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Abstract.  The sexual system of the symbiotic shrimp
Thor amboinensis is described, along with observations on
sex ratio and host-use pattern of different populations. We
used a comprehensive approach to elucidate the previously
unknown sexual system of this shrimp. Dissections, scan-
ning electron microscopy, size-frequency distribution anal-
ysis, and laboratory observations demonstrated that 7. am-
boinensis is a protandric hermaphrodite: shrimp first mature
as males and change into females later in life. Thor am-
boinensis inhabited the large and structurally heterogeneous
sea anemone Stichodactyla helianthus in large groups (up to
11 individuals) more frequently than expected by chance
alone. Groups exhibited no particularly complex social
structure and showed male-biased sex ratios more fre-
quently than expected by chance alone. The adult sex ratio
was male-biased in the four separate populations studied,
one of them being thousands of kilometers apart from the
others. This study supports predictions central to theories of
resource monopolization and sex allocation. Dissections
demonstrated that unusually large males were parasitized by
an undescribed species of isopod (family Entoniscidae).
Infestation rates were similarly low in both sexes (=11%—
12%). The available information suggests that 7. amboinen-
sis uses pure search promiscuity as a mating system. This
hypothesis needs to be formally tested with mating behavior
observations and field measurements on the movement pat-
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tern of both sexes of the species. Further detailed studies on
the lifestyle and sexual system of all the species within this
genus and the development of a molecular phylogeny are
necessary to elucidate the evolutionary history of gender
expression in the genus Thor.

Introduction

Sexual systems vary considerably in shrimps from the
infraorder Caridea. Many species are gonochoric, with in-
dividuals in a population expressing only one sex during
their lifetime (e.g., Hippolyte williamsi: Espinoza et al.,
2008; Pontonia margarita: Baeza, 2008). In other species,
each individual in the population reproduces first as a male
and changes sex to female later in life. Examples of strict
protandry include Pandalus platyceros and P. goniurus
(Butler, 1964, 1980; Berstrom, 1997, 2000). Departures
from the classic example of strict protandry have been
documented in various species. For instance, in Processa
edulis (Noél, 1976) and Crangon crangon (Boddeke et al.,
1991; Schatte and Saborowski, 2006), protandric males
(i.e., shrimps that turn to females later in life) coexist with
primary females (i.e., shrimps that remain females for their
entire lives) in the same population. Most recently, protan-
dric simultaneous hermaphroditism sensu Bauer and Holt
(1998), where individuals initially mature and reproduce as
males and later become simultaneous hermaphrodites, has
been confirmed in several species of Lysmata and two
species of Exhippolysmata (Baeza, 2009).
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Gender expression within the infraorder Caridea might
vary noticeably at the generic level. For instance, in the
genus Thor, a clade that includes 12 species worldwide (De
Grave et al., 2009), two species have been confirmed as
gonochoric (T. dobkini and T. floridanus: Bauer and Van-
Hoy, 1996). In contrast, a third species, 7. manningi, ex-
hibits partial protandry with populations composed of pri-
mary males (i.e., individuals born as males that do not
change sex), primary females, and protandric individuals
(Bauer, 1986; Bauer and VanHoy, 1996). Shrimp from the
genus Thor also demonstrate a considerable diversity of
lifestyles: some species are symbiotic with sea anemones
(Thor amboinensis: Khan et al., 2004) or Porites sp. corals
(T. marguitae: Chace, 1997), others live in algal mats (7.
algicola: Wicksten, 1987), and still others perch on blades
in seagrass meadows (7. manningi: Bauer, 1986). This
ecological and behavioral diversity suggests that shrimp
from the genus Thor might be used as a model to explore the
importance of environmental conditions in explaining the
evolution of sex allocation in crustaceans. However, the
lack of studies on the natural history and sexual systems of
most species of this genus are hampering comparative stud-
ies.

In this study, we examined the sexual system of the
shrimp Thor amboinensis. The “squat anemone shrimp” or
“sexy shrimp” Thor amboinensis is a circumtropical “orna-
mental” species symbiotic with several sessile macroinver-
tebrates, including sea anemones (Fransen, 1989; Guo et al.,
1996; Wirtz, 1997; Khan et al., 2004). Importantly, its
symbiotic lifestyle—symbiosis here defined sensu de Bary
(1865) quoted by Vermeij (1983) as dissimilar organisms
living together—can be helpful in improving our under-
standing of principles central to theories of sex allocation
and resource monopolization as applied to marine organ-
isms.

Sex-allocation theory is one of the most robust branches
in evolutionary biology (West et al., 2000; Munday et al.,
2006; Schirer, 2009). One of its main goals is to predict the
optimal sex ratio in species featuring a wide variety of
sexual systems (Charnov, 1982). For instance, for sequen-
tial hermaphrodites, sex ratio is expected to be biased to-
ward the first sex. Mathematical modeling suggests that sex
ratio favors the sex that experiences lower fertility values
(Charnov and Bull, 1989). This prediction rests on the
assumption that male and female fertility increases with size
and that low levels of mortality occur during sexual transi-
tion (Charnov and Bull, 1989). During recent decades, ex-
periments and field observations have provided partial sup-
port for the prediction above. Sex-ratio biases toward the
first sex have been reported for several sequential hermaph-
rodites (Charnov and Bull, 1989; Collin, 1995). On the
other hand, a recent review of sex ratios in 40 species of
protandric fish and invertebrates from five phyla demon-
strated a large range in sex ratios (male/male+female:

~0.11-0.89; Allsop and West, 2004). Clearly, more exper-
imental studies and detailed field data are necessary to
improve our understanding of sex-ratio evolution.

Resource monopolization is a process that affects either
directly or indirectly the lifetime reproductive success of an
individual (Wilson, 1975; Emlen and Oring, 1977; Shuster
and Wade, 2003; Baeza and Thiel, 2007). In symbiotic
species, theory predicts that territoriality (shelter defense) or
guarding of resources evolves when monopolization is
“economic”; that is, when the benefits of monopolization
exceed the costs of defense (Brown, 1964; Emlen and
Oring, 1977). Recent theoretical considerations suggest that
host structural complexity and host size (relative to the
species using a host) are the most relevant parameters
modulating the cost and benefit of refuge monopolization
and, therefore, the distribution of symbiotic crustaceans
(Baeza and Thiel, 2003, 2007; Baeza, 2008). In relatively
small and structurally simple hosts, defense against intrud-
ers might be energetically economical, whereas relatively
large hosts with considerable structural complexity should
be relatively difficult to defend (Baeza et al., 2001; Thiel
and Baeza, 2001; Baeza and Thiel, 2007; Baeza, 2008).
Thus, relatively large hosts should shelter large groups
because guarding behaviors become energetically expen-
sive, while small hosts are expected to harbor single or pairs
of conspecifics (Baeza and Thiel, 2003, 2007). A few ma-
nipulative and observational experiments in some symbiotic
crustaceans support the predictions above (Baeza and Thiel,
2003, 2007; Baeza, 2008). However, more information is
needed to determine the generality of these predictions.

The aim of this study was first to determine the sexual
system of the symbiotic shrimp 7. amboinensis by exami-
nation of internal/external anatomy, size-frequency distri-
bution analysis, and laboratory observations. Our second
goal was to observe the ecology of T. amboinensis in the
field. We focused on describing the sex ratio and host-use
pattern of various populations because such information
contributes to a deeper understanding of sex allocation and
resource monopolization theories as applied to marine or-
ganisms.

