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Sex Change and Sexual Selection

The reproductive biology of a labrid fish is used

to illuminate a theory of sex change.

Robert R. Warner, D. Ross Robertson, Egbert G. Leigh, Jr.

Many writers have discussed sequential
hermaphroditism, wherein individuals are
all born of one sex and change to the
other as they grow older, in terms of its
advantage to the species (/). Ghiselin (2)
shifted the focus by suggesting that if
members of one sex increase in fertility
more rapidly with age than those of the
other, then natural selection will favor a
genotype whose individuals are all born
into the sex that suffers less from being
young (the sex whose fertility increases
more slowly with age) and then change to
the sex that gains more from being old
and large. Simulations of Warner (3) have
verified Ghiselin's suggestion. The change
of sex may be strictly genetically con-
trolled, or triggered by external events
such as the loss of a dominant male from
a harem (4), or it may be effected by some
combination of the two mechanisms.

Here we present a unified mathe-
matical theory, in terms of selection on
individuals, of the circumstances favoring
sex change. We discuss the intrinsic dis-
advantage of changing sex, the conditions
that reverse this disadvantage, and the
optimum age of changing sex when one
sex does gain fertility' more rapidly than
the other. Finally, we consider the extra-
ordinary male dimorphism, involving
small nonterritorial males and large ter-
ritorial ones, that can arise when a run-
away sexual selection among the members
of the transformed or older sex (usually
male) permits a small difference in size or
age to confer a disproportionate differ-
ence in fertility. This is similar to the
dimorphism between male red deer with
and without antlers discussed by Gadgil
(5). We believe, however, that the selective
mechanism maintaining sexual dimor-
phism in sex-changing fish is more obvi-
ous and easier to explain,

The bluehead wrasse, Thalassoma bi-
fasciatum, which lives on coral reefls
throughout the western Atlantic, striking-
ly illustrates the type of polymorphism we
wish to explain. This species has a mating

system that closely resembles that of
lek-forming birds and mammals (6): each
day near midday females visit a restricted
area in which up to several dozen large
brightly colored males hold temporary
spawning territories, and choose the
largest and most brightly colored of these
males for mating. Sexual selection, which
is extreme in such leks, results in difTer-
ences in fertility among the territorial
males far greater than one would expect
from the dilferences in their sizes, and as
Ghiselin predicts, we find individuals in
this species that are born female and turn
male when large enough to compete suc-
cessfully as territory holders.

The more definite the females tend to
be in their choice (that is, the greater the
gain of fertility with size in the males), the
larger one must be to compete successful-
ly, so the later one should change sex. In
some situations where strong sexual selec-
tion has led to a very low proportion of
territorial males, there exist some indi-
viduals that are born as males, and while

- they are young they live, in effect, by

circumventing the territorial hierarchy
rather than competing in it. They do this
by actively interfering in the spawning
activities of territorial males. In the
second part of the article, we relate our
theory to the natural history of this
wrasse.

Intrinsic Disadvantages of
Hermaphroditism

There is likely a physiological cost to
changing sex, although we have no in-
formation on its magnitude. There is also
a purely genetic penalty to sex change: if
death rate and the proportionate gain of
fertility with age are the same in each sex,
then an allele whose bearers are all born
female and turn male at age T will nor-
mally be displaced by a gonochore allele
whose bearers are born male and female
in equal numbers and do not change sex.

The hermaphrodites can hold their own
only if they change sex at just the age at
which half the reproductive value of a
cohort of gonochore females all born at
once would have been exhausted—that
is, the age at which this cohort has made
exactly half of its eventual contribution
to the gene pool of future generations—
and this is infinitely improbable.

