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In many species that form pair bonds, males display to their mate
after pair formation. These displays elevate the female's invest-
ment into the brood. This is a form of cooperation because with-
out the display, female investment is reduced to levels that are
suboptimal for both sexes. The presence of such displays is para-
doxical as in their absence the male should be able to invest extra
resources directly into offspring, to the benefit of both sexes. We
consider that the origin of these displays lies in the exploitation of
preexisting perceptual biases which increase female investment
beyond that which is optimal for her, initially resulting in a sexual
conflict. We use a combined population genetic and quantitative
genetic model to show how this conflict becomes resolved into
sexual cooperation. A cooperative outcome is most likely when
perceptual biases are under selection pressures in other contexts
(e.g., detection of predators, prey, or conspecifics), but this is not
required. Cooperation between pair members can regularly evolve
even when this provides no net advantage to the pair and when
the display itself reduces a male’s contributions to raising the
brood. The findings account for many interactions between the
sexes that have been difficult to explain in the context of sexual
selection.
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n pair-bonding species, displays between the sexes often con-

tinue after pair formation (1). Ethologists have long argued
that a main function of ongoing displays by males is to bring the
females into, and maintain them at, prime reproductive condi-
tion (2-4) as corroborated by many subsequent experiments (5).
Nevertheless, it is unclear why such displays evolve because the
pair as whole should benefit if the male were to direct his energy
into the brood, rather than display. To date, explanations have
been focused on display maintenance rather than origination and
are based on the idea that display intensity correlates with mate
quality (6, 7). Notably, the differential allocation hypothesis
states that if a female is paired with a high-quality male, she is
under selection to invest more in the brood than when paired
with a low-quality male (6-12) and that male displays are present
because they indicate male quality to the female, which she
cannot otherwise observe. Here we show how displays may reg-
ularly become established and maintained even in the absence of
differential allocation, with their role simply to bring females
into optimal reproductive condition.

Our model is predicated on the many experimental studies in
birds which show that exaggeration of a male behavior, color, or
vocalization stimulates females to increase their investment (S/
Appendix, Table S1) (13, 14). The origin of such stimulatory ef-
fects is thought to lie in perceptual biases, arising from “prop-
erties of the environment, signals and neural systems” (15). More
than 100 examples of such biases are now known from all of the
major sensory systems (sound, sight, and smell) (16). When a
male display exploits a perceptual bias that causes a female to
increase her investment in her offspring, it can provide an ad-
vantage to the male but be detrimental to the female because it
reduces her future reproductive success. This is a sexual conflict:
the male display starts to increase in the population, but females
are under selection to resist the display (17, 18). Such conflicts
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have been modeled using computational approaches (i.e., neural
nets) (19, 20). In these models a signaler, which in our case is the
male, exploits a receiver’s perceptual bias by producing displays
that stimulate the receiver to the receiver’s detriment. At some
point in the future a mutation in the receiver (female) pop-
ulation leads to a failure to be stimulated by the display (19).
This mutation increases, raising female mean fitness, reducing
male mean fitness, and leading to the subsequent loss of the
display. As these evolutionary adjustments continue, new biases
arise, and the process starts over. Because each sex increases its
fitness at the expense of the other, the fitness of both sexes is not
simultaneously maximized.

Here we consider a route by which such conflicts evolve into a
stable cooperative system. We follow Mesterton-Gibbons and
Dugatkin (21) in defining cooperation as an outcome that de-
spite individual costs is good in some appropriate sense for the
members of a group and whose achievement requires collective
action. Other definitions have required cooperative acts to have
evolved specifically for the benefits they provide (22), but this
precludes behaviors that originate out of conflict, the focus of
this study. The essential idea is that selection on female in-
vestment returns her investment to its optimal level, even as
females continue to respond to the display (1). Suppose a male
display increases in the population because it causes females to
lay more eggs in their clutch (Fig. 1). Clutch size is now above the
female optimum so females that do not respond to the novel
display are favored. In one outcome, resistance to the display
evolves, as in models of sexual conflict (lower right arrow, Fig. 1).
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The past 50 y have seen much research on sexual selection.
However, in many species, displays between the sexes con-
tinue long after pair formation, even if pairs have been to-
gether for years. As shown experimentally, such displays result
in cooperation between the sexes, whereby displays by one
partner affect investment into the brood by the other. How
one gets to this cooperative outcome is not understood. We
show such outcomes evolve if a novel display exploits a pre-
existing sensory bias that raises receiver investment. Once
established, displays are maintained because they are required
to stimulate the partner optimally. The pair bond is strength-
ened, and displays between the sexes accumulate over evolu-
tionary time, even in the absence of sexual selection.
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Fig. 1. Alternative outcomes when appearance of a novel male display
causes a female to invest above optimal levels. (Left) Ancestrally, females
invest optimally by laying 3 eggs in a clutch. Males do not display in an ex-
aggerated manner to the female and have little ornamental plumage.
(Center) A male develops ornamental blue plumage associated with a display
to his mate, stimulating her to invest more in the brood (4 eggs). The display
increases the male’s fitness but lowers that of his mate. (Lower Right) In
traditional models, the engendered sexual conflict results in females evolving
to ignore the new display (males should subsequently lose the display as it
provides no benefit). (Upper Right) Instead, we consider an alternative out-
come whereby investment evolves back to the female optimum even as
females respond to the display. In this case the display is retained because
without it females would produce fewer than the optimal number of eggs,
detrimental to both sexes. Illustration courtesy of Allison Johnson (artist).

