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Abstract

Male and female social roles are largely predicated on the fact that male
and female reproductive functions are separated in different indilddThis
paper asks why gonochorism rather than hermaphroditism, is the rule among
vertebrates. We argue that hermaphroditism may be unstable in the face of
heterogeneity. Building on the Bateman principle — access to eggs, not,sper
limits reproductive success — and in line with Trivers-Willard, we show that
low quality individuals will prefer to be all female. Moreover, without sec-
ondary sexual differentiation (SSD), males cannot exist in equilibrium. With
sufficient SSD, however, males may outcompete hermaphrodites. Aslta resu
while hermaphrodites may coexist with males and females, they mate among
themselves only. The lack of interbreeding between hermaphrodites aad go
chorists may form the basis for further speciation. Furthermore, whitadaer
phrodites strive to mate their male function and preserve their female function,
equilibrium hermaphroditic mating is reciprocal. Reciprocal mating, in turn,
makes hermaphrodites vulnerable to male-to-male violence, a form of SSD
that may have contributed to the rarity of hermaphroditism.

1 Introduction

Sociobiology traces gender to the different roles of menwaoohen in reproduc-
tion. While sexual reproduction clearly is an important ceafor two sexes, our
conception of gender is to a large extent predicated on nmaldeamale functions
being separated in different individuals, that is, an oigranis either male or fe-
male. However, separated sex functions is only one posgibil

Many plants and some animals (mainly invertebrate) are l&ame&ous herma-
phrodites, that is, they combine both male and female fanstin one organism.
A hermaphrodite incurs the fixed costs of building both sexctions. On the other
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hand, if the organism itself is considered a fixed cost forsiefunctions, herma-
phroditism may be viewed as a low cost alternative. Moreawdike gonochorists,
simultaneous hermaphrodites can reproduce with all matmspecifics.

Yet, hermaphroditism is rare among vertebrates and, pbyicglly, it is in
decline. The evolutionary basis for its rarity among evdhamimals is not well
understood. Ghiselin (1969) pointed to high search cosfastar in hermaphrodi-
tism, e.g., from high dispersion or low (directed) mobildéy observation consistent
with the prevalence of hermaphroditism among plants ang shoving animals
(e.g., snails). Charnov (1979) pointed to limits on male odpctive success for
understanding stability of hermaphroditism. More rec&search has pointed to
limited return to secondary sexual differentiation whea $sex functions are bun-
dled in one individual, e.g., Greeff and Michiels (1999). tdover, Charnov (1982)
suggested that giving up a sex function might be easier teamnaing one, which
could be part of the explanation for the decline of hermagitisim. Yet another
possibility is that intra-genomic conflict drives gonodsar, suggested by Hurst
and Hamilton (1992).

This paper focusses on self-incompatible simultaneousdghroditism (SH)
in animals. It proposes that such hermaphroditism is ntlesta sufficiently het-
erogeneous populations, suggesting a possible reasorhfoh@&rmaphroditism is
rare among evolved animal species. The argument turns oB&teman princi-
ple, namely that male reproductive success is limited bynpamavailability, while
female reproductive success is not. Thus, it is closelytedléto Charnov (1979)
who stressed the role of low mobility or population densityunderpinning her-
maphroditism. This paper explores an alternative routedoydsing on the role
of heterogeneity. Furthermore, this paper shows that recg mating arises en-
dogenously among simultaneous self-incompatible hernogiies, suggesting that
hermaphroditism can only be sustained if reciprocal masrggable.

This paper builds on Charnov, Maynard Smith, and Bull (1976)o iormal-
ized the conditions for dioecy and hermaphroditism undedoan mating. How-
ever, random mating better describes plants than animéis, perhaps helped by
their greater ability to search out and/or evade potentainers, have developed
sophisticated strategies for mate choice. Our focus orrandem mating links our
inquiry to the Trivers and Willard (1973) hypothesis thatmmaals should be able
to influence the sex ratio of offspring according to pareoteldition.

2 Model

We consider a population of individuals who can be male, feraaboth. We index
individuals by their quality, and assume that qualitig uniformly distributed on
[0, 1]. Each individual chooses the type that maximizes reproductive success (RS).
RS depends on the number and quality of offspring. For trédttalwe assume that

IWwhile the fixed costs of sex functions are not well known, astiéiae male reproductive system
is potentially cheap, consisting chiefly of a duct to tramspex cells (Charnov (1979)).



offspring’s quality is solely determined by the father'satjty.

