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Host-use pattern of the shrimp Periclimenes paivai on the scyphozoan jellyfish Lychnorhiza lucerna: probing for territoriality and inferring its mating system
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Abstract
In symbiotic crustaceans, host-use patterns vary broadly. Some species inhabit host individuals solitarily, other species live in heterosexual pairs, and even other species live in aggregations. This disparity in host-use patterns coupled with considerable differences in host ecology provide opportunities to explore how environmental conditions affect animal behavior. In this study, we explored whether or not symbiotic crustaceans inhabiting relatively large and structurally complex host species live in aggregations. We expected Periclimenes paivai, a small caridean shrimp that lives among the tentacles of the large and morphologically complex scyphozoan jellyfish Lychnorhiza lucerna, to live in groups given that the host traits above constraint host-monopolization behaviors by symbiotic crustaceans. We described the population distribution of P. paivai during a bloom of L. lucerna near the mouth of the Paraíba River estuary in Paraíba, Brazil. The population distribution of P. paivai did not differ statistically from a random Poisson distribution. Male shrimps were most often found dwelling on the surface of L. lucerna individuals as small groups (2–4 individuals), in agreement with expectations. Periclimenes paivai is a sexually dimorphic species with males attaining smaller average body sizes than females and exhibiting no elaborated weaponry (claws). Females, but not males, experience positive allometry in cheliped size and were found living solitarily in small but not large host individuals. The above suggest that females might be territorial or that they might be competing for resources (i.e., food) likely expected to impact their reproductive output. Our results agree, but only partially, with the idea that large and morphologically complex host species should harbor non-territorial gregarious symbiotic crustaceans. Symbiotic crustaceans represent excellent models to improve our understanding about the conditions driving the social behavior of marine organisms.
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Introduction
Members belonging to the infraorder Decapoda, a specious clade of crustaceans [1, 2], develop symbiotic associations (symbiosis here defined sensu [3] as dissimilar organisms living together) with a wide variety of invertebrate and vertebrate hosts, including poriferans, cnidarians, echinoderms, molluscs, polychaetes, ascidians, and even marine turtles [4–9]. The host-use pattern and population distribution of symbiotic crustaceans also vary widely. For instance, some symbiotic crustaceans inhabit their hosts as solitary individuals: Inachus phalangium (Fabricius, 1775) [10], Petrolisthes spinifrons (H. Milne Edwards, 1837) [11], Ascidonia flavomaculata (Heller, 1864) [12]; in heterosexual pairs: Pinnixa transversalis (H. Milne Edwards & Lucas, 1842) [13], Alpheus armatus Rathbun, 1901 [14], Pontonia margarita Verrill, 1869 [15]; or in aggregations: Periclimenes anthophilus Holthuis & Eibl-Eibesfeldt, 1964 [16], Petrolisthes mitra (Dana, 1852) [17], Thor amboinensis (De Man, 1888) [18]. Even other symbiotic crustaceans form complex societies i.e., the sponge-dwelling eusocial shrimp Synalpheus regalis Duffy, 1996 [19]. The variety of host-use patterns exhibited by symbiotic crustaceans coupled with disparity in host ecology [20] makes these species excellent models to study the effects of environmental conditions on the social behavior of marine organisms [21–26].
Theoretical and empirical studies suggest that host traits (e.g., abundance, body size, and morphological complexity: [27, 28]), predation risk off hosts [28], interspecific competition for hosts [29], and the host’s nutritional value [21] are relevant in explaining the diversity of host use patterns exhibited by symbiotic crustaceans. For instance, Baeza & Thiel [27] suggested that symbiotic crustaceans should live solitarily or in heterosexual pairs in or on their hosts when the host species is scarce, small (relative to the body size of symbionts), and morphologically simple [27, 28]. Host scarcity determines that the benefits of host monopolization exceed the costs of host defense, and thus, this host trait favors territoriality in symbiotic crustaceans [27, 28]. Low morphological complexity and small host body size also favor territorial behavior: such hosts are expected to be relatively inexpensive (both in terms of energy and time) to defend against conspecific intruders [27]. By contrast, Baeza and Thiel [27] suggested that symbiotic crustaceans should not be territorial but instead live in aggregations when inhabiting host species reaching high natural abundance and exhibiting complex morphologies and large relative body sizes. The combination of host traits above imply that host guarding behaviors, including patrolling and exclusion of intruders, are energetically too expensive and time consuming [27, 28]. In general, the probability of symbiotic crustaceans exhibiting host-resource monopolization behavior is expected to decrease with increasing host abundance, host morphological complexity, and relative host size [5, 6, 27].
In agreement with the theoretical considerations above, various studies conducted during the last decade have reported territorial symbiotic crustaceans living in relatively small, morphologically simple, and naturally scarce host species (e.g., [12, 15, 25–27, 30, 31]). Also in agreement with theory, other symbiotic species live in large non-territorial aggregations in naturally abundant, relatively large and morphologically complex host species [18, 27]. Although our understanding about the environmental conditions driving the host-use pattern of symbiotic crustaceans has improved considerably during the last decade (e.g., [12, 25]), more studies are needed before major generalizations regarding the mechanisms explaining the social behavior of symbiotic crustacean can be formulated.
The present study explores whether or not symbiotic crustaceans inhabiting large and morphologically complex hosts live in aggregations in or on their host individuals [27]. To explore the notion above, we described the host-use pattern of Periclimenes paivai Chace 1969, a symbiotic palaemonid shrimp that lives in association with Lychnorhiza lucerna Haeckel, 1880, a large and morphologically complex jellyfish.