To show this, we consider a single locus
with two alleles, A and B, in a population
of sexual haploids. Assuming haploidy
greatly simplifies the mathematics with-
out affecting any conclusions of biological
interest. Let Nam(1), Nad!), Npm(?), and
Npgi(t) be the numbers of A males, A le-
males, B males, and B females at time (.
Let the offspring of matings between A
and A be gonochores (which do not
change sex), hall of them male and half
female, while the offspring - of matings
between B and B are all females which
turn male at age T, and a quarter of the
offspring of matings between A and B are
male A gonochores, another quarter are
female A gonochores, and the remaining
half are B females which turn male at age
T. Suppose that a male of any age alive at
time 1 has a chance pAt of dying before
the slightly later time ¢ 4 At, while a fe-
male alive at time ¢ has chance AAr of
dying before 1+ At. Finally, let an in-
dividual's fertility be e’* times that of an
individual of the same sex but x time units
younger.

Assume that the population consists
almost entirely of hermaphrodite B-
bearers, whose age composition is static
and whose numbers do not change with
time, while the A-bearing gonochores are
rare enough to have a constant logarith-
mic growth rate yet common enough to
have attained a stable age distribution.
Then the logarithmic growth rate ¢ of the
numbers of A-bearers represents the
selective advantage of A over B. These
assumptions permit us to find the average
selective advantage of a rare gonochore
allele without worrying about fluctuations
in age composition and the like.

Since hermaphrodites are so common
‘that they mate essentially only with each
other, we may write

dNBf/dl = -ANpr+
rVem{)Npel ) Vol 1)Noil1) -

re M Vgo(t-T)Npm(-T)Vo(t-T)Np1-T)
)
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where N is the per capita death rate
among females, Vp,(7) is a relative mea-
sure of the average fertility per head
among B males at time ¢, Vg is the same
for B females, the second term on the
right is the number of B born per unit
time at time ¢, and the third term on the
right is the number of B females turning
male per unit time at time ¢, which is the
number of B females born T time units
before times the proportion e*7T which
survive to change sex. Since we have as-
sumed that the numbers and age com-
position of B are constant, we may
rewrite Eq. | as

0= dNBr/dl = ~ANps +
r(l-e*)WVpuNpmVerNer  (2)

where the Vs as well as the N’s are con-
stant. Similarly,

0= ngm/df = puNgm +

re M VemNpmVerNer  (3)

where u is the male death rate: the num-
ber of B males dying just balances the
number of B females changing sex.

The number of x-year-old B females in
the population is the number born x
years ago times the proportion e sur-
viving to age x: since the same number of
B are born each year, e measures the
relative number of B females aged x. Call-
ing e®* the relative fertility of a female
aged x, then

T
S ereMdx
VBf = 0—'-"7—-'—— (4)
S eMdx
[}
If X740 = bTebx is the relative fertility of
amaleaged T + x, then

.,
e”Tf ebxerxdx
-0

f edx

[

(5)

Vom =

Gonochores are so rare that they can
mate essentially only with hermaphro-
dites, If matings between A males and B
females produce rVanN am¥V Vs ofTspring
per unit time, of which a quarter are A
males and a quarter A females (the other
half being B females), and if matings be-
tween B males and A females produce
rVemNemVarNar offspring of the same
genetic composition as before, then

dNarfdt = cNar= -ANac +
Ur(VAiNAtVBmNam + VamNamVeiVer) (6)
dNam/dl = cNam = —pNam +
Ur(VAiNAtVBmNBm + VamNamVeiVer) (7)
Both V., and Vi are constant because
the age composition of the A’s is un-

changing. Since e<* times as many A
females were born x time units ago as

now, and since a proportion e of these
have died, there are e“*+9* times as many
x-year-old as newborn females in the
population, so

S ebre-hrandy
0

./‘e (’\{»t"-‘dx
0

Var =

(3)

To find Vam, substitute u for A in Eq. 8.