Following Charnov (1979), we assume that each individuahtowved with a
fixed amount of energy, that can be devoted to reproduction. To build a female
function the individual has to incur a fixed costwtfto build a male function a fixed
cost ofb; a,b > 0 anda + b < 1. Hence, a female can spehd- a on reproduction,
a malel — b, and a hermaphrodite— a — b. We assume that sperm can be produced
at zero marginal cost whereas the production of eggs is grermgsuming. In par-
ticular, we assume that a female can produce eggs out of an amount of energy
and normalize:; = 1. Male reproductive success is constrained by partneitybili
Lete,, (e, in case of a hermaphrodite) be the energy devoted by a matdhamee
eligibility (e.g., improve attractiveness, partner sbagompetitiveness). Thus, for
a male, the budget constraintig < 1 — b and for a hermaphrodiig, < 1 —a — 0.

To calculate an individual's RS we have to consider how qualifferences
affect mating decisions. We abstract from sperm compatiéind assume that a
male (male function) fertilizes all eggs of a partheBince the marginal cost of
sperm is zero, a male (male function) is willing to mate witly &emale (female
function). In contrast, an individual will be selective gris of the sperm quality
it accepts.

We restrict our analysis to the case of positive search dbsghere were no
search cost, a male function would only be chosen by the kighality individual
(since we assume that quality is known at the time of “sexadiocand that sperm
can be produced at zero marginal cost).

Definition 1 A sub-population is a set of individuals who only mate with individu-
alsin the same set.

Definition 2 We say that hermaphroditic mating is reciprocal if both female func-
tions are mated.

While two hermaphrodites who have mated reciprocally haveested their
female functions, they can still use their male function an+reciprocal matings
with other hermaphrodites or pure females.

Characterization of Equilibria  Equilibria can be summarized by the following
partitioning of the unit intervali € [0, j) are femalej € [j, j;) are hermaphrodites
who only mate with hermaphroditese [, j») are hermaphrodites who mate with
hermaphrodites and females; and [j,, 1] are male, wheré < j < j; < j, < 1.

Depending on the parameter values (capturing search cestjrce constraints,

2There are two ways to justify the assumption that only fashguality matter. First, our qual-
itative results stand as long as paternal quality magem| for offspring quality. Second, this
formulation is consistent with female quality varying lésan male quality. Lower variation in fe-
male than male quality may stem from the fact that eggs aresaareproduction. Thus, we would
expect sexual selection to exert more pressure towardstheai€emale differentiation.

3Sperm competition may be crucial for understanding theence of male-hermaphroditic pop-
ulations: since hermaphrodites mate reciprocally, camriaalone cannot be the only determinant
of male RS.



secondary sexual differentiation) some of the subintemay be degenerate, such
that purely gonochoric or mixed populations may result. sy, there is no equi-
librium with only hermaphrodites, except for the limit casieno male fixed cost
(b = 0). Also, the lowest quality interval will always be femalen{essb = 0).
Moreover, no pure males can exist without secondary sexifi@tehtiation. Lastly,
reciprocity characterizes hermaphroditic mating.

2.1 Basic Specification

Here, we abstract from the role of secondary sexual diftagon (i.e., from ana-
lyzing e, andey,). Interestingly, this simplification precludes pure malegqui-
librium. We relax this assumption in Section 2.2.

To preview results, equilibria will have the following stture: i € [0, j) are
pure females, and € [j, 1] are hermaphrodites. All hermaphroditic mating is
reciprocal. In addition, hermaphrodites of qualitg [}y, 1], j; > j, will mate with
pure females as well. Whethgr= j or j; > j will depend on parameter values.

Since there are search costs, females face a trade-off éetwate quality and
finding a mate. For a pure female this trade-off implies thatchooses a threshold
quality j; above which she accepts any male (or male function). Cléadigiduals
i < j; cannot be pure males. However, they may be hermaphroditcnd turn
to their mating behavior.

The hermaphroditic mating decision is complicated by tloe tlaat the optimal
mating strategy may involve “bundling” of the male and feenfalnctions. In par-
ticular, since a hermaphrodite seeks to mate its male fumgiiomiscuously while
remaining selective with respect to its female functionntegohroditic mating may
be reciprocal in equilibrium.