                        Periclimenes paivai is a small shrimp (maximum size = 9.2 mm CL [carapace length]—[32–34]), endemic to the western Atlantic coast, and is restricted to shallow waters from Rio de Janeiro to Santa Catarina, Brazil [35, 36]. Periclimenes paivai has been considered a facultative commensal shrimp [33]. However, there are no records of P. paivai exhibiting a free-living lifestyle [35, 36]. Periclimenes paivai is the only Brazilian species in the genus found on the surface of scyphozoan jellyfish; Phyllorhiza punctata von Lendenfeld, 1884 (as Mastigias sp.—[32]), L. lucerna, and Chrysaora lactea Eschscholtz, 1829 [33, 34]. Lychnorhiza lucerna is the most abundant rhizostome in the southern Atlantic coast of South America [37], especially in the austral spring and summer, when this jellyfish form blooms [38, 39]. The jellyfish L. lucerna measures between 12 and 330 mm in umbrella diameter and exhibits numerous long and short tentacles [38]. Thus, the jellyfish L. lucerna represents a relatively large and morphologically complex refuge that most likely is difficult (i.e., expensive in terms of time and energy) to monopolize by P. paivai shrimps [27].
Considering the information above, we expect that P. paivai should not exhibit territorial behaviors but rather occur as aggregations on host individuals. Limited information suggests that shrimps are indeed often found living in groups in jellyfish [33, 34]. Nonetheless, detailed studies describing group composition, population distribution, and male–female association pattern of this symbiotic species are lacking. Here, we describe the host-use pattern of P. paivai, including its population distribution, male–female association pattern, and sexual dimorphism, with the aim of testing the predictions about the absence of territoriality in this species.

Methods
Sampling of the jellyfish L. lucerna, and its symbiotic shrimp P. pavai, was conducted near the mouth of the Paraíba River estuary (06°58′25″S, 34°51′47″W), south of Lucena, Paraíba, Brazil. The coast is dominated by mangrove forests in the region [40]. Blooms of scyphozoan medusae, including those formed by the jellyfish L. lucerna, periodically occur at the sampling site [41–43]. We used one of this blooms detected during April 09, 2016, to describe the symbiotic relationship between P. paivai and its scyphozoan host.
Specimens of Lychnorhiza lucerna swimming near the surface of the water were randomly collected using a net (size of the net mouth = 40 cm) (mesh size = 500 µm) from a canoe (3 m long) equipped with an outboard motor. The selected mesh size impeded the escape of symbiotic shrimps from their host individuals during collections. Each collected medusa was immediately placed into a plastic container full of seawater (10 L) and measured (MD, maximum diameter) with a caliper to the nearest 0.1 cm. Next, each jellyfish was carefully inspected for specimens of P. paivai and all shrimps found in each examined jellyfish were gently removed from their host individuals using forceps, counted, preserved (70% ethyl alcohol), and stored in separate flasks (one per medusa) for transportation to the Laboratory of Carcinology, Federal University of Sergipe, Sergipe, Brazil.
In the laboratory, the carapace length (CL), the length of the propodus of the major cheliped (MCL), and the width of the pleuron (PW) located in the second abdominal segment (maximum lateral width of the pleuron) of all collected shrimps were measured (accuracy = 0.01 mm) under a stereomicroscope (Leica M205 C) using the imaging software Leica Application Suite (LAS) version 4.4. Next, the sex of each shrimp was determined based on the presence (in males) or absence (in females) of appendices masculinae on the base of the endopods of the second pleopods. Lastly, the presence or absence of eggs carried underneath the abdomen by each female shrimp was recorded. Embryos carried by females were classified according to three different categories [44]; stage I: rounded embryos with yolk uniformly distributed, no eye pigments visible, stage II: ovoid embryos, embryos with eye pigments elongated, stage III: ovoid embryos, with well developed eyes and a free pleon.
Population distribution of Periclimenes paivai
                        
