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Lysmata wurdemanni 1s a protandric-simultaneous hermaphroditic shrimp. Individuals reproduce as males
first and late in life as simultaneous hermaphrodites. I examined whether sex allocation (resources devoted
to ova vs sperm) varies with group size in shrimps that have just matured as hermaphrodites. Focal males
were reared with different numbers of hermaphrodites (1, 2, 5 or 10). Sperm stored in the ejaculatory ducts
and eggs brooded underneath the abdomen were retrieved and weighted immediately after focal shrimps
matured as hermaphrodites. Hermaphrodites should invest more into sperm with increasing group size to
cope with more intense sperm competition. The proportion of focal shrimps that lost their first clutch of
eggs after maturing as hermaphrodites increased with group size. This suggests male gender preferences
by hermaphrodites experiencing large group sizes. No differences in sex allocation among group sizes were
recorded for shrimps that did not lose their first clutch of eggs. Thus, group size does not affect sex allocation
in terms of ova and sperm mass. This lack of phenotypic plasticity might be explained if sperm competition
is not important in L. wurdemanni. It should not pay in terms of fitness for shrimps to produce and inseminate
female-role hermaphrodites with large amounts of sperm when full paternity is assured in the absence of multi-
male mating. In agreement with this idea, a second experiment demonstrated that female-role hermaphrodites
invariably mated only once with a single other shrimp.

INTRODUCTION

For hermaphrodites, sex allocation theory predicts
adjustments in allocation to the sex functions according
to environmental, including social, conditions (Charnov,
1982). In sequential hermaphrodites, the timing of sex
change should vary according to the relative abundance
of individuals of the opposite sex. In
hermaphrodites, individuals should alter the amount of
resources devoted to sperm and ova depending on group
size (Charnov, 1982; Fischer, 1984). In agreement with
these predictions, socially mediated shifts in sex allocation
have been reported for both sequential and simultaneous
hermaphrodites (Collin, 1995; Warner et al., 1996; Locher
& Baur, 2000; Schirer & Ladurner, 2003; Tan et al., 2004;
Collin et al., 2005; Lorenzi et al., 2005). Plastic adjustments
in sex allocation should also occur in hermaphrodites with
sequential-simultaneous sex allocation patterns (St Mary,
1994; Fiedler, 1998; Lorenzi et al., 2006).

Examples of sequential-simultaneous hermaphroditism
include bidirectional sex change in fish (St Mary, 1994;
Munday et al., 1998, 2006), size-dependent sex alloca-
tion in species originally reported as strict simultaneous
hermaphrodites (Petersen & Fischer, 1996; Trouvé et al.,
1999; Schirer et al., 2001), and protandric-simultaneous
hermaphroditism. In protandric-simultaneous hermaph-
rodites, individuals invariably reproduce as males first and

simultaneous
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later in life as simultaneous hermaphrodites. This sexual
system has been confirmed in a polychaete worm (Premoli
& Sella, 1995), a land snail (Tomiyama, 1996), a tunicate
(Manriquez & Castilla, 2005) and shrimps from the genus
Lysmata (Baeza, 2006).

In protandric simultaneous hermaphrodites, adjustments
in sex allocation should occur at two different levels.
First, males should alter the timing of maturation as
hermaphrodites according to male mating opportunities
(Baeza 2007). This idea has received empirical support from
some studies (in Lysmata wurdemanni—Baeza, 2007; Baeza &
Bauer, 2004) but not from others (in Ophrytrocha diadema—
Lorenzi et al., 2006).

Second, hermaphrodites should adjust the proportion of
resources allocated to sperm vs ova according to group size
(number of male competitors in the population) (Charnov
1982; Fischer, 1984; Schirer & Ladurner, 2003). In small
groups, l.e. monogamous pairs, hermaphrodites should
produce the smallest amount of sperm necessary to fertilize
their partner’s eggs; there is no risk of losing paternity due to
multi-male mating. In aggregations, hermaphrodites should
invest more into sperm to cope with greater sperm competi-
tion (Charnov, 1982). This idea relies on the rarely tested as-
sumption that female-role hermaphrodites mate with mult-
ple male-role hermaphrodites once they become receptive
(Petersen, 1991). Increased allocation to sperm with group
size has been demonstrated in various hermaphroditic spe-
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cies, including the protandric-simultaneous hermaphroditic
worm Ophryotrocha diadema (Lorenzi et al., 2006). Whether
a single species of protandric-simultaneous hermaphrodite
has the ability to shift its sex allocation at different levels
(i.e. behaviourally, physiologically) needs investigation (see
Lorenzi et al., 2006).

