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abstract: Sex change is a relatively rare phenomenon among an-
imals. While classic theory has been successful in assessing the adap-
tive significance of sex change and predicting within-species patterns,
it does not explain why more animals are not sex changers. A possible
explanation for the rarity of sex change is that costs such as decreased
reproduction due to gonadal reconstruction favor separate sexes, or
dioecy. These costs, however, have not been studied empirically or
theoretically. Here, we investigate whether costs of changing sex can
favor dioecy. Our analyses suggest that dioecy is favored only when
costs of changing sex are large. Moreover, the fitness effect of costs
and the strength of male size advantage are not static but change
with the population composition, resulting in a dynamic evolutionary
game between sex change and dioecy. We conclude that costs of
changing sex alone are unlikely to explain the observed rarity of sex
changers. Instead, assessing mating systems comparatively and quan-
titatively and identifying correlates selecting for and against sex
change are necessary to understand why some species change sex
while others do not.

Keywords: dioecy, evolutionarily stable strategies, game theory, se-
quential hermaphroditism, sex allocation, sex change.

Introduction

The allocation of resources to male and female reproduc-
tive function (i.e., sex allocation) is an important theme
in life-history theory (Charnov 1982b). A striking example
of sex allocation strategies is sequential hermaphroditism,
often referred to as sex change or sex reversal. This re-
productive strategy has been documented and studied in
diverse groups of animals ranging from mollusks and crus-
taceans to teleost fishes (Charnov 1982b; Policansky 1982;
Wright 1988; Heller 1993). The definitive phylogenetic dis-
tribution of sequential hermaphroditism and how it orig-
inated along the tree of life is not yet elucidated. Never-
theless, while sex change is common in some taxonomic
groups, it is rare or absent in most. Teleostei, for example,
harbors the majority of sequentially hermaphroditic ani-
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mals studied so far; however, only 19 out of about 450
teleost families include sex-changing fishes (Helfman et al.
1997; Sadovy de Mitcheson and Liu 2008). Similarly, many
species in the teleost family Labridae are known to be able
to change sex (e.g., Okada 1962; Dipper and Pullin 1979;
Warner and Swearer 1991; Gillanders 1995), while it seems
to be very rare in a closely related freshwater family, Cich-
lidae (e.g., Carruth 2000). Such disparities between groups
of animals raise the question of why some species evolved
to be able to change sex while other closely related species
did not.

If this question were analogous to a coin, one side of
it would focus on the presence of sequential hermaph-
roditism and ask why some species evolved to be able to
change sex, and the other side would focus on the absence
of sequential hermaphroditism and try to understand why
other species did not evolve to become sex changers. Re-
search using the first side has contributed most to our
understanding of the adaptive significance of sex change.
Early theoretical work on this subject was motivated by
the “size-advantage hypothesis” (SAH; Ghiselin 1969),
which argued that sequential hermaphroditism would be
adaptive if sexes differ in the relationship between size or
age and reproductive fitness. Numerical as well as analyt-
ical studies (Warner 1975; Warner et al. 1975; Leigh et al.
1976; Charnov 1982b) predicted conditions that would
select for protogynous (“female-first”) and protandrous
(“male-first”) hermaphrodites, investigated the appropri-
ate timing for sex change, and laid a strong theoretical
foundation to understand sequential hermaphroditism.
Further empirical and theoretical research (reviewed in
Munday et al. 2006a) led to suggestions to incorporate
stochastic processes (Aldenhoven 1986; Rogers and Sar-
gent 2001; Rogers 2003) and skewed female fecundity dis-
tribution (Muñoz and Warner 2003; but see Clifton and
Rogers 2008; Warner and Muñoz 2008) to better explain
the observed pattern and timing of sex change. In an-
swering the main question of why some species evolved
to change sex, however, the SAH has not been seriously
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Figure 1: A basic model of sequential hermaphrodites (A) and dioecious
individuals (B). A, A sequential hermaphrodite starts its reproduction as
female, changes sex at age a, and reproduces as a male until the end of
its reproductive lifetime. B, A female and male dioecious life history is
obtained by shifting a to very late or very early, respectively, in repro-
ductive lifetime.

challenged in the almost 4 decades since Ghiselin proposed
it.