To calculate the selective advantage ¢
of A over B, notice first that Eqs. 6 and 7
imply (A 4 )Nar = (£ 4+ )Nam, OF Npm =
(A + c)Nar/(u + c). Substituting for Nppm
in Eq. 6 and rearranging, we write

d
—logNar=c=-A
a OgNAr= € +

Ver [VA[VBmNBm + (2_1%) VAm anst]
)]

Eq. 2 implies A = (1 -e?")VyiVgnNpm
while Eq. 3 implies 4 = re* Vy,VpNpr.
Substituting for VpnNpn and VN in
Eq. 9, we may write

d_logNM= c=-A+
di

A Var A+ ") Hu Vam
41 -e) Vg p4c/ 4eMN Vg,
(10)

One solves this equation by successive ap-
proximations. Find the first approximation
for dlogNar/dt by setting ¢ = 0 on the right
side of Eq. 10, then plug this first approxi-
mation for ¢ in on the right to find a
second, and repeat the process until
successive approximations no longer differ
sensibly from each other. However, it is
not our business here to pass through
this vale of tears: the first approximation
to dlogNar/dt tells us the direction of
selection, which is all we need to know in
this article.

Were ¢ = 0, Var/ Vgrwould be (1 - e*T)/
(1 - e®-NT) and Van/Vamwould be b7,
Substituting for these ratios in Eq. 10,
we find dlogNai/dt > 0 and A favored
over B if

A + A
4[1 - eb-NT]  4elb-NT
This inequality may be rearranged as
)\“ _ ze(b-)«)T]z
4eb-NT]| _ fb-NT] >
Gonochores are favored over hermaphro-
dites unless e>-MT - % which happens if
hermaphrodites turn male at just the age
where half the reproductive value of a
cohort of equal-aged females would be
exhausted.

More complex models occasionally
admit circumstances where hermaphro-
dites are favored over gonochores even
though each sex gains equally in fertility

_A+

0 (i)

with age, but in general a genetic penalty
such as we have described occurs when T°
is genetically fixed.

Uses of Hermaphroditism

Suppose now that the relative fertility
of a female aged x is ¢, while that of a
male aged x is e, where &' > b. Will a
sex-change allele replace the gonochores?

Several workers (7) have shown that il
male and female births cost parents the
same amount, gonochores should bear
equal numbers of each sex, regardless of
differences between the sekes either in
death rate or in the increase of fertility
with age. We accordingly assume that
matings between gonochores produce half
males and half females.

Suppose first that the gonochore allele
A prevails in the population, so that
matings with hermaphrodites contribute
negligibly to gonochore numbers, and
suppose that gonochore numbers are con-
stant. Then '

0 = dNa¢/dl =

“AMNAr+ rVamNamVartNar — (12)
0 = dNpp/dt =

~uNam + 2V amNamVaNae (13)
where

Var =6feb’ e\ dx/o,/:""dx (14)

and Va,, is defined analogously. By con-
trast, B-bearers are rare enough to have
a constant logarithmic growth rate ¢ but
common enough to have attained a stable
age distribution, making Vg, and Vi
constant. As B’'s here are born essentially
only from matings between A and B we
may write, recalling that N,p, is constant,
Np(t - T) = e*TNg(t), and so forth,

ngm/dl = CNpm = ~-uNpgm +
Vare M (V amN amVeiVare 7 +

VAN ATV BmVpme™") (15)

dNB[/dl = cNpr = ~-ANgr +
Var(1 — e+ Ty (VpANanVaiNor +

VaiNAtVamNBm)  (16)

Notice that 2(A 4 c)Ngi/r(l - e +97)
2 + )Npm/re M = VauNamVeeVor +
VAN AtV BN pm, SO that

4 )1 -er+a?
At c) et

Nyr = {n

Bm

Substituting for Ny in Eq. 15, using Egs.
12 and 13 to eliminate Nay, and Nar from
Eq. 15, and setting ¢ = 0 on the right to
find whether dlogNgn/dt > 0, we find B
is favored if

cu 4 p VemedT 4oy Vi(1-e2Ty> 0
Vam Af
(18)



Substituting in for Vay/Vam and Vig/Vay,
we find B is favored if

~t + pel DT+ y(] - b-NT) > 0 (19

If4' > b, B is favored no matter what the
age of sex change, as Warner (3) dis-
covered from his simulations., When B is
rare, the skewing of sex ratio it introduces
matters hardly at all, and it is selected
solely through the enhanced average
fertility accruing to a hermaphrodite
strategy under these conditions. As B
spreads, however, selection on the age of
sex change becomes more important, so
we turn to this topic next.