Materials and Methods
The model species Thor amboinensis

The circumtropical shrimp Thor amboinensis is not a
“cleaner shrimp” (Guo et al., 1996), although it is brightly
colored, having a reddish brown body with iridescent yel-
lowish white spots bordered by thin white and blue bands
(Herrnkind et al., 1976; Stanton, 1977; Calado, 2008; pers.
obs.) (Fig. 1). Thor amboinensis has been reported to live
with a wide variety of coelenterate (Sarver, 1979; Guo et al.,
1996; Wirtz, 1997, and references therein) and non-coelen-
terate hosts (crinoids: Criales, 1984; cerianthids: Guo et al.,
1996). It has occasionally been observed in small cracks in
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Figure 1.
by Molly Ryan, Smithsonian Institution; used with permission from Klaus Reutzler). (b) Close-up of the sea
anemone Stichodactyla helianthus showing a female (on left) and male (on right) of Thor amboinensis perched
on sea grass blades. (c) Male of T. amboinensis (scale bar = 1 mm). (d) Female of 7. amboinensis showing two
spots at the flange of the second and third pleopods (arrow points at spot in second pleopod) (scale bar = 1 mm).

the rock face without a host (Wirtz, 1997). In Hawaii, this
species completes its larval development and undergoes
metamorphosis without induction from its host species An-
theopsis papillosa (Sarver, 1979). Adult specimens from
insular China (Taiwan and Pescadore Islands) show no
strong preference for the anemones in which they are most
commonly found (Entacmea quadricolor and Stichodactyla
tapetum: Guo et al., 1996). However, adults locate anemo-
nes using chemical and visual cues (Guo et al., 1996). Given
its weak host preference, 7. amboinensis is considered a
symbiotic generalist (Guo et al., 1996).

In Madeira and the Canary Islands, 7. amboinensis is the
most common associate of the anemone Telmatactis cri-
coides (67% and 54%, respectively), with a mean of 2.3
shrimp per host (Wirtz, 1997). However, in the northern
Caribbean, the occurrence of the shrimp on anemones is low

(a) Study site in Belize (arrow points to the three sampling areas in the barrier reef) (illustration

(20% and 13% in Lebrunia danae and Bartholomea annu-
lata, respectively), where usually one, and no more than
two, shrimps per anemone have been reported (Herrnkind e?
al., 1976; Stanton, 1977). Similarly, an average of two
shrimp per host of Stichodactyla haddoni is reported for
Moreton Bay, Australia (Khan et al., 2004). In contrast, in
Taiwan and the Pescadore Islands, as many as 11 7. am-
boinensis individuals have been observed in a single host
individual (in Stichodactyla tapetum: Guo et al., 1996). In
the latter case, the largest shrimp within each group tends to
be near the center of the oral disc and smaller individuals at
the periphery (Guo et al., 1996).

Thor amboinensis either maintains close contact with its
anemone hosts (near the center of the oral disc in Sticho-
dactyla tapetum [Guo et al., 1996], on tentacles in Antheop-
sis papillosa [Sarver, 1979], and climbing down among



154 J. A. BAEZA AND C. PIANTONI

tentacles in Lebrunia danae [Herrnkind et al., 1976, Stan-
ton, 1977]), or remains on the substrate close to the periph-
ery of the host’s tentacles (in Bartholomea annulata and
Condylactis gigantea [Nizinski, 1989], Entacmea quadri-
color [Guo et al., 1996], and Stichodactyla haddoni [Khan
et al., 2004]). Shrimp can also be found at the base of the
column beneath the crown of tentacles (Guo et al., 1996;
Khan et al., 2004; pers. obs.). The posture and resting
behavior of this shrimp is unique: the abdomen is kept
flexed upward dorsally and is almost constantly waved
upward/downward or circularly. (Herrnkind et al., 1976;
Calado, 2008; pers. obs.). In the laboratory, shrimps con-
sume the tentacles and mucus of its host, S. haddoni (Khan
et al., 2004).

Study sites

The sexual system, host-use pattern, and population sex
ratio of T. amboinensis were studied during 2008 and 2009
in the shallow subtidal (1.2-3 m) of three reefs in Belize—
South Water Cay (SWK: 16°48'43'2N, 88°04'5412W);
Carrie Bow Cay (CBC: 16°48'14'4N, 88°04'54'2W); and
Curlew Bank (CB: 16°47'242N, 88°04'53'2W). In 2009,
an additional site was sampled at Sesoko Island (26°38'N,
127°51'E), Okinawa, Japan (Fig. 1a).

In Belize, all study sites were dominated by patches either
of coral rubble partially covered by algae (i.e., Padina spp.)
and undetermined cyanobacteria, the sea grass Thalassia
testudinum, the coral Porites porites, or a partial mixture of
the above. Small schools of juveniles or juveniles plus
adults of yellowhead wrasse Halicoeres garnoti, bluehead
wrasse Thalassoma bifasciatum, clown wrasse H. maculip-
inna, and slippery dick H. bivittatus were frequently ob-
served patrolling the reef in search of prey. More sedentary
predators such as the harlequin bass Serranum tigrinus were
also common at the study site. Shrimps were sampled from
the sun anemone Stichodactyla helianthus.

In Okinawa, the study site was dominated by coral rub-
ble, beds of the boring giant clam Tridacnia crocia, small
patches of table corals Acropora spp., coral heads of Pocil-
lopora spp., or a mixture of these. Sea snakes (Hydrophis
spp.) and various species of lionfish (most commonly Pter-
ois volitans and P. antennata) were found either patrolling
the reef or finding refuge among corals during the day.
Shrimps were sampled from the giant sea anemone S. cf.
tapetum.

Sexual system of Thor amboinensis

Dissections and scanning electron microscopy. To reveal
the sexual system of the studied shrimp, observations on
reproductive anatomy were made on a total of 145 speci-
mens collected during 2008 and 2009 near the Smithsonian
Marine Station at Carrie Bow Cay (CBC), Belize. Shrimp
were collected from the sun sea anemone Stichodactyla

helianthus by scuba diving, placed in resealable plastic
bags, and transported live to CBC. In the laboratory, the
carapace length (CL), the length of the largest of the first
pair of chelipeds, and the second abdominal segment (max-
imum lateral length of the pleuron) of all shrimp were
measured under the stereomicroscope to the nearest 0.025
mm. The presence or absence of gonopores on the coxae of
the fifth pereopods was recorded for each individual. Then,
the first and second pleopods were dissected and the pres-
ence or absence of appendices internae and masculinae were
recorded. These characters permitted the identification of
males and females according to the presence (males) or
absence (females) of gonopores on the fifth pereopods and
of appendices masculinae (males) on the endopods of the
second pleopods (see Bauer, 1986; Baeza, 2008; Espinoza
et al., 2008). Finally, the gonads of 25 males (CL = 1.38—
2.95 mm) and 25 females (CL = 1.45-2.9 mm) were
selected on the basis of the external characters previously
mentioned and dissected to confirm the shrimps’ sex.

During measurements and dissections, we focused pri-
marily on recognizing individuals with a combination of
male and female traits (e.g., shrimp with appendices mas-
culinae on the second pleopods [male character] and mature
ovaries). These “transitional” individuals have been re-
ported before for various other species of shrimp that un-
dergo strong shifts in sex allocation during their lifetime
(strictly protandric and protandric-simultaneous hermaphro-
dites: Bauer, 1986; Bauer and Holt, 1998; Gavio et al.,
2006; Baeza, 2008, 2009) and represent a reliable indication
of sex change in a wide variety of marine organisms (gas-
tropods: Collin et al., 2005; shrimps: Bauer, 1986; Bauer
and Holt, 1998; Baeza, 2008, 2009; fish: Devlin and Naga-
hama, 2002, and references therein).