While existing theory has been very successful in ex-
plaining the presence, pattern, and timing of sex change,
we still have little understanding of why sequential her-
maphroditism is absent in the majority of animals. As-
suming no differential growth or mortality between sexes,
the SAH predicts that sex change would be absent only if
the relationship of size or age with reproductive fitness is
identical for both sexes (i.e., if there is no size advantage;
Leigh et al. 1976). In this scenario, a strategy of changing
sex at an age that yields maximum fitness returns (i.e.,
optimal age of sex change) would have just equal fitness
as a dioecious strategy. However, as the optimal age of sex
change would change with mortality from one generation
to another, the optimal sex-changing strategy for one gen-
eration would be suboptimal in the next (i.e., would have
lower fitness than the dioecious strategy). Therefore, Leigh
et al. argued, this “genetic penalty” would disfavor se-
quential hermaphroditism in the lack of a size advantage
in fitness.

The prediction of the SAH that hermaphroditism would
be favored in any case except when the size/age-fecundity
relationship is identical for both sexes suggests that sex
change should be more common. Dioecious organisms
with differential male and female size-specific fitnesses,
therefore, indicate that current theory does not convinc-
ingly explain why more animals are not sex changers (War-
ner and Lejeune 1985; Charnov 1986; Shapiro 1987; War-
ner 1988a, 1988b). Several potential explanations were
proposed, all of which involved a different kind of cost
decreasing the fitness of sex-changers relative to dioecious
individuals. Charnov (1986) predicted that sex-specific
costs associated with reproduction, such as mortality or
growth cost, could result in trade-offs, offset the repro-
ductive gains of sex changers, and select for a dioecious
life history even in the presence of a size advantage. Char-
nov’s conclusions were later challenged by Iwasa (1991).
Iwasa, however, investigated whether trade-offs could re-
sult in an early sex-changing strategy and did not explicitly
analyze how trade-offs affect the stability of sequential
hermaphroditism against dioecy. Based on their obser-
vations of mating systems of four wrasse species, Warner
and Lejeune (1985) suggested that in addition to trade-
offs, paternal investment to reproduction, such as nest
construction and egg care, could weaken the size advantage
and reduce the selection for sequential hermaphroditism.

Finally, sex change per se may involve costs that only
hermaphrodites have to pay, such as physiological and
hormonal complications of restructuring gonads and re-
producing as both sexes (Bull and Charnov 1985; Hoffman
et al. 1985). Though it has been suggested that costs of
changing sex could explain the rarity of hermaphrodites

(Warner 1978, 1988b; Charnov 1986), these costs and how
they might disfavor hermaphroditism have not been in-
vestigated, theoretically or empirically. In this article, we
use an extended version of Charnov’s life-history model
(1986) to investigate how reproductive costs of changing
sex alter predictions of the classic theory on the evolu-
tionary stability of sequential hermaphroditism against
dioecy, and we examine how these results change across
different scenarios.

The Model

We extend Charnov’s model (1986), as it provides a simple
way to test for the evolutionary stability of sequential her-
maphroditism in a variety of scenarios by using a single
framework for both hermaphroditic and dioecious repro-
ductive strategies. In this framework, hermaphroditic in-
dividuals start reproducing as females, do so until they
change sex at a later age a, and reproduce as males from
that age on (fig. 1A). Here, the reproductive allocation of
hermaphrodites changes with a. The evolutionarily stable
strategy (ESS) value for a represents the evolutionarily
stable protogynous life history. In contrast, a dioecious life
history is composed of pure females (analogous to never
changing sex; ; fig. 1B, left), and pure males (anal-a p �
ogous to immediately changing sex; ; fig. 1B, right).a p 0
In this case, the reproductive allocation of dioecious in-
dividuals changes with the offspring sex ratio. The ESS
value for the sex ratio r represents the evolutionarily stable
dioecious life history.

