environment, and the likelihood of this meeting is dependent
on the physiological fitness of the males.

Modeling sexual selection
Apart from ecological disruptive selection, the role of sexual
selection in causing a prezygotic barrier via premating isolation
mechanisms is considered important68–70. In this environment, we
invoke sexual selection71. It acts to drive assortative mating by
enforcing a preference rule, based on a mating signal and a female’s
preference for an elaborate mating signal. Such preference-based
mating rules are common in sexual selection theory72–74.
We invoke sexual selection to act on two traits—ornament

intensity of the males and the choosiness of the females. Both
these traits are controlled by multiple loci.

Modeling genetic architecture of the evolvable traits
Beak size. The starting isogenic population has a uniform beak
size, x, of 1, and is ill-adapted to utilize either of the two resources
(see Fig. 1a). The individuals in the population are diploids and
reproduce sexually. Beak size is genetically determined and is
controlled by nx number of unlinked loci. A locus i contributes of
δi towards the beak size.

Male investment. Males spend a fraction of their fitness to make
the ornament. This fraction is called the investment strategy, t, and
is a genetically determined phenotype. A total of nt number of loci
control the investment strategy. The ith locus contributes of δi
towards the investment strategy.

Female choosiness. A female’s mate choice is biased, based on
the intensity of the ornament exhibited by a male. This choosiness,

p, is a genetically determined phenotype that is controlled by np
number of unlinked loci. The ith locus contributes δi towards
determining the female’s choosiness.
All the loci in the population have only one of two alleles, ‘0’ or

‘1’. The value of a phenotype (x, p, t) is as shown in Eq. 3.

Value of phenotype ¼
X

δjaj (3)

where δj is the contribution of each allele towards a phenotype and
aj is the numerical value (0 or 1) of the allele present at jth locus.
Therefore, the lowest value of a phenotype is 0 and the highest is

2*nloci*δ, where nloci is the number of loci controlling the phenotype,
δ is the contribution of each locus to the phenotype in the equal
contribution case.
Investing in making an ornament comes with costs to the

male. First, the fitness available for growth and reproduction
decreases as investment towards making the ornament
increases. If t is the fraction a male with fitness fm invests in
making the ornament, the fitness available for physiological
activities is shown in Eq. 4.

Physiological fitness ¼ fm � 1� tð Þ � 1� pi
N

� �
(4)

where, pi is the number of individuals in the niche that the male
occupies and N is the population size.
Second, the probability that the male is predated upon

increases as the ornament intensity increases. The probability
pes is given by Eq. 5.

P amale escapes predationð Þ; pes / e
�t
1�t (5)

where t is the investment strategy.
The females in the population pay a price for being choosy. As

choosiness increases, the chance that a female finds a partner
decreases. The probability that a female finds a mating partner is
given by Eq. 6.

P a female finding partnerð Þ / e
�8p3

p3max � f f � 1� pi
N

� �
(6)

where, p is the choosiness, pmax is the maximum choosiness
genetically feasible and ff is the fitness of the female, pi is the
number of individuals in the niche that the female occupies, and N
is the population size.
In this setting, the ability of a bird to utilize a food resource also

depends on the competition it faces. The environment is such that
if all the birds evolve either small or large beaks (and utilize only
one of the food sources), their fitness decrease due to increased
competition. The value of fitness of a bird of beak size x in the
niche i is given by Eq. 7.

fitness ¼ e
� x�μið Þ2

2σ2 (7)

where μi is the beak size of the fittest individual in niche i, σ is the
standard deviation of the distribution of fitness with beak size. ni
(i= 1,2) is the number of birds in niche i, and N is the total number
of birds in the population.
A female “meets” all the males in the population with a

probability. The value of the probability is shown in Eq. 8.

Pðameeting event between amale and a femaleÞ / 1� tð Þ � f m � 1� pi
N

� �
� pes
(8)

where t is the investment strategy of a male, fm is his fitness, and
pes is the probability with which he escapes predation.
One of these “meeting” events leads to a “mating” event, the

probability of which is explained by Eq. 9.

P amating event between amale and a femaleð Þ / eαptfm (9)

where, α is the strength of sexual selection in the environment, p
is the choosiness of the female, and tfm is the intensity of the
ornament shown by the male.
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One mating event leads to the production of one bird. Gender is
assigned randomly. The generations are non-overlapping.

Modeling of alterations in genetic architecture
Dominance—In the no-dominance case, we model the contribu-
tions of the loci controlling a phenotype according to the
following rules:

● Each of the two alleles at a given locus can either be ‘0’ or ‘1’.
● The contribution of each allele to the phenotype, when there

is nloci number of unlinked loci governing it, is given by Eq. 10.