The Proper Age to Change Sex

To find the optimum age for changing
sex, we ask when selection will favor a
rare allele A whose members change sex
atage T- AT, in a static population com-
posed primarily of B-bearers changing sex
at age 7. That age for which a slight
change AT in the age of sex change is
selectively neutral is the best age to
change sex.

We speak of the age of sex change as if it
were genetically fixed. However, in a
constant environment such as we have
been assuming, an animal that changes
sex in response to external influences
should do so at the same age as an animal
that changes sex at a genetically fixed
stage of development.

Suppose that  the fertilization and
death rates of male and female hermaph-
rodites are the same as before. If we
recall that Ng,, and Npgsare constant, while
Nam(t - T 4 AT) = e4T-ADN, (1), and so
forth, and if we assume that AT and ¢ are
so small that their product is negligible,
then

0= dNBm/dt = —[lNBm +

reMVpuNgmVaNgr  (20)
= dNBf/dl = —)\Naf+
(1 -e ) VpuNpmVeiNer  (21)

dNpm/dt = C!vAm = “PNAm.+
Vore NT-AD(V AN ame™T VN +

VaiNare " VemNem)  (22)

Using Egs. 20 and 21 to clear VpiNg and
Vim Nem from Eq. 22, setting

Nar =

B+ 0) Nam{l - eNT-AD~T}

A+ e-MT-an-cT (23)

and setting ¢ = 0 on the right, we find
that A is favored if

_u_v[e-x(r-u)/e-xr] Vam +
Bm
Vas

Ve

>0 (24)

M [] — eNT-8T)
2 1 -e?

Since Var = [1 - MTATI) [} - ¢ NT-AD),
Var = [1 = e®DT)/(1 - ), and Van/
Vem = e'87, A is accordingly favored if

H e""""-‘7‘+
[ — b-AXT- .m] w0 25)
2 e(b -ANT
Setting e®-MAT | 4 (b'-N)AT and

eo-MT-8D . p-NT(| _ (b ~ N)AT), and
dividing through by “2uAT, we find that
A and B are in equipoise, and the age of
sex change accordingly optimum, when

A—bly (NEDT g (26)
| - e(b-A)T
that is, when
. o B-NT _b-b an
1-e®NT = \_p
Notice that (b’ - b)/(\ - b) cannot attain to

or exceed I: in particular, b’ < X (8). The
greater b’ - b-—that is, the stronger the
gain in fertility with age of males relative
to females—the smaller e®-M7 should be,
the later one should change sex, and thus
the fewer males there should be.

A sex-change allele whose bearers turn
male at the optimum age can exclude any
gonochore mutant whose bearers are as
fertile as hermaphrodites of the same age
and sex. To see this, let A be a rare gono-
chore allele whose carriers bear male and
female offspring in the ratio 1-k: 14k, ina
stable population of hermaphrodites
changing sex at the optimum age 7". Then

0= dNBf/dl = ~ANpr+

r(1-e*)VpuNpnVeiNer  (28)
0= dNnm/dl = ~uNpm +
re Vg NpmVeiNar  (29)

dNAnl/d’ = cNam = -uNam +
Yar(1 - k)(VamNamVeiVer + VAN atVBmNam)
(30)
Clearing VpmNam and VN from Eq. 30
with the aid of Eqgs. 28 and 29, setting
Nar = (1 + k) + )Nam/(A + )1 - k),
and setting ¢ = 0 on the right, we find
dlogNap/dt 5 0if

_ VAm
y+—[( — ) o+
L+ k ﬁ] >0 (31
l—e'” Vm" .