Here, we extend this model to build a theoretical frame-
work, which we use to calculate the fitness of a sex-chang-
ing mutant in a dioecious population (and vice versa),
while ensuring “self-consistency,” that is, equality of total
male and female fitnesses (Fisher 1930; also see Houston
and McNamara 2002). We first investigate a baseline sce-
nario with a size advantage in fertility for males and no
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Table 1: Key variables used in the model

Variable Definition

m Male fertility constant
f Female fecundity constant
r Primary sex ratio of offspring (female/male) of

dioecious individuals
a Age of sex change
t Final age of reproduction
z Mortality constant
b Shape parameter for age-specific male fertility

and the size advantage
s Proportion of sex changers in a population
p Length of the period of ceased reproduction fol-

lowing sex change
l Decrease in reproduction
E Average number of eggs produced in the

population
S Average number of sperm produced in the

population
Fh Average female fitness of a sex-changing

individual
Fd Average female fitness of a dioecious individual
Mh Average male fitness of a sex-changing

individual
Md Average male fitness of a dioecious individual

cost of changing sex, where current theory predicts the
evolutionary stability of hermaphrodites. Then we impose
various types of fitness costs on sex changers to see how
predictions of the baseline scenario are altered.

The Baseline Model: No Cost of Changing Sex

This model investigates the fate of a rare protogynous
hermaphroditic mutant in a dioecious population and of
a dioecious mutant in a hermaphroditic population. Key
variables used in the model are given in table 1. We assume
that the period before maturation affects hermaphroditic
and dioecious fitness similarly and therefore focus our
analyses exclusively on the postmaturation period (“re-
productive lifetime”). Ages 0 and t denote the beginning
and the end of an individual’s reproductive lifetime, re-
spectively. Protogynous hermaphrodites reproduce as fe-
males until age a and then switch to reproducing as males
until t. On the other hand, dioecious individuals reproduce
either as females or as males during their entire repro-
ductive lifetime and give birth to offspring with a female
to male ratio of r. In this evolutionary game between sex
changers and dioecious individuals, the age of sex change
a and the primary sex ratio r are free to evolve, and stable
strategies are found as a function of a and r.

We implement a simple male size advantage through
sperm competition, where larger males produce more
sperm and fertilize a greater proportion of eggs compared
with smaller competitors. We link an individual’s size to
its age and assume that growth is deterministic (i.e., older
individuals are also larger) and that male fertility increases
with age. We denote the age-specific male fertility by mxb,
where m is the male fertility constant, x is age, and b is
the shape parameter. For simplicity, we assume that female
fecundity remains constant throughout the reproductive
lifetime; this is denoted by . With constant female fecun-f
dity, male fitness increases with age at a faster rate than
does female fitness, resulting in male size advantage. Here,
the shape parameter for the age-specific male fertility, b,
determines the strength of size advantage. Finally, we as-
sume that the age-specific probability of survival is equal
for both sexes, denoted by , where x is age and is�zxe z
the mortality constant.

With these assumptions, in a population with a pro-
portion s of protogynous hermaphrodites that change sex
at age a and a primary sex ratio of r for dioecious indi-
viduals, the average number of eggs, E, and sperm pro-
duced, S, are found:

a t

�zx �zxE p s e fdx � (1 � s)r e fdx, (1)� �
0 0

t

�za �z(x�a) bS p se e mx dx�
a

t

�zx b� (1 � s)(1 � r) e mx dx, (2)�
0

where the terms before and after addition are the contri-
butions of sex changers and dioecious individuals, re-
spectively, to egg and sperm pools.

The average female fitness of a protogynous mutant
changing sex at age is given:′a

′a

′ �[E/(S�1)] �zxF (a , a, r) p e e fdx, (3)h �
0

where denotes the proportion of the egg pool that�[E/(S�1)]e
is fertilized. Again, the exponential function is chosen for
mathematical convenience and ensures that the term ap-
proaches 0 (i.e., very few eggs are fertilized), if there are
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too few sperm relative to eggs, and 1 (i.e., almost all eggs
are fertilized), if the total number of sperm greatly exceeds
egg production.