Contribution of each allele to phenotype; δ

¼ maximumpermissible value of the phenotype
2 � nloci

(10)

● The value of the phenotype is calculated as shown in Eq. 3.
In the dominance case

● Allele ‘1’ is considered to be dominant over allele ‘0’.
● So, we consider the contribution of a locus and not an allele

(because one allele masks the presence of another), and is
calculated as shown in Eq. 11.

Contribution of each locus to the phenotype;Δ ¼ 2 � δ (11)

The contribution is modeled in this fashion to ensure that the
maximum permissible beak size remains 2.
● If the number of loci with at least one ‘1’ is γ; value of the

phenotype is calculated as:

Value of the phenotype ¼ γ � Δ (12)

Unequal contribution. Quantitative traits are controlled by several
loci that contribute small unequal values to the trait, and a few loci
that contribute majorly to the value of the trait60,61,75. We model the
unequal contribution of the loci that control three of the four
evolvable traits—choosiness of the females, the investment strategy
of the males, and the beak sizes of individuals in the population—by
drawing random numbers from an exponential distribution of a set
mean, and normalize these values such that the minimum and
maximum beak sizes genetically accessible are 0 and 2, respectively.
The mean of the exponential distributions is equal to the
contribution of each of the loci if they were contributing equally.

Unequal contribution and dominance. We also model a case where
the loci that control a trait show dominance relationships and
contribute unequally to the quantitative trait. In this case, we draw
the values of the contribution of each locus from an exponential
distribution whose mean is twice the value of the contribution of
these loci when they were contributing equally to the phenotype,
without showing dominance relationships. These values are then
normalized to ensure that the minimum and maximum beak sizes
genetically accessible are 0 and 2, respectively.

Statistics
The error bars in the plots shown correspond to standard
deviation, unless specified otherwise. A comparison of two means
was done using a two-tailed t test. A one-tailed t test was used to
ascertain if one mean is greater than or lesser than another, and
the value of d used in these tests was 0.001. In all cases, the
significance level was 0.05.
p values >0.05, <0.05, <0.01, and <0.001 are indicated by ns, *,

**, and *** respectively.

Assumptions
● Only two alleles exist in the population at a given locus. One

of the alleles is passed to the next generation with
probability 0.5.

● Mutations between these two alleles occur at a fixed rate.
● All loci associated with the three straits are unlinked.

Simulation steps

1. A female is chosen at random from the population, based
on her choosiness and fitness.

2. The chosen female “meets” all the males in the population.
The meeting probability is dependent only on the male’s
fitness, as shown in Eq. 9.

3. A uniform random number is generated, and is used to pick
one meeting event using Gillespie algorithm. The mating
probability of the selected pair is calculated as given in Eq.
10. Another uniform random number is generated to decide
if the mating event is successful or not, using Gillespie
algorithm.
Should a mating event take place, an offspring is born,

and the population size increases by 1. The above steps are
repeated until a fixed population size is reached. The first
half of the individuals generated are females, while the
second half are males.

4. Based on the beak sizes of individuals chosen for mating,
the niche they occupy is decided. In a given niche, the
frequency of different beak sizes is obtained, and normal
distribution is fitted with this data. Split in the population is
quantified as shown in Eq. 13.

Intensity of splitðIoSÞ ¼ λ1 � λ2
χ1 þ χ2

(13)

where λi and χi are the mean and standard deviation of the
frequency distribution in the ith niche.
The intensity of split in the population is 0 even if there is

only one individual of beak size 1 that is chosen for mating.
Runaway selection is also a possibility in this modeling setting,
especially if the strength of selection is very high. Since there is
no coexistence of two types of individuals when runaway
selection occurs, the value of intensity of split is considered
to be 0.
To study the effect of varying the strength of disruptive

selection, niche widths (σ1&σ2) are altered. But, the width of one
niche is always equal to the width of the other. Therefore, the
width of each niche can be calculated easily using Eq. 1.
In this work, the choosiness of the females and the

investment strategy of the males is capped at 0.4 and 0.8,
respectively.
All results, unless specified otherwise, are based on the data

obtained after simulations for 50 generations. An average of 50
repeats is reported, unless mentioned otherwise. All simulations
were performed in MATLAB R2019a. The codes used in the study
are provided in the Supplement.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The MATLAB codes used in this study are shared in the manuscript Supplement.