Since Vam/Vem = 1/&¥T and VuVpr =

(1 -eT)/[1 - e-NT], we may rewrite this
inequality as
_ wp -k 1+ k '
o 4 [ew-x)r 1_e(b-A)TJ > 062

If the gonochores bear only females, so

k = 1, gonochores are- favored only if

A1 -e&NT < 1. If b > b, and if the
Y

hermaphrodites change sex at the opti-
mum age, the gonochores are never
favored (see Eq. 27). If the gonochores
bear only males, so k = -1, gonochores
are favored only if 2¢¢-NT < |, By Eq. 27,
ebNT - (A=b)/2A-b-b") = (1 -3)/
(2 - 5), where s = (b’ - b)/(A - b). Setting
2e'-NT = 2¢-MTU-39) we find gonochores
are favored when
](l-.\')< )

As) = 2 [

Fors = 0,fs) = 1; for 0 < s < 1, dInf/ds
> 0, so f(s) > 1 for s > 0. Gonochores
bearing all males are accordingly also se-
lected against. If gonochores bearing only
females and those bearing only males are
both selected against, gonochores bear-
ing the two sexes in any intermediate ratio
will be as well.

l-s (33)

Penalty of Excess Selfishness

We have found that, in populations of
sex-changers, the larger (b' - b)/(A - b), the
smaller the proportion of males. In some
populations the proportion of territorial
males is so small that there is opportunity
for, even a premium on, finding another
way of being male which reduces the
penalty of youth and small size. What
conditions must these ‘‘alternative
males’” satisfy to become established in a
population?

Consider a static population of sexual
haploids with two alleles: a prevalent allele
B whose bearers change sex at the opti-
mum age 7', and a very rare allele A
whose bearers are all male. Assume that B
females and A males younger than 7" have
the same per capita death rate A\. Assume
that an x-year-old female is e®* times as
fertile as a newborn female, and that be-
fore the age T’ at which females turn rale
an x-year-old A male is e®* times as fertile
as a newborn A male, while at age T’ the A
males turn into territorial males identical
in fertility and death rate to B males the
same age. We refer to A and B males as
primary and secondary males because the
A’s were born male and the B’s were not,
and we refer to males younger than and
older than T as initial phase and terminal
phase males, respectively.

If initial phase A males fertilize as many
zygotes per head as B females the same
age, the fitness of A and B are identical, for
their other life table parameters—death
rate, age of transformation, and fertility in
the terminal phase—are the same for both
genotypes. If initial phase A males fertilize
more zygotes per head than B females,
then A will spread. However, as A spreads,
the number of females per male declines,
diminishing male fertility per head relative



Table L. Proportions of initial phase males and primary terminal phase males in samples from large
(more than 1000 individuals) and small (less than 100 individuals) populations of Thalassoma bi-
Jasciatum. Samples were collected by lift nets [pictured in Roede (/2)], in the morning before repro-
ductive activity began, to ensure a random sample. Initial phase males and females were separated
by visual inspection of the gonads, and primary and secondary malcs were distinguished histo-

logically (/6). Abbreviation: N, sample size.

Initial color phase

Terminal color phase

Popu- -
'z:'z(:" Populations N Male Populations N Prr:‘r::;:ery
sampled (%) sampled (%)
Large 10 690 229 8 124 209
Small 14 167 1.7 18 69 42

to female. If terminal phase males retain
an advantage in fertility over initial phase
males, A will spread until initial phase A
males no longer fertilize more zygotes per
head than B females, at which point a bal-
anced male dimorphism obtains. Here, ini-
tial phase males cannot outnumber the fe-
males, for they must be as fertile per head
as the females.

