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Theory suggests that symbiotic species should be monogamous and form long-lasting heterosexual pairs in/on
hostswhen inhabiting scarce and small hosts in environmentswhere predation risk away fromhosts is high (e.g.,
tropical subtidal). This prediction was tested with Pontonia mexicana which inhabits the relatively small and
scarce amber pen-shell Pinna carnea in the tropical Caribbean. In agreement with theory, P. mexicanawere found
dwelling as heterosexual pairs in the mantle cavity of pen-shell individuals with more frequency than expected
by chance alone. However, additional observations suggested that male–female pairing of P. mexicana does not
last long. First,males pairedwith females thatwere close tomolt and become sexually receptivemore frequently
than expected by chance alone. In monogamous species in which pairing appears to be long lasting, males occur
with females in the same host, independent of the reproductive condition of the female. Second, the body size of
paired shrimpswas poorly correlated and the relationship betweenhost and shrimpbody sizewasweak. Ifmales
and females of P. mexicana were staying within host individuals for long periods of time, a tight correlation
between host and shrimp size and between males and females in a pair would have been found. Lastly, sexual
dimorphism in terms of cheliped size was evident; males invested considerably more resources to this body
structure compared to females. In monogamous species in which pairing appears to be long-term, sexual
dimorphism is low or absent given that sexual selection is weak in thismating system. Overall, our data suggests
that monogamy in P. mexicana does not last long and that males switch among host individuals in search of
receptive females. Manipulative experiments are necessary to understand the conditions favoring short- and
long-term monogamy in symbiotic crustaceans.
ical Sciences, Old Dominion

l rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The adoption of a symbiotic lifestyle (symbiosis here defined sensu
de Bary [1865] quoted by Vermeij (1983) as dissimilar organisms
living together) is one of the most important adaptations among
vertebrate and invertebrate organisms from terrestrial and marine
environments (Currie et al., 2003; Margulis and Fester, 1991; Ross,
1983). Some degree of dependence between pairs (the spider crab
Inachus phalangium and the snakelock anemone Anemonia sulcata—
Diesel, 1986) or among assemblages of species (e.g., fungus growing
ants – fungal cultivars – Escovopsismicrobial pathogens— Currie et al.,
2003) has evolved multiple times independently. Most commonly,
symbiotic associations comprise small organisms (hereafter symbi-
onts) and large partners that serve as hosts. Symbiotic relationships
can be characterized in terms of the costs and benefits experienced by
partners (i.e., parasitism, commensalism, mutualism), the degree of
interdependency between associates (i.e., facultative versus obligate
symbiosis), and the number of species used by one or both entities
involved in the relationship (i.e., generalists versus specialists).
Usually, hosts vary considerably in their biology and ecology (body
plan, abundance, distribution and habitat) and a wide diversity of
host-use patterns has been described for symbionts (Baeza and Thiel,
2007; Margulis and Fester, 1991; Ross, 1983). This diversity offers a
unique opportunity to understand the conditions driving the diversity
of anatomical, physiological and behavioral traits of resource-
specialist (e.g. symbiotic) species.

As in many other groups of marine invertebrates, symbiosis has
independently evolved several times among crustaceans from tropical
and temperate habitats. Shrimp, crabs, lobsters, amphipods and isopods
from distant monophyletic clades use other macro-invertebrates,
including sponges, corals, sea anemones, oysters, sea urchins, and
ascidians (among others), as refuge, direct or indirect food source, and
mating arenas (Ross, 1983; Thiel and Baeza, 2001). The diversity of host
use patterns of symbiotic crustaceans is remarkable. Some species dwell
on their hosts as solitary individuals (Allopetrolisthes spinifrons dwelling
on the sea anemone Phymactis papillosa — Baeza et al., 2001). Other
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species are found as heterosexual pairs (Pinnixa transversalis— Baeza,
1999; Alpheus armatus— Knowlton, 1980; Pontonia margarita— Baeza,
2008). Evenother species form largeunstructured aggregations (the sea
urchin dwelling crab Liopetrolisthes mitra — Baeza and Thiel, 2000; the
clown shrimp Thor amboinensis— Baeza and Piantoni, 2010) and a few
establish small structured groups within their hosts (the eusocial
shrimp Synalpheus regalis— Duffy, 1996; the polygamous isopod
Paracerceis sculpta — Shuster and Wade, 1991). During the last decade,
a few formal ideas have been proposed to explain the variety of refuge
use patterns andmating systemsof organisms adapted to live in discrete
and discontinuous habitats such as symbiotic crustaceans (Baeza, 2008;
Baeza and Piantoni, 2010; Baeza and Thiel, 2003, 2007; Thiel and Baeza,
2001). Theory suggests that host characteristics, including abundance,
distribution, body size (relative to symbiotic dwellers) andmorphology
(structural complexity) together with predation risk off refuges (hosts)
are important in determining the host-use pattern and reproductive
strategies of symbiotic crustaceans (Baeza, 2008; Baeza and Thiel, 2003,
2007; Thiel et al., 2003).