However, an alternative possibility is that a clutch size above the
female optimum generates selection on females to reduce their
investment, even as they continue to respond (upper right arrow,
Fig. 1). In this second case, investment of responding females
may evolve back to what it was before a display arose. This
becomes a cooperative system that is evolutionary stable,
because a mutation that causes the male to display at a lower
rate will reduce female investment below that which is optimal
for either sex.

Results

We evaluate conditions under which the alternative outcomes in
Fig. 1 are expected, based on a mathematical model with haploid

genetics. A quantitative trait with mean z; describes basal female
investment in her clutch (all symbols are defined for easy ref-
erence in the text, in the legend to Fig. 2 and SI Appendix, Table
S2). The mean is initially allowed to evolve to its optimum, Z,,
which depends on both the fecundity benefit of the investment
(number of surviving offspring) and its viability cost to females
(cp). The viability cost is paid after reproduction, implying some
females survive to breed to the following year, resulting in
overlapping generations (Methods and SI Appendix, Fig. S1). A
novel male display and the female response to it are each
modeled by freely recombining, diallelic, single-locus modifiers,
thus combining quantitative and population genetic approaches
(23, 24). At the locus which controls a response in females, A,
there is initially a high frequency of the responder allele (A,),
corresponding to the existence of a preexisting perceptual bias
(the nonresponder allele A is at a low frequency). The display
locus B is initially fixed for the allele for no display, B;. We then
introduce the allele B, that causes a male to display. The male
display comes with a viability cost to the male (s,,) but elevates
investment of an A, female partner by a value a. For example, a
may represent extra eggs laid by a responding female (Fig. 1), but
increased investment could also come through provisioning and
other positive effects she may have on her offspring (SI Appen-
dix, Table S1). Consequently, a pair in which the male carries the
display allele and the female carries the responder allele (i.e., A;B,
pairs) have extra female investment and hence higher fecundity
than the other 3 combinations. The number of offspring surviving to
breed the next year is affected by density dependence within the
brood (mediated by parameter a), and density dependence after
fledging (b), driven by total population size.

After offspring production males and females undergo mor-
tality determined by their investment in the brood (c,, and cy
respectively), the cost of display (s,,), and a nonselective extrinsic
death rate (d,, for males and dy for females). Surviving pairs may
then undergo divorce, at a constant rate (v). Death and divorce
result in males and females not always being paired to the same
partner each year, which is a necessary condition for sexual
conflict. Widows, widowers, juveniles, and any formerly single
individuals (extras of the more common sex after pairing) com-
bine to form new mated pairs, and the yearly cycle is complete
(see Methods for the full presentation of the equations). We

o i T —

o 17 |6 m'1- 6 < a

g | t {3 S {\ \ s 8

< 1 (8 < 5 2

P | B e Z

g | | —Responderallele,A, |3 2 2 E

g | Display allele, B, | = % ER

g |/ — Mean investment, z_f' 0o o 0 Z

AL ik iz | o E o — _
0 5k 10k 15k 20k 0 10k 15k 20K o 1 2 3 4

Year Year Investment increase, a

Fig. 2. Evolution of display, responder, and investment. (A) The responder allele, A,, starts at high frequency (0.99). A display allele B, is introduced at low

frequency (0.01). Basal investment (green), z, represents mean female investment without the added effects of the response to the male trait («); dashed
green line is mean realized investment. We confirm stability of the equilibrium by introducing a perturbation (frequency of A; = 0.01) at 10,000 y (blue
arrow). Parameters are as follows: a = 1.2, viability cost to males of displaying; s, = 0.01, scaled cost of investing in eggs for females; ¢ = 0.08 and for males,
¢m = 0.01, nonselective density dependence in the brood before fledging; a = 0.09 and after fledging, b = 0.00007, nonselective mortality rate for both
females and males; ds = d, = 0.1, divorce rate; v = 0.3, heritability of z; h* = 0.5, phenotypic variance of z; 6° = 1, recombination rate between the display and
responder loci; r = 0.5. (B) Case in which the additional investment, « = 2.4, induces a level of investment too high for females to sustain the response, A,,
before the quantitative investment trait z can respond. The responder A, is lost, and the display allele B,, which evolves to be close to fixation when the
responder is still present, is slowly lost due to selection against the display. Perturbation at 10,000 y (A, reintroduced at a frequency of 0.01) confirms stability.
(C) Alternative outcomes after 100,000 y as a function of costs of female investment, ¢;, and investment induced, «. Perturbations occur every 10,000 y to
reintroduce at frequency of 0.001 any allele that is within that frequency of loss. The points a and b correspond to the parameters of the dynamic panels to
the left. In the yellow region, display (B,) and responder (A;) alleles are fixed. In the red region, display never increases, and the responder allele remains at
high frequency (A, and B4 high). In the black region, cost of the induced female response causes the responder allele to be lost, followed by loss of the display
(A4 and B, high). See https:/powers.shinyapps.io/pqgreadr/ (S| Appendix, Fig. S4), for a complete interactive version of both panels of this figure, where the
effect of altering the parameters can be examined and both initial and equilibrium basal clutch size are listed.