The smaller the proportion of terminal
phase males in the population, the longer a
female may have to wait to spawn with its
preferred male, and the more opportunity
there will be for initial phase males to find
matings. Other circumstances making it
easier for initial phase males to mate and
enhancing their fertility per head will facil-
itate A’s spread. Notice that the stronger
‘the increase of fertility with age in the ter-
minal phase males, the smaller will be the
proportion of terminal phase males in the
population, and the less fertile initial phase
males need be relative to terminal phase
males in order for a rare allele A to spread.

Field Observations

- The bluehead wrasse has been much in-
vestigated in the past (9-12). We have been
studying this wrasse on a series of reefs in
the San Blas Islands, off the Caribbean
coast of Panama.

We may distinguish two adult color
phases for this species. Smaller individuals
are quite variable in color: they are usually
striped yellow and’ black or barred with
gray-green, but can change quite rapidly
from one pattern to the other. These “ini-
tial phase” individuals are of both sexes.
Larger individuals have a blue head sepa-
rated from the green body by two promi-
nent black bars. These “‘terminal phase”
individuals are all males.

Terminal phase males maintain repro-
ductive territories and *‘pair-spawn’”: that
is, they mate as individuals, each with one
female at a time. Initial phase males are
nonterritorial, submissive toward terminal
phase males, rarely aggressive toward each
other, and normally spawn in a group with

a single female. This dichotomy between
pair and group spawning was first noted by
Randall and Randall (/3). Fertilization is
external: eggs and sperm are ejected at the
apex of an upward rush that terminates
about a meter above the substrate. Both
fertilized eggs and larvae are planktonic.

Males originate in two ways (/4, I5).
Primary males were born male and occur
in all sizes of both color phases. Secondary
males were born female and have changed
sex. They are almost all in the terminal
phase, the few secondary males in the ini-
tial coloration being found in the upper
end of that phase’s size range (/6).

In the San Blas Islands these wrasses are
found on two main types of reefl small
patch reefs, with populations of less than a
hundred individuals, and large fringing
reefs, with hundreds or thousands of indi-
viduals. We believe, and the test of the the-
ory assumes, that the great majority of
these wrasses live on the large reefs, so to
explain the major features of sex change
and male dimorphism we will discuss
spawning behavior on such reefs. Our as-
sumption is critical to the argument. Theo-
ry assumes that growth and death rates are
the same for females and initial phase
males. On small reefs and most large reefs
there is no evidence for differences in mor-
tality (the percentages of individuals in the
initial and terminal color phases which are
primary males are nearly equal; see Table
1) or growth (9, 17) between adult females
and initial phase males in this species. On
the largest reef we sampled, however, ini-
tial phase males appeared to die faster
than females (/7). Primary males do ap-
pear to mature earlier, grow faster, or
change phase sooner than females in some
related species of sex-changing fishes (/8).

On a typical San Blas fringing reef, asin
other Caribbean areas (/0), spawning oc-
curs daily throughout the year, for a few
hours around midday. At this time, most
of the sexually active fish gather at a spe-
cific site on the reef. There the larger blue-
head males set up temporary spawning ter-
ritories along the outer rim of the reef
while the smaller blueheads and initial

phase males gather just inshore, the latter
often massing in the hundreds. Mating
areas are found on the downcurrent sides
of reefs (17). They are probably chosen as
spawning sites because there is a greater
chance that fertilized eggs released there
will be swept off the reef and away from
reef-based planktivores. The largest blue-
heads are the most strongly territorial indi-
viduals and vigorously defend their terri-
tories against the constant intrusions of
smaller males of both color phases. They
are more successful than smaller blueheads
in their territorial defense and can gener-
ally cope with all but initial phase males in-
truding en masse.