Symbiotic crustaceans are expected to live as heterosexual pairs
in/on hosts and exhibit monogamy (monogamy here defined sensu
Wickler and Seibt (1983) as pairs of conspecifics spending extensive
periods of time together) when their hosts are large enough to
support few (e.g., two) but not more conspecifics, when hosts are
relatively rare, and when predation risk away from hosts is high
(Baeza, 2008; Baeza and Thiel, 2007). Under these circumstances,
movements among hosts are constrained and host monopolization is
favored in male and female symbionts due to host scarcity and its
value in offering protection against predators (Baeza and Thiel, 2007).
Because spatial constraints allow only a few adult symbiotic in-
dividuals to cohabit in/on the same host, both adult males and females
maximize their reproductive success by sharing “their” dwelling with
a member of the opposite sex (Baeza, 2008). These monogamous
species should display low sexual dimorphism in body size and
weaponry (e.g., chelipeds used for intra-sexual aggression). The low
intensity of sexual selection characteristic of monogamous regimes is
expected to relax selection for large body size and weapons in males
(Baeza, 2008; Baeza and Thiel, 2007; Shuster and Wade, 2003).

A powerful approach to test the importance of host traits in driving
the evolution of monogamy in symbiotic crustaceans is to tag and
track the fate of paired individuals of symbiotic species living in/on
hosts that, in turn, live in environments inwhich predation risk is high
(i.e. tropical shallow subtidal) and that display traits (e.g., small body
size, low structural complexity) that should favor the evolution of
monogamy in their symbiotic associates (e.g., Baeza, 2010). Unfortu-
nately, given the cryptic habitat of many symbiotic species and the
remote localities where they are found, direct long-term observations
on the activity of symbiotic individuals and movements of these
symbionts among host individuals are not logistically possible in
many cases (e.g., Baeza, 2008). On the other hand, several studies
have demonstrated the plausibility of inferring the mating system of
symbiotic species after examination of their population distribution,
male–female association pattern, host–shrimp body size relationship,
and sexual dimorphism (Baeza, 1999, 2008, 2010; Baeza and Piantoni,
2010; Baeza and Thiel, 2003, 2007; Knowlton, 1980; Omori et al.,
1994). For example, if a symbiotic shrimp occurs in their hosts as
heterosexual pairs more frequently than expected by chance alone, if
males share their hosts with females regardless of their stage of
receptivity, if heterosexual pairing is size-assortative, and if the
relationship between shrimp and host body size is robust and
positive, then all these characteristics represent strong indication of
a monogamous mating system (Baeza, 2008, 2010; Baeza and Thiel,
2003; Knowlton, 1980). Various studies describing the host use
pattern of symbiotic crustaceans and the ecology of their hosts
partially support the notion that particular host characteristics favor
monogamy in symbiotic crustaceans (Baeza and Thiel, 2007). For
instance, symbiotic shrimp, crabs, and isopods are commonly
reported living in male–female pairs, in relatively small and scarce
hosts from tropical environments (Baeza and Thiel, 2007; Thiel and
Baeza, 2001). In contrast, various other symbiotic species inhabiting
relatively large, structurally complex, and abundant hosts are not
monogamous (Baeza and Piantoni, 2010).

The aim of this study is testing the hypothesis that symbiotic
crustaceans inhabiting relatively small, structurally simple, and rare
hosts in environments with high predation pressure (i.e. tropical
shallow subtidal) should be monogamous. We used as a model the
Caribbean shrimp Pontonia mexicana (Palaemonidae, Pontoniinae)
which dwells in the mantle cavity of the amber pen-shell Pinna carnea
(cf. Fransen, 2002). The pen-shells used as host by this shrimp
represent small and discrete refuges that should be relatively easy to
protect and defend against intruders (Baeza, 2008; Fransen, 2002).
Also, it is highly probable that movement among pen-shells in the
subtidal is costly for both male and female shrimps because of the risk
of predation by the omnivorous fishes and crabs common in these
tropical environments (Randall, 1967). Environmental constraints
such as these that limit the ability of shrimps to switch among the
relatively small and scarce pen shells in search of sexual partners
should favor monogamy and no or reduced sexual dimorphism in
P. mexicana (cf. Baeza, 2008; Baeza and Thiel, 2007).

2. Materials and methods

2.1. Study site

The association between the shrimp P. mexicana and the amber
pen-shell P. carnea was analyzed in the shallow subtidal of Las
Cabeceras, Isla Cubagua (N 10° 49′, W 64° 12′), Venezuela. The study
site is dominated by the seagrass Thalassia testudinum. Pen-shells are
found either solitarily or in pairs half-buried in the sand among sea
grass blades between 4 and 10 m depth (Fig. 1). Occasionally, fire
corals, large brain coral heads of Diploria labyrinthiformis and sponges
from various unidentified species (e.g., Xestospongia spp., Clathria
spp., and Aplysina spp.) are found interspersed at the seagrass bed.
During sampling, species of omnivorous/predatory fish (known to
prey on crustaceans— Randall, 1967) observed at the locality included
various species of search-and-catch (e.g., wrasses Halichoeres spp.)
and sit-and-wait predators (the toad fishes Amphichthys spp., the
scorpionfish Scorpaena plumieri).