Similarly, the average male fitness of a protogynous mu-
tant changing sex at age is′a

t

E′ ′′ �za �z(x�a ) b �[E/(S�1)]M (a , a, r) p e e mx e dx, (4)h � S � 1
′a

where is the number of eggs a male fertilizes perE/(S � 1)
sperm he produces.

For a dioecious mutant with a primary sex ratio ,′r
fitness through male and female functions are found:

t

′ ′ �[E/(S�1)] �zxF (a, r , r) p r e e fdx, (5)d �
0

t

E′ ′ �zx b �[E/(S�1)]M (a, r , r) p (1 � r ) e mx e dx. (6)d � S � 1
0

To find the evolutionarily stable age of sex change and
primary sex ratio, we use the ESS criterion (Maynard
Smith 1982), which states that a strategy is evolutionarilyb

stable if no other strategy has higher fitness when rare in
a population composed of individuals that adopt . Thatb

is, a∗ and r∗ are the stable age of sex change and the stable
primary sex ratio, respectively, if

′ ∗ ∗�W (a , a , r )h p 0,′[ ] ′ ∗�a a pa

∗ ′ ∗�W (a , r , r )d p 0, (7)′[ ] ′ ∗�r r pr

where

′ ∗ ∗ ′ ∗ ∗ ′ ∗ ∗W (a , a , r ) p F (a , a , r ) � M (a , a , r ), (8)h h h

∗ ′ ∗ ∗ ′ ∗ ∗ ′ ∗W (a , r , r ) p F (a , r , r ) � M (a , r , r ). (9)d d d

The values a and r that satisfy equation (7) are the ESS
age of sex change and the ESS primary sex ratio, respec-
tively. We find the ESS set (a∗, r∗) for both (i.e., as p 0
rare sex changer in a dioecious population) and s p 1
(i.e., a rare dioecious individual in a sex-changing pop-
ulation). Using a∗ and r∗ in each scenario, we calculate
and compare the fitness of sex changers and of the di-

oecious, and , respectively, to∗ ∗ ∗ ∗ ∗ ∗W (a , a , r ) W (a , r , r )h, s d, s

investigate the stability of sex change against dioecy.
Sex change is stable against dioecy if

∗ ∗ ∗ ∗ ∗ ∗W (a , a , r ) 1 W (a , r , r ),h, sp0 d, sp0

∗ ∗ ∗ ∗ ∗ ∗W (a , a , r ) 1 W (a , r , r ). (10)h, sp1 d, sp1

Dioecy is stable against sex change if

∗ ∗ ∗ ∗ ∗ ∗W (a , a , r ) ! W (a , r , r ),h, sp0 d, sp0

∗ ∗ ∗ ∗ ∗ ∗W (a , a , r ) ! W (a , r , r ). (11)h, sp1 d, sp1

Partial satisfaction of these conditions implies the co-
existence of sex change and dioecy in the population, either
in a stable proportion or in a cycling fashion. While co-
existence frequencies of dioecy and hermaphroditism and
respective reproductive allocation strategies yields inter-
esting results, we do not explore coexistence conditions in
this study.

Below, we modify equations (1)–(4) to incorporate costs
of changing sex into the baseline model. The analyses pro-
ceed identically in all subsequent steps that investigate the
stability of sex change against dioecy.

The Effect of Costs of Changing Sex

We focus on three scenarios where sex change inflicts a
reproductive cost on hermaphrodites. First, sex change
involves a transitory period of gonad degradation and re-
construction (Hoffman et al. 1985; Iwasa 1991; Warner
and Swearer 1991), during which reproductive activity may
decrease. We assume that reproduction ceases in this pe-
riod and term it the “nonreproductive period” of length