Females that are ready to spawn come
to the breeding area, where they attempt to
mate with the largest terminal phase
males. To do so, however, they must run
the gauntlet of the smaller terminal phase
males and the massed initial phase males.
The females will often delay mating if the
largest males are preoccupied rather than
mate with the smaller territorial males (10,
17). This selection means that a small
advantage in size can have a dispro-
portionately strong effect on a terminal
male’s mating success. Large terminal
phase males spawn more than 40 times a
day and small ones less than twice a day
(Table 2), while ripe females, by contrast,
spawn only once a day (/9): the fertility of
the females, which is presumably propor-
tional to the weight of their gonads, in-
creases only slightly more rapidly than the
weight of the fish (Fig. 1). The relative
speed with which the fertility of terminal
phase males increases with size explains
why these fish change sex in the first place.

The preference of the females for large
blueheads in specific territories, however,
provides smaller terminal phase males and
the initial phase males with a chance to
tamper with females waiting to mate with
the male of their choice. Individual initial
phase males often turn this circumstance
to account by rushing into a large terminal
phase male’s territory to join a pair just as
they are shedding gametes into the water
(which we call *‘streaking”). They may
also unobtrusively follow a female into a
biuehead’s territory and attempt, by tactile
stimulation, to initiate a spawning rush
with the female as she rises to the actively
courting territory owner (‘“‘sneaking™”).
Normally, however, initial phase males
mate as a group with an individual female
after pursuing her and subjecting her to re-
peated tactile stimulation (see Table 2).
Initial phase males intercept these females
either en route to the reef edge or within a
bluehead territory. The visual stimulation
provided by the nearby courting blueheads
may aid in effecting a group spawning (/7).



Notice that external fertilization makes
sneaking, streaking, and group spawning
possible. A dominant male must vigor-
ously defend his territory and the female
within it -to prevent her eggs from being
contaminated by other males’ sperm.

Our explanation of the presence of pri-
mary males assumes that fertility increases
more slowly with age in initial phase than
in terminal phase males. Because initial
phase males are not generally aggressive
toward each other, their relative fertility
may be measured by gonad weight, which
overall increases at about the same rate as
in females (Fig. 1). Moreover, we require
that they be about as fertile per head as the
females: initial phase males gain the
equivalent of about one pair spawning a
day (Table 2), the same as the normal fe-
male’s daily spawning rate.

A proper test of theory, however, de-
pends on comparing different populations.
The theory assumes a population closed to
immigration or emigration, in a constant
environment. In fact, different reef popu-
lations are not truly distinct as they are set-
tled from the same pool of pelagic larvae.
This implies that the parents of a fish on a
particular reef mostly lived on other reefs,
and the frequency of primary males on a
particular reef presumably represents the
average of selection on many reefs.

In fact, the age of sex change and the
proportion of initial phase males could
perfectly well be tailored to local condi-
tions on individual reefs. Fish of this spe-
cies can control the age at which they
change sex: if one removes all the terminal
phase males from a reef, the next largest
fish will change coloration, and if they are
female they will change sex as well (/7).
Moreover, primary males make up less
than 2 percent of the individuals on small
reefs, compared to more than 20 percent
on large ones (Table 1). It seems fantastic
to assume that very young primary males
all die prematurely on small reefs: we
must presume that these young fish avoid
small reefs or emigrate as juveniles.

How does comparison of Thalassoma
populations on different reefs bear on our
theory? On large reefs the hierarchy of re-
productive success among terminal phase
males is much more inequitable than on
small reefs. The largest terminal phase
males on large reefs sometimes mate more
than 100 times a day, but small reefs do
not have enough females to support such a
high spawning rate: a territorial male on a
small reef thus has a much lower fertility
relative to females than an equivalent-sized
male on a large reef. Theory would predict
that terminal phase males are relatively
rarer in large populations than small and,
if there is an upper limit to the number of

spawnings a terminal male can manage in
a day, that initial phase males are rarer on
small reefs than on large. The first point is
easily confirmed by surveys of the popu-
lations on large and small reefs: terminal
males make up 10 to 25 percent of the pop-
ulation when it is small, but less than | per-
cent when it is large. The second point was
noted in the last paragraph.