2.2. Collection of hosts and shrimps

Individuals of the pen-shell P. carnea were collected with SCUBA
between June and September, 2008. Each encountered pen-shell was
collected (regardless of their size), immediately placed in a plastic bag,
and transported to the laboratory. In the laboratory, pen-shells were
gently cracked open with a hammer, their valves were stored, and all
shrimps found within the host individuals were frozen or fixed for
further examination. The shell length (SL, the longest point along a line
parallel to the umbo) of the left or right valve of each P. carnea individual
(depending on which valve remained intact after cracking it open) was
measured with a manual caliper to the nearest 0.1 mm. Next, the
number of shrimps per host was recorded. The carapace length
(CL, mm) and the length of the largest (major) of the second pair of
chelipeds of all shrimps from each host were measured under the
stereomicroscope to the nearest 0.168 mm. Also, the sex of each shrimp
was determined based on external characters; in males a gonopore
(located on the coxae of the fifth pair of walking legs) and appendices
masculinae on the base of the endopod of the second pleopods. Each
female shrimp was identified by the presence or absence of brooded
embryos (ovigerousor non-ovigerous). The embryomasswas inspected
under a stereomicroscope and the embryoswere classified based on the
following characters: stage I: embryo with uniformly distributed yolk
and no eyes; stage II, embryo with yolk clustered and visible but not



Fig. 1. (a) Sea grass bed at the shallow subtidal of Cubagua Island, Venezuela. (b) Half buried amber pen-shell Pinna carnea at the study size (the black arrow points at the specimen).
(c) Complete view of an amber pen-shell minutes after collection. (d) A couple of shrimps Pontonia mexicana retrieved from a single pen-shell (QL=length of the propodus of the
major cheliped).
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well-developed eyes; stage III, embryo with well-developed eyes, free
abdomen, and thoracic appendages.

Lastly, we measured host abundance. For this purpose, four
different transects (4×22 m) were randomly placed at the study
site and a single SCUBA diver counted all host individuals found
within each transect.

2.3. Host use pattern of P. mexicana in pen-shells P. carnea

We examined the host use pattern of P. mexicana that included the
description of its population distribution, male–female association
pattern, and host–shrimp body size relationships. First, we tested
whether or not the distribution of P. mexicana in its host differed
significantly from a random distribution by comparing the observed
distribution (number of individuals per host) with the Poisson
distribution (Elliot, 1983). Significant differences between the
distributions were examined using a Chi-square test of goodness of fit
(Sokal and Rohlf, 1995). In the case where significant differences were
observed, specific frequencies between the observed and expected
distributions were compared by subdivision of the Chi-square test and
using the sequential Bonferroni correction to control for false discovery
rate (Rice, 1989). If shrimps were found as pairs in the same host, then
we determined whether the sexes were randomly distributed when
comparing the observed distribution with the binomial distribution. A
Chi-square test of goodness of fit was used to inspect for significant
differences between these distributions (Sokal and Rohlf, 1995).
Lastly, we examined whether the presence of eggs and the
developmental stage of the embryos brooded by females affected
male presence/absence. A Chi-square test of independence was used to
detect significant differences between the frequencies of occurrence of
males with females carrying embryos in different stages (Sokal and
Rohlf, 1995).

2.4. Sexual dimorphism in P. mexicana

We described the extent of sexual dimorphismwith respect to body
and major cheliped size in P. mexicana. In caridean shrimps from the
genus Pontonia, the fifth pair of thoracic appendages bears the largest of
the two pair of chelipeds (Fig. 1c). In crustaceans, these structures serve
asweapons during intra-sexual interactions (Hartnoll, 1978, 1982). We
examined whether the size of this largest cheliped in the second pair of
pereiopods increased linearly with body size in males and females of P.
mexicana. The relationship between the length of the propodus of the
largest second cheliped and body size of shrimps (CL, mm) was
examined using the allometric model y=axb (Hartnoll, 1978, 1982).
The slope b of the log-log least-squares linear regression represents the
rate of exponential increase (bN1) or decrease (bb1) of the cheliped
with a unit of increase in body size of shrimp. To determine if the
relationship deviated from linearity, a t-test was used to test if the
estimated slope b deviated from the expected slope of unity (Sokal and
Rohlf, 1995). If the cheliped growsmore or less than proportionallywith
a unit increase in body size of shrimps, then the slope should be greater
or less than unity, respectively (Hartnoll, 1978).
3. Results

3.1. Host use pattern of P. mexicana in pen-shells P. carnea

A total of 120 pen-shells P. carneawere collected from Isla Cubagua,
Venezuela. The SL of the pen-shells varied between 130 and 390 mm
with a mean (±SD) of 284.5 (±45.1) (Fig. 1, 2). The average density of
the pen-shells was 0.059 (±0.027) individuals m−2 (range: 0.023–
0.083). Pen-shells were most commonly found either solitarily or in
pairs during our collections in the natural environment. We never
observed pen-shells in aggregations of three or more individuals at the
seagrass bed.