. Second, a sex-changed individual may have decreasedp
reproduction compared with a dioecious individual of the
same condition, due to hormonal complications of repro-
ducing as both sexes in a lifetime (e.g., Bull and Charnov
1985) or potential inefficiencies of the process of gonad
reconstruction. We incorporate this scenario in our model
by decreasing the fertility of a sex-changed male by the
factor of . Finally, a decrease in reproduction due tolm

hormonal complications of reproducing as both sexes may
expand to a sex changer’s entire reproductive lifetime. For
example, sex changers may also have a decreased fecundity
by the factor of before sex change, in addition to al f

decrease in fertility after sex change. In our analyses of
this scenario, we assume a uniform decrease in reproduc-
tion throughout an individual’s reproductive lifetime (i.e.,

).l p lf m

We translate these biological scenarios into mathemat-
ical notations by changing equations (1) and (2) to
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a t

�zx �zxE p s e f(1 � l )dx � (1 � s)r e fdx, (12)� f �
0 0

t

�z(a�p) �z(x�a�p) bS p se e mx (1 � l )dx� m

a�p

t

�zx b� (1 � s)(1 � r) e mx dx (13)�
0

and equations (3) and (4) to

′a

′ �[E/(S�1)] �zxF (a , a, r) p e e f(1 � l )dx, (14)h � f

0

t

E′ ′′ �za �z(x�a �p)M (a , a, r) p e eh � S � 1
′a �p

b �[E/(S�1)]# mx e (1 � l )dx. (15)m

We investigate these different cost scenarios, and com-
binations thereof, by assigning 0 to one or more of the
cost parameters, p, lf, and lm. For instance, choosing

and corresponds to a scenario with al p l p 0 p 1 0f m

nonreproductive period alone, while assigning ,0 ! l f

, and corresponds to a lifetime decrease inl ! 1 p p 0m

reproduction.
We implemented the model with versions 5.2 and 6 of

Mathematica (Wolfram Research 2005, 2007). The Math-
ematica code we used in our analyses is available on re-
quest. In a population of sex changers and dioecious in-
dividuals, the ESS value for r depends on the ESS value
for a, and vice versa (eq. [7]), and the analytical solution
is recursive. Therefore, we analyzed the model numerically
using various parameter values. We investigated different
shapes for the size advantage by assigning different values
to b: for size advantage with diminishing returns, 1.00.5
for linear size advantage, and 1.5 for size advantage with
increasing returns. Furthermore, we investigated values for
the decrease in reproductive performance, , and the lengthl
of the period of decreased reproduction, , from top 0.0

in intervals of and from to t in intervals of1.0 0.1 0.0
, respectively. Also, we used a range of instantaneous10.0

mortality constants, , from very small values (i.e.,z z p
, which translates to about 0.05% mortality per�45 # 10

time unit) to very large values (i.e., , which trans-z p 0.2
lates to about 20% mortality per time unit). Expanding

this range did not significantly alter our results. It is im-
portant to note that biologically relevant mortality values
lie toward the lower end of this range, where survival rate
is high, individuals have a long reproductive lifetime, and
the size advantage provides sex changers with a substantial
fitness advantage. Similarly, we used various large values
for the length of the reproductive lifetime (i.e., t p

, , ) and the female fecundity constant (i.e.,200.0 500.0 750.0
, ) to investigate biologically relevant scenarios2 3f p 10 10

with a large number of opportunities to gain fitness, for
which the two life histories (i.e., sex change and dioecy)
compete. We ensured that there are many more sperm
produced than eggs by assigning values for the male fer-
tility constant m that are greater than (i.e., ,4f m p 10

). Different values for t, , and m yielded identical re-510 f
sults. Thus, we present only results of analyses with t p

, , and .3 5500.0 f p 10 m p 10

Results

In figures 2–4, the area between the Y-axis and a line (e.g.,
the shaded area in fig. 2A) denotes the parameter space,
for which the model predicts sex changers to have greater
fitness than dioecious individuals. We refer to this param-
eter space as “the parameter space favoring sex change”
and to the rest as “the parameter space favoring dioecy.”
Accordingly, sex change is evolutionarily stable in the pa-
rameter space favoring sex change when sex change is
common in the population (i.e., ). Conversely,s p 1.0
dioecy is evolutionarily stable in the parameter space fa-
voring dioecy when dioecy is common in the population
(i.e., ).s p 0.0