We examined the host use pattern of P. paivai, which includes a description of its population distribution, male–female association pattern, and host–shrimp body size relationships. Specifically, we examined whether or not P. paivai lives solitarily, in pairs, or in groups in L. lucerna. For this purpose, we determined whether or not the distribution of P. paivai on its jellyfish host (i.e., the frequency of occurrence of hosts without shrimps and with different numbers of shrimps) differed from a random distribution. We compared the observed distribution (i.e., frequency of occurrence of hosts with zero, one, two, three or four shrimps) with the Poisson random distribution [45]. If P. paivai exhibits territoriality, then the number of symbiotic guest per host individual should be one (on average) and P. paivai is expected to exhibit a uniform distribution on its host species (see, [25]). By contrast, if P. paivai is not territorial, this shrimp should exhibit a random and/or aggregate (contagious) distribution [27].
A number of jellyfish were found to host pairs of shrimps (see results). To determine whether the sexes were randomly distributed among paired shrimps inhabiting the same host individual, the observed distribution of male–male, male–female, and female–female pairs was compared with the Binomial distribution. The expected random frequencies of the different sexes were calculated based on the proportion of males and females recorded for the entire population. A Chi square test of goodness of fit was used to inspect for significant differences between observed and expected (binomial) distributions [46].

Sexual dimorphism and allometry in Periclimenes paivai
                        
We measured sexual dimorphism in terms of body size and the allometry of specific body parts in P. paivai. We tested whether or not P. paivai exhibited sexual dimorphism in body size by comparing the average CL of male and female shrimps using a t test. Moreover, in caridean shrimps from the family Palaemonidae, including representatives from the genus Periclimenes, the second pair of thoracic appendages bears the larger of the two pair of claws [9, 47, 48]. In shrimps, these structures serve as weapons during intra-sexual interactions or for inter-sexual communication [47]. In turn, the pleura of the second abdominal segment are greatly enlarged and help protect the embryos (i.e., from physical abrasion) carried by females beneath their abdomen [47].
To determine sexual dimorphism with respect to the body structures above, we examined whether the largest cheliped on the second pair of pereopods and the pleuron of the second abdominal segment increase linearly with body size in males and females of P. paivai. For this purpose, the relationship between the dependent variables (chela and pleuron) and body size of shrimps (CL) was examined using the allometric model y = axb [49, 50]. The slope b of the log–log least-squares linear regression represents the rate of exponential increase (b > 1) or decrease (b < 1) of the claw and pleuron segment with a unit of increase in body size of shrimps. To determine if the relationship deviates from linearity, a t test was used to test if the estimated slope b deviates from the expected slope of unity [46]. If the cheliped or the pleuron grows more or less than proportionally with a unit increase in body size of shrimps, then the slope should be greater or smaller than the unity, respectively [49]. Lastly, to test for dissimilarity between males and females with respect to the slopes and intercepts of the lines depicting the relationship between shrimp CL and particular body parts, we used two different General Linear Model (GLM) analyses (α = 0.05) [51].


Results
A total of 50 specimens of Lychnorhiza lucerna was collected during this study. Jellyfish ranged in maximum diameter between 8.9 and 22 cm with a mean (± standard deviation, SD) of 14.05 ± 2.83 cm. We found at least one symbiotic shrimp in 36 (72%) out of the 50 collected jellyfish. Shrimp prevalence was similar in jellyfish ranging in size between 13 and 16 cm (42% of the studied jellyfish range in maximum diameter between 13 and 16 cm). Shrimps were not present in jellyfish smaller than 10 cm maximum diameter (Fig. 1). Limited observations during collections indicate that shrimps perch to the sub-umbrellar region of jellyfish, including the tentacles, and not to the jellyfish ex-umbrellar region.[image: A10152_2017_497_Fig1_HTML.gif]
Fig. 1Relative abundance of Periclimenes paivai per jellyfish host individual belonging to different size classes in Paraíba River estuary, Paraíba, northeastern Brazil