P. mexicana was found in 93.3% (112 out of 120) of the pen-shells
collected at Isla Cubagua. Most pen-shells without shrimpswere small
(b20 cm SL) but some medium sized pen-shells also lacked shrimp
(Fig. 2). The smallest pen-shells with shrimp had an SL of 13 cm.

The number of shrimp P. mexicana per host varied between 0 and 2
with a mean of 1.62±0.61. The population distribution of P. mexicana
on pen-shells did not display a random pattern (observed versus
expected Poisson distribution, Chi-square test of goodness of fit,

image of Fig.�1


Fig. 2. Population structure of the pen-shell Pinna carnea at Isla Cubagua (above) and
frequency of occurrence of shrimps in pen-shells from different size classes (below)
(see Results for further details) (n=120 host individuals of Pinna carnea).
Photograph of Pinna carnea shell modified from Mikkelsen and Bieler (2008).

Fig. 3. Male–female association pattern (above) and relationship between carapace
length of females and males of Pontonia mexicana found as heterosexual pairs (below)
inside the mantle cavity of the pen-shell Pinna carnea at Isla Cubagua, Venezuela.
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χ2=23.71, df=2, Pb0.0001). More pen-shells harbored two shrimps
compared to the number expected by chance alone and fewer pen-
shells with zero or one shrimp were observed compared to the
number expected by chance alone (decomposition of the Chi-square
test of goodness of fit; χ2=110.92, df=1, Pb0.0001, sequential
Bonferroni α=0.025). Invariably, all shrimps inhabiting hosts as pairs
were heterosexual couples (Fig. 3). Taking into consideration the
binomial distribution and the total number of males and females in
the population, the number of hosts harboring heterosexual pairs
expected by chance alone would have been 41. Therefore, shrimp
were found as heterosexual pairs more frequently than expected by
chance alone (Fig. 3).

There was a weak but positive correlation between the size of
males and females in a pair (t-test: t=3.45, df=1,80, P=0.0009)
(Fig. 3). In 90% of these heterosexual pairs (74 out of 82 pairs), the
male was smaller than the female. On average, females were 1.27 mm
(±1.03) larger than their male companions. Of the females found
with a male in the same host, 75 out of 82 (91.5%) were brooding
embryos. Six out of the seven non-brooding females seemed to be
close to spawning as their ovaries were full of vitellogenic oocytes
visible through the carapace. The proportion of paired brooding and
paired non-brooding females differed significantly from a 1:1 ratio
(χ2=54.74, df=1, Pb0.0001). Males were paired with a brooding
female more frequently than expected by chance alone. Of the
brooding females cohabiting with males, 18, 20, and 37 carried
embryos in stage I, II, and III, respectively. The proportion of females
with embryos at different developmental stages differed significantly
from each other (χ2=8.72, df=2, P=0.0128). Males cohabited with
females carrying late stage embryos more frequently than with
females carrying early or intermediate embryos.

Of the 30 shrimps inhabiting the pen-shells solitarily, 19weremales
and 11 were non-ovigerous female. Among these solitary shrimps, sex
ratio did not differed significantly fromanexpected 1:1 ratio (χ2=1.64,
df=1, P=0.2003). However, the power of this latter test was low
(1−β=0.2491). Solitary and paired males and females did not differ
significantly in body size (paired versus solitary males, 9.68±1.9 and
9.98±0.93 mm CL, respectively, Mann–Whitney test [variances were
heterogeneous], M-W=786, N=19 and 82, respectively, P=0.9549;
solitary versus paired females, 11.29±0.84 and 11.29±0.93 mm CL,
respectively, t-test [variances were homogeneous], t=0.0005, N=11
and 82, respectively, P=0.9996).

A weak but positive, statistically significant correlation between
host size and shrimp size was recorded for both males and females
(r2=0.2813, t-test; t=6.194, df=1,99, Pb0.0001, and r2=0.176,
t=4.41, df=1,91, Pb0.0001, for males and females, respectively)
(Fig. 4).

3.2. Sexual dimorphism in P. mexicana

The carapace length of male and female shrimps varied between
3.25 and 12.0 mm (mean±SD; 9.94±1.17) and between 9.1 and
13.0 mm (11.29±0.8), respectively. Significant differences in CL
between the sexes were detected (malesb females: t-test; t=9.3,
Pb0.0001), indicating sexual dimorphism with respect to body size
(Fig. 5).

The major cheliped differed with respect to the status and degree
of allometry depending on sex. In males and females, the slope of the
relationship between shrimp body size and major cheliped size was
significantly b1, i.e., negatively allometric (Table 1; Fig. 5). Neverthe-
less, claw relative growth was greater in males than in females
(general linear model, intercept: F=923.98, df=1,3, Pb0.001).

4. Discussion

The symbiotic shrimp P. mexicana is “socially” monogamous;
shrimps inhabited host individuals as heterosexual pairs more
frequently than expected by chance alone. Nonetheless, P. mexicana
does not appear to feature long-term (e.g., maybe lifetime) monogamy,
as was expected, considering our theoretical considerations and as
suggested for other crustaceans thatmost commonly inhabit their hosts
as heterosexual pairs (P. domestica— Courtney and Couch, 1981;
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Fig. 4. Relationship between valve length of the pen shell Pinna carnea and carapace
length of males (above) and females (below) of the symbiotic shrimp Pontonia
mexicana (see Results for further details).