20of 7 | www.pnas.org/cgi/doi/10.1073/pnas.1904138116 Servedio et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://powers.shinyapps.io/pqreadr/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1904138116

[/

pa

A

=y

assume random mating at pairing and strict social and genetic
monogamy, thereby removing all forms of sexual selection (i.e.,
selection associated with competition for mates).

We find that a stable equilibrium can indeed be attained
where all males display and all females respond to the display. At
equilibrium, realized investment is restored to the same value as
it was prior to the display appearing (as in Fig. 1, Top Right; in
our evaluations of long runs, initial investment and investment at
the end of the run differed only at the sixth decimal place). An
example of the evolutionary dynamics is shown in Fig. 24, where
investment back to the optimum for females results from evo-
lution of the quantitative investment trait (dashed green line is
realized investment, and solid green line is investment as it would
be stripped of any female responses). An example of the alter-
native outcome where the sexual conflict results in loss of re-
sponder and display is shown in Fig. 2B. In Fig. 2C we delineate
the role of 2 parameters in affecting these outcomes: the increase
in investment promoted by the display o and the costs to the
female of investment, cy. In the red region, the display never
increases because its costs outweigh the benefits. In the yellow
and black regions the display rises in frequency, resulting in in-
creased costly investment by the female. In the yellow region, the
response to this selection occurs by reduction in the quantitative
investment trait, resulting in the permanent fixation of both the
display and responder alleles. In the black region, where there is
higher induced investment by the responding females, the
responding allele is quickly lost, followed by the display, as in
traditional sexual conflict models (Figs. 2B and 1, Lower Right).

The roughly vertical border between the red and yellow re-
gions represents the point where benefits to males of extra in-
vestment by the female balance the costs of the display, such that
the display is too costly in the red region. The horizontal border
separating the yellow and black regions from the red one arises
similarly but for a subtler reason. When female costs of in-
vestment ¢y are low, optimal investment Z,, is relatively high, and
hence, female investment is high at the initial conditions. The
consequence is that a display gives the male a proportionally
smaller benefit from the investment it induces, again countered
by its costs. The parameter space over which the display and
response are fixed (yellow) varies depending on the strength of
selection and genetic variance in the responder allele. For ex-
ample, when the initial frequency of the responder allele is 0.9,
instead of the frequency of 0.99 shown in Fig. 2, introduction of a
display results in more efficient selection against responders
(initial genetic variance is higher), and the black region extends
farther to the left (SI Appendix, Fig. S2).

Selection on Perceptual Biases. The model so far assumes that
perceptual biases are not subject to any selective forces other
than those which affect their response to the display. In fact, many
biases are thought to be present because they facilitate predator,
prey, or conspecific detection (15, 16, 25). A small selective ad-
vantage (e.g., a viability advantage of s, = 1%) favoring the re-
sponder allele, A, increases the parameter space that allows the
permanent fixation of the display (compare Fig. 2C with Fig. 3C).
If both induced investment o and costs to investment c; are high,
the display, response, and to a slight extent investment may cycle,
depending on the frequency of perturbations (Fig. 3B), as follows.
First, when the display is absent, natural selection maintains the
responder allele at high frequency. Consequently, an introduced
display will increase. Next, the responder allele declines because of
high costs of investment, which overwhelm its natural selection
advantage. Once the responder allele is at a low enough fre-
quency, the display declines as it gives little advantage to males.
When the display is at a sufficiently low frequency, a mutation
favoring the response increases under natural selection, and the
cycle is repeated.