P. Venkataraman and S. Saini

8

npj Systems Biology and Applications (2024)     6 Published in partnership with the Systems Biology Institute



Received: 11 September 2023; Accepted: 3 January 2024;

REFERENCES
1. Mayr, E. Animal species and evolution, https://doi.org/10.4159/

harvard.9780674865327 (1963).
2. Coyne, J. A. Genetics and speciation. Nature 355, 511–515 (1992).
3. Rice, W. R. & Hostert, E. E. Laboratory experiments on speciation: what have we

learned in 40 years? Evolution 47, 1637–1653 (1993).
4. Savolainen, V. et al. Sympatric speciation in palms on an oceanic island. Nature

441, 210–213 (2006).
5. Munday, P. L., van Herwerden, L. & Dudgeon, C. L. Evidence for sympatric spe-

ciation by host shift in the sea. Curr. Biol. 14, 1498–1504 (2004).
6. Sorenson, M. D., Sefc, K. M. & Payne, R. B. Speciation by host switch in brood

parasitic indigobirds. Nature 424, 928–931 (2003).
7. Berlocher, S. H. Host race or species? Allozyme characterization of the ‘flowering

dogwood fly’, a member of the Rhagoletis pomonella complex. Heredity (Edinb.)
83, 652–662 (1999).

8. Sezer, M. C. & Butlin, R. K. The genetic basis of host plant adaptation in the brown
planthopper (Nilaparvata lugens). J. Heredity 80, 499–508 (1998).

9. Mallet, J. Species: the units of biodiversity. Trends Ecol. Evol. 12, 453–454 (1997).
10. Wood, T. K. & Keese, M. C. Host-plant-induced assortative mating in enchenopa

treehoppers. Evolution 44, 619–628 (1990).
11. Prowell, D. P., McMichael, M. & Silvain, J.-F. Multilocus genetic analysis of host use,

introgression, and speciation in host strains of fall armyworm (Lepidoptera:
Noctuidae). Ann. Entomol. Soc. Am. 97, 1034–1044 (2004).

12. Dres, M. & Mallet, J. Host races in plant-feeding insects and their importance in
sympatric speciation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 357, 471–492
(2002).

13. Berlocher, S. H. & Feder, J. L. Sympatric speciation in phytophagous insects:
moving beyond controversy? Annu. Rev. Entomol. 47, 773–815 (2002).

14. Gíslason, D., Ferguson, M. M., Skúlason, S. & Snorrason, S. S. Rapid and coupled
phenotypic and genetic divergence in Icelandic Arctic char (Salvelinus alpinus). J.
Can. J. Fish. Aquat. Sci. 56, 2229–2234 (1999).

15. Schliewen, U. K., Tautz, D. & Paabo, S. Sympatric speciation suggested by
monophyly of crater lake cichlids. Nature 368, 629–632 (1994).

16. Schliewen, U. K. & Klee, B. Reticulate sympatric speciation in Cameroonian crater
lake cichlids. Front. Zool. 1, 5 (2004).

17. Barluenga, M., Stolting, K. N., Salzburger, W., Muschick, M. & Meyer, A. Sympatric
speciation in Nicaraguan crater lake cichlid fish. Nature 439, 719–723 (2006).

18. Kusche, H., Elmer, K. R. & Meyer, A. Sympatric ecological divergence associated
with a color polymorphism. BMC Biol. 13, 82 (2015).

19. Payne, P. & Polechova, J. Sympatric ecological divergence with coevolution of
niche preference. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190749 (2020).

20. Svechnikov, K. et al. Origin, development and regulation of human Leydig cells.
Horm. Res. Paediatr. 73, 93–101 (2010).

21. Hernandez-Hernandez, T., Miller, E. C., Roman-Palacios, C. & Wiens, J. J. Speciation
across the tree of life. Biol. Rev. Camb. Philos. Soc. 96, 1205–1242 (2021).

22. Kirkpatrick, M. & Ravigne, V. Speciation by natural and sexual selection: models
and experiments. Am. Nat. 159, S22–35 (2002).

23. Bolnick, D. I. & Fitzpatrick, B. M. Sympatric speciation: models and empirical
evidence. 38, 459–487 (2007).

24. Smith, J. M. Sympatric speciation. 100, 637–650 (1966).
25. Higashi, M., Takimoto, G. & Yamamura, N. Sympatric speciation by sexual selec-

tion. Nature 402, 523–526 (1999).
26. Kirkpatrick, M. & Servedio, M. R. The reinforcement of mating preferences on an

island. J. Genet. 151, 865–884 (1999).
27. Sawyer, S. & Hartl, D. On the evolution of behavioral reproductive isolation: the

Wallace effect. J. Theor. Popul. Biol. 19, 261–273 (1981).
28. Wu, C. I. A stochastic simulation study on speciation by sexual selection. Evolution

39, 66–82 (1985).
29. Turner, G. F. & Burrows, M. T. A model of sympatric speciation by sexual selection.