The baseline version of the model with no cost of chang-
ing sex agrees with the size-advantage hypothesis and pre-
dicts that sex change is always favored in the presence of
a size advantage, both as a rare mutant ( ) and thes p 0.0
native strategy ( ; fig. 2, , ; figs. 3,s p 1.0 p p 0.0 l p 0.0
4, ). We find, however, as we intuitively expected,l p 0.0
that reproductive costs of changing sex can cause dioecy
to be favored despite a size advantage (figs. 2–4). It is
important to emphasize that different scenarios for the
cost and different numerical values for parameters yield
quantitatively different results. Nevertheless, our analyses
point to several common qualitative patterns.

First, in biologically relevant cases (e.g., smaller mor-
tality values), costs of changing sex have to be large for
dioecy to be evolutionarily stable (figs. 2–4). In the nu-
merical scenario reported in figure 2C, 2D (with ),l p 0.0
for example, the nonreproductive period following sex
change has to span more than about 34% of the repro-
ductive lifetime for dioecy to be stable. Second, repro-
ductive costs have a stronger effect on sex change not only
when the size advantage is weaker (i.e., smaller values of
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Figure 2: Effects of the nonreproductive period following sex change alone ( ) and combined with a decrease in male fertility ( ) onl p 0.0 l 1 0.0
the parameter space, where the model predicts sex change (SC) to be favored over dioecy (DIO; parameter space favoring sex change). Individual
graphs represent predictions when sex changers are rare ( ; A, C) or common ( ; B, D) and at weaker ( ; A, B) or strongers p 0.0 s p 1.0 b p 0.5
( ; C, D) size advantage. The area between a line and the Y-axis represents the parameter space favoring sex change for the respective scenariob p 1.5
(e.g., the shaded area for , , and ). The pattern that dioecy is favored for very small mortality values when the cost is sufficientlys p 0.0 b p 0.5 l p 0.3
large is caused by the structure of our model that imposes a final age on reproduction.

b) but also when sex changers are very common in the
population (i.e., ). Accordingly, in all scenarios, thes p 1.0
parameter space favoring sex change decreases with in-
creasing frequency of sex changers in the population as
well as with the strength of size advantage (figs. 2–4). The
degree of decrease in the parameter space favoring sex
change with increasing frequency of sex changers, however,
depends on the type of reproductive cost involved. In the
case of a lifelong decrease in a sex changer’s fecundity and
fertility, the parameter space favoring sex change is nearly
identical when sex changers are very rare or common (fig.
4). When the cost of changing sex involves a decrease in
fertility following sex change, on the other hand, the pa-
rameter space favoring sex change decreases dramatically
with increasing frequency of sex changers in the popula-
tion (fig. 3). In sum, costs of changing sex have a weak
effect on the evolutionary stability of dioecy against sex
change, and the fitness effect of a cost depends on the
strength of size advantage, the type of cost, and the fre-
quency of sex changers.

Discussion

Here, we formally confirm the prediction that reproductive
costs of changing sex can outweigh the selection for her-
maphroditism through size advantage and favor a dioe-
cious life history. We find, however, that these costs favor
dioecy only when very large. Accordingly, we have fre-
quently encountered scenarios where sex change is favored
despite a large cost (see “Results”; figs. 2–4). These results
indicate that costs of changing sex alone are not likely to
explain the observed rarity of sex change. Central to ex-
plaining why costs of changing sex have a weak effect on
the presence of sequential hermaphroditism is the biolog-
ical fact that every offspring has exactly one mother and
one father, and therefore, the total fitness through male
and female functions in a population must be equal (Fisher
1930). Our model demonstrates that this requirement of
self-consistency (Houston and McNamara 2002) is crucial
not only to building a biologically sound model but also
to capture an accurate picture of how different compo-
nents (e.g., costs of changing sex, size advantage) interact
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Figure 3: Effect of a decrease in male fertility following sex change on the parameter space favoring sex change (SC) over dioecy (DIO), when sex
changers are rare (A; ) or common (B; ), for various values for the strength of size advantage ( to ). The area between as p 0.0 s p 1.0 b p 0.5 1.5
line and the Y-axis represents the parameter space favoring sex change for the respective scenario (see fig. 2 for an example).

within a system. Self-consistency affects the selection con-
sequences of a cost of sex change in two ways.