Consider a hermaphrodite of quality< j;. It is not accepted by a pure female.
Consequently, it can either do without using its male fumctioin which case it
might as well dispense with it altogether and spend the frgecesources on eggs,
i.e., be a pure female — or mate with other hermaphrodite® r&ason the latter
might be feasible is that hermaphrodites value access ®(egtke pure females).
Thus, a necessary condition for individuals< j, to be hermaphroditic is that
they mate reciprocally. Whether the mating is random or ésteg will depend on
search costs. If search costs are low, hermaphroditesnmiyllaccept sperm quality
above a threshold value, resulting in assortative recginmating. This is the case
we will focus on?

Search costs mainly impact the mating behavior of hermajie®(as opposed
to gonochoristsy. Hermaphrodites whose quality is below females’ thresheld
have to mate reciprocally in order to find a mate for their nfalection. Since
search costs are low, the best type (closg; }ds only willing to mate its female

4If search costs are high, a hermaphrodite has to seize arnggraiportunity that allows RS
through both male and female functions and random reciproating results. However, the equi-
libria in this case are qualitatively similar to the low sgfacost case.

5This result is an artefact of our assumption that only palequality matters for offspring
quality.



function to another hermaphrodite that is close to its ovpetyl herefore, it follows
that these hermaphrodites mate assortatively.

The same applies toermaphroditic mating above,. By insisting on reciprocal
mating, hermaphrodites ensure high quality sperm for thggs. Thus, for high
quality hermaphrodites reciprocal and assortative masiagoest response.

It is straightforward to see that this argument applies:if (j, + 1)/2 (if they
were to mate non-reciprocally they would receive the avesgzerm quality j, +
1)/2 as opposed to qualityif mating were reciprocal).

Reciprocity is less obvious for individualse (5, (j;+1)/2). They face a trade-
off between sperm quality and mating opportunities for thiéowing reason: the
top hermaphrodites use their female function to buy recipydut they can still use
their male function to fertilize other hermaphrodites (dddion to any females).
However, that option exists for any hermaphrodite abgvand is not important
for the reasoning within the group of hermaphrodites. Thiubermaphrodites
i € (j1, (1 + 1)/2) were to mate nonreciprocally, they could receive higherrape
quality. But, as the top individuals’ eggs are no longer aldd, the lower-quality
hermaphrodites compete with all individuals abgvéor a reduced number of eggs.
Thus, they can either mate reciprocally with a hermapheodiitthe same quality,
or they mate non-reciprocally. In the latter case, theirsegguld be fertilized by
higher quality sperm, but they risk to mate their male fumectwith pure females
only. In other words, by giving up reciprocity, they are nader guaranteed access
to another hermaphrodite’s eggs. For individuals belgw+ 1)/2 but close to it,
the gain in RS through female function (improved sperm qgahill not outweigh
the loss in RS from male function (fewer fertilized eggs). $hteciprocal and
assortative mating is optimal for individuals below butsgdj, + 1)/2. It then
follows that it is also optimal for all hermaphrodites of leiquality. A formal
proof is in the Appendix.

We now state our first results:

Lemma 1 Hermaphrodites mate reciprocally.
Lemma 2 If search costs are low, hermaphroditic mating is positive assortative.

Based on these intermediate results we can describe thegpiopustructure
that results if individuals choose whether to be male, fensalboth.

Proposition 1 If there is no secondary sexual differentiation and search costs are
low there are two kinds of Nash equilibria.

1. Foranya € (0,1)and b := pu(1 —a), u € (0, 1) thereisa Nash equilibrium
with the following structure:

0<j=n<jg=1,
where j = 20 (1 — p— 5+/3 — 4p + 4p?). For p € [1/2, 1], itisunique.
In words, all individuals of quality i € [0, j) choose to be female and accept

any individual 7 > j as a partner, and all individuals of quality i € [j,1]
choose to be hermaphrodites. Femalesaccept all hermaphroditesas partners.
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2. Inaddition, for any a € (0,1) and b := p(1 — a), p € [0,1/2), and for any

J1> ﬁ there is a Nash equilibrium with the following structure:

0<j<p<j2=1,

where j := 411+ fl . In words, females only accept partners of quality i > 7,
individuals o% quality : < j are female, and individuals of quality i > j are
hermaphroditic.

In sum, Proposition 1 says that females at the bottom anddprodites at the
top characterize equilibria. No equilibrium has only hepmadites and there are
no pure males. The intuition for the former is that low quaiitdividuals can do
better as pure females. A proof is in the Appendix. Figurediats the equilibrium
structure.

