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Abstract Sex allocation theory predicts phenotypic adjust-
ments by individuals in their investments into the male and
female reproductive function in response to environmental
conditions. I tested for phenotypically plastic shifts in sex
allocation in a protandric simultaneous hermaphrodite, in
which individuals mature and reproduce as males first, and
later in life, as simultaneous hermaphrodites. I predicted that
initially maturing males should adjust the timing of matura-
tion as hermaphrodites according to male mating opportuni-
ties mediated by population size of hermaphrodites. In a first
experiment, males maintained with only one hermaphrodite
reduced the time they spent as males in comparison to males
maintained with no conspecifics, presumably because total
reproductive output is maximized by two individuals being
simultaneous hermaphrodites when the mating system is a
pair. Conversely, males maintained in groups with two or
more hermaphrodites increased the time they spent asmales in
comparison to single males. This delay in maturation was not
an effect of resource depletion with increasing shrimp density
because the growth rate of males did not differ among most of
the experimental treatments. One hypothesis to explain this
social mediation of sex allocation is that the smaller males are
more successful in mating as males than are the larger
hermaphrodites: it will pay reproductively for males to delay
maturation as hermaphrodites in large but not in small groups.
In agreement with this notion, a second experiment demon-
strated that smaller males were four times more successful
than were larger hermaphrodites in inseminating shrimps

reproducing as females. The informative cue that males may
use to perceive different group sizes deserves further
attention.
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Introduction

Sex allocation theory predicts phenotypic adjustments by
individuals in their investments to the male and female
reproductive function in response to environmental con-
ditions (Charnov 1982). This plastic sex allocation is
expected in species featuring a wide range of breeding
systems. In species with separate sexes (gonochorists),
mothers should bias their offspring sex ratio toward
daughters with decreases in the number of reproductive
females in the local group (local mate competition model—
Hamilton 1967). Sequential hermaphrodites are expected to
defer sex change with increases in the proportion of
members of the opposite sex in the population (sex-ratio
induction of sex change—Charnov 1982). Lastly, simulta-
neous hermaphrodites should increase the proportion of
resources devoted to sperm production with increasing local
population size of conspecifics (Charnov 1982; Petersen
1991). In support of these predictions, experimental studies
have confirmed short term sex allocation shifts in species
with separate sexes (Werren 1980; Herre 1985; Shuker and
West 2004) in sequential hermaphrodites (Warner et al.
1996; Collin 1995) and in simultaneous hermaphrodites
(Trouvé et al. 1999; Locher and Baur 2000; Schärer and
Ladurner 2003; Tan et al. 2004). Phenotypically plastic
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adjustments in sex allocation should also occur in species
with “mixed” breeding systems, featuring sex allocation
patterns that do not conform to the three classical animal
breeding systems above (see Munday et al. 2006).

Recently, studies reporting species with mixed sex
allocation patterns have increased substantially (e.g. males
coexisting with simultaneous hermaphrodites in androdioe-
cious clam shrimps—Zucker et al. 1997: bi-directional sex
change in goby fishes—St. Mary 1994; Munday et al.
1998). One of the most enigmatic mixed sex allocation
patterns is protandric simultaneous hermaphroditism, in
which individuals consistently mature and reproduce
initially as males, and later in life, become functional
simultaneous hermaphrodites. Protandric simultaneous her-
maphroditism has been confirmed in a polychaete worm
(Ophryotrocha diadema—Premoli and Sella 1995), in a
land snail (Achatina fulica—Tomiyama 1996), and in
various marine shrimp species from the genus Lysmata
(Bauer 2000). In these protandric simultaneous hermaphro-
dites, initially maturing male individuals should adjust their
timing of maturation as hermaphrodites, and terminal phase
simultaneous hermaphrodites should vary the proportion of
resources allocated to male vs female gametes, to optimize
their lifetime reproductive success.