Lastly, 21 samples (including the thoraxic sterna of 4
males, 2 females, and 2 transitionals) from shrimps col-
lected in 2009 at CBC were prepared for scanning electron
microscopy (SEM). Samples were fixed in 3% glutaralde-
hyde on the island, stored at 6 °C, and processed for SEM
in the laboratory. They were rinsed in water three times and
dehydrated using a graded series of ethanol of 50%, 75%,
96%, and 100%. Then, the samples were immersed into two
changes of hexamethyldisilizane (HMDS) and air-dried to
be sputter-coated with gold and analyzed on a Philips
XL-30 ESEM at the National Museum of Natural History,
Smithsonian Institution, Washington, DC.

Sexual dimorphism. A subsample of 75 males and 42 fe-
males was used for the analysis of sexual dimorphism. We
examined whether the chelae on the first pair of pereopods
and the pleuron of the second abdominal segment increase
linearly with body size in males and females of 7. am-
boinensis. These two structures were selected because in the
Hippolytidae, including shrimps from the genus Thor, the
first pair of thoracic appendages bears the larger of the two
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pairs of chelae. These structures are used for inter-sexual
communication or as weapons during intra-sexual interac-
tions (Shuster and Wade, 2003). In turn, the pleuron of the
second abdominal segment is greatly enlarged and helps
protect (e.g., from physical abrasion) the embryos carried by
females beneath the abdomen (Bauer, 2004).

The relationship between the length of the propodus of
the first cheliped or the length of the pleuron of the second
abdominal segment and body size (CL) of shrimps was
examined using the allometric model y = ax® (Hartnoll,
1978, 1982). The slope b of the log-log least-squares linear
regression represents positive allometric (b > 1) or negative
allometric (b < 1) growth of the cheliped and abdominal
segment. To determine if the relationship deviated from
linearity, a Student’s t-test was used to test whether the
estimated slope b deviates from the expected slope of unity.

Sex change: Laboratory observations. Shrimps collected
during the summer of 2009 in the vicinity of CBC were
observed to determine whether males change sex to females
with time. Immediately after collection, 12 males (with
visible appendices masculinae) were maintained separately
in sets of three (n = 4) in 19-1 buckets with running
seawater (29-31 °C, 34%o) for a total of 23 days. Males
selected for these observations were among the largest
observed in the field (1.53-2.0 mm CL). Large males were
selected and maintained in sets of three to maximize the
chance of observing sex change (Baeza and Bauer, 2004;
Baeza, 2007). In each bucket, one sea anemone Stichodac-
tyla helianthus and small pieces of coral rubble with fouling
organisms (crustose coralline red algae) were provided as a
perch and food for the shrimp. At the end of 23 days, each
individual was examined externally for the presence of
embryos beneath the abdomen, the absence of appendices
masculinae in the second pleopods, and the presence of
white spots at the base of the second and third pleopods.
These spots were a reliable characteristic of females and
transitional individuals and were invariably absent in male
shrimps (see Results) (Fig. 1). The gonads of individuals
with any of the characteristics above were dissected and
examined for the presence of oocytes.

Sex ratio in T. amboinensis

The sex ratio of 7. amboinensis was studied at South
Water Cay (SWK), Carrie Bow Cay (CBC), and Curlew
Bank (CB). We examined sex ratio separately at CBC for
samples collected during 2008 and 2009. At each site, the
first 40 sea anemones found during free-diving were exam-
ined for the presence or absence of shrimp. Male and female
individuals were counted when shrimp were found in anem-
ones. During shrimp counts, we took special care to exam-
ine small crevices on the coral rubble, seagrass blades, and
coral branches in the immediate vicinity of the target sea

anemone, to record all associated shrimp. Then, the diam-
eter of each sea anemone was measured with a plastic ruler
to the nearest I mm at CBC and CB. Logistic problems
impeded measuring sea anemones at SWK. Lastly, we ex-
amined the sex ratio of 7. amboinensis during 2009 at
Sesoko Island, Okinawa, Japan, where the shrimp sampling,
counting, and sexing were conducted in the same way as in
Belize.

For each study site and sampling date, we used the
binomial test (Wilson and Hardy, 2002) to test for devia-
tions from a 1:1 sex ratio. We discarded the smallest, most
probably immature, males from each sample for the analy-
ses of sex ratio, although all males, regardless of their size,
had well-developed appendices masculinae (see Results).
The rationale for discarding the very small males was to
describe sex ratios for only the sexually mature individuals
in each population.

Importantly, we were not able to distinguish female from
transitional individuals in the field. However, samples from
Belize (2009) demonstrated that the frequency of these
transitional forms in the population was remarkably low
(1.72% out of 116 shrimp, see Results). Thus, to correct for
the presence of the transitional shrimp during our sampling,
we recalculated sex ratio for each population, considering
that 1.72% of the studied population were not functional
females. This analysis demonstrated that any bias in the sex
ratio reported by the first analysis was not affected by this
error in our calculations (analysis not shown here).

Population distribution of Thor amboinensis

The population distribution of 7. amboinensis was exam-
ined at the three study sites in Belize by analyzing the data
from the same samples used for the description of the sex
ratio. We investigated whether the distribution of shrimps in
sea anemones differed significantly from a random distri-
bution by comparing the observed distribution with the
Poisson distribution (Elliot, 1983). A chi-square test of
goodness of fitness was used to determine significant dif-
ferences between the distributions (SAS Institute, 2004). A
Poisson regression was used to test for a significant effect of
sea anemone size on shrimp number (SAS Institute, 2004).
Before the test, the assumption of over-dispersion was ex-
amined and found to be satisfactory.

Group size composition in Thor amboinensis

To reveal group size composition of 7. amboinensis, we
performed a second sampling at CBC, in an unperturbed
area located adjacent to that previously used for collecting
shrimps for dissections and experiments. The first 38 sea
anemones observed were examined for the presence or
absence of shrimps at this adjacent area. Once shrimps were
spotted in a sea anemone, all of the individuals in that
particular host were collected using aquarium nets, placed in
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small plastic resealable bags, and transported live to the
field laboratory on CBC. The CL and sex of each shrimp
were determined (see above).

Results
Sexual system of Thor amboinensis

Dissections and SEM. Of 116 shrimps examined, 75 and 39
were classified as males and females, respectively, consid-
ering only their external morphology. Dissections demon-
strated that all males sexed according to external features
(male gonopores on the coxae of the fifth pair of pereopods
and appendices masculinae on the second pair of pereopods)
had paired testes with lateral sperm ducts that contained
sperm cells (Fig. 2a, b). SEM of one of these males con-
firmed the absence of female gonopores on the coxae of its
third pair of legs. Appendices masculinae with a large
number of relatively long spines were well developed in all
males, including those among the smallest size classes (4
males between 0.75 and 1.0 mm CL). Appendices mascu-
linae usually reached the distal end of the endopod in the
second pair of pleopods (Fig. 2a) or, on occasion, extended
past it.

All shrimps classified as females were characterized by
the absence of appendices masculinae in the endopods of
the second pereopods (Fig. 2c, d). SEM of two of these
females confirmed the presence of female gonopores on the
coxae of the third pereopods and the absence of male
gonopores on the coxae of the fifth pair of legs. Thirty of
these 39 females (76.9%) carried embryos. The smallest
brooding female was 1.72 mm CL. The paired ovaries of
both ovigerous and nonovigerous females were located
above the hepatopancreas and projected backward into the
first abdominal segments (Fig. 2e). Importantly, we noticed
that females invariably had two pairs of spots, one pair on
the flange of the second pleopods and another on the flange
of the third pleopods. The coloration of these spots was the
same as that of spots in the carapace and abdomen: irides-
cent yellowish white bordered by two thin bands (an inner
white and an outer blue) (Figs. 1d, 2d). None of the males
examined had spots on the pleopods (Fig. 1c).