Ja
1 .
Hermaphrodites
0.8+ accepted by
females

0.6 | Hermaphrodites not Hermaphrodites |
' accepted by females accepted by

1
1
/ |____females |

04+  [Females)
i Females |
02+
| | | | | .
I [ [ [ [ v
0.1 0.2 0.3 0.4 05 M

Notes: The dashed part of the figure depicts the distribution of types witbimpopu-
lation from part 1 of Proposition 1. The dashed line is given;by- ﬁ(l - —
%\/3 — 4p + 4p2). Individuals whose quality is beloy choose to be female, individuals
abovej choose to be hermaphroditic. Females accept all hermaphrodites. THilsraquo
exists for ally € [0,1].

The solid part of the figure depicts the distribution of types within the populétoon part

2 of Proposition 1. The exact distribution depends on the valye. afhe graph is based on

_ Tt . . . L .
j1= 32*4“ , i.e., avalue in the middle of the admissible range. Here, all individuals above

Jj= 4%%5;) choose to be hermaphrodites but females accept only those above

Figure 1: Distribution of types without secondary sexuéfledentiation



The lack of pure males is driven by the absence of secondanakdifferenti-
ation which means that a pure male cannot access more fethatea hermaphro-
dite (e.g., from being more attractive or faster). Thereftrermaphrodites always
have a higher RS than males of the same quality. Consequeittipuvsecondary
sexual differentiation the equilibrium population cotsigf females and reciprocal
hermaphrodites (the latter mate reciprocally with eacleotnd, obviously, non-
reciprocally with the females).

2.2 Secondary Sexual Differentiation

Males were absent from the equilibria above. Secondaryaseditferentiation
(SSD) changes thatThe assumption that male sex cells are produced at zero mar-
ginal cost implies that high sperm quality is not scarce, g female RS hinges
on the quantity of eggs produced. Male RS, on the other haacase with greater
partner access, and partner access may be improved bymamstin SSD.

Since a male has no alternative uses for the energy endowimeatknow that
male investment in SSB,,,, is:

em =1—p(l —a).
A hermaphrodite can invest in eggs, and we will assume tlspigihds a fraction
on eggs and the remaining energy on SSD, dengted

en=01-N1—-a-0).

For a general analysis of the population structure, it wenélshecessary to con-
sider \ as a choice variable of hermaphroditic individuals. Howewe focus on
understanding the role of SSD for gonochorism and thergfoedreat) as a fixed
parameter. Since hermaphrodites can spend less than me&&y they may give
it up altogether in favor of egg production. Thereforg @ose to 1 seems therefore
a reasonable assumption.

We parameterize the pure male’s (male) advantage over aapénodite byz,
the ratio of the expected number of female partners of a nmaleaghermaphrodite
respectively. The empirically relevant rangeris- 1.

While females could gain RS by diverting resources into SS&y, tto not have
an incentive to do so in our set up. The reason is that thei@fismale competition
for high quality males.

Again, we focus on the case of low search cost, i.e., hernogiies mate assor-
tatively (and reciprocally}.

5The concept was introduced by Darwin who defined it as trhs tielped in the competition
for mates, but are otherwise a burden, like the peacock's lti observed that secondary sexual
differentiation is more pronounced among males, or in higdso“If masculine character [is] added
to the species, we can see why young & Female [are] alikeifited in the Penguin Classics 2004
introduction to The Descent of Man. Secondary sexual difféation being greater among males is
consistent with the greater variable cost of female sescell

’Again, if search cost were high, hermaphrodites would netdomly. This does not affect the
gualitative characterization of the equilibria, only tredues of the cut-off points.
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Proposition 2 For a € (0,1), b = pu(1 —a), u € (0,1), A € [0,1] there are the
following Nash equilibria in pure strategies:

1. Forz < AN (1—p1)2—AN(1—p)+(2A(1—p) — 1)/ 4AN2(1—10)2+3— 4N (1—pt
2A(1— 1) — /AN (1—p) 2 +3—AX(1—pa)
libriumwith the following properties (cf. Proposition 1, part 1):

), there is an equi-

0<jg=n<z2=1,

where

= =g A=)~ VAR =P = AT )

2. Forp<1—5,2<1+ M there is an equilibrium with the

1471
following properties (cf. Proposition] 1, part 2):

where _
- 1+5
SIREOYFRnE
and
=S 1
N —1
3 Foru<1- %, and x > max{1 + 8’\2(1_“)_2(1—52)’ BSEY: }, thereis
147» 1472—8X2(1—p)2

an equilibrium with the following properties:
0<j<p=g2<1,

where

. 1 +32
T na-w

and

1 —1 4+ 8A%(1 — p)?

AN —p) =17 1T+ 8X2(1 — p)?

}.