                     
A total of 64 shrimps were collected during this study. The average number of shrimps per jellyfish ranged between 0 and 4 with a mean (± standard deviation, SD) of 1.28 (± 1.18) shrimp jellyfish−1. A positive correlation was observed between jellyfish size and the number of shrimps per jellyfish (analysis including all jellyfish harboring or not shrimps: F = 10.39, r2 = 0.160, d.f. = 48, P = 0.002; analysis excluding jellyfish not harboring shrimps: F = 24.85, r2 = 0.09, d.f. = 34, P = 0.034). In addition, a positive correlation was observed between host size and the number of female shrimps found in a single jellyfish (F = 11.75, r2 = 0.245, d.f. = 32, P = 0.001). However, no significant correlation was found between host size and the number of male shrimps found in a single jellyfish (F = 0.001, r2 = − 0.142, d.f. = 7, P = 0.969). No correlation was observed between host size and shrimp size found in the same jellyfish (F = 1.154, r2 = 0.002, d.f. = 62, P = 0.286). In turn, a positive correlation was observed between host size and the largest shrimp found in a single jellyfish (F = 6.798, r2 = 0.142, d.f. = 34, P = 0.013).
The population distribution of P. paivai in the jellyfish L. lucerna did not differ significantly from a random Poisson distribution (Chi square test of goodness–of–fit, χ2 = 0.34, d.f. = 2, P = 0.84; Fig. 2a). A total of 19 (38%) jellyfish hosted a single shrimp. Eighteen out of these 19 solitary shrimps were females, and 77.7% of these solitary females (N = 14) carried eggs underneath the abdomen (7, 3, and 4 females carried early, intermediate and late eggs, respectively). Sex ratio differed from a random binomial distribution among solitary shrimps (males:females = 1:18; binomial test, P < 0.001). The average diameter of those jellyfish harboring a single female (13.57 ± 2.81) was smaller than that of jellyfish hosting two or more female shrimps (16.35 ± 2.04) (t test: t = 4.03, d.f. = 48, P = 0.0002).[image: A10152_2017_497_Fig2_HTML.gif]
Fig. 2Population distribution of the shrimp Periclimenes paivai, symbiotic with the jellyfish Lychnorhiza lucerna. a The observed frequency of shrimp groups found on host individuals does not differ statistically from the expected Poisson random distribution. b Male–female association pattern




                     
A total of 10 (20%) jellyfish hosted two shrimps. Three and seven jellyfish hosted male–female and female–female pairs, respectively. No male–male pairs were observed. Paired shrimps were found as homosexual and heterosexual pairs as often as expected by chance alone (observed frequency distribution vs expected binomial distribution: χ2 = 2.487, d.f. = 2, P = 0.28; Fig. 2b). In these jellyfish harboring only two shrimps, the observed sex ratio was also biased toward females (males:females = 3:17; binomial test, P < 0.001).
A total of three jellyfish harbored three shrimps; two jellyfish each hosted three ovigerous females (Host # 11 and 12; Fig. 3a) and one jellyfish harbored three males (Host # 13; Fig. 3a). Four jellyfish hosted four shrimps (Host # 14, 15, 16 and 17; Fig. 3a) and no jellyfish hosted 5 or more shrimps (Fig. 3a). In jellyfish hosting three or more shrimps, the sex ratio of P. paivai was not statistically significant from an expected 1:1 sex ratio (binomial test, P = 0.32).[image: A10152_2017_497_Fig3_HTML.gif]
Fig. 3Sex and carapace width of Periclimenes paivai. 
                                    a Shrimps living in groups (N > 2) on the surface of the jellyfish Lychnorhiza lucerna for different group sizes. The dashed line indicates the size of the smallest ovigerous female. b Body size (CW, mean ± standard deviation [vertical bars]) of male and female shrimps present in different groups




                     
A two-way ANOVA did not demonstrate an effect of group size (solitary, paired, trios or quartets) in shrimp body size (F = 0.42, d.f. = 3, P = 0.74). However, sex did affect shrimp CL (F = 12.61, d.f. = 1, P < 0.001). The interaction term in this ANOVA was statistically significant (F = 631.90, d.f. = 1, P < 0.001) (Fig. 3b).
Sexual dimorphism in Periclimenes paivai
                        