Fecundity Selection on Males. Male displays may become estab-
lished even if they come with a cost that reduces male investment
into the current brood (parameterized by sz.), thereby directly
affecting both male and female fitness rather than reducing the
male’s survival. Outcomes across parameter space are similar
whether costs to the male affect fecundity or viability (Fig. 4). In
the fecundity case, when the display is fixed (in yellow), all males
are now investing less into the brood than they were prior to the
introduction of the display. In this case, female investment
evolves to be greater than it was before the display was present
(Zr + o is higher than was Z; prior to the evolution of the display).
A higher female investment when male display costs operate
through fecundity rather than viability raises the average number
of offspring fledged per pair, but this does not completely
compensate for the lower number of offspring fledged per pair
due to the presence of the display. Increased female investment
over time raises the average number of offspring fledged per
female but reduces mean female viability, resulting in a new
balance between these 2 forces, where the average number of
offspring is lower than both the viability case and the initial
conditions. For example, for the parameters of Fig. 24, with
male display imposing a fecundity cost of 1%, rather than a
survival cost, female investment is raised by 1.3%, female mor-
tality is increased by 0.5%, and offspring fledged per pair are
reduced by 0.16%, compared to the viability case.
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Fig. 3. Natural selection on the perceptual bias. Here natural selection favors the responder allele, A; (s, = 0.01). As in Fig. 2 the responder allele is initially at
a frequency of 0.99 and the display allele introduced at a frequency of 0.01. If close to fixation or fixed, both the display and responder alleles are perturbed
away by 0.01 for A and B and 0.001 for C, every 500 y. (A) ¢; = 0.04, a = 2.5. (B) ¢s = 0.08, a = 4. All other parameters are as in Fig. 2. (C) Colors are as in Fig. 2
with the yellow region indicating permanent fixation of the display. The colors represent a snapshot of the frequency of the display allele (green channel) and
responder allele (red channel) as they were at 10,000 y. A blue overlay indicates strong cycling, where A, and B, were simultaneously low (<0.2) and then
simultaneously high (>0.8). The cycling is induced by reintroduction of the display/responder alleles. Labels a and b are the positions for the dynamic runs
illustrated in the corresponding panels. It can be seen that the cycles in B are dampening; an extended run shows that there are eventually polymorphisms at
both the A and B loci with these parameters. Note that both points a and b are in the black region of Fig. 2C, so without selection on the perceptual bias the
display would not be established.
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Fig. 4. Comparison of fecundity and viability costs to the display. The re-
sponder allele is initially at a frequency of 0.99, the display allele is at a
frequency of 0.01, and perturbations to a frequency of 0.001 occur every 500 y.
Selection coefficients are plotted on a log scale. In the yellow region, both
display and responder alleles are permanently maintained through their
effects on investment. In the red region, the display is lost. A region of cy-
cling at the display and responder loci is indicated by the stippling. In the
black region both responder and display alleles are lost, as in the green
region, but here the display initially rises to a high frequency and is lost only
slowly. Parameters are as in Fig. 2 but with ¢ = 0.07, « = 2.3. (Left) Fecundity
selection on the male display. (Right) Viability selection on the male display.

Cooperation Can Arise Directly in Changing Environments. Finally,
we identified a situation in which displays promoting investment
become established under a particularly broad range of param-
eter space because benefits immediately accrue to the female (S/
Appendix, Fig. S3). This happens if mean female investment is
initially below the optimal level, e.g., as a consequence of a
changing environment. Then a male’s display that increases her
investment also increases her fitness. The display is immediately
cooperative, and it can be subsequently maintained at equilib-
rium. The fact that displays and responses may more easily be-
come established in changing environments than in static ones
suggests they can contribute to speciation events, which may
often be associated with entry into novel environments (26). We
caution that our conclusion that establishment may be easier un-
der these conditions is based on a broadening of the parameter
space under which we get the fixation of display, but the question
of what parameter spaces are reasonable is always an empirical
one, and we encourage further study of these conditions.

Discussion

Our models show that a simple explanation for the presence of
displays after pairing is that they are required to stimulate fe-
males to invest adequately in offspring, as has long been pro-
posed (1-3). Here we show how such a requirement could
evolve. In words, male displays induce the female to overinvest
thereby placing selection on females to reduce their investment.
Provided a reduction can be made by evolution at loci affecting
investment, rather than loci affecting response to the display,
there is the possibility for both the male display and female re-
sponse to be maintained. Under such conditions, the male dis-
play is now required to optimally stimulate the female. We find
this outcome is most likely when costs to female investment are
high, but levels of investment induced by the display are mod-
erate. On the other hand, when both costs and the induced in-
vestment by a displaying male are high, strong selection against
the responder allele results in its loss, as in standard sexual
conflict models. We explored this process using a model which
assumes that the responder and display are determined by single
loci of large effect. Large-effect loci are realistic for some visual
display traits (27). An alternative approach would be a full
quantitative genetic model, which would require an additional
set of simplifying assumptions. Qualitatively, we expect to find
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similar outcomes, especially when a perturbation in the display
induces at least a moderate increase in investment. Specifi-
cally, in the continuous formulation, if the mean display is
perturbed, then this will induce selection on loci affecting
both investment and response, and both should evolve. To the
extent investment evolves, we expect at least some element of the
display and response to be maintained to raise investment back to
the optimal level.

A complementary explanation for the presence of displays
after pairing assumes they are present to indicate male quality. In
this idea, a female increases her investment when paired to a
male with an exaggerated display because he is likely to be of
high quality, which her offspring will inherit (6, 7). Theoretical
models demonstrate that elevated female investment when
paired to a high-quality male is expected in some situations, but
in other cases the adaptive solution is no change in investment,
or a reduction, because high-quality males may invest more,
which compensates (8-10). We suggest mate stimulation may
explain many of the experimental findings documented in S/
Appendix, Table S1, without recourse to differential investment
arguments. Nevertheless, if differential investment is impor-
tant, our results provide a model for how it may evolve. Once
costly displays have become established, they are generally
under selection to become condition dependent and thereby
correlate with male quality (28).