The shrimp L. wurdemanni represents a model system to
test the effect of group size on sex allocation at multiple
levels. Protandric-simultaneous hermaphroditism in this
shrimp is a consequence of sex-dependent energetic costs
and reproductive time commitments (Baeza, 2006). In the
field, shrimps live between 1 and 1.5 y, and may remain
as males between one-quarter and two-thirds of their life
(see Baldwin & Bauer, 2003). Hermaphrodites consistently
go through successive cycles of moulting (10-15 d), mating
in the female role, spawning, and brooding of spawned
embryos. Usually, less than a day after hatching embryos,
hermaphrodites with mature oocytes filling the ovarian part
of the ovotestes moult to reproduce again as females (Bauer
& Holt, 1998). After becoming hermaphrodites, individuals
do not revert to males, and no self-fertilization has been
demonstrated (Bauer, 2002a).

In L. wurdemanni, the time that shrimps spend as males
before maturing as hermaphrodites varies notably in
natural populations (Baldwin & Bauer, 2003). The moment
at which males become hermaphrodites is influenced by
both abiotic and biotic (social) conditions (Bauer, 2002a;
Baeza & Bauer, 2004; Baeza, 2007). Males delay maturation
as hermaphrodites in environments with a hermaphrodite-
biased sex ratio compared to environments with an even sex
ratio (Baeza & Bauer, 2004). Also, males delay the timing of
maturation in a large group compared to a small group of
hermaphrodites (Baeza, 2007). This behavioural plasticity is
adaptive as males are more successful in the male role than
hermaphrodites (Baeza, 2007; Zhang & Lin, 2005 but see
Bauer, 2002b).

In this study, I used the shrimp L. wurdemanni to determine
if hermaphrodites alter sex allocation in terms of male and
female gametes. I examined whether sex allocation (resources
devoted to ova vs sperm) varies with group size in shrimps
that have just matured as hermaphrodites. Hermaphrodites
should increase allocation to sperm with increasing group
size as sperm competition should increase accordingly. I also
tested whether the risk of sperm competition is important in
the mating system of this shrimp.

MATERIALS AND METHODS
Collection and maintenance of shrimps

Individuals of Lysmata wurdemann: were collected from the
rock jetty at Port Aransas, Mustang Island, Texas (27°50'
N 97°03"' W) between July and September, 2003 and June
and September, 2004. Specimens were collected with long-
handled dipnets under rock ledges at night during low tides
(below zero mean sea levels). Collected shrimps were placed
in large plastic bags with aerated seawater and transported
to the laboratory. Shrimps were maintained in 114-1
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 (Y2 food pellet per shrimp, Wardley® Shrimp Pellets).
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Food was provided ad libitum (more than half a food pellet
per shrimp per day) during experiments to avoid increasing
food depletion with group size. This food regime helped to
control for any potential confounding effect (suboptimal
food conditions) on sex allocation other than the population
size of hermaphrodites (Baeza, 2007). Concrete blocks were
placed in each aquarium as a perch for shrimps. Shrimps
were observed roaming and foraging on the surface of these
concrete blocks. The food gathered from the blocks most
probably served as complementary nutrition to shrimps
helping with the ad lbitum food regime. Notwithstanding
the food regime, the growth rate of focal males maintained
with 10 hermaphrodites was lower than that recorded for
focal males maintained with a single other hermaphrodite
(Baeza, 2007).

The effect of group size on sex allocation

The null hypothesis of no effect of group size on sex
allocation of L. wurdemanni was tested when single focal males
were reared with a variable number of hermaphrodites. In
replicates of this experiment (N=15 per treatment), a single
small focal male (5.0 <carapace length, CL [mm] <7.0)
capable of maturing as a hermaphrodite in a short period of
time (because of its relatively large size), was maintained in
a 38-1 aquarium either with 1, 2, 5, or 10 hermaphrodites.
Hermaphrodites were distinguished from focal males in
each aquarium by a coloured elastomer tag injected into
their abdomen as in Baeza & Bauer (2004).