Table 1
Relative growth of selected structures in males and females of Pontonia mexicana. The
regression equations, correlation coefficients, standard errors of the slopes (SEs), and
the allometric status of each studied variable are shown (CL and ChL=carapace length
and length of the propodus of the major cheliped, respectively).

y x Regression r2 SEs ts P Allometry

Males
ChL CL y=0.8065x −0.3269 0.577 0.0694 −2.79 0.0064 –

Females
ChL CL y=0.6377x −0.3144 0.213 0.1308 −2.77 0.0068 –
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P. margarita— Baeza, 2008; Pontonia sp. — Aucoin and Himmelman,
2010). Below,wediscuss several lines of reasoning and characteristics of
the association between P. mexicana and P. carnea that suggests that
pairing in P. mexicana does not last too long.
Fig. 5. Size frequency distribution of body size (above) and relative growth of major
cheliped length as a function of carapace length (below) in males and females of
Pontonia mexicana. Measurements are in mm. Linear regression equation obtained from
previous log–log transformation of the data is shown for each sex in Table 1.
First, males paired most frequently with brooding females carrying
late stage embryos, and thus, these females were close to molt and
become sexually receptive. In monogamous species in which pairing
appears to be long-term, males occur with females in the same host,
independent of the reproductive condition of the female (Pinnixa
transversalis— Baeza, 1999; Pontonia margarita— Baeza, 2008; Pontonia
sp. — Aucoin and Himmelman, 2010; hermaphrodite–hermaphrodite
pairs of Lysmata pederseni— Baeza, 2010). In promiscuous or polyga-
mous species in which pairing is only temporal and males abandon
females soon after insemination, males most commonly associate with
females close to molting and spawning a new batch of unfertilized eggs
(Bauer and Abdalla, 2001; Diesel, 1986, 1988; van der Meeren, 1994).
This last pattern agrees with that observed in P.mexicana and disagrees
with what is expected for a long-term monogamous species.

A second indication of short-term pairing rather than long-term
monogamy in P. mexicana is the weak relationship between host body
size and shrimp body size. If males and females of P. mexicana were
staying within host individuals for long periods of time, a tight
correlation between host and shrimp size would have been found (as
reported in various othermonogamous symbiotic crustaceans— Adams
et al., 1985; Baeza, 1999, 2008). In contrast, a loose relationship between
host and symbiont size (as that found in P.mexicana) is usually reported
for species in which males and/or females shift among hosts rather
frequently (e.g., the sea urchin dwelling crab Liopetrolisthes mitra —

Baeza and Thiel, 2000; Thiel et al., 2003).
A third indication of short-term pairing in P. mexicana is the poor

correlation between the body size of males and females found as pairs
within pen shells. Size-assortative pairing has been reported before
for various other long-term monogamous free-living and symbiotic
crustaceans (Adams et al., 1985; Baeza, 1999, 2008; Mathews, 2002).
In the symbiotic and monogamous Pontonia margarita and Pinnixa
transversalis, the size of themale explains 63.8% and 77.6% of variation
in female size, respectively (Baeza, 1999, 2008). In contrast, only 13%
ofmale body size explains variation in female body size in P. mexicana.
The loose correlation between the size of males and females forming
pairs and between host size and shrimp size suggest thatmales and/or
females of P. mexicana have a short-term association with their
individual hosts, and consequently, with the other shrimp inhabiting
the same host.

A fourth line of reasoning suggesting that heterosexual pairing in
P. mexicana does not last too long is the observed pattern of sexual
dimorphism. On the one hand, in agreement to that reported for other
socially monogamous shrimps (e.g., Pontonia margarita— Baeza, 2008;
Pontonia sp. — Aucoin and Himmelman, 2010), males of P. mexicana
were, on average, smaller than females and themajor cheliped did not
exhibit positive allometry. Small size in males of monogamous species
is expected due to the low intensity of male–male competition in this
mating system (Baeza and Thiel, 2007; Shuster and Wade, 2003). On
the other hand, although the major cheliped did not exhibit positive
allometry, males of P. mexicana had a major cheliped larger than that
of females at any given body size. Such sex-specific difference in
resource allocation to major cheliped disagrees with our prediction of
low sexual dimorphism in terms of weaponry in this species. Large
claws in males are uncommon in monogamous crustaceans but
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common in non-monogamous shrimps where males compete for
females through agonistic interactions (Baeza and Thiel, 2007; Bauer,
2004; Correa and Thiel, 2003). The larger chelipeds in males of
P. mexicana (compared to females) suggest that at least some males
might be switching among hosts in search of receptive females (see
below) andmight indeed be competing for receptive females via overt
aggression. If some males do switch among hosts (see below), when
resident and intruder males meet, cheliped size most probably
determines the winner of the agonistic interaction and access to
receptive females (Rahman et al., 2002, 2003).