Any evolutionary model necessarily comes with assumptions
about the spectrum of permissible mutations. It is possible to
devise scenarios whereby mutations we have not allowed would
destroy the displaying equilibrium. For example, a reader sug-
gested that after the displaying equilibrium is reached, a muta-
tion that causes a female to ignore the male but maintain optimal
investment should be favored because such a mutant would not
underinvest when paired with a weakly displaying male or
overinvest when paired with a strongly displaying male. It re-
mains an empirical question as to whether such mutations, or
others along similar lines, are plausible. We consider this partic-
ular example to be unlikely because of the pleiotropic effects
implied: if a mutation causes the female to ignore the male dis-
play, we expect this to also lower her investment, as we have
modeled. In consequence the mutation would have to simulta-
neously increase investment to exactly compensate for the loss due
to lack of male stimulation. Even if mutations such as these do
occur, they need not be favored. For example, the female may be
less able to assess the optimal clutch from environmental cues
than from the male, or evolution subsequent to the establishment
of the display may have resulted in other selective pressures fa-
voring its maintenance, as would be the case if differential allo-
cation secondarily evolves.

In the model we have eliminated all forms of sexual selection,
that is, selection associated with competition for mates. In re-
ality, both sexual selection and sexual stimulation are present in
many species. Often the same displays and traits are employed in
both cases, presumably because perceptual biases influence both
attraction and stimulation, as exemplified by several of the
studies in SI Appendix, Table S1. Given this reasoning it is pos-
sible that in sexually selected systems, females are not only
choosing displaying males but also being reproductively stimu-
lated by viewing displays. A link between stimulation and pref-
erence provides a novel explanation for the lek paradox, which
asks how female mating preferences can be maintained in the
absence of obvious benefits to choice (29). We suggest direct
benefits may be present in the form of the reproductive stimu-
lation display imparts to females. For example, in a controlled
experiment in the peafowl Pavo cristatus, attractive males induce
females to lay larger eggs containing more testosterone (30). The
inference is that in the absence of peafowl display they would
underinvest in their fecundity.
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https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1904138116

[/

pa

A

=y

We have shown how sexual conflicts evolve into permanent
sexual cooperation, a scenario previously considered impossible
(ref. 18, p. 220). We find that evolution of cooperation from
conflict is enhanced when perceptual biases are subject to se-
lection for other reasons (s, > 0). Natural selection pressures
have been widely invoked as the cause of perceptual biases
(16), but once displays have become established, biases may
alternatively be maintained as a result of social selection
pressures, including social stimulation, as we have modeled.
These biases may be general across whole clades (31) or re-
stricted to certain species that occupy specific environments
(16, 32). The presence of general biases does not in itself place
a strong restriction on signal design: many different signals may
stimulate the same perceptual bias (33). Indeed, multiple
components of a display may each become sequentially estab-
lished in response to the same bias, with each component ini-
tially pushing the female above her optimal level of investment
that is subsequently restored by selection for lower basal in-
vestment. Ultimately, this may lead to displays whose absence
results in a failure of the female to ovulate (4, 34). Male dis-
plays that stimulate investment also set the stage for self-
stimulation by the female, e.g., by using similar vocalizations
(35); through female stimulation by signals from other con-
specifics, as in colonially breeding species (36); and through
feedback mechanisms, whereby females stimulate males who
then stimulate females (24). In many of these cases, the
presence of a male attending the female is required, and
hence, evolution of such displays can also lead to increases in
other cooperative behaviors, such as brood provisioning, and a
general strengthening of the pair bond (37).

Methods

We consider the evolution of 3 traits, 2 of which are each controlled by a
single locus and 1 of which is polygenic, expanding on models in refs. 23 and
24, Specifically, we assume that a responder locus (A) and display locus (B)
are each autosomal and haploid and contain 2 alleles. Both are sex-limited in
their expression. The third trait is controlled by the combination of a nor-
mally distributed, haploid, continuously varying, sex-limited trait expressed
by females, z;, and the genotype of the mated pair at the responder locus (in
the female) and display locus (in the male), together producing female in-
vestment, z. Females mate with males to form a diploid zygote that un-
dergoes free recombination between the signal and response loci and the
quantitative trait. We track numbers of single individuals and mated pairs,
assuming a life cycle with overlapping generations (the events in the life
cycle, described below, are also shown in SI Appendix, Fig. S1). Pairing is
random, breeding occurs once each year, and pairs are strictly monogamous
within a breeding season.

Life Cycle, Demographic, and Genotypic Equations. The life cycle begins right
after pairing. Numbers of single males and females of each genotype at the
responder and display loci are denoted by n.,; and ny;, respectively, where the
first index in the subscript refers to the sex of the individual and the second
index, i, ranges from 1 through 4 referring respectively to the genotypes
A1B4, AiBy, AyBq, and A,B,. The number of individuals in each mated pair
consisting of a female of genotype i and a male of genotype j is designated
by Nj. Directly after pairing, only the more common sex contains unmated
individuals.