32 > max{

In words, females accept males above j, individuals in [0, j) are females,
individualsin [7, j»), are hermaphrodites, and individualsin [j,, 1] are males.



1 . 1 N .
4. If_u > 1—m,thenthere|sfor any > Ay equilibrium
with females and males only:

O<1:51:52<1,
where

‘ 1
i=7

In words, all individualsin [0, j) are female and all individualsin [j, 1] are
male. Females accept all males as partners.

Proposition 2 describes a possible path towards gonochoRart 4 gives con-
ditions for an immediate shift. In Part 3, using definitionttie population splits
into a sub-population of hermaphrodites and a sub-poumati males and females.
Within the sub-population of of hermaphrodites, the preaasy start anew, with
the extremes turning gonochoric (females at the bottom aaldsrat the top). Fig-
ure 2 illustrates parts 3 and 4 of the proposition.

Proposition 2 highlights the role of SSD for males, and thates and her-
maphrodites are unlikely to co-exist in equilibrium. Thigggests that for (simul-
taneous, self-incompatible) hermaphroditism to existtre“long run,” a species
either lack “visible” heterogeneity (for instance fromitig in a habitat that is rich
enough) or the scope for SSD is low (e.g., from low mobility).

3 Discussion

The paper has argued that hermaphroditism is not stableeifatie of population
heterogeneity. The reasons are three fold. First, low tyumdividuals would do
better as pure females if there are fixed costs associatadavgiex function. Sec-
ond, females prefer high quality individuals as matingpens. Thus, low and high
quality individuals interbreed, whereas intermediateviadials only mate among
themselves. Third, if there is sufficient scope for seconpdaxual differentiation,
it pays for the high quality individuals to be pure males. hattcase two sub-
populations form: a gonochoric sub-population consistihlow-quality) females
and (high-quality) males and a sub-population of hermaglites. The remaining
hermaphrodites are less heterogeneous, but within thigogte selection process
may start anew. By this logic, a hermaphroditic species maydonochoric — un-
less heterogeneity is absent or there is no scope for segosebeual differentiation
(from anything that caps male reproductive capacity, lovbitity being a case in
point).

Phylogenically, hermaphroditism has given way to gonoisherand irreversibil-
ity of the latter may be one reason. Charnov (1982):241 wratdeast one con-
straint hypothesis suggests itself. It may be easier toggrom hermaphroditic to



08 —— Hermaphrodites
not accepted by I Males |
females | L '
0.6 —

| Females !

oH 0.2 0.3 0.4 oﬁs H
Notes: The figure is based on the assumption that only males invest intadseg@exual
differentiation, i.e.\ = 1.
The dashed part of the figure depicts the distribution of types within thelgku from
part 4 of Proposition 2. The dashed line is givenjby % Individuals whose quality is
below; choose to be female, individuals abgvehoose to be males. This equilibrium only
exists fory € [.317, 1]. -
The solid part of the figure depicts the distribution of types within the populétoom part
3 of Proposition 2. The exact distribution dependsj@nThe graph assumes thatis in
the middle of the admissible range. Here, individuals betvgeenﬁ andj, choose to
be hermaphrodites but females accept only males.

Figure 2: Distribution of types with secondary sexual déf&iation

dioecious than the reverse. A hermaphrodite need only sgpjine development or
use of one sex function; suppression early in developmegtantomatically free
resources for the other sex function. Under dioecy, an iddal becoming a her-
maphrodite must build and operate the other sex functionil the other function
works, selection must operate against diverting resoutmse.” The development
of SSD, facilitated by gonochorism (dioecy) may be anotl@son the process
might not easily reverse. Once in place, the existence of ®&p make the male
function of a hermaphrodite uncompetitive and thus redonhda

Male violence is a particularly interesting form of SSD. @esults suggest that
hermaphrodites are particularly vulnerable to male-tderm@lence. Since herma-
phrodites mate reciprocally, a hermaphrodite’s femaletion is not available to
pure males, and thus a hermaphrodite is, in the eyes of a paies for practical
purposes a male rival only. Note that male-to-male violesamore debilitating
to the hermaphroditic population than the gonochoric evesmailar fatality rates.
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This follows because the death of a pure male does not affeatumber of eggs
produced, whereas the death of a hermaphrodite does. Althtmale” violence
among hermaphrodites does occur (e.g., marine flatworrasyigshiels and New-
man (1998)), we would expect such violence to be non-lethal.