Observations on maturity of each focal male as a
hermaphrodite were recorded daily. When males mature
as hermaphrodites, they moult, mate as females for the
first time, and spawn embryos to underneath the abdomen
(Bauer & Holt 1998). The time (in days) that each focal male
took from the start of the experiment up until maturation
as a hermaphrodite was recorded and reported in Baeza
(2007). Immediately after the focal shrimps matured
as hermaphrodites, the sperm mass contained in their
ejaculatory ducts was retrieved. Short electric shocks at 10—
12 volts and 1.5 amps were applied (repeatedly) for about
2-5 s each time near the male gonopores until no more
sperm was retrieved. The procedure above does empty
all of the sperm stored in the ejaculatory ducts, and thus,
represents a reliable way of obtaining all the sperm stored by
shrimps (Baeza, 2006). Next, the embryo mass deposited in
the abdomen was gently collected with forceps. Then, focal
shrimps (that die minutes after electro-ejaculation because
of the trauma caused by this procedure) and their embryo
and sperm masses were dried for 48 h at 70°C in an oven
(Grieve Co., LO-201C), and weighed to the nearest 0.01 mg
with an analytical balance (Mettler AE163).

From the measurements above, I calculated four different
estimates of reproductive allocation. Allocations to female
and male function were estimated as the dry weight of
embryos and sperm contained in the ejaculatory ducts,
respectively. Total reproductive investment was estimated as
the sum of the male and female allocations and represents
the absolute amount of resources invested in reproduction.
Sex allocation was estimated as the ratio of female to male
allocation and represents the proportion of resources that
individuals invest in functioning as the different sexes.
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Figure 1. The frequency of occurrence of brood lost in focal
shrimps of Lysmata wurdemanni immediately after maturation
as hermaphrodites. Bars represent standard error bars. Treat-
ments labelled with different letters are significantly different
(P<sequential Bonferroni o).

Comparisons among treatments on male allocation,
female allocation, sex allocation and total allocation of
focal shrimps were conducted with different analyses of
covariance (ANCOVA) using the generalized linear model
procedure (GLM) as implemented in the software SAS (SAS
Institute, 2004). In this analysis, treatment (group size) was
used as an independent factor and the mass (dry weight)
of shrimps achieved after maturation as hermaphrodites
as the covariate. Evaluation of assumptions of normality,
homogeneity of variances and homogeneity of slopes were
checked and found to be satisfactory for each independent
ANCOVA. The power of each ANCOVA was calculated
with the macro %POWER (SAS Institute, 2004).

The rationale for this experiment was to subject focal males
to increasing male mating opportunities and more intense
sperm competition with increasing group size (number of
hermaphrodites). This experiment did not control for the
potential confounding effect of density. However, density
does not affect sex allocation in other hermaphroditic species
(Schirer & Ladurner, 2003; Lorenzi et al., 2005).

The risk of sperm competition due to multiple inseminations

I examined the null hypothesis that there is no multiple
mating when shrimp are maintained in aggregations. I
recorded the number oftimesa ‘parturial’ hermaphrodite was
inseminated by different shrimps acting as males. ‘Parturial’
hermaphrodites are pre-spawning hermaphrodites close
to moulting and reproducing as females (Bauer, 2002a).
During the main reproductive season of L. wurdemanni,
the relative proportion of small males (shrimps <6.0 mm
carapace length, CL) to large males (shrimps >6.0 mm
CL) to small hermaphrodites (shrimps <9.0 mm CL) to
large hermaphrodites (shrimps >9.0 mm CL) is 4:3:2:1,
respectively (see Bauer, 2002b). This ratio was reproduced in
the laboratory by placing a combination of 10 shrimps of the
different sizes and sexual phases (4:3:2:1) into 20-1 aquaria
(40x20x25 cm). After an initial acclimatization period of at
least 8 h, one ‘parturial’ hermaphrodite was introduced into
the same aquarium. Moulting and the subsequent number of
inseminations experienced by this “parturial” hermaphrodite
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Figure 2. The effect of group size on reproductive allocation of
Lysmata wurdemanni focal shrimps after maturation as hermaphro-
dites. Least square means *standard errors are shown for each one
of the variables. (A) Total reproductive investment; (B) female al-
location; (C) male allocation; (D) sex allocation. All measurements
are in grams (g) of dry mass. See Methods for further details.

were counted in each of 10 replicates. Recording was
conducted with time-lapse video as in Baeza (2007).

RESULTS
The effect of group size on sex allocation

A total of 24 out of 60 (40%) focal shrimps lose their embryo
masses immediately after they matured as hermaphrodites
(after moulting and spawning eggs for the first time). It was
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Table 1. The effect of group size and shrimp mass on the different dependent variables of reproductive allocation measured on Lysmata
wurdemanni focal shrimps immediately after they mature as hermaphrodites. For each dependent variable, a one-way ANCOVA was performed
using group size as fixed independent variable and shrimp mass as the covariate. Also, the power of each ANCOVA to detect significant differences

wn sex allocation among treatments when controlling for the covariate is shown.