In 2 out of 116 shrimp examined we noticed both male
external traits (appendices masculinae as in Fig. 2a) and
female internal characters (ovary with green yolky oocytes
as in Fig. 2e) after dissection. SEM of these two transitional
individuals confirmed the presence of both female and male
gonopores on the coxae of the third and fifth pereopods,
respectively (Fig. 3a—c). The body size of these two tran-
sitional individuals (1.9 and 2.18 mm CL) was similar to
that of the largest males in our sample (Fig. 4). As in
females, these two transitional specimens displayed white
spots on the second and third pleopods.

Sexual dimorphism in Thor amboinensis. The CL of
males and females varied respectively between 0.83 and 3.0

mm (mean * s.d.: 1.47 = 0.31) and between 1.15 and 2.93
mm (2.14 *= 0.38). On average, males were smaller than
females (one-way ANOVA; F = 103.8,df = 1, 116, P <<
0.0001). Interestingly, the largest individual in our sample
was a male (3.0 mm CL) considerably larger than most
males in the population (Fig. 4). Dissection of this and the
second largest male in our sample (2.5 mm CL) demon-
strated the presence of a parasitic isopod (family Entonis-
cidae) instead of testes on top of the hepatopancreas (Fig.
5). SEM of these two parasitized males demonstrated the
presence of female gonopores on the third coxae in addition
to the male gonopores on the fifth coxae (as in Fig. 3a—c),
suggesting male feminization by the parasite. Dissection of
25 other randomly selected male and female shrimps de-
tected one other male and three other non-brooding females
parasitized by the same isopod. The frequency of occur-
rence for this parasite in males and females was relatively
low (11% and 12%, respectively) and did not differ between
the sexes (chi-square test, P > 0.05). Regardless of the
unusually large (parasitized) males in the population, there
is marked sexual dimorphism with respect to body size in T.
amboinensis, as expected for a sequential hermaphrodite
(Fig. 4).

A positive correlation between body size of shrimps and
the length of the propodus of the cheliped and the length of
the pleuron of the second abdominal segment was detected
for shrimps of both sexes (P < 0.001 in all cases, Fig. 4).
Interestingly, neither the abdominal pleuron nor the che-
liped differed with respect to the status and degree of
allometry, depending on the sex of the shrimps. In males
and females, the cheliped had negative allometry; the slope
of the relationship between shrimp body size and cheliped
size was significantly lower than 1 (Table 1; Fig. 4b). Also,
cheliped relative growth was similar in males and in females
(P = 0.9807). Similarly, the second abdominal pleuron had
negative allometry both in males and in females, and its
relative growth did not differ between the sexes (P =
0.8105). Nevertheless, this pleuron was wider in females
than in males at any given body size (F = 280.16, df =
1,113, P << 0.001; Fig. 4c; Table 1). The pleuron of
transitional shrimp had a width similar to that observed in
males of the same body size (Fig. 4c).

Sex change: Laboratory observations. In the test to deter-
mine whether males change sex to females later in life, the
largest three out of the 12 observed individuals shifted sex
to females before the 23 days. All three shrimp that matured
as females lost the appendices masculinae in the second pair
of pleopods and developed white spots at the flange of the
second and third pleopods. Two of the three new females
were brooding embryos (one had an intermediate- and the
other a late-stage embryos). The non-brooding and the
two brooding newly developed females had ovaries with
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Figure 2.  Anatomical and morphological differences between males and females of Thor amboinensis. (a)
Exopod (ex) and endopod (en) of second pleopod in male with appendix interna (ai) and appendix masculina
(am, arrow points at appendix masculina). (b) Testes from male. (c) Exopod (ex) and endopod (en) of second
pleopod in female (arrow points at appendix interna [ai]). Notice the absence of appendix masculina. (d) Second
pleopod in female with attached embryo (em) in advanced stage and spot at the flange (circled). The arrow points
at appendix interna (ai). (e) Dorsal view of female after dissection with ovaries (ov) full of vitellogenic oocytes.
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Figure 3.
Ventral view of transitional shrimp; male and female gonopores on the coxae of the fifth (c5) and third (c3)
pereopods, respectively. The male (&) and female () gonopores are encircled. (b) Ventral view of transitional
shrimp; detail of the male gonopore on coxae of fifth pereopod (encircled). (c) Ventral view of transitional
shrimp; detail of the female gonopores on coxae of third pereopods (encircled).

developing green (vitellogenic) oocytes. Two males died
before the end of the 23-day observation period.

Sex ratio in Thor amboinensis

Sex ratio ([males]/[males + females]) deviated signifi-
cantly from a random distribution of equal numbers of
males and females in all but one sampling site (CBC 2008:
P = 0.0002; CBC 2009: first sampling, P < 0.0001; CBC
2009: second sampling, P = 0.0063; SWK: P = 0.0003;
CB: P = 0.0076). Only at Okinawa did the observed pro-
portion of males in the population not deviate significantly
from the expected binomial frequency (P = 0.0593). How-
ever, this was explained by the low power of the test
determined by the small sample size (n = 18). Overall,
males dominated the population in proportions of about
0.66 to 0.90 (Fig. 6).

Population distribution of Thor amboinensis

Occurrence frequency of T. amboinensis on host sea anem-
ones was 65.0%, 72.5%, and 67.5% at SWK, CBC, and CB,

Scanning electron microscopy (SEM) view of transitional individuals of Thor amboinensis. (a)

respectively. Considering only sea anemones in which shrimp
were found, the number of shrimps per host varied between 1
and 5 (mean * s.d. = 2.58 £ 1.33, n = 26), 1 and 7 (2.62 =
1.68, n = 29), and 1 and 7 (2.74 = 1.72, n = 27) at SWK,
CBC, and CB, respectively. The population distribution of 7.
amboinensis on its host sea anemone did not display a random
pattern at 2 out of 3 of the study sites (chi-square test of
goodness of fit, SWK: X2 = 15.52,df = 4, P = 0.0037, CB:
X* = 12.21,df = 4, P = 0.0159) (Fig. 7a, c), and at CBC (Fig.
7b) the P value for nonrandomness was only marginally non-
significant (x* = 9.16, df = 4, P = 0.0572) (Fig. 7b). Overall,
the discrepancy between the observed and expected distribu-
tion was explained by the number of hosts harboring no shrimp
(greater than expected by chance alone, decomposition of the
chi-square test of goodness of fit, y* = 18.37, df = 1, P <
0.0001), the frequency of hosts with 2 or 3 shrimp (lower than
expected, Xz =532,df = 1, P < 0.0211), and the observed
number of hosts harboring 4 or more shrimp (greater than
expected, X2 = 4.86, df = 1, P < 0.0275) (Fig. 7d). Thus, T.
amboinensis occurred in moderate or large aggregations on sea
anemones.
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Figure 4. Sexual dimorphism in body size of Thor amboinensis
shown by the size-frequency distribution of males and females (a) and
relative growth of the major chela (b) and pleuron of the second abdominal
segment (c) as a function of carapace length. Measurements are in milli-
meters. Linear regression equation obtained after log-log transformation of
the data are shown for each sex in Table 1. Two transitional individuals
detected in the sample are shown.