260, 287–292 (1995).
30. Takimoto, G., Higashi, M. & Yamamura, N. A deterministic genetic model for

sympatric speciation by sexual selection. Evolution 54, 1870–1881 (2000).
31. Sved, J. A. A two-sex polygenic model for the evolution of premating isolation. I.

Deterministic theory for natural populations. Genetics 97, 197–215 (1981).
32. Sved, J. A. A two-sex polygenic model for the evolution of premating isolation. ii.

Computer simulation of experimental selection procedures. Genetics 97, 217–235
(1981).

33. Felsenstein, J. Skepticism towards santa rosalia, or why are there so few kinds of
animals? Evolution 35, 124–138 (1981).

34. Balkau, B. J. & Feldman, M. W. Selection for migration modification. Genetics 74,
171–174 (1973).

35. Fry, J. D. J. E. Multilocus models of sympatric speciation: Bush versus Rice versus
Felsenstein. 57, 1735–1746 (2003).

36. Verzijden, M. N., Lachlan, R. F. & Servedio, M. R. Female mate‐choice behavior and
sympatric speciation. Evolution 59, 2097–2108 (2005).

37. Udovic, D. Frequency-dependent selection, disruptive selection, and the evolu-
tion of reproductive isolation. J. Am. Nat. 116, 621–641 (1980).

38. Abo, T., Ueda, K., Sunohara, T., Ogawa, K. & Aiba, H. SsrA-mediated protein tag-
ging in the presence of miscoding drugs and its physiological role in Escherichia
coli. Genes Cells 7, 629–638 (2002).

39. Drossel, B. & McKane, A. Competitive speciation in quantitative genetic models. J.
Theor. Biol. 204, 467–478 (2000).

40. Doebeli, M. A quantitative genetic competition model for sympatric speciation. J.
Evol. Biol. 9, 893–909 (1996).

41. Dieckmann, U. & Doebeli, M. On the origin of species by sympatric speciation.
Nature 400, 354–357 (1999).

42. de Meeûs, T., Michalakis, Y., Renaud, F. & Olivieri, I. Polymorphism in hetero-
geneous environments, evolution of habitat selection and sympatric speciation:
Soft and hard selection models. Evolut. Ecol. 7, 175–198 (1993).

43. Fialkowski, K. R. Lottery of sympatric speciation—a computer model. J. Theor. Biol.
130, 379–390 (1988).

44. Johnson, P. A., Hoppensteadt, F. C., Smith, J. J. & Bush, G. L. Conditions for
sympatric speciation: a diploid model incorporating habitat fidelity and non-
habitat assortative mating. Evolut. Ecol. 10, 187–205 (1996).

45. Kirkpatrick, M. Reinforcement and divergence under assortative mating. Proc.
Biol. Sci. 267, 1649–1655 (2000).

46. Kondrashov, A. S. & Kondrashov, F. A. Interactions among quantitative traits in
the course of sympatric speciation. Nature 400, 351–354 (1999).

47. Kondrashov, A. S. & Shpak, M. On the origin of species by means of assortative
mating. Proc. Biol. Sci. 265, 2273–2278 (1998).

48. Rosenzweig, M. L. Competitive speciation. Biol. J. Linn. Soc. 10, 275–289 (2008).
49. Rice, W. R. Disruptive selection on habitat preference and the evolution of

reproductive isolation: a simulation study. Evolution 38, 1251–1260 (1984).
50. Rausher, M. D. The evolution of habitat preference in subdivided populations.

Evolution 38, 596–608 (1984).
51. Ramadevan, S. & Deakin, M. A. The Gibbons speciation mechanism. J. Theor. Biol.

145, 447–456 (1990).
52. Roughgarden, J. Evolution of niche width. J. Am. Nat. 106, 683–718 (1972).
53. Ackermann, M. & Doebeli, M. Evolution of niche width and adaptive diversifica-

tion. 58, 2599–2612 (2004).
54. Bolnick, D. I. Waiting for sympatric speciation. Evolution 58, 895–899 (2004).
55. van Doorn, G. S., Dieckmann, U. & Weissing, F. J. Sympatric speciation by sexual

selection: a critical reevaluation. J. Am. Nat. 163, 709–725 (2004).
56. Ritchie, M. G. Sexual selection and speciation. J. Annu. Rev. Ecol. Evol. Syst. 38,

79–102 (2007).
57. Panhuis, T. M., Butlin, R., Zuk, M. & Tregenza, T. Sexual selection and speciation.