Dependent variable Model fit Factor: group size Covariate: shrimp mass Power
R? F df P F df P

Total allocation 0.26 0.48 3,31 0.6959 6.46 1,31 0.0162 0.1362

Female allocation 0.26 0.48 3,31 0.6976 6.40 1,31 0.0167 0.1357

Male allocation 0.20 0.31 3,31 0.8157 3.88 1,31 0.0578 0.1023

Sex allocation 0.06 0.74 3,31 0.5344 0.03 1,31 0.8665 0.1851

not possible to observe if the shrimps that ‘aborted’ their
newly spawned embryo mass consumed their eggs or if these
eggs detached from the abdomen and fell down to the floor
of the aquaria. The proportion of focal shrimps losing their
embryos varied significantly among treatments (Pearson
Chi-square exact test, x’=13.89, P=0.0031) (Figure 1I).
Focal shrimps maintained with 1 and 2 hermaphrodites lost
their brood significantly less frequently than focal shrimps
maintained with 5 and 10 hermaphrodites (a posteriori
subdivision of Pearson Chi-square exact test, x*=13.61,
P=0.0002, sequential Bonferroni corrected 0=0.016). No
other significant differences among treatments were found
(P>0.05 for the rest of the paired comparisons).

When only those focal shrimps that retained their embryo
masses are considered, the different reproductive allocation
measures studied did not vary significantly among treatments
(P>0.05 in all cases, Figure 2; Table 1). Shrimp size affected
total allocation and female allocation but not sex allocation
(P>0.05). Male allocation was marginally affected by body
size (Table 1). Thus, group size does not affect sex allocation
in terms of gonad mass. The power of each ANCOVA
was low because of the low number of replicates and their
unbalanced distribution among treatments (Table 1).

The frequency of multiple mating and the risk of sperm competition

Sperm competition is absent in the mating system of L.
wurdemanni. Shrimps roamed freely in the aquarium when
maintained in aggregations. No agonistic interactions
were observed among potential male mating partners.
Parturial hermaphrodites appeared to be recognized
when close to moulting. Some potential male mating
partners started following and on occasion pocking at these
parturial hermaphrodites with their second antennae, third
maxillipeds, and/or anterior pereiopods ~1 h before they
moulted. Parturial hermaphrodites usually escaped this
‘harassment’ by swimming haphazardly and/or roaming
more actively the closer they became to moulting. In 5 out
of the 10 replicates, insemination occurred at the moment
of moulting, and in the remaining 5 replicates, while the
parturial hermaphrodite was swimming (i.e. seconds after
moulting). All pre-spawning hermaphrodites copulated only
once with either a single male or hermaphrodite, in each of
the 10 trials. These observations suggest that L. wurdemanni
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features encounter-rate polygynandry as a mating system in
which sperm competition is not relevant.

DISCUSSION

Individuals of Lysmata wurdemann: that have just matured as
hermaphrodites lose their first batch of eggs more frequently
when maintained in large than in small groups. This result
suggests that, depending on social conditions, some shrimps
might be selecting the male gender after maturing as
hermaphrodites to improve their reproductive success. In
turn, those shrimps that did not appear to prefer the male
gender after maturing as hermaphrodites (i.e. did not lose
their first batch of eggs) did not shift resources between the
reproductive functions (in terms of gonad products) when
subjected to different mating environments.

In the laboratory, males invariably mature as
hermaphrodites regardless of the number of conspecifics
with which they are reared (Baeza, 2007). Also, males
almost never reach sizes as large as those reported for the
largest hermaphrodites in the field (Baldwin & Bauer,
2003). Thus, maturing as a hermaphrodite appears to be an
obligatory developmental pathway in L. wurdemanni. Young
hermaphrodites might be selecting gender as a strategy
to cope with changing social conditions after attaining
certain size/age. Gender preferences have previously been
reported for strict simultaneous hermaphrodites (female-
role preference in MNavanax slugs—Leonard & Lukowiak
(1991); male-role preference in Serranus fishes—Petersen
(2006)) and might occur in another protandric-simultaneous
hermaphrodite (i.e. Ophryotrocha diadema—see Leonard,
2006). In L. wurdemannz, young hermaphrodites that appear
to prefer the male role might be increasing their lifetime
reproductive success if the cost of losing eggs is compensated
by the benefits from increased male mating ability. It is
unknown whether the male mating ability of non-brooding
hermaphrodites is greater than that of brooding ones.
However, male shrimps are more successful in mating with
female-role hermaphrodites than brooding hermaphrodites
acting as males (Baeza, 2006b; Zhang & Lin, 2005 but
see Bauer, 2002b). Brooding hermaphrodites might be
heavier than non-brooding hermaphrodites because of egg
production and subsequent brooding (380 to 1500 eggs per
female) (Baeza, unpublished data). The ability to chase and
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grasp swimming female-role shrimps might decrease in non-
brooding compared to brooding hermaphrodites. Future
experiments examining gender preferences mediated by
group size in hermaphrodites should test for: (1) the mating
ability of brooding vs non-brooding hermaphrodites acting
as males; and (2) determine whether brood lost by young
hermaphrodites retrieved from the field occurs more
frequently when maintained in large than in small groups.