An additional or alternative explanation for the larger major
cheliped in males than in females of P. mexicana is division of labor
between the sexes with respect to refuge defense if pairs of shrimps
do defend hosts individuals against natural enemies (e.g., predators,
competitors). Host defense has been documented before in other
symbiotic crustaceans, including socially monogamous shrimps (e.g.,
Alpheus armatus defend its anemone host Bartholomea annulata from
intrusion by the predatory polychaete Hermodice carunculata— Smith,
1977). However, division of labor between sexual partners has not yet
been explored in symbiotic monogamous shrimps, but it occurs in
symbiotic eusocial shrimps (Duffy et al., 2002). The possibility of
division of labor driving sexual dimorphism in weaponry remains to
be addressed in P. mexicana and other marine invertebrates.

Overall, P. mexicana is indeed a “socially”monogamous species; as
expected; shrimp are found in their hosts as heterosexual pairs more
frequently than expected by chance. However, our data also suggests
that this heterosexual pairing does not last long. Indeed, our
observations fit with the notion that males in this species might be
switching among hosts and roaming in search of receptive females.
Such a male mating strategy might explain why males cohabited with
females carrying late stage embryos (i.e., soon to molt and become
receptive) more frequently than with females carrying early or
intermediate embryos and the loose correlation between the size of
males and females forming pairs in the field. Males switching among
hosts in search of receptive females have been reported before for one
population of the monogamous shrimp Alpheus cf. armatus (Knowlton,
1980; Knowlton and Keller, 1983). In P. mexicana, a strategy of active
mate searching played by males might be favored if the benefits (e.g.,
increasing opportunities to find receptive females) are greater than the
costs of roaming (e.g., increased predation risk when away from hosts).
Field mark and recapture experiments and estimations of predation
intensity off hosts should improve our knowledge about the importance
of predation risk in driving partner fidelity and exploring the possibility
thatmales of P.mexicanamight be playing a pure searchmating strategy
rather than a prolonged female-guarding strategy.

Monogamy in P. mexicana was suggested to be a function of host
scarcity, small host size (relative to shrimp size) and high risk of
predation away from hosts. Albeit, our data does not support long-term
monogamy in P. mexicana, the host P. carnea was relatively small and
scarce at the site. The density of P. carnea at Cubaguawas similar to that
reported before for the Dominican Republic (0.016–0.076 pen-shells
m−2— Aucoin, 2008) and these densities are also similar or lower than
that reported for other host speciesharboring symbiotic species that live
as heterosexual pairs (Baeza, 2008, 2010). Furthermore, thatmost of the
hosts not harboring shrimps were among the smallest collected during
this study supports the idea of low host availability; not all but only the
largest pen shells in the population represent a suitablemicrohabitat for
shrimps. Also in agreement with the ideas above, omnivorous and/or
predatoryfishes fromseveral familieswereobservedduring samplingat
the study site. Admittedly, predation risk was not quantified due to
logistical constraints. Nonetheless, predation is known to be relevant in
tropical environments, including sea grass beds, especially when
compared to temperate/subtropical environments that support less
diverse fish assemblages. Also, the importance of fish as predators
of small tropical marine invertebrates, including shrimps, is well
established (Randall, 1967; see also Baeza, 2010 and references
therein). Overall, the low abundance, small body size and tropical
environment in which pen-shells occur are expected to limit the
ability of shrimp to switch among hosts in search of sexual partners.
Therefore, the apparent roaming behavior of males of P. mexicana in
search of receptive females, as suggested by the present study, and
the apparent absence of a long-term monogamous relationship in this
shrimp species are still enigmatic.

4.1. Outlook

This study suggests that pairing in socially monogamous symbiotic
speciesmightnot be long termand that sexual selection (e.g.male–male
competition) might favor weaponry in these species. The host use
pattern of the shrimp P. mexicana partially agreed with models
previously proposed to understand the evolution of mating systems in
symbiotic crustaceans. P. mexicanamales (or females) share their hosts
with individuals of the opposite sexwithmore frequency than expected
by chance alone. Our study partially supports the notion that dissimilar
host use patterns in closely related symbiotic species are explained by
differences in abundance, relative size and habitat of their respective
refuge (e.g., hosts) (Baeza, 2008, 2010; Baeza and Piantoni, 2010; Baeza
and Thiel, 2003). On the other hand, the discrepancies between
theoretical expectation and our empirical results (mainly with respect
to shrimp and host body size, male–female association pattern, and
sexual dimorphism) argue in favor of new more complex models
capable of predicting more accurately the mating system of symbiotic
species. Indeed, other conditions that might favor short- or long-term
monogamy (i.e., “territorial cooperation” hypothesis — Wickler and
Seibt, 1981; “mate-guarding” hypothesis — Grafen and Ridley, 1983)
remain to be addressed in P. mexicana. Other shrimps of the subfamily
Pontoniinae, including species from the genera Pontonia, Ascidonia,
Dactylonia and Bruceonia, inhabit hosts with differing biology and
ecology (e.g., various bivalves, gastropods, tunicates — Courtney and
Couch, 1981; Fransen, 2002; Baeza, 2008; Aucoin and Himmelman,
2010). Because of the differing ecology of the host species, shrimps in
this subfamily are expected to display dissimilar host use patterns,
mating systems and social behaviors. Therefore, shrimp from the
subfamily Pontoniinae might be used as model systems to study the
importance of environmental conditions in shaping the mating system
and social behavior of marine invertebrates inhabiting discrete
refuges.