In each mated pair combination with a female responder genotype jand a
male display genotype j, female investment, z, has a normal distribution
pii(2) with phenotypic variance 6% and heritability h%, and mean Zf +ajj
where z; is the basal value in females before modification. The component
of the mean z; is set at the beginning of each year based on the response to
selection in the previous year (see below). Weak selection justifies the as-
sumption of normality in the adult generation, when different age classes
are combined, as are the distributions of z¢ in pairs with different display and
response genotypes. The alternative is to track the phenotype within each
genotypic category and cohort across years, which becomes very complex.
Weak selection also justifies the assumption of constant variance. Individual
phenotypes are assumed not to change with age. The additional component
of the mean, aj;, is set by the genotype at the responder and display loci
in each pairing Nj. Specifically, if the female in a pair carries the
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responder allele A, (i = 3 or 4) and the male expresses the display allele
B, (j = 2 or 4), then increased investment in the clutch is triggered, and
aj; = o. If either of these conditions is not met, females make no addi-
tional investment, and a;; = 0.

Right after the census at the time of pairing, fecundity selection occurs,
associated with offspring production. The number of offspring that survive to
recruitment, as produced by each combination of mated pairs, is

Fij= (1= Stec) @ 2Net / pii(z)w(z)dzNy, [1]

where Ny is the total number of adult individuals in the population,
w(z)=ze™%, and sr,; is a fecundity cost to the pair when the male dis-
plays (such that ss; = Sfec When j is even and sz ; = 0 otherwise). Note
that sfec is set to 0 for most of the results discussed above. Here a rep-
resents the effect of density dependence within the brood on offspring
survival, whereas b represents the density dependence of offspring
survival after fledging on the number of adults present. The fact that
females with allele A; increase their investment in offspring if mated to
males with allele B, is reflected in whether the extra investment a;; = o is
triggered (added to the z; expressed by female i) for that mated pair i, j
when the integral is taken.

The number n¢ of offspring of each genotype and each sex is generated
from the matrix F using standard equations for free recombination and
segregation in haploids. The sex ratio of offspring is set to 1:1, which is ac-
complished by multiplying the total number of offspring from each pairing
Fj by 1/2 in the calculation of n?ff.

After offspring production, adults in this overlapping-generation model
undergo mortality that reflects, in part, the investment they have made in
their offspring. There are several sources of mortality. Nonselective extrinsic
death occurs with a constant death rate that may differ between the sexes.
Selective death can also occur if there is an advantage to the responder allele
in another ecological context (e.g., detection of predators, and food). These
are the only sources of death on individuals that remain single (unpaired).
Specifically, the numbers of single females and males that survive are
ng=(1-df(1-55))ng and nj ;= (1—dm(1-5p))np;, respectively, where dr
and d,, are the probabilities of death for each sex, and s, reflects a per-
ceptual bias survival advantage of the responder allele A,. This latter ad-
vantage is given in both sexes; thus, s,; =5, when iis 3 or 4, and s,; = s, when
jis 3 or 4 (otherwise, s,; or s,; are equal to 0).

Selective death in the context of pairing occurs due to viability selection
against expressing the male trait (B, in males), with selection coefficient sy,
as well as due to selection against investment such that the survival rate
due to investment is e~%Z, where k is an index for females or males (f or m)
and ¢, is an investment cost parameter (cs will generally be greater than ¢,
because females pay a cost of egg production on top of a cost of pro-
visioning the young, but we allow these parameters to vary freely). Note
that costs of the display can be manifest as viability costs to the male, s,,,
or fecundity costs to the pair, sc. Taking all of these sources of death into
account, the number of mated pairs with both members surviving to the
following year is

N = (1= (1= 501)) (1 = A (1= 557)) (1 = 5m) <./p(z)e"’2e""'zdz> Ny, 121

where s,; = s, if j = 2 or 4 (indicating B; is present) and s,,; = 0 otherwise,
Spj =Sp if j=3 or 4 and s,; = 0 otherwise, and s,; = s, ifi=3 or4ands,; =0
otherwise. Similarly, the number of widows of genotype i who were mated
to males of genotype j is

5=y | p(2)(1=h(1-55))e % (1= (1= (1 35)) (1 sy},
[31

where the (1 -d¢(1-sp))e"* term accounts for survival of the female and
the 1—(1—dn(1-55))(1—5mj)e " term accounts for the death of the male.
Likewise, the number of widowers of genotype j who were mated to female
of genotype i is

=Ny [ L&) (1l (1 ~55)) (1 =5}~ (1~ (1 (1 ~s) ")z
[4]

The model allows for divorce, which is assumed to occur right be-
fore the next mating season irrespective of the number of offspring
fledged from a particular nest. The number of mated pairs that remain
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after divorce is Nj; = (1-v)Nj, while the number of single individuals of
sex k created by divorce from each pair of i females and j males is
d
Niij =vaj.
We can now tally up all single females and males that are available to pair
at the beginning of the next mating season:

tot __ ,off S w d tot __ ,off s w d
net = n¢ +nf,.+z<nﬁj+nﬁj) and nfof =nf +nmj+2(n,,,,j+nm,j). [5]
7 7

These include newly recruited fledglings, surviving individuals that were
single in the previous year, widows and widowers, and divorcees.