At CBC, no statistically significant relationship was
found between sea anemone diameter and shrimp number
(n = 40 hosts, Poisson regression; P = 0.4799). However,
larger hosts harbored larger shrimp aggregations in CB (n =
40 hosts, Poisson regression; P < 0.0001) (Fig. 8). The
removal of influential data points did not change the results
from these analyses at the two sites (5 influential data points
detected at CBC and 4 at CB).

The distribution of sexes among groups with different
numbers of shrimp was analyzed. Data from the three sam-
pling sites in Belize were pooled because of their similari-
ties in host occupancy and population distribution. In the 23

instances that shrimp were found solitarily on sea anemo-
nes, they were all males. When hosts harboring only two
shrimps were considered, male-male and male-female pairs
were recorded in 8 and 14 out of 22 sea anemones. No
female-female pairs were observed. The number of males
and females in the sampled population was 157 and 60,
respectively. As seen from the binomial distribution, the
number of male-male and male-female pairs expected by
chance alone in the population would have been slightly
larger (n = 9) and slightly smaller (n =11), respectively,
than those observed, but the deviation was not significant
(P > 0.05 in both cases).

In the sea anemones with two or more shrimps (n = 59),
2, 46, and 11 of these host individuals harbored shrimp
aggregations with a female-biased, male-biased, or equal
sex ratio. Taking into consideration the hosts harboring two
or more shrimps, aggregations had male-biased sex ratios
more frequently than expected by chance alone (46:13 vs.
29.5:29.5, binomial test, P < 0.0001). Also, visual exami-
nation of the data suggested that small and moderate aggre-
gations (greater than 2 but smaller than 5 individuals per
host) have a sex ratio more male-biased than that of hosts
harboring relatively larger numbers of shrimps (6 and 7
shrimp host™) (Fig. 9). However, logistic regression indi-
cated no effect of shrimp group size on sex ratio (P =
0.215).

Group structure in Thor amboinensis

No major differences in population distribution and
frequency of occurrence of 7. amboinensis on host anem-
ones were observed between the first and second sam-
plings at CBC. In the second sampling, the number of
shrimp per individual host varied between 1 and 11, with
an average (* s.d) of 3.82 (% 2.76). Three out of 5
shrimp living solitarily on sea anemones were males.
Male-male and male-female pairs were recorded in 2 and
8 out of 10 host individuals harboring only two shrimps.
Again, no female-female pairs were observed. In sea

Table 1

Relative growth of selected structures in males and females of Thor amboinensis

y X Regression r SE, 1 P
Males
CheL CL y = 0.4146x + 0.004 0.6133 0.017 15.36 <0.001
AbdL CL y = 0.885x — 0.055 0.8861 0.016 3.14 0.0025
Females
CheL CL y = 0.4162x + 0.004 0.5915 0.018 10.89 <0.001
AbdL CL y = 0.869x — 0.022 0.8697 0.019 2.39 0.0216

The regression equations, correlation coefficients, and standard errors of the slopes (SE,), of each studied variable are shown. CL, CheL, and AbdL =
carapace length, length of the propodus of the major cheliped, and length of the second abdominal pleuron, respectively. Allometry was negative for all

structures.
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Figure 5.
embryos (scale bar = 1 mm). (b) Parasite general body morphology after embryo extraction (scale bar = 1 mm).
(c) Embryos from the same brood showing different stages of development (scale bar = 100 wm).

anemones harboring two or more shrimps (n = 31), 5, 15,
and 11 aggregations had a female-biased, male-biased, or
equal sex ratio, respectively. The effect of shrimp group
size on sex ratio detected with Poisson regression was
barely nonsignificant (considering only hosts with two or
more shrimp; P = 0.0508).

The examination of the distribution of sizes in each group
did not reveal any indication of female or male monopoli-
zation by males or females, respectively (Fig. 10). Most
commonly, females were the largest shrimp within a group,
as expected for a sequential hermaphrodite. A male was the
largest individual in only three groups, and in two of these
groups that male was parasitized by the entoniscid isopod
(see above) (groups #30 and #33 in Fig. 10). When more
than one male or female cohabited in the same sea anemone,

Undescribed species of parasitic isopod from the family Entoniscidae. (a) Parasite brooding

the difference in body size between the largest and second
largest individual of the same sex was either minimal
(males: groups #3, 9, 13, 16, and 17; females: groups #22,
25, and 28 in Fig. 10), moderate or large (males: groups #3,
16, 22, and 25; females: groups #23, 27, and 29 in Fig. 10).
The size of the largest male and female within a group was
not correlated (r2 = 0.013, F = 034, df = 1,27, n = 28
groups with males and females cohabiting, P = 0.5644).
However, the size of the largest male and female within a
group increased with group size (males: F = 25.35, df =
1,30, n = 31, P < 0.0001; females: FF = 6.18, df = 1,29,
n = 30, P = 0.0168). Group size explained 45.8% and
18.9% of the variation in male and female body size, re-
spectively. The information above suggests that shrimp
aggregations do not have a complex social structure.
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Figure 6.  Sex ratio (male/total individuals) of the adult population of

Thor amboinensis at different localities in Belize and in Okinawa, Japan.

Discussion
Sexual system of Thor amboinensis

In Thor amboinensis, the population is composed of
males that were, on average, smaller than females. Only two
parasitized males that appeared to be feminized reached
unusually large body sizes and broke this pattern. The
identity of the isopod parasite and its detrimental effect on
males and females of the studied shrimp species deserves
more attention. The size-frequency distribution of the sexes
agreed with expectations for protandric hermaphrodites
(Bauer, 2004). Importantly, transitional individuals having
characteristics of both males and females (appendices mas-
culinae, ovaries, and spots at the pleopods) were occasion-
ally found in the studied population, and laboratory obser-
vations demonstrated that large males can and do undergo
sex changes to females in short periods of time (< 23 days).
All this information demonstrates that the studied species is
a protandric sequential hermaphrodite. Shrimps are born
and reproduce as males first, then become ‘“transitional”
individuals later in life—apparently after a single molt. In
this transitional stage, shrimps lose the appendices mascu-
linae and develop female characters (e.g., white spots on
pleopods, maturing ovaries). During the next molt, shrimps
turn into females and remain so for the rest of their lives.

The sexual system of 7. amboinensis differs from that of
other members in the genus. Thor dobkini and T. floridanus
are gonochorist (separate sexes: Bauer and VanHoy, 1996).
In the partial protandric hermaphrodite 7. manningi, the
population is composed of 50% primary males (individuals
that are born male with prehensile third pereopods and do

not change sex), 49% protandrous hermaphrodites (males
that are born without prehensile pereopods and change sex
to females later in life), and 1% primary females (shrimps
that are born female and remain female) (Bauer, 1986).
Given this report of partial protandry within the genus, it
would be difficult with our data to differentiate between
pure and partial protandry in 7. amboinensis. However, in
view of the relatively high abundance of primary males
reported for T. manningi (50%), if primary males were part
of the studied population, then we should have been able to
detect them. Nonetheless, different male morphotypes (with
or without prehensile pereopods) were never observed in
our samples, and the largest size classes consisted primarily
of females (plus some unusually large parasitized males).
The absence of different male morphotypes is inconsistent
with the notion of partial protandry in 7. amboinensis.