Shifts in sex allocation have recently been demonstrated
in the polychaete worm, O. diadema (Lorenzi et al. 2005;
Schleicherová et al. 2006), and in the shrimp, Lysmata
wurdemanni (Baeza and Bauer 2004). In L. wurdemanni,
males reared in groups with a greater proportion of
hermaphrodites than males delayed maturation as hermaph-
rodites compared to those reared in groups in which the
proportion of hermaphrodites and males was the same. This
behavioral plasticity might be considered adaptive if pure
males are more successful in the male role than hermaph-
rodites. It will pay (in term of fitness) for males to defer
maturation as hermaphrodites in hermaphrodite-biased but
not male-biased groups (Bauer and Holt 1998). Recent
experiments have shown that males gain female mating
partners more frequently than hermaphrodites mating in the
male role in a competitive environment (Zhang and Lin
2005). Other observations suggest that male mating ability
does not differ between males and hermaphrodites (Bauer
2002a). The male mating ability of the different sexual
phases of L. wurdemanni in a competitive environment
deserves further attention.

Notwithstanding the breeding system of the species in
which adjustments on sex allocation have been experimen-
tally examined, most studies have not controlled for
resource availability (for exceptions see Schärer and
Ladurner 2003; Tan et al. 2004; Lorenzi et al. 2005).
Resource depletion may increase with group size or relative
abundance of one sex because of density- or size-dependent
resource competition. For instance, in strict simultaneous

hermaphrodites, resource depletion may lead to increases in
allocation to the male function, regardless of group size, as
individuals are expected to allocate more resources to the
cheapest of the sex functions (sperm production) when
energy becomes limited (Charnov 1982). The question,
thus, remains whether sex allocation shifts detected for
several gonochoric and hermaphroditic species does actu-
ally represent an adaptive phenotypic adjustment of
individuals responding to local conditions or simply is a
consequence of nonadaptive constraints dictated by limited
food supply.

In this study, two experiments were conducted to test if
variation in the sex allocation of L. wurdemanni is an
adaptive response to individual mating opportunities. First,
small male shrimp were reared with a variable number of
hermaphrodites, while controlling for resource availability,
to test whether sex allocation adjustments conform to
predictions of sex allocation theory. The mating success
of males vs hermaphrodite breeding in the male role was
then compared to determine if males might benefit from
delaying maturation into hermaphrodites when there are
large numbers of hermaphrodites in the population.

Materials and methods

Biology of the model species

In the marine shrimp, L. wurdemanni, juveniles invariably
mature as male individuals (hereafter pure males to
distinguish them from hermaphrodites breeding in the
male role, see below). These pure males bear typical
caridean male sexual characters (appendix masculina) and
are only capable of reproducing as males (Bauer and Holt
1998). Pure males later attain the female sexual function,
developing into functional simultaneous hermaphrodite
individuals (hereafter hermaphrodites). Externally, these
hermaphrodites resemble females of caridean gonochoric
species, brooding embryos in an abdominal chamber
(Bauer 2000). However, hermaphrodites retain testicular
tissue, male ducts and gonopores, and thus, have the
ability to reproduce as both male and female (Bauer and
Holt 1998). Hermaphrodites can mate as males frequently,
but copulation with another hermaphrodite is not recipro-
cal. A newly molted pre-spawning hermaphrodite cop-
ulates as a female, with a pure male or another
hermaphrodite that acts only as male at that time. Sperm
from a mating is used to fertilize only the eggs released
during the spawning event that occurs 2–3 h later because
there is no long-term sperm storage in this shrimp.
Hermaphrodites do not revert to their initial pure male
sexual condition (Bauer 2002a).
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Collection and maintenance of shrimps

Individuals of L. wurdemanni were collected with a long-
handled dip net from the rock jetty at Mustang Island, Port
Aransas, Texas (27°50′ N, 97°03′ W) between July 2003
and September 2004. Collected specimens were placed in
large plastic bags containing aerated seawater and trans-
ported to the laboratory at The University of Louisiana at
Lafayette (ULL). In the laboratory, individuals were
maintained before the experiments in a 114-l recirculating
aquaria at a water temperature of 24°C, 34–35 ppt salinity,
and a light:dark cycle of 14 h:10 h and were fed daily (1/2
food pellet per shrimp, Wardley® Shrimp Pellets).