Trends Ecol. Evol. 16, 364–371 (2001).
58. Arnegard, M. E. & Kondrashov, A. S. Sympatric speciation by sexual selection

alone is unlikely. Evolution 58, 222–237 (2004).
59. van Doorn, G. S., Edelaar, P. & Weissing, F. J. On the origin of species by natural

and sexual selection. Science 326, 1704–1707 (2009).
60. Lynch, M. & Walsh, B. Genetics and analysis of quantitative traits. Vol. 1 (Sinauer

Sunderland, MA, 1998).
61. Falconer, D. S. Introduction to quantitative genetics. (Pearson Education India, 1996).
62. Hill, W. G. & Mackay, T. F. D. S. Falconer and introduction to quantitative genetics.

Genetics 167, 1529–1536.
63. Kondrashov, A. S. & Mina, M. V. Sympatric speciation: when is it possible? Biol. J.

Linn. Soc. 27, 201–223 (2008).
64. Mendelson, T. C. & Safran, R. J. Speciation by sexual selection: 20 years of pro-

gress. Trends Ecol. Evol. 36, 1153–1163 (2021).
65. Weissing, F. J., Edelaar, P. & van Doorn, G. S. Adaptive speciation theory: a con-

ceptual review. Behav. Ecol. Sociobiol. 65, 461–480 (2011).
66. Andersson, M. & Simmons, L. W. Sexual selection and mate choice. J. Trends Ecol.

Evol. 21, 296–302 (2006).
67. Iwasa, Y., Pomiankowski, A. & Nee, S. The evolution of costly mate preferences II.

The “handicap” principle. Evolution 45, 1431–1442 (1991).
68. Coyne, J. A., Coyne, H. A. & Orr, H. A. Speciation. (Oxford University Press,

Incorporated, 2004).
69. Futuyma, D. J. Evolutionary biology. (Sinauer Associates, 1998).
70. Morrison, D. A. Evolution: making sense of life.—Carl Zimmer and Douglas J.

Emlen. Syst. Biol. 62, 633–634 (2013).
71. Servedio, M. R. & Boughman, J. W. The role of sexual selection in local adaptation

and speciation. 48, 85–109 (2017).

P. Venkataraman and S. Saini

9

Published in partnership with the Systems Biology Institute npj Systems Biology and Applications (2024)     6 

https://doi.org/10.4159/harvard.9780674865327
https://doi.org/10.4159/harvard.9780674865327


72. Fisher, R. A. & Bennett, J. H. The genetical theory of natural selection: a complete
variorum edition. (OUP Oxford, 1999).

73. Lande, R. Models of speciation by sexual selection on polygenic traits. Proc. Natl
Acad. Sci. USA 78, 3721–3725 (1981).

74. Kirkpatrick, M. Sexual selection and the evolution of female choice. Evolution 36,
1–12 (1982).

75. Mackay, T. F. The genetic architecture of quantitative traits. Annu. Rev. Genet. 35,
303–339 (2001).

ACKNOWLEDGEMENTS
This work was funded by a DBT/Wellcome Trust (India Alliance) grant (Award no. IA/S/
19/2/504632) to S.S. P.V. is supported by the Prime Minister’s Research Fellowship
(PMRF ID 1302050).

AUTHOR CONTRIBUTIONS
P.V. and S.S. conceived the study. P.V. designed and wrote code. P.V. and S.S.
analyzed data. P.V. and S.S. wrote the manuscript. All authors approve the final
version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41540-024-00332-w.

Correspondence and requests for materials should be addressed to Pavithra
Venkataraman.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

P. Venkataraman and S. Saini

10

npj Systems Biology and Applications (2024)     6 Published in partnership with the Systems Biology Institute

https://doi.org/10.1038/s41540-024-00332-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ecological disruptive selection acting on quantitative loci can drive sympatric speciation
	Introduction
	Results
	Based on the strength of disruptive selection, three outcomes are possible
	Likelihood and intensity of split depends on the strength of disruptive selection
	Assortative mating based on sexual selection does not play any role in dictating the population behavior
	Introduction of dominance and unequal contribution individually and in combination in the loci controlling beak size reduces the likelihood of runaway selection

	Discussion
	Methods
	Model description
	Modeling sexual selection
	Modeling genetic architecture of the evolvable�traits
	Beak�size
	Male investment
	Female choosiness

	Modeling of alterations in genetic architecture
	Unequal contribution
	Unequal contribution and dominance

	Statistics
	Assumptions
	Simulation�steps
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