If the studied population included a very small number of
primary females (as in 7. manningi), then our relatively
small sample size (n = 145) could lead to primary females
going undetected. However, small individuals (CL < 2.00
mm) in our studied populations were almost invariably
male, and all of them had prehensile pereopods. Although
we observed a few small females in our samples (e.g., 1.15
mm CL), these females were never as small as the smallest
males in the population (0.82 mm CL). Such small females
might represent males that changed sex early in life to cope
with exceptional social conditions such as low availability
of females in the surroundings (Baeza, 2007). We believe
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Figure 7.  Population distribution of the shrimp Thor amboinensis

inhabiting sea anemones in shallow subtidal patch reefs at different local-
ities in the Caribbean. (a) South Water Cay. (b) Carrie Bow Cay. (c)
Curlew Bank. (d) All sites combined. Observed frequency of shrimps on
hosts differs significantly from the expected Poisson random distribution.
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that the likelihood of partial protandry in 7. amboinensis is
low. Nonetheless, the existence of primary females in T.
amboinensis cannot be ruled out given our limited data set.

Protandry in T. amboinensis is quite different from that in
T. manningi, in which three morphotypes (primary males,
primary females, and sequential hermaphrodites) coexist in
the same population. Bauer (1986) hypothesized that pro-
tandry in 7. manningi originated in primary females and not
in males, because it will pay (in term of fitness) for primary
females to develop male characteristics during their juvenile
(non-reproductive) stage. Such primary females, once
turned into protandric hermaphrodites, would have in-
creased their lifetime reproductive output compared to that
of primary females (Bauer, 1986). We believe that a similar
mechanism is responsible for the evolution of protandry in
T. amboinensis. Also, Bauer (1986) hypothesized that pri-
mary males persist in populations of 7. manningi thanks to
an evolutionary innovation—the third prehensile pereopod
that gives males an advantage in female insemination over

hermaphroditic males (Bauer, 1986; Bauer and VanHoy,
1996). Nonetheless, the scenario proposed by Bauer (1986)
about the origin of this structure no longer seemed plausible
after males with prehensile third pereopods were docu-
mented in the gonochoric species T. dobkini and T. florida-
nus (Bauer and VanHoy, 1996). Assuming that gonocho-
rism is the ancestral condition in Thor, the origin of
prehensile structures predates the evolution of protandry
(Bauer, 1986; Bauer and VanHoy, 1996). We believe that
prehensile third pereopods evolved in response to intra-
sexual selection (male-male competition) and not inter-
sexual selection in an ancestral gonochoric species. This
view is supported by the existence of two types of primary
males in T. floridanus, one without prehensile third pereo-
pods, which might represent male morphs with the primitive
genotype for the third pereopods (Bauer and VanHoy,
1996), and another with prehensile third pereopods (Bauer
and VanHoy, 1996). In protandric species, such a secondary
sexual character would have allowed primary males to
persist in a population once it was invaded by sequential
hermaphrodites, as proposed later by Bauer and VanHoy
(1996).

Overall, the existence of different types of protandry in
Thor might be the result of (1) two independent evolution-
ary origins from different ancestral gonochoric species, or
(2) a single origin of protandry (as in 7. manningi) followed
by elimination of some morphotypes in more derived spe-
cies (as in T. amboinensis) due to the action of sexual
selection (Shuster and Wade, 2003). Further detailed studies
on the lifestyle and sexual system of the species in this
genus and the development of a molecular phylogeny are
necessary to elucidate the fascinating evolutionary history
of gender expression in the genus Thor.
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Figure 9. Relationship between sex ratio within groups and group size
in Thor amboinensis.
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Sex ratio in Thor amboinensis

Sex ratio in the protandric hermaphrodite 7. amboinensis
was female-biased in the various studied populations, one of
them thousands of kilometers distant from the others. These
results agree with one of the main predictions of sex allo-
cation theory developed for sex-changing species, which
states that sex ratio in sequential hermaphrodites is biased
toward the first sex (Charnov, 1982). In T. amboinensis,
males dominated the population with proportions of 0.66 to
0.90. This range in sex ratio variation is similar to that
reported for other populations of sequential and sequential-
simultaneous hermaphrodites (molluscs: Collin, 2006;
shrimps: Anker et al., 2006; JAB, unpubl. data).

The prediction of female-biased sex ratios in protandric
species rests on the assumption that male and female fertil-
ity increases with size and that levels of mortality are low
during sexual transition (Charnov and Bull, 1989). Informa-
tion is lacking to explore these assumptions for 7. am-
boinensis. To the best of our knowledge, in females of
caridean shrimp, a positive relationship between fecundity
and body size has been reported for every species in which
these variables have been examined (see Corey and Reid,
1991, and references therein). In turn, male mating ability
either increases (Pandalus latirostris: Chiba et al., 2003) or
decreases (Lysmata wurdemanni: Bauer, 2002) with body
size. No formal experiments exploring the costs (in terms of
mortality) of sex change have been conducted in shrimp.

However, various studies examining the effect of social
conditions on sex change of strictly protandric, bidirectional
sex changers and protandric simultaneous hermaphrodites
have not reported death of individuals immediately before,
during, or after change of sex or sex phase (shrimp: Baeza
and Bauer, 2004; Baeza, 2007; gastropods: Collin et al.,
2005; polychaetes: Berglund, 1986).

Group living in Thor amboinensis

T. amboinensis inhabited the large and structurally het-
erogeneous sea anemone Stichodactyla helianthus in large
groups (up to 11 individuals) more frequently than expected
by chance alone. This sea anemone might represent a large
and heterogeneous shelter that is too expensive (in terms of
energy and time) for monopolization by single or paired
shrimps. In agreement with the idea that sun sea anemones
are difficult to monopolize, the quotient between host di-
ameter and shrimp length was ~45 (calculation based on
the average-size anemone [13.3-cm diameter] and the larg-
est shrimp [3.0-mm CL] observed in the field). Although the
above ratio is a raw measure of space availability within a
host (Baeza and Thiel, 2003), this number clearly suggests
that a single large sea anemone should be able to host a
considerable number of shrimp at the same time.

It must be highlighted that, together with host character-
istics, other processes such as predation pressure might be
driving group living in 7. amboinensis. Mortality risk asso-
ciated with attacks by predators or parasites is predicted to
spread evenly among individuals living in groups (Hamil-
ton, 1971). Predation might be particularly important in 7.
amboinensis because individuals spend considerable time
centimeters away from the anemone’s tentacles. During
sampling, we observed various fish species both in the
Caribbean and Indo-Pacific that might be predators of T.
amboinensis, including sit-and-wait (e.g., the lionfish Prer-
ois antennata in Okinawa) and search-and-catch (e.g., Hali-
choeres spp. wrasses in both oceans) predators. Interest-
ingly, when perturbed during sampling, shrimp promptly
escaped using the “escape response” (backward tail flip-
ping) that propelled them toward the tentacles or near the
column of the anemone. This behavior might be interpreted
as an indication that predator avoidance in the field is
relevant for 7. amboinensis. Furthermore, although we did
not observe any instance of predation on this shrimp at our
study sites, Stanton (1977) reported heavy predation by
wrasses and the harlequin bass Serranum tigrinus. All these
fish were frequently observed in Belize. Overall, the infor-
mation available so far does not allow determining whether
or not predation pressure (together with refuge characteris-
tics) is relevant in favoring group living in the studied
species.
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Implications for the mating system of Thor amboinensis

Our study suggests that host structural complexity might
constrain the evolution of territoriality in males of 7. am-
boinensis. Male mating strategies strongly depend on the
environmental potential for monopolization of females or
resources (hosts) to attract females (Wilson, 1975; Shuster
and Wade, 2003; Baeza and Thiel, 2007). Thus, given the
impossibility of host monopolization, males should attempt
to increase mating opportunities by using exploitative rather
than interference mating strategies (Bauer, 2004; Baeza and
Thiel, 2007). In “pure-search” exploitative strategies, males
are continuously searching for females. Once a receptive
female is found, there is no evident courtship, insemination
takes place rapidly, and males depart immediately after
copulation in search of other receptive females (Bauer and
Abdalla, 2001). This behavior is expected to favor small
body size and reduced or no weapons (e.g., chelipeds) in
males because that leads to an increase in agility and en-
counter rates with receptive females (Shuster and Wade,
2003; Baeza and Thiel, 2007). Supporting the idea of a
pure-search mating system in 7. amboinensis, males were
smaller than females on average, and these males did not
have well-developed chelipeds or any other structure that
could be used to fight for females (e.g., maxillipeds as in
Rhynchocinetes typus: Correa et al., 2003). Our results
agree with the idea that 7. amboinensis uses a pure-search
mating system. Unfortunately, our data do not reveal to us
the most important details about the species’ reproductive
behavior. Future studies should explore (1) if males switch
hosts in search of females, (2) if predation risk impacts male
mating strategies (host swapping), (3) if males guard fe-
males before and/or after copulation, and (4) if females
exhibit passive or active mate choice.