How do data from other species of fish
bear on our theory? Warner (3) has noted
that many protogynous species (those born
female and turning male) spawn pairwise,
giving an opportunity for female choice
and sexual selection. In the cleaner wrasse,
Labroides dimidiatus, the social system is
quite rigidly organized: each male main-

tains a harem of not more than ten females
(4), and the males mate very rarely outside
the harem (20). Thus the fertility differ-
ential between males and females is low
relative to that seen in the bluehead wrasse,
and the species has no primary males be-
cause it is at once so much more difficult
and so much less profitable to “‘cheat” in
so rigid a society (27). Finally, we might
expect that among the protogynous species
which have dense populations and lek-type
mating systems there would be pronounced
mating hierarchies and favorable condi-
tions for initial phase males, whereas in the
rarer species fertility differentials should
be lower and conditions for initial phase
males léss favorable and more dependent

Table 2. Mean daily spawning frequencies of Thalassoma bifasciatum males on a large reef. Values
for terminal phase males are from a series of paired observations of large [greater than 105 mm
standard length (S.L.)] and adjacent small (less than 90 mm S.L.) individuals made over the same
spawning period. Values for initial phase males are from observations of 15 different tagged individ-
uals (mean S.L. = 68 mm). Pair spawning equivalents were computed as follows: streaking individ-
uals were scored 0.5 pair spawning. Each spawning group was classified as small (1 to 5 participants),
medium (6 to 10), or lurge (11 to 15), and individuals were given the equivalent of 0.2, 0.1, or 0.066

pair spawning for participation in a small, medium,

or large group, respectively. The group spawning

total was then reduced by half, because only half of group spawnings include a discharge of eggs (78
of 155 observed). Contributions from each spawning mode were then tallied for each individual.

Pair
spawnings

Sample

Individuals size

Total
equivalent
in pair
spawnings

Pair
spawnings
with
streakers

Group
spawnings

Terminal phase males
Large 20
Small 20

Initial phase
males 21

439 + 7.0*
1.7+09

0.2 +0.2

1.3 +09
0.7+04

0.0
06 +038

43.2 + 6.8
1.5+09

0.1 £0.1 17.1 £ 40 1.1 £0.2

*95 percent confidence limits of the mean,

046
044
042
040
.038-
036
034 '
032
0301
028
026
024
0224
020
0184
.01 6
.0I41

.

Gonad weight / Body weight

"‘"‘{2:3\\\/.

38

30-39 40-49

50-59

60-69 7079 80-89

Standord length (IOmm groups)

Fig. . Mean proportion of body weight devoted to gonad in successive length classes of initial phase
males and females of Thalassoma bifasciatum. Also shown are sample sizes and the 95 percent con-

fidence intervals of the mean (bracketed lines).



on social systems (27). In surveys of the
protogynous wrasses (22) and parrotfish
(23), we have found a positive correlation
between the relative abundance of a species
and the frequency of initial phase males
therein. .

Our mathematics suggests that animals
should change sex if one sex gains in fertil-
ity much more rapidly with age than the
other. However, many animals, especially
mammals such as deer, sheep, and goats,
do not change sex even though older males
in these species monopolize a dis-
proportionate share of matings (24). Why
do not more animals change sex?

The costs of changing the reproductive
anatomy of animals which practice inter-

nal fertilization, and whose females are
~ viviparous or bear fairly large eggs, may be
enormous. Sex determination in mammals
and birds may be too rigid to permit sex
change. Moreover, many higher verte-
brates may need experience as well as size
to fight successfully for mates. A large ani-
mal which has just turned male may be at a
hopeless disadvantage relative to his more
experienced fellows, despite his size.
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