Acknowledgments

JAB (SI) is grateful for the support from a Smithsonian Marine
Station (SMS) Postdoctoral Fellowship and a Smithsonian Tropical
Research Institute (STRI) Postdoctoral Fellowship. We appreciate the
help from several students attending the course “Behavior of Marine
Invertebrates” held during 2008 at the Escuela de Ciencias Aplicadas
del Mar, Núcleo Nueva Esparta, Universidad de Oriente, for their help
during the different steps of sampling, measurement, and data
analysis. Dr. M. Soledad Fuentes at NOAA, Milford, CT gently provided
access to statistical software and support. This is contribution number
859 of the Smithsonian Marine Station at Fort Pierce. [SS]

References

Adams, J., Edwards, A.J., Emberton, H., 1985. Sexual size dimorphism and assortative
mating in the obligate coral commensal Trapezia ferruginea Latreille (Decapoda,
Xanthidae). Crustaceana 48, 188–194.

Aucoin, S. 2008. Écologie de population du bivalve Pinna carnea. M. Sc. thesis, Université
Laval, Quebec City, Canada, 58, pp.

Aucoin, S., Himmelman, J.H., 2010. A first report on the shrimp Pontonia sp. and other
potential symbionts in the mantle cavity of the penshell Pinna carnea in the
Dominican Republic. Symbiosis 50, 135–141.

Baeza, J.A., 1999. Indicators of monogamy in the commensal crab Pinnixa transversalis
(Milne Edwards & Lucas) (Decapoda: Brachyura: Pinnoteridae): population
distribution, male–female association and sexual dimorphism. Rev. Biol. Mar.
Oceanogr. 34, 303–313 (In Spanish).



47J.A. Baeza et al. / Journal of Experimental Marine Biology and Ecology 407 (2011) 41–47
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., 2010. The symbiotic lifestyle and its evolutionary consequences: social
monogamy and sex allocation in the hermaphroditic shrimp Lysmata pederseni.
Naturwissenschaften 97, 729–741.

Baeza, J.A., Piantoni, C., 2010. Sexual system, sex ratio and group living in the shrimp Thor
amboinensis (De Man): relevance to resource-monopolization and sex-allocation
theories. Biol. Bull. 219, 151–165.

Baeza, J.A., Thiel, M., 2000. Host use pattern and life history of Liopetrolisthes mitra, an
associate of the black sea urchin Tetrapygus niger. J. Mar. Biol. Assoc. U. K. 80, 39–45.

Baeza, J.A., Thiel, M., 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., Thiel, M., 2007. The mating system of symbiotic crustaceans. A conceptual
model based on optimality and ecological constraints. In: Duffy, J.E., Thiel, M. (Eds.),
Reproductive and Social Behavior: Crustaceans as Model Systems. Oxford
University Press, Oxford, pp. 245–255.

Baeza, J.A., Thiel, M., Stotz, W.B., 2001. The life history of Allopetrolisthes spinifrons, a crab
associate of the sea anemone Phymactis clematis. J. Mar. Biol. Assoc. U. K. 81, 69–76.

Bauer, R.T., 2004. Remarkable Shrimps. Oklahoma University Press, Norman.
Bauer, R.T., Abdalla, J.H., 2001. Male mating tactics in the shrimp Palaemonetes pugio

(Decapoda, Caridea): precopulatory mate guarding vs. pure search. Ethology 107,
185–199.

Correa, C., Thiel, M., 2003. Mating systems in caridean shrimp (Decapoda: Caridea) and
their evolutionary consequences for sexual dimorphism and reproductive biology.
Rev. Chil. Hist. Nat. 76, 187–203.

Courtney, L.A., Couch, J.A., 1981. Aspects of the host-commensal relationship between a
palaemonid shrimp (Pontonia domestica) and the pen shell (Atrina rigida).
Northeast Gulf Sci. 5, 49–54.

Currie, C.R., Wong, B., Stuart, A.E., Schultz, T.R., Rehner, S.A., Mueller, U.G., Sung, G.H.,
Spatafora, J.W., Straus, N.A., 2003. Ancient tripartite coevolution in the Attine
ant-microbe symbiosis. Science 299, 386–388.

Diesel, R., 1986. Optimal mate searching strategy in the symbiotic spider crab Inachus
phalangium (Decapoda). Ethology 72, 311–328.

Diesel, R., 1988. Male–female association in the spider crab Inachus phalangium: the
influence of female reproductive stage and size. J. Crustacean Biol. 8, 63–69.

Duffy, J.E., 1996. Eusociality in a coral-reef shrimp. Nature 381, 512–514.
Duffy, J.E., Morrison, C.L., Macdonald, K.S., 2002. Colony defense and behavioral

differentiation in the eusocial shrimp Synalpheus regalis. Behav. Ecol. Sociobiol. 51,
488–495.