Singles pair at random at the start of the next breeding season, with the
number of pairs limited by the number of individuals of the rarer sex. We first
calculated the total number of singles of each sex k as nf°* =3 n{°* and then

1

calculated the number of new couples with females of genotype j and males
of genotype j as NI =nf'nlst/ni*, where y = f if nf®*>n>* and y = m if
nit > nit. The total number of pairs of each genotype, at the close of the
life cycle, equals the sum of these newly paired individuals with the pairs
that remained from the previous season after selection that did not divorce,
as Nj(t+1)=Nje + N. The more common sex also has single individuals

remaining in the population, such that ny(t+1)=n/2(1-n/>/n?") and
Nwi(t+1)=0, where y = fand w = m if n{®*>n* and y = m and w = f if
nit > nit These close the recursions for the numbers of individuals and pairs
of each genotype in the population. The genotypic recursions can be turned
into genotypic frequencies and then transformed into recursions for the
allele frequencies for the responder A, and the display B,, and the linkage
disequilibrium between them, D, using standard equations for haploids.

Selection Differential and Evolution of z;. We calculate the selection differ-
ential on z¢, which is expressed only in females. Assuming weak selection and
that selection on adults is not age dependent, as is outlined above, the se-
lection differential is determined by taking a weighted average over paired
and single individuals of that sex. To begin these calculations, we determine
the mean after selection of the quantitative trait z¢ in females of genotype j,

i i(z)dz
?_':fzp“z)gﬁ(Z) . 6
= Tpy(2)ga(2)dz tel
The equation for genetic fitness for females is
91i(2) = (1= d (1= 5i)) (1= dim (1 = 5p)) (1 = 5my) ™77~
+ (10 (1=51))7% (1= (1= (1-55)) (1 =5 )~
+%W(z)e‘b""°’. [71

In the function g¢(z) the 3 terms represent the probability that both
sexes in the mated pair survive given that the female has phenotype z,
the probability that the female survived as a widow given that she has
phenotype z, plus the number of newly recruited offspring that a fe-
male will contribute given that she has phenotype z, respectively. The
factor of 1/2 in the last term accounts for the fact that the offspring of
a female will share half of her genes in sexual haploids (as in sexual
diploids).
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The selection differential on females that started the life cycle asa member

P -pair
of a mated pair is St

females is a weighted average of the selection differential of females in
mated pairs and of female singles (which undergo no selection, so are not
included in the numerator), across all genotypes, such that

=2y — (Zf + ). The final selection differential on

SIS (N + iy +3F; )

I
Sp=—0! . (8]
Y <,Z (N + i+ 1) + n;,.)

i

Since the quantitative character z; is not expressed in males, S,, = 0. To
calculate the change in z; across a generation, Az;, we must first calculate
the generation time. We first determine the proportion of individuals in

. *
each sex k that survive, s, :

*_
S =

(5 (Nag + i) +115)
> (ZNpq + nkp)
P g

[91

where k = f, p =i, and q = j for females and k = m, p =, and q = i for males,
and the multiplicative rate of increase, 2,

% (; (N;q +ng, + %qu) + nskp)

= %(%:Npq"'”kp)

' [10]

where k = f, p =i, and g =j when females are the rarer sexand k=m, p =,
and g = i when males are the rarer sex. The rarer sex is the limiting factor in
population growth in the absence of extrapair copulations. Generation time
is then determined for each sex k as Ty, where T, =1 +s:/(/1—s:), and the
average across sexes T=1(T¢+ T) can be seen as an approximation of the
average turnover rate of genes in the population (38, 39). Finally, we use the
generation time T to modify the heritability h® of the trait z to calculate
Az =1h2S;/T where the change in z; comes only from selection in females,
where these genes are expressed.

Numerical simulations were run by exact iterations of the recursion
equations in 2 phases, one with B; fixed in order to calculate the optimal
investment z,,; for each parameter set and the second starting at zo,: and
introducing small amounts of B,, with A, starting at a high frequency, to
replicate the scenario described in the main text. Details of these analyses,
performed using Mathematica (40), can be found in the S/ Appendix and at
an interactive reader (41) (https:/powers.shinyapps.io/pgreadr/); see SI Ap-
pendix, Fig. S4, for more information.

ACKNOWLEDGMENTS. We would like to thank and remember Alexander
Kenan, who made valuable contributions to the development of this project
while he was an undergraduate at University of North Carolina. We thank Nan
Lyu, Carlos Servan, David Wheatcroft, Haven Wiley, and Justin Yeh for discus-
sion. This project was funded in part by the National Science Foundation Grant
DEB-0919018 to M.R.S. and the Norwegian Research Council’s Center of Excel-
lence project SFF-lll 223257 to R.L.

10. 1. I. Ratikainen, T. R. Haaland, J. Wright, Differential allocation of parental investment
and the trade-off between size and number of offspring. Proc. Biol. Sci. 285,
20181074 (2018).

11. H. K. Kindsvater, S. H. Alonzo, Females allocate differentially to offspring size and
number in response to male effects on female and offspring fitness. Proc. Biol. Sci.
281, 20131981 (2014).