Acknowledgments

We thank Sherry Reed and Narrisa Bax for their help
during tedious hours of diving under harsh conditions while
sampling sea anemones. We are also grateful to Mike Car-
penter for his patience and help with the scheduling of
diving trips and experimental work at CBC. Special thanks
to Klaus Ruetzler, Tuck Hines, and Valerie Paul for their
continuous support and funding for traveling to Belize. Jeff
Shields and CRUST-L members were most helpful with
identification of the parasite. Logistical support from Diane
and Mark Littler and Barrett Brooks at Carrie Bow Cay, and
James D. Reimer, Yoshikatsu Nakano, Yoshihisa Fujita,
Obushi Masami, and Takuma Fujii at Okinawa, is deeply
appreciated. We greatly appreciate Scott Whittaker’s help
with the SEM work. This research was funded by a Marine
Science Network Grant from the Smithsonian Institution
through the Johnson and Hunterdon Oceanographic Re-
search Endowment (to JAB and Candy Feller) and by a
Committee for Research and Exploration Grant of the Na-

tional Geographic Society. Support from the Smithsonian
Marine Station (Fort Pierce, Florida) Fellowship and Smith-
sonian Tropical Research Institute (STRI, Panama) Marine
Fellowship is appreciated. Dr. Raymond T. Bauer and two
anonymous referees critically reviewed the English as well
as the content and provided very helpful comments. This
article is CCRE and SMSFP contribution numbers 887 and
831, respectively.

Literature Cited

Allsop, D. J., and S. A. West. 2004.
animals. Evolution 58: 1019-1027.

Anker, A., S. T. Ahyong, P. Y. Néel, and A. R. Palmer. 2006. Mor-
phological phylogeny of alpheid shrimps: parallel preadaptation and
the origin of a key morphological innovation, the snapping claw.
Evolution 60: 2507-2528.

Baeza, J. A. 2007. Male mating opportunities affect sex allocation in a
protandric-simultaneous hermaphroditic shrimp. Behav. Ecol. Socio-
biol. 61: 365-370.

Baeza, J. A. 2008.  Social monogamy in the shrimp Pontonia margarita,
a symbiont of Pinctada mazatlantica, in the tropical eastern Pacific
coast. Mar. Biol. 153: 387-395.

Baeza, J. A. 2009. Protandric simultaneous hermaphroditism is a con-
served trait in Lysmata (Caridea: Lysmatidae): implications for the
evolution of hermaphroditism in the genus. Smithsonian Contrib. Mar.
Sci. 38: 95-110.

Baeza, J. A., and R. T. Bauer. 2004. Experimental test of social
mediation of sex change in a protandric sequential hermaphrodite: the
marine shrimp Lysmata wurdemanni (Crustacea: Caridea). Behav.
Ecol. Sociobiol. 55: 544-550.

Baeza, J. A., and M. Thiel. 2003.  Predicting territorial behavior in
symbiotic crabs using host characteristics: a comparative study and
proposal of a model. Mar. Biol. 142: 93-100.

Baeza, J. A., and M. Thiel. 2007. The mating system of symbiotic
crustaceans: a conceptual model based on optimality and ecological
constraints. Pp. 250-267 in Evolutionary Ecology of Social and Sexual
Systems: Crustaceans as Model Organisms, J. E. Duffy and M. Thiel,
eds. Oxford University Press, Oxford.

Baeza, J. A., W. Stotz, and M. Thiel. 2001. Life history of Allope-
trolisthes spinifrons, a crab associate of the sea anemone Phymactis
clematis. J. Mar. Biol. Assoc. UK 81: 69-76.

Bauer, R. T. 1986.  Sex change and life history pattern in the shrimp
Thor mannigi (Decapoda: Caridea): a novel case of partial protandric
hermaphroditism. Biol. Bull. 170: 11-31.

Bauer, R. T. 2002. Test of hypotheses on the adaptive value of an
extended male phase in the hermaphroditic shrimp Lysmata wurde-
manni (Caridea: Hippolytidae). Biol. Bull. 203: 347-357.

Bauer, R. T. 2004.  Remarkable Shrimps. Oklahoma University Press,
Norman.

Bauer, R. T., and G. J. Holt. 1998.  Simultaneous hermaphroditism in
the marine shrimp Lysmata wurdemanni (Caridea: Hippolytidae): an
undescribed sexual system in the decapod Crustacea. Mar. Biol. 132:
223-235.

Bauer, R. T., and J. H. Abdalla. 2001. Male mating tactics in the
shrimp Palaemonetes pugio (Decapoda, Caridea): precopulatory mate
guarding vs. pure search. Ethology 107: 185-199.

Bauer, R. T., and R. VanHoy. 1996. Variation in sexual systems
(protandry, gonochorism) and reproductive biology among three spe-
cies of the shrimp genus Thor (Decapoda: Caridea). Bull. Mar. Sci. 59:
53-73.

Berglund, A. 1986. Sex change by a polychaete: effects of social and
reproductive costs. Ecology 67: 837-845.

Sex-ratio evolution in sex changing



PROTANDRY, GROUP LIVING, AND SEX RATIO IN A SHRIMP 165

Berstrom, B. 1. 1997. Do protandric pandalid shrimp have environmen-
tal sex determination? Mar. Biol. 128: 397-407.

Berstrom, B. I. 2000. The biology of Pandalus. Adv. Mar. Biol. 38:
55-245.

Boddeke, R., J. R. Bosschieter, and P. C. Goudswaard. 1991.  Sex
change, mating, and sperm transfer in Crangon crangon (L.). Pp.
164182 in Crustacean Sexual Biology, R. T. Bauer and J. W. Martin,
eds. Columbia University Press, New York.

Brown, J. L. 1964. The evolution of diversity in avian territorial
systems. Wilson Bull. 76: 160-169.

Butler, T. H. 1964.  Growth, reproduction, and distribution of pandalid
shrimps in British Columbia. J. Fish. Res. Board Can. 21: 1403-1452.

Butler, T. H. 1980.  Shrimps of the Pacific Coast of Canada. Can. Bull.
Fish. Aquat. Sci. 202: 131-142.

Calado, R. 2008. Marine Ornamental Shrimp: Biology, Aquaculture
and Conservation. Wiley, Oxford.

Chace, F. A., Jr. 1997.  The caridean shrimps (Crustacea: Decapoda) of
the Albatross Philippine Expedition, 1907-1910, Part 7: Families Atyi-
dae, Eugonatonotidae, Rhynchocinetidae, Bathypalaemonellidae, Pro-
cessidae, and Hippolytidae. Smithsonian Contrib. Zool. 587: 1-106.