The proportion of resources devoted to the sex functions
(in terms of gonad mass) did not differ among shrimps that
did not lose their embryo mass when reared with a different
number of hermaphrodites. In contrast, plastic adjustments
in sex allocation (in terms of gonad mass) with group
size have been reported for the protandric-simultaneous
hermaphroditic worm O. diadema (Lorenzi et al., 2005, 2006;
Schleicherovd et al., 2006) and for various strict simultaneous
hermaphrodites (Locher & Baur, 2000; Schirer & Ladurner,
2003; Schireretal., 2005; Tan etal., 2004; Trouvé et al. 1999;
but see Schirer & Wedekind, 2001). Information gathering
by individuals from the surroundings is relevant to respond
optimally to the environment (Schleicherova et al., 2006;
Shuker & West, 2004). Information constraints experienced
by shrimps might explain the lack of phenotypic plasticity in
L. wurdemanni. However, shifts in the timing of maturation
as hermaphrodites by males reared with a different number
of hermaphrodites have been previously demonstrated in
this species (males delay maturation as hermaphrodites with
an increasing number of hermaphrodites—Baeza, 2007)
diminishing the importance of information constraints as a
reason for the lack of plastic sex allocation (in terms of gonad
mass) in this shrimp.

Alternatively, the lack of plastic sex allocationin L. wurdeman:
(in terms of gonad mass) might be related to the absence
of sperm competition. The single insemination by only one
other shrimp experienced by female-role hermaphrodites
contrasts with the polyandrous mating behaviour of females
from gonochoric and protandric shrimps (Chiba et al., 2003;
Correa et al., 2003), and other simultaneous hermaphrodites
(Angeloni et al., 2003; Michiels, 1998). Notwithstanding the
reasons for this monoandrous behaviour, it might not pay
in term of fitness for shrimps to produce and inseminate
female-role hermaphrodites with large amounts of sperm
as full paternity is assured with no multi-male mating
(Parker, 1998). Instead, hermaphrodites might be investing
in behaviours that should increase the frequency of finding
and inseminating female-role instance,
roaming, considered a male behaviour because it increases
the chances of finding receptive females (Andersson, 1994),
might have increased with group size during the experiment.
Components of sex allocation other than gonad tissue (i.e.
physiological, anatomical and behavioural investments)

shrimps. For

should be included in future studies measuring sex allocation
shifts with social conditions in simultaneous hermaphrodites
(Lorenzi et al., 2006).

In addition to the absence of sperm competition, two other
reasons might explain the absence of shifts in sex allocation
with group size in L. wurdemanm. First, increased male
allocation with increasing group size might have occurred as
an increased rate of sperm production. When with a single
female-role partner, shrimps take 3 d on average to refill
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their ejaculatory ducts (Baeza, 2006). The rate of ‘sperm
recovery’ from after an ejaculation in shrimps experiencing
larger group sizes was not measured here and should be
examined in future experiments. Second, because several
focal shrimps lost their first batch of eggs after maturing
as hermaphrodites, the number of replicates for measuring
sex allocation was reduced by 40%. The available replicates
for the ANCOVA were not randomly distributed among
treatments but were clumped together into two of them (1 and
2 hermaphrodites). This small sample size and unbalanced
distribution of replicates determined the low power of the
ANCOVA tests. Thus, the absence of shifts in sex allocation
might simply be due to the failure of the tests to detect real
significant differences among treatments. The behaviour
of shrimps (loosing eggs when maintained in large groups)
should be taken into account in future studies examining
shifts in sex allocation with group size in L. wurdemannu.
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