First, in a self-consistent scenario, age-specific fitness
returns of a sex-changed male are not static but increase
with the cost, depending on the type of cost involved. In
the case of a nonreproductive period following sex change,
for example, reproductive opportunities lost in this period
create greater opportunities for those who survive beyond
it (i.e., sex-changed males; fig. 5). Consequently, while a
nonreproductive period causes a sex changer to lose fitness,
increased fitness returns following sex change diminish the
decrease in total fitness. The cost of changing sex, however,
affects the age-specific fitness in a frequency-dependent
way, and the increase in age-specific male fitness becomes
limited, as sex changers get rarer in the population (not
shown).

Second, the effect of a cost on sex change is also not
static but changes in a frequency-dependent way and is
weakest when sex changers are rare in the population.
Accordingly, the parameter space favoring sex change is
greatest when sex changers are rare and smallest when sex
changers are common (figs. 2–4). A reproductive cost af-
fects the presence of sex change not only directly by de-
creasing a sex changer’s total fitness but also indirectly by
creating an opportunity for dioecious individuals, who do
not pay the cost of sex change, to do better where sex
changers do worse. In a population composed of sex

changers, for example, a reproductive cost that reduces
male fertility after sex change increases the fitness returns
for a dioecious male that does not pay such costs. Con-
sequently, a rare dioecious mutant increases its fitness by
adopting a male-biased primary sex ratio (not shown).
However, as sex changers become rarer in the population
and there are fewer individuals that pay the reproductive
cost of changing sex, the effect of a cost on the presence
of sex change becomes weaker, helping sex change to per-
sist in a population.

It is important to note that in this study, we analyzed
whether a sex-changing or dioecious mutant could initially
spread in a dioecious or sex-changing population, respec-
tively, given a reproductive cost of changing sex, but we
have not explicitly investigated the evolutionarily stable
population composition. We encountered scenarios where
dioecy (or sex change) is predicted to spread as a rare
mutant and to be as stable as the native strategy and,
therefore, be the evolutionarily stable strategy in the pop-
ulation. In all versions of the model we investigated, how-
ever, the parameter space favoring sex change is greater
when sex changers are very rare than when they are very
common (figs. 2–4). This implies that there is a parameter
space where sex changers are favored when rare but dis-
favored when common. Here, the model predicts dioecy
and sex change to coexist in the population. Conditions
leading to coexistence of a dioecious strategy with sex
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Figure 4: Effect of a lifetime decrease in female fecundity and male fertility on the parameter space favoring sex change (SC) over dioecy (DIO),
when sex changers are rare (A; ) or common (B; ), for various values for the strength of size advantage ( to ). The areas p 0.0 s p 1.0 b p 0.5 1.5
between a line and the Y-axis represents the parameter space favoring sex change for the respective scenario (see fig. 2 for an example).

changers have been empirically and theoretically studied
in the context of alternative dioecious male strategies in
protogynous species (Warner and Hoffman 1980; Charnov
1982a; Munday et al. 2006b). We will explore this aspect
of our model in further studies.

A clear message from this study is that the effect of a
cost on the selection for sex change depends on the type
of cost. Therefore, it is essential to identify these costs in
nature. Furthermore, the evolutionary stability of sex
change depends on the strength of size advantage, the
amount of cost, and its fitness consequences, which in-
dicates that we have to quantitatively and comparatively
assess these components if we are to understand why sex
change is absent in most animals but present in some. To
this end, more empirical work is needed. There are, how-
ever, several difficulties associated with studying the effects
of costs on the selection for sex change. First, quantifying
the size advantage and comparing the strength of selection
for sex change across species can be challenging. To detect
the size advantage in protogynous coral reef fishes with
male alternative reproductive behavior, some researchers
have compared the reproductive success of small mature
males to that of females of similar size (Warner and Le-
jeune 1985) or of large territorial males (Hoffman et al.
1985). In other sex-changing species, smaller males that

adopt alternative reproductive behavior can be rare or
missing (e.g., Jones 1981; Warner 1988a). In these species
with limited opportunities to make meaningful inter- and
intrasexual comparisons of reproductive success, detecting
and quantifying the size advantage can be very difficult.