It has been noted that reciprocal mating results in weakearateselection (cf.
strict monogamy among gonochorists). Our paper points eopttssibility that
hermaphroditism is only stable if the scope for sexual $eledas low (i.e., low
heterogeneity). This is consistent with the Charnov’s oladern that reciprocal
mating does not preclude effective polygyny (for an exanoplgperm competition
and counter strategies, see Haase and Karlsson (2004)).
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Appendix
Proof of Lemmas 1 and 2:
Consider a group of hermaphrodites that mate with each othenades and

females and are, in addition, willing to use their male fiorctvhen mating with
individuals from another group (females or other hermagites). Reproductive
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success from outside the group is a fixed revenue for all iddals. It is therefore
unmentioned in what follows.

Let the worst quality within this group bg, the best quality,. Individuals can
use three different mating strategies within the group ofrfaghrodites:

(1) Random, non-reciprocal mating
(2) Random, reciprocal mating
(3) Assortative, reciprocal mating

Assortative, non-reciprocal mating is not a meaningfuitsigy as the female
function does not contribute to offspring quality. To shdvattunder low search
costs individuals will choose assortative, reciprocalingatwe show first that ran-
dom, non-reciprocal mating is dominated by random, reci@ronating and then
that assortative, reciprocal mating constitutes a NasHiledum.

Thus, we compare RS from the first two alternatives. If (al}ividuals mate
randomly, they receive sperm of qualﬁlj;ﬁ in expectation. This quality is inde-
pendent of reciprocity. Thus, without search costs thereislifference between
both strategies. If we account for search costs, matingrecally reduces search
costs as well as the risk of not finding a partner. Random, roipirocal mating is
therefore dominated by random, reciprocal mating. Randomraciprocal mating
is thus canceled from the strategy space under consideratio

To show that assortative mating constitutes a Nash equitibneeds more con-
siderations. First, it is clear that individuals whose gyas abovejl%j2 prefer to
mate assortatively — if search costs are sufficiently low thag have an RS of

2j(1 —a —b)

if mating assortatively and of
j(l—a—b)+]1%(l—a—b)

if mating randomly. The former value is higher than the lastelong ag > ﬁ%

Individuals of quality; € [j1, jl%j‘z] would receive sperm of — in expectation —
higher quality under random mating than under assortatatng. But, as those in-
dividuals of quality above:il‘g—j2 will mate assortatively and reciprocally, the number
of male and female functions that are to be randomly matchedf balance. For,
individuals above'l%z have used their female function for reciprocal mating but
are still willing to use their male function again. Therefpif individuals of lower
quality (belowjl+j2) accept sperm from those individuals who have already used
their female function for reciprocal mating, they will fg@ mating opportunities
for their own male function.

Therefore, individuals of quality € [, ﬁ%ﬁ] face three alternatives:
(a) Mate randomly and reciprocally (and, thus, forego highlidy sperm) which
leads to RS of o
J1+ ﬁ%

i(1—a—b
J1—a—10)+ 5

(1—a-0»),
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(b) mate randomly and non-reciprocally (and accept speom fall individuals
abovej;) which leads to RS of

Jit72

]1—i_]2(1—a—b)+j(1—a—b),2—__‘71
2 J2 =N
————

=1/2

as there are excess male functions and therefore the plidpabiinding a mate for
ones own male function is smaller than 1 for an individualwdlity j € [j;, 252],
(c) mate assortatively which leads to RS of

2j(1 —a—0b).

Comparing alternatives (a) and (b) we find that for indiviguafl lower quality
(below#) random, reciprocal mating dominates random, non-recginmating
— that includes all male functions — as longjas> 1/37,. This condition holds in
all scenarios considered throughout the paper as indilgadauality j; < 1/3 will
always choose to be purely female aaccannot exceed 1. Therefore, alternative
(b) can be ignored.

Comparing alternatives (a) and (c) we find that — ignoringdeaosts — assor-
tative mating is the better strategy for all individuals ofdjty abovew. If we
account for search costs this threshold would be even smalle

Thus, we have shown that individuals[#H-F2 j,] will mate assortatively. In-
dividuals in{j, “Jﬁ#] again face the behavioral alternatives (a), (b), and (d) wit
the corresponding — mutatis mutandis — RS. Alternative (h)agmin be excluded
if j1 > 1/3j2. From comparison of (a) and (b) we get that individuals ofligpa
abovell2 prefer to mate assortatively.

Taking that argument ad infinitum we can show that all indraild abovej;
prefer to mate assortatively if the best individuals witktve group do so. This
behavior is a best response for high quality individualseéireh costs are low —
which we assumed. g.e.d.