Elliot, J.M., 1983. Some methods for the statistical analysis of samples of benthic
invertebrates, Freshwater Biological Association, Scientific Publication no. 25, 3rd
Edition.

Fransen, C.H.J.M., 2002. Taxonomy, phylogeny, historical biogeography, and historical
ecologyof thegenusPontonia Latreille (Crustacea:Decapoda:Caridea:Palaemonidae).
Zool. Verh., Leiden 336, 1–433.

Grafen, A., Ridley, M., 1983. A model of mate guarding. J. Theor. Biol. 102, 549–567.
Hartnoll, R.G., 1978. The determination of relative growth in crustacean. Crustaceana
34, 281–292.

Hartnoll, R.G., 1982. Growth. In: Abele, L.G. (Ed.), The Biology of Crustacea 2. Academic
Press, New York, pp. 111–196.

Knowlton, N., 1980. Sexual selection and dimorphism in two demes of a symbiotic,
pair-bonding snapping shrimp. Evolution 34, 161–173.

Knowlton, N., Keller, B.D., 1983. A new, sibling species of snapping shrimp associated
with the Caribbean sea anemone Bartholomea annulata. Bull. Mar. Sci. 33, 353–362.

Margulis, L., Fester, R., 1991. Symbiosis as a Source of Evolutionary Innovation:
Speciation and Morphogenesis . MIT Press, Michigan.

Mathews, L.M., 2002. Territorial cooperation and social monogamy: factors affecting
intersexual interactions in pair-living snapping shrimp. Anim. Behav. 63, 767–777.

van der Meeren, G.I., 1994. Sex- and size-dependent mating tactics in a natural
population of shore crabs Carcinus maenas (Crustacea: Brachyura). J. Anim. Ecol. 63,
307–314.

Mikkelsen, P.M., Bieler, R., 2008. Seashells of Southern Florida: Living Marine Mollusks
of the Florida Keys and Adjacent Regions. Princeton University Press, New Jersey.

Omori, K., Yanagisawa, Y., Hori, N., 1994. Life history of the caridean shrimp Periclimenes
ornatus Bruce associated with a sea-anemone in southwest Japan. J. Crustac. Biol.
14, 132–145.

Rahman, N., Dunham, D.W., Govind, C.K., 2002. Size-assortative pairing in the big-clawed
snapping shrimp, Alpheus heterochelis. Behaviour 139, 1433–1468.

Rahman, N., Dunham, D.W., Govind, C.K., 2003. Social monogamy in the big-clawed
snapping shrimp, Alpheus heterochelis. Ethology 109, 457–473.

Randall, J.E., 1967. Food habits of reef fishes of the West Indies. Stud. Trop. Oceanogr. 5,
665–847.

Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution 43, 223–225.
Ross, D.M., 1983. Symbiotic relations. In: Vernberg, S.J., Vernberg, W.B. (Eds.), The

Biology of Crustacea 7. Academic Press, New York, pp. 163–212.
Shuster, S.M., Wade, M.J., 1991. Equal mating success among male reproductive

strategies in a marine isopod. Nature 350, 608–610.
Shuster, S.M., Wade, M.J., 2003. Mating Systems and Strategies. Princeton University

Press, Princeton.
Smith, W.L., 1977. Beneficial behavior of a symbiotic shrimp to its host anemone. Bull.

Mar. Sci. 27, 343–346.
Sokal, R.R., Rohlf, F.J., 1995. Biometry. W.H. Freeman and Co., New York.
Thiel, M., Baeza, J.A., 2001. Factors affecting the social behaviour of symbiotic Crustacea:

a modelling approach. Symbiosis 30, 163–190.
Thiel, M., Zander, A., Valdivia, N., Baeza, J.A., Rueffler, C., 2003. Host fidelity of a

symbiotic porcellanid crab: the importance of host characteristics. J. Zool. 261,
353–362.

Vermeij, G.J., 1983. Intimate associations and coevolution in the sea. In: Futuyma, D.J.,
Slatkin, M. (Eds.), Coevolution. Sinauer Associates, Sunderland, pp. 311–327.

Wickler, W., Seibt, U., 1981. Monogamy in crustacea and man. Z. Tierpsychol. 57,
215–234.

Wickler, W., Seibt, U., 1983. Monogamy: an ambiguous concept. In: Bateson, P.P.G.
(Ed.), Mate Choice. Cambridge Univ Press, Cambridge, pp. 33–50.


	Monogamy does not last long in Pontonia mexicana, a symbiotic shrimp of the amber pen-shell Pinna carnea from the southeastern Caribbean Sea
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Collection of hosts and shrimps
	2.3. Host use pattern of P. mexicana in pen-shells P. carnea
	2.4. Sexual dimorphism in P. mexicana

	3. Results
	3.1. Host use pattern of P. mexicana in pen-shells P. carnea
	3.2. Sexual dimorphism in P. mexicana

	4. Discussion
	4.1. Outlook

	Acknowledgments
	References