12. A. R. Robart, B. Sinervo, Females increase parental care, but not fecundity, when
mated to high-quality males in a biparental fish. Anim. Behav. 148, 9-18 (2019).

13. T. Price, Speciation in Birds (Roberts and Co., 2008).

14. T. Horvathova, S. Nakagawa, T. Uller, Strategic female reproductive investment in
response to male attractiveness in birds. Proc. Biol. Sci. 279, 163-170 (2012).

15. J. A. Endler, A. L. Basolo, Sensory ecology, receiver biases and sexual selection. Trends
Ecol. Evol. 13, 415-420 (1998).

16. M. J. Ryan, M. E. Cummings, Perceptual biases and mate choice. Annu. Rev. Ecol. Evol.
Syst. 44, 437-459 (2013).

17. B. Holland, W. R. Rice, Perspective: Chase away sexual selection: Antagonistic seduc-
tion versus resistance. Evolution 52, 1-7 (1998).

18. G. A. Arnquist, L. Rowe, Sexual Conflict (Princeton University Press, 2005).

19. D. C. Krakauer, R. A. Johnstone, The evolution of exploitation and honesty in animal
communication: A model using artificial neural networks. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 348, 355-361 (1995).

Servedio et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://powers.shinyapps.io/pqreadr/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904138116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1904138116

SNAS

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

3

C.-A. Wachtmeister, M. Enquist, The evolution of courtship rituals in monogamous
species. Behav. Ecol. 11, 405-410 (2000).

M. Mesterton-Gibbons, L. A. Dugatkin, Cooperation among unrelated individuals:
Evolutionary factors. Q. Rev. Biol. 67, 267-281 (1992).

S. A. West, A. S. Griffin, A. Gardner, Social semantics: Altruism, cooperation, mutu-
alism, strong reciprocity and group selection. J. Evol. Biol. 20, 415-432 (2007).

R. Lande, The response to selection on major and minor mutations affecting a met-
rical trait. Heredity 50, 47-65 (1983).

M. R. Servedio, T. D. Price, R. Lande, Evolution of displays within the pair bond. Proc.
Biol. Sci. 280, 20123020 (2013).

N. Kolm, M. Amcoff, R. P. Mann, G. Arnqvist, Diversification of a food-mimicking male
ornament via sensory drive. Curr. Biol. 22, 1440-1443 (2012).

P. R. Grant, B. R. Grant, How and Why Species Multiply (Princeton University Press, 2008).
T. D. Price, Domesticated birds as a model for the genetics of speciation by sexual
selection. Genetica 116, 311-327 (2002).

A. Grafen, Biological signals as handicaps. J. Theor. Biol. 144, 517-546 (1990).

M. Kirkpatrick, M. J. Ryan, The evolution of mating preferences and the paradox of
the lek. Nature 350, 33-38 (1991).

A. Loyau, M. Saint Jalme, R. Mauget, G. Sorci, Male sexual attractiveness affects the
investment of maternal resources into the eggs in peafowl (Pavo cristatus). Behav.
Ecol. Sociobiol. 61, 1043-1052 (2007).

. J. P. Renoult, J. Bovet, M. Raymond, Beauty is in the efficient coding of the beholder.

R. Soc. Open Sci. 3, 160027 (2016).

Servedio et al.

32

33.

34.

35.

36.

37.

38.

39.

40.
41.

. F. H. Rodd, K. A. Hughes, G. F. Grether, C. T. Baril, A possible non-sexual origin of
mate preference: Are male guppies mimicking fruit? Proc. Biol. Sci. 269, 475-481
(2002).

A. Arak, M. Enquist, Hidden preferences and the evolution of signals. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 340, 207-213 (1993).

C. J. Erickson, D. S. Lehrman, Effects of castration of male ring doves upon ovarian
activity of females. J. Comp. Physiol. Psychol. 58, 164-166 (1964).

M.-F. Cheng, The role of vocal self-stimulation in female responses to males: Impli-
cations for state-reading. Horm. Behav. 53, 1-10 (2008).

J. A. Clark, A. Haseley, G. Van Genderen, M. Hofling, N. J. Clum, Increasing breeding
behaviors in a captive colony of Northern Bald Ibis through conspecific acoustic en-
richment. Zoo Biol. 31, 71-81 (2012).

J. Roughgarden, M. Qishi, E. Akcay, Reproductive social behavior: Cooperative games
to replace sexual selection. Science 311, 965-969 (2006).

T. H. Emigh, E. Pollak, Fixation probabilities and effective population numbers in
diploid populations with overlapping generations. Theor. Popul. Biol. 15, 86-107
(1979).

R. Lande, Demographic models of the northern spotted owl (Strix occidentalis caurina).
Oecologia 75, 601-607 (1988).

S. Wolfram, Mathematica 11 (Wolfram Research Inc., 2016).

W. Chang, J. Cheng, J. J. Allaire, Y. Xie, J. McPherson, shiny: Web Application
Framework for R (Version 1.3.2). https://CRAN.R-project.org/package=shiny
(2019).

PNAS Latest Articles | 7 of 7

EVOLUTION


https://CRAN.R-project.org/package=shiny