Proof of Proposition 1:

Part 1: We assume that individuals of quality< j choose to be female and to
accept males of quality > j. Then there arg females and — j males and
hermaphrodites. Accordingly, the RS of a hermaphrodite afityui is given by

2(1 —a—b)i
from reciprocal mating and
o
1 _ =
(1= a)is=
from its male function. The RS of a female is
1+
1-— =.
(1-a)—

13



To determine the threshojdan individual of qualityj has to be indifferent between
being female and being hermaphroditic. Using x.(1 — a) we obtain

1+ . o ‘
(l-a)—= = 201-a-bj+(1-a)j——, j€[01]
2 ¢ - =
. 2 1
&S ) = (1 —p— =3 —4p+4u?)

< 1—4u 2

which exists and is if0, 1] for all i € [0, 1] except foru = 1/4, where the function
has a removable pole. Thus, being female and accepting &l fomactions above

j is a best response to all individuals abgveeing hermaphrodites and vice versa.
Therefore,j = j;. As there is no SSD, being pure male does not provide an ad-
vantage in fertilizing eggs but goes at the cost of not ha®Sgfrom own eggs;
thereforej, = 1.

Part 2. However, all hermaphrodites being assortatively recigrdoes not imply
that females accept all hermaphrodites as partners. We esaride the condi-
tions for an equilibrium where individuals belgjnare female and females choose
a different threshold quality,. If there are hermaphrodites belgwtheir RS only
comes from reciprocal matings and is given by

2(1 — a — b)i.

Female RS is now given by -
147

(I—a)
and RS of a hermaphrodite aboueby
20l—a—"0)i+ (1 —a) J
I

The lower threshold is again given by indifference betwesndle and hermaphro-
ditic (without additional matings) RS. Usirtg= i(1 — a) we get:

1+ 5

(1—a) 5 2(1—a—0b)j
- 145
R T Ry M)

To provide a basis for an equilibriur@,andjl have to meet two conditions:
(1) j < j1 which implies that

1 < and <3

the condition ory, given in the proposition.
(2) 71 < 1 which — following from the first condition — impIiengu < 1. This
condition holds ifu < 1/2. Again, there is no room for maleg; = 1. g.e.d.

14



Proof of Proposition 2:
A hermaphrodite spends: e on eggs andl — \) - e on matings.
The RS of a male of qualityis given by

i(1 —a)d,,

whered,,, denotes the expected number of a male’s female partnerharilS of a
hermaphrodite of quality under assortative mating is given by

201 —a—0b)i+i(1 —a)d, =2X1 — p)(1 —a)i + (1 — a)dp,

whered,, denotes the expected number of a hermaphrodite’s femaiegpaCom-
paring these expressions we obtain

i(1 —a)d,
= dm,

2A(1 = p)(1 —a)i+i(1 —a)d,
IN(1 — 1) + dy,. (2)

NN

That is, the difference in male and hermaphroditic successdependent of
individual quality. Therefore, a pure strategy equililniwvill either result in fe-
males and hermaphrodites or in females and males. Thus\e tire proposition’s
claims it suffices to show under which conditions a poputatiith hermaphrodites
who mate with females is stable against male invasion andrumbich conditions
a female-male population is stable against hermaphraditasion. Thus, indepen-
dent of equilibrium structure we haye = js.

For the female-hermaphrodite equilibria, the populativnctures are similar
to those of Proposition 1.:

(1) Females accept all hermaphrodites as partners andafldoals below; are
female and all individuals aboveare hermaphrodites. The individual of quality
j is indifferent between being female or hermaphroditic, aihilefines threshold
quality j as

2
AN —p)—3

j= (1 — 1) — /D= 2 13— A(1 — ).
For A = 1 this expression is equal to that in proposition 1.

(2) Females accept only hermaphrodites abgwehich leads to a three-layer
population structure: All individuals below are female, individuals ify, j;) are
hermaphrodites that do not mate with females, anfg,irl] there are hermaphro-
dites that do mate with females.