Second, determining the types of reproductive costs of
changing sex and quantifying their fitness effects are in-
herently difficult, since there are no known animals with
dioecious and hermaphroditic populations, where the
costs associated with sex change can be directly measured.
There are, however, other systems that can potentially be
used to explicitly study costs of sex change. Some her-
maphroditic species exhibit two ways of becoming a large,
territorial male: maturing as a female and changing sex
when sufficiently large or maturing as a small male and
attaining territorial status later in life (for references, see
Charnov 1982a). Comparisons of reproductive success of
these two types of males at similar sizes may help to detect
and quantify reproductive costs of sex change. Addition-
ally, some types of costs, such as the period of decreased
reproduction, can be relatively easily detected, measured,
and compared across sex-changing species. Accordingly, a
period of decreased reproduction during and after sex
change has been documented in a variety of species, and
its length varies from days to years (Hoffman et al. 1985).
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Figure 5: A, Classic visual representation of the size-advantage hypothesis (modified from Warner 1975). If female (gray) and male (black) age-
specific fitness trajectories intersect, a sex-changing life history (thick gray followed by thick black) is favored. B, Effect of a nonreproductive period
following sex change on the age-specific fitness trajectory of a sex changer in a self-consistent framework. Gray and black correspond to female
function and male function, respectively. A hermaphrodite follows the female trajectory changes sex at the age that corresponds to the solid circle
(no cost), square (higher cost), or star (highest cost), resumes reproduction at the age that corresponds to the respective symbol, and follows the
solid (no cost), dashed (higher cost), or dotted (highest cost) male trajectory. (Parameter values: ; , , ; ;z p 0.002 p p 0.0 100.0 300.0 t p 750.0 f p

; ; ; ; .)100.0 m p 100,000.0 b p 1.0 s p 1.0 r p 0.5

An important caveat, however, is that life-history theory
predicts that an extended period of decreased reproduction
could also result from stochastic changes in the optimal
timing of sex change (Rogers 2003) or from investment
to growth to avoid a mortality cost of reproduction (Iwasa
1991) or to quickly attain a larger size under intense com-
petition for good territories (Hoffman et al. 1985) and
therefore be adaptive. Clearly, it is crucial to tease apart
the costly period of gonad reconstruction from adaptive
changes in the timing of sex change in order to understand
its effect on the fitness of sex changers.

Costs of changing sex always select against sequential
hermaphroditism and could result in a dioecious life his-
tory. Our analyses confirm this intuitive prediction but
indicate that costs of changing sex alone are not likely to
explain why more animals are not sex changers. Alter-
natively, while some mating system correlates such as ter-
ritorial behavior or haremic social structure select for sex
change, it has been suggested that others such as parental
care (Warner and Lejeune 1985) may select against it. We
suggest that it is essential to quantitatively assess her-
maphroditic and dioecious mating systems through com-
parative, experimental, and theoretical studies and identify
correlates that select for and against sex change in order
to understand the rarity of sex changers in nature. Finally,
a hermaphroditic or dioecious life history is the result of
a dynamic evolutionary game between sex change and
dioecy, where the fitness effects of costs (figs. 2–4) and
the strength of size advantage (fig. 5B) change with the

population structure due to self-consistency. It is impor-
tant to emphasize that self-consistency is not only an in-
dispensable property of a biologically sound model but is
also crucial to capture interesting and relevant dynamics
within a system. Here, understanding these dynamics is
essential to explain why costs of changing sex have a rel-
atively weak effect on sex changers and therefore cannot
explain the rarity of sequential hermaphroditism in nature.
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