Charnov, E. L. 1982.  The Theory of Sex Allocation. Princeton Univer-
sity Press, Princeton.

Charnoyv, E. L., and J. J. Bull. 1989.
change and environmental sex determination. Nature 338: 148—-150.

Chiba, S., S. Goshima, and Y. Shinomiya. 2003. Male-male compe-
tition selects for delayed sex change in the protandrous shrimp Pan-
dalus latirostris. Mar. Biol. 142: 1153-1157.

Collin, R. 1995.  Sex, size, and position: a test of models predicting size
at sex change in the protandrous gastropod Crepidula fornicata. Am.
Nat. 146: 815-831.

Collin, R. 2006.  Sex ratio, life-history invariants, and patterns of sex
change in a family of protandrous gastropods. Evolution 60: 735-745.

Collin, R., M. McLellan, K. F. Gruber, and C. Bailey-Jourdain. 2005.
Effects of conspecific associations on size at sex change in three
species of calyptraeid gastropods. Mar. Ecol. Prog. Ser. 293: 89-97.

Corey, S., and D. M. Reid. 1991. Comparative fecundity of decapod
crustaceans I. The fecundity of thirty-three species of nine families of
caridean shrimp. Crustaceana 60: 270-294.

Correa, C., J. A. Baeza, J. A. Hinojosa, and M. Thiel. 2003.  Alter-
native mating tactics in the rock shrimp Rhynchocinetes typus (Deca-
poda: Caridea). J. Crustac. Biol. 23: 33—45.

Criales, M. M. 1984. Shrimps associated with coelenterates, echino-
derms, and molluscs in the Santa Marta region, Colombia J. Crustac.
Biol. 4: 307-317.

Devlin, R. H., and Y. Nagahama. 2002. Sex determination and sex
differentiation in fish: an overview of genetic, physiological, and en-
vironmental influences. Aquaculture 208: 191-364.

Elliott, J. M. 1983.  Some Methods for the Statistical Analysis of Sam-
ples of Benthic Invertebrates. Freshwater Biological Association. Sci-
entific Publication 25, Ambleside, UK.

Emlen, S. T., and L. W. Oring. 1977.  Ecology, sexual selection and the
evolution of mating systems. Science 197: 215-223.

Espinoza, N. L., M. Thiel, E. Dupre, and J. A. Baeza. 2008. Is
Hippolyte williamsi gonochoric or hermaphroditic? A multi-approach
study and a review of sexual systems in Hippolyte shrimps. Mar. Biol.
155: 623-635.

Fransen, C. H. J. M. 1989. Notes on caridean shrimps collected during
the Snellius-II Expedition. I. Associates of Anthozoa. Neth. J. Sea Res.
23: 131-147.

Gavio, M. A., J. M. Orensanz, and D. Amstrong. 2006. Evaluation of
alternative life history hypotheses for the sand shrimp Crangon fran-
ciscorum (Decapoda: Caridea). J. Crustac. Biol. 26: 295-307.

Non-fisherian sex ratios with sex

De Grave, S. D., N. D. Pentcheff, S. T. Ahyong, T.-Y. Chan, K. A.
Crandall, P. C. Dworschak, D. L. Felder, R. M. Feldmann,
C. H. J. M. Fransen, L. Y. D. Goulding, et al. 2009. A classifica-
tion of living and fossil genera of decapod crustaceans. Raffles Bull.
Zool. Suppl. 21: 1-109.

Guo, C. C,, J. S. Hwang, and D. G. Fautin. 1996. Host selection by
shrimps symbiotic with sea anemones: a field survey and experimental
laboratory analysis. J. Exp. Mar. Biol. Ecol. 202: 165-176.

Hamilton, W. D. 1971.  Geometry for the selfish herd. J. Theor. Biol. 31:
295-311.

Hartnoll, R. G. 1978.  The determination of relative growth in Crusta-
cea. Crustaceana 34: 281-292.

Hartnoll, R. G. 1982.  Growth. Pp. 111-196 in The Biology of Crustacea
2, L. G. Abele, ed. Academic Press, New York.

Herrnkind, W., G. Stanton, and E. Conklin. 1976. Initial character-
ization of the commensal complex associated with the anemone, Leb-
runia danae, at Grand Bahama. Bull. Mar. Sci. 26: 65-71.

Khan, R. N,, J. H. A. Becker, A. L. Crowther, and 1. D. Lawn. 2004.
Spatial distribution of symbiotic shrimps (Periclimenes holthuisi, P.
brevicarpalis, Thor amboinensis) on the sea anemone Stichodactyla
haddoni. J. Mar. Biol. Assoc. UK 84: 201-203.

Munday, P. L., P. M. Buston, and R. R. Wagner. 2006.  Diversity and
flexibility of sex-change strategies in animals. Trends Ecol. Evol. 21:
89-95.

Nizinski, M. S. 1989. Ecological distribution, demography and behav-
ioral observations on Periclimenes anthophilus, an atypical symbiotic
cleaner shrimp. Bull. Mar. Sci. 45: 174-188.

Noél, P. 1976.  L’évolution des caracteéres sexuels chez Processa edulis
Risso (Décapode, Natantia). Vie Milieu 26: 65—104.

Sarver, D. 1979. Larval culture of the shrimp Thor amboinensis (De
Man, 1888) with reference to its symbiosis with the anemone Antheop-
sis papillosa (Kwietniewski, 1898). Crustaceana 5: 176-178.

SAS Institute. 2004.  SAS/STAT Software. SAS Institute, Cary, NC.

Schirer, L. 2009. Tests of sex allocation theory in simultaneously
hermaphroditic animals. Evolution 63: 1377-1405.

Schatte, J., and R. Saborowski. 2006. Change of external sexual
characteristics during consecutive moults in Crangon crangon L. Hel-
gol. Mar. Res. 60: 70-73.

Shuster, S. M., and M. J. Wade. 2003.
Princeton University Press, Princeton.

Stanton, G. 1977.  Habitat partitioning among associated decapods with
Lebrunia danae at Grand Bahama. Pp. 169-175 in Proceedings of the
Third International Coral Reef Symposium, Vol 1, D. L. Taylor, ed.
Rosenstiel School of Marine and Atmospheric Science, University of
Miami, Florida.

Thiel, M., and J. A. Baeza. 2001. Factors affecting the social behaviour
of symbiotic Crustacea: a modelling approach. Symbiosis 30: 163-190.

Vermeij, G. J. 1983. Intimate associations and coevolution in the sea.
Pp. 311-327 in Coevolution, D. J. Futuyma and M. Slatkin, eds.
Sinauer Associates, Sunderland, MA.

West, S. A., E. A. Herre, and B. C. Sheldon. 2000.
allocating sex. Science 290: 288 -290.

Wicksten, M. K. 1987. A new species of hippolytid shrimp from the
west coast of Mexico. Bull. South. Calif. Acad. Sci. 86: 27-33.

Wilson, E. O.1975.  Sociobiology: The New Synthesis. Belknap/Harvard
University Press, Cambridge.

Wilson, K., and I. C. W. Hardy. 2002.  Statistical analysis of sex ratios:
an introduction. Pp. 48-92 in Sex Ratios: Concepts and Research
Methods, 1. C. W. Hardy, ed. Cambridge University Press, Cambridge.

Wirtz, P. 1997.  Crustacean symbionts of the sea anemone Telmatactis
cricoides at Madeira and the Canary Islands. J. Zool. 242: 799-811.

Mating Systems and Strategies.

The benefit of