Experimental design

The effect of male mating opportunities on sex allocation

In replicates of this experiment (n=15 per treatment), a
single small pure male (5.0< carapace length, CL [mm]
<7.0) capable of maturing as a hermaphrodite within a
short period of time was maintained in a 38-l aquarium
either with no conspecific, or with one, two, five, or ten
hermaphrodites. Hermaphrodites were distinguished from
pure males in each aquarium by a colored elastomer tag
injected into their abdomen as in Baeza and Bauer
(2004). The time (in days) that each pure male took from
the start of the experiment up until maturation as a
hermaphrodite was recorded. The null hypothesis of no
difference in time required by pure males to mature as
hermaphrodites among treatments was tested with the Wald
Chi-square method, part of Cox’s maximum partial likeli-
hood regression (Allison 1995), an event-time (survival)
analysis technique (SAS Institute 2001). The rationale for
this experiment, in which pure males were reared alone or
with a varying number of hermaphroditic individuals, was
twofold. The treatment in which pure males were reared
alone provided information on how quickly these pure
males change to the terminal hermaphroditic phase in the
absence of social stimuli. In the remaining treatments,
opportunities for mating as males were increased by
increasing group size (i.e., number of hermaphroditic
shrimps).

Food availability and group size

In the experiment above, food was provided ad libitum
(more than 1/2 food pellet per shrimp per day, Wardley®
Shrimp Pellets) to avoid increasing food depletion with
group size, thus, controlling for any potential confounding
effect (suboptimal food conditions) on sex allocation in

pure male shrimps other than male mating opportunities
mediated by the population size of hermaphrodites. I exam-
ined whether food availability varied among treatments by
calculating the growth rate of pure males from the start of
the experiment until they matured as hermaphrodites. The
CL of each pure male shrimp was measured under the
stereomicroscope just before the start of the experiment and
immediately after they matured as hermaphrodites. The null
hypothesis of no differences in growth rate among pure
males from the different treatments was tested with an
ANOVA and subsequent Tukeys’ HSD multiple compari-
son tests (SAS Institute 2001). No significant differences in
mean CL of pure males just before the start of the
experiment were found among the different treatments
(ANOVA, F4,69=0.05, P=0.996).

Mating ability of pure males and hermaphrodites

To test for differences in male mating ability between pure
males and hermaphrodites, I compared the behavior of pairs
of shrimps competing to inseminate a ‘parturial’ hermaph-
rodite in the laboratory. Parturial hermaphrodites are pre-
spawning hermaphrodites close to molting and reproducing
as females (Bauer 2002a). Two shrimps, one pure male and
one hermaphrodite (both shrimps >6.0 mm CL, size at
which both pure males and hermaphrodites are behaviorally
mature to copulate as males), were placed into an aquarium
(20 l, 40×20×25 cm). After an initial acclimatization period
of at least 8 h, one ‘parturial’ hermaphrodite was introduced
into the same aquarium. The identity of the shrimp
inseminating this ‘parturial’ hermaphrodite was recorded
with time-lapse video (GYRR model TLC1400). A Cohu
CCD surveillance video camera equipped with a 6-mm lens
sensitive to both low-intensity white and infrared light was
used. Fluorescent and infrared (880 nm) lamps provided
day and night illumination, respectively. The experiment
was repeated 20 times. To determine differences in male
mating ability between pure males and hermaphrodites,
I compared the observed distribution of inseminations by
shrimps of the different sexual phases with the binomial
random distribution using a Chi-square exact test of
goodness of fit (SAS Institute 2001).