Since individualj needs to be indifferent between being female, earning a RS
of (1 —a)(j; 4+ 1)/2, and being a hermaphrodite who mate reciprocally and assor-
tatively only, earning a RS &fA(1 — p)(1 — a)j, we obtain

1+

izm-
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For males to be able to invade, they need to do better thanetimeaphrodites
who mate with females. The expected number of matings witrafes for a her-
maphrodite isi;, = hi whereh* varies according to the equilibrium. A male that
invades the population mates witly, = xd,;, females (cf. page 7). Therefore, from
(2) we know that a male can invade the population if

f f
2 oS 9901 = 2
33 > 2\(1 — p) + e 3)
If females accept all hermaphrodites as partners, comdj#iptakes the form
‘ J
T (1—M)+1T2- 4)

If females only accept the top hermaphrodites as partrfegs, condition (3) takes
the form , ,
J J
1_]_1>2)\(1 ,u)+1_j1, (5)
wherej, j; have to be substituted according to the threshold values fn@posi-
tion 1. Inequalities (4) and (5) lead to the equilibria intgak through 3 of Propo-
sition 2.

We now turn to proving the specific parts of the proposition.

xz

Part 1.
Here (4) is the relevant mequahty with
j = 4A(1_#)_3(/\(1 — 2\/4)\2 (1 —p)2+3—4\(1—p)). Therefore a fe-
male/hermaphrodltlc populatlon is stable (i.e., maleshoamvade) if
J J
= < 2(1 — =
T < ( M)Jrl_Z
l—y
sr < 14 (1—p2——=
J
- ANF(1 — p)? —4N(1 — ) (2A(1 — p) — 1)4/422(1 — p)2 + 3 — 4\ (1 — p)
T
B 2AM(1 — p \/4)\2 )24+ 3 — 41— p)

_ 2_ _ _
which proves the claim. Ik = 1 the relevant threshold is given by< V24 an* Tt 2uy/3—dntdp® —tu
2-2u—/3—dp+4p?
Part 2.

Here (5) is the relevant inequality wheje= 4;(J{5;1“); the proposed three-layer
population only exists ift < 1 — QA, (A > ) andj, > m The condition
for a purely female/hermaphroditic populat|on to be stable

J J

r———— < 2(1—p)+ ——
7, (1—p) —7

& < 14 (1—pp—=
j

8A\2(1 2(1 —

N v < 1 ( M)ﬁ( J1)

IL+5n



which proves the claim.

Part 3.
The three-layer equilibrium with females and hermaphesddan be invaded if (5)
holds which implies that

BXA(L = w)*(1— 1)

r>1+ =
I+

In that case males had an incentive to replace those herodifgy whose quality
is abovej,; females’ and intermediate hermaphrodites’ incentiveshat modified
by that change as their RS only depends on the fact that thenmale functions
abovej; and is independent of the provider’s sex choice.

Thus, ifxr > 1+ SAZ(%&“‘M there can be an equilibrium with females below
J, purely reciprocal hermaphrodites i j;), and males abovg,. As j; = j,
andj, denotes the threshold between hermaphrodites and malesplaeej, by
jo for the remainder of the proof. This equilibrium however kcbbe invaded by
hermaphrodites. Now, the considerations leading to (5¢ abe undertaken from
male perspective.

If there are males only abovg, their average number of matingsds = %
A hermaphrodite invading this population would ha¥je = 1d,, matings with

females according to (2). Thus, a hermaphrodite can invaglpapulation if

dpm < 2X1—p)+dy
1
& LA 2/\(1—u)+—i
m xrm
e a-YHZl o o aa-p
If we substitutej we get
1+ o ) 1+ 7
x — =2 (1—p) ) < —
(= 200) < =5t
where the bracket is positive as longjas> ]ﬁiﬁ;(g:gf Thus, if j, sufficiently

high, hermaphrodites can invade the population if

v < 1+ jo
L+ ja — 8A%(1 — p)*(1 — j2)

which proves the claim.
Part 4. As we have already shown that males will invade a two-laygrupo
AN (1—12)2 =AM (1) + (2N (1—p1) — 1) 4 /AN2 (1—2)2+3— 4N (1— )
2A(1— 1) — /AN (1—p)2+3—AX(1—pa)
when a female/male population would be stable. Hermapte®dannot invade a
female/male population if

lation if z > , it remains to show
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1
Los oo+ id
m rm
J 1 J
& T 2 ( ,u)+x1_l. (6)

where;j needs to be determined. Female RS is given by

I+

(1-a)—;

and RS of an individual of qualityis given by

)
(1—a)yi—.
11—y

Therefore the threshold qualifycan be determined by the indifference condition

14+ J
1_ = — 1_ =
-0t - -
1

s j=—=

=

If we substitute;j into inequality (6), we see that it can only hold (even if~ o)

ifpu>1-— m If we solve (6) forz, we get that hermaphrodites cannot invade

the population itz >

1
A—22(/3-1)(1—p)" g.e.d.
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