In this experiment, it was not possible to control for
body size of the experimental shrimps because pure males
never attain body sizes as large as those exhibited by
hermaphrodites in natural populations (Baldwin and Bauer
2003). Consequently, the body size of pure males (range,
6.63–7.93; mean±SD, 7.45±0.44) was significantly smaller
than that of hermaphrodites (range, 10.01–11.96; mean±
SD, 10.61±0.64) (t-test, t38=18.26, P=0.001). Nonetheless,
this experimental setup emulates potential competitive
interactions between pure males and hermaphrodites during
mating in the field.
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Results

The effect of male mating opportunities on sex allocation

The time that shrimps spent as males before maturing as
hermaphrodites varied significantly among treatments
(Wald Chi-square test, χ2

1=39.7, P<0.001, N=75). There
were two main patterns in the relative time that individuals
spent as males. First, in comparison to pure males
maintained with no conspecific, pure males in groups with
two or more hermaphrodites increased the time they spent
as male. The larger the number of hermaphrodites in the
aquarium, the longer these pure males took to mature as
hermaphrodites. Second, pure males maintained with only
one hermaphrodite reduced the time they spent as males in
comparison to single pure males (Fig. 1).

Food availability and group size

The growth rate (mm CL/day) of pure males varied
significantly among treatments (one-way ANOVA on log
transformed data, F4,69=5.9, P=0.0004) (Fig. 2). The
growth rate of pure males maintained with ten hermaphro-
dites was significantly slower than that recorded for pure
males maintained with one hermaphrodite (a posteriori
Tukey’s HSD test adjusted for multiple comparisons
P<0.05). However, no other significant differences in
growth rate of pure males among treatments were found
(P>0.05 in the remaining of the comparisons).

Mating ability of pure males and hermaphrodites

Pure males were four times more successful in inseminating
shrimps reproducing as females than were hermaphrodites

acting as males (16 out of 20 vs four out of 20, χ2
1=7.2,

Pexact=0.012).

Discussion

Pure males of Lysmata wurdemanni adjust the timing of
maturation as hermaphrodites according to male mating
opportunities mediated by group size. In comparison to
single males (in which change to the terminal hermaphro-
ditic phase occurred in the absence of social stimuli), pure
males kept together with just one hermaphrodite, reduced
the time they spent as males. Most probably, total
reproductive output is maximized by two individuals being
simultaneous hermaphrodites when the mating system is a
pair. Conversely, pure males in groups with two or more
hermaphrodites increased the time they spent as males in
comparison to single pure males. Is this increase in
investment to male reproductive function simply a conse-
quence of increasing resource depletion with group size?
The only treatment in which it was not possible to rule out
food depletion in this study was that in which pure males
were reared with ten hermaphrodites. In this treatment, pure
males experienced a reduction in growth rate, but only
when compared to pure males reared with a single other
hermaphrodite. Most probably, delayed maturation of pure
males as hermaphrodites, when maintained with ten other
hermaphrodites, was due to the combined effect of both
male mating opportunities and suboptimal food conditions.
However, reduced growth rate in pure males at such large
densities may also be explained simply by increased ‘social
stress,’ regardless of resource depletion.

Additionally, with increasing male mating opportunities,
pure male shrimps should increase male related activities
(i.e., mate searching, sperm production) that may compete
for resources available for growth, hence, reducing it.
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Because of the recognized trade-off between growth and
reproduction (Stearns 1992), the larger the amounts of
resources individuals invest in reproduction in the protan-
dric phase, the smaller the amount they should be able to
allocate later in life to growth, maintenance, maturation,
and reproduction as female. The cost of allocation to the
male function during the early protandric phase of this
shrimp should have long-term consequences on future sex
allocation and reproductive success that remain to be
addressed. In the remaining treatments, growth rate of
shrimps did not differ significantly, and thus, resource
depletion does not appear to play a role in eliciting pure
males to delay maturation as hermaphrodites with increas-
ing group size (male mating opportunities) in these treat-
ments. These results suggest that the observed increase in
investment to male reproductive function in L. wurdemanni
is mostly an adaptive response of shrimps to male mating
opportunities mediated by the population size of hermaph-
roditic shrimps. The actual informative cue that pure male
shrimps may use to perceive different mating group sizes
deserves further attention.

A reason to explain this plastic shift in sex allocation is
that pure males are more successful in mating as males
than are hermaphrodites. It will pay, reproductively, for
pure males to delay maturation as hermaphrodites in large
but not in small groups. In agreement with this hypothesis,
pure males were experimentally confirmed to be four
times more successful in reproducing as males than
hermaphrodites, which may be a consequence of morpho-
logical differences among these sexual morphotypes. In
L. wurdemanni, hermaphrodites are bulkier than males
because they develop wider abdominal sterna and pleural
plates to brood their embryos (Bauer and Holt 1998). This
bulkiness may ultimately decrease maneuvering ability of
hermaphrodites compared to males, and thus, reduce their
mobility to chase and grasp swimming shrimps reproduc-
ing as females. In addition, the small body size of pure
males may increase their mate searching efficiency
compared to hermaphrodites (Andersson 1994). Overall,
socially mediated shifts in sex allocation rely upon
precopulatory male–male competition in this protandric
simultaneous hermaphrodite.

The present study helps explain some of the natural
variation in the relative abundance of sexual phases
reported for L. wurdemanni. Large pure males (shrimps
delaying maturation as hermaphrodites) are more frequently
found later during the reproductive season (i.e., autumn and
winter) than they are earlier (i.e., spring and summer)
(Baldwin and Bauer 2003; Bauer 2002b). Even though
there is an increase in the proportion of large pure males,
there is also an increase in the overall abundance of
shrimps, including hermaphrodites, throughout the repro-
ductive season (Baldwin and Bauer 2003; Bauer 2002b). A

greater abundance of fertile hermaphrodites late during the
breeding season may signify larger average mating group
sizes and male mating opportunities for pure males
recruiting late as compared to those recruiting early during
the same season. Therefore, it will pay (in fitness) for pure
males to delay maturation as hermaphrodites late, but not
early, during the reproductive season. Overall, variability in
size/age at which pure males mature as hermaphrodites in
the field appears to be influenced by both abiotic (i.e., water
temperature and photoperiod—Bauer 2002a) and social
conditions in L. wurdemanni (Baeza and Bauer 2004;
present study).

Individuals of the protandric simultaneous hermaphro-
dite shrimp, L. wurdemanni, delayed maturation as her-
maphrodites, and thus, increased lifetime allocation to the
male function, with increasing male mating opportunities
mediated by the number of hermaphroditic shrimps in the
surroundings (group size). This situation may be considered
analogous to the effect of sperm competition that also
increases allocation to the male function (sperm production)
in strict simultaneous hermaphrodites (Trouvé et al. 1999;
Locher and Baur 2000; Schärer and Ladurner 2003; Tan et
al. 2004). Pure males of L. wurdemanni additionally delay
maturation as hermaphrodites with increases in the propor-
tion of hermaphrodites in the population. This latter
situation is similar to sex-ratio induction of sex allocation,
as predicted for strict sequential hermaphrodites (Baeza and
Bauer 2004). That a species featuring mixed hermaphrodit-
ism shifts sex allocation in agreement with predictions
raised for strict sequential and strict simultaneous hermaph-
rodites supports new ideas that consider different sexual
systems as part of an evolutionary continuum (see Cadet et
al. 2004).

This study represents an example of flexible adjust-
ment of the phenotype to environmental (i.e., social)
conditions. This social mediation of sex allocation in a
protandric simultaneous hermaphrodite supports the fun-
damental prediction of sex allocation theory (plastic
adjustments in resource allocation—Charnov 1982) add-
ing up to other studies that have demonstrated offspring
sex-ratio shifts in gonochoric wasps (Shuker and West
2004), shifts in the size at female maturity in strict
protandric marine snails (Collin 1995), and adjustments
in male reproductive investment in strict simultaneous
hermaphrodites both at the interspecific (Petersen and
Fischer 1996) and intraspecific level (Schärer and
Ladurner 2003).
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