The CL of male and female shrimps varied between 2.61 and 3.93 mm (mean ± SD, 3.24 ± 0.46) and between 2.11 and 5.51 mm (4.29 ± 0.86), respectively (Fig. 4a). Females attain larger average and final body sizes than males in Periclimenes paivai (t = 4.20, d.f. = 61, P < 0.001).[image: A10152_2017_497_Fig4_HTML.gif]
Fig. 4Sexual dimorphism in Periclimenes paivai, symbiotic with the jellyfish Lychnorhiza lucerna. a Size frequency distribution (CL) in male and female shrimps. b Relative growth of the length of the propodus of the major cheliped as a function of carapace length. c Relative growth of the width of the pleuron of the second abdominal segment as a function of carapace width. Linear regression equations obtained after log–log transformation of the data are shown for each sex in Table 1
                                    




                        
A positive correlation was detected between CL and the length of the propodus of the major cheliped in shrimps of the two sexes, as well as between CL and the width of the pleuron of the second abdominal segment in the two sexes (Table 1 and Fig. 4b, c). In males, the growth of the claw was isometric with respect to CL; the slope of the relationship between male CL and claw length did not differ significantly from unity (b = 1.02, P > 0.05). In females, the growth of the claw was positively allometric with respect to CL (b = 1.64, P < 0.01). A GLM analysis demonstrated no significant effect of sex (F = 1.97, d.f. = 1, 58, P = 0.16), but demonstrated an effect of CL in claw length (F = 98.76, d.f. = 1, 58, P < 0.001). Furthermore, the interaction term of this analysis was significant (F = 5.35, d.f. = 1, 58, P = 0.02). Therefore, the absolute size of the claw and the growth rate of this structure were greater in females than in males of P. paivai (Table 1 and Fig. 4b).Table 1Relative growth of selected structures in males and females of Periclimenes paivai
                                    


	Sex
	y
	x
	Regression
	r2
                                          
	SE
	t
	
                              P
                            
	Allometry
	Sexual dimorphism

	Male
	MCL
	CL
	y = 1.0247 × − 0.2027
	0.560
	0.2738
	3.742
	 > 0.05
	0
	Female > Male

	Female
	MCL
	CL
	y = 1.6467 × −0.4002
	0.897
	0.0812
	20.267
	< 0.001
	+
	 
	Male
	PW
	CL
	y = 0.6246 × − 0.0423
	0.282
	0.2874
	2.173
	 > 0.05
	0
	Female > Male

	Female
	PW
	CL
	y = 1.549 × − 0.4778
	0.755
	0.1274
	12.167
	< 0.001
	+
	 

0 = isometry; += positive allometry; r2 = determination coefficient; CL = carapace length; MCL = major cheliped length; PW = pleuron width



                        
In males, the growth of the pleuron of the second abdominal segment was isometric; the slope was not significantly different from the unity (b = 0.62, P > 0.05). In females, the same structure exhibited positive allometry (b = 1.55, P < 0.01). A GLM analysis indicated a significant effect of sex in pleuron width (F = 4.95, d.f. = 1, 60, P = 0.03). The GLM analysis also detected an effect of CL in pleuron width (F = 33.27, d.f. = 1, 60, P < 0.01), and the interaction term was significant (F = 6.02, d.f. = 1, 60, P = 0.01). Thus, the absolute size of the second pleuron and the growth rate of this structure were greater in females than in males of P. paivai (Table 1 and Fig. 4c).


Discussion
In this study, host abundance, relative body size, and morphological complexity were expected to favor group living and to constrain territoriality (and solitariness) in P. paivai. In agreement with the idea that host traits should favor group living in P. paivai, the population distribution of this symbiotic shrimp in the jellyfish L. lucerna did not differ significantly from a random Poisson distribution. The random population distribution of P. paivai on the jellyfish L. lucerna agrees with that reported for other ectosymbiotic crustaceans that are not territorial and live in aggregations on their host individuals (caridean shrimps: Ancylomenes pedersoni (Chace, 1958) [52], Periclimenes antipathophilus Spotte, Heard & Bubucis, 1994 [53], Periclimenes patae Heard & Spotte, 1991 [54] and Thor amboinensis [18]; other crustaceans: Petrolisthes mitra [6], and Dissodactylus primitivus Bouvier, 1917 [21]). Our observations also agree with previous studies conducted in other localities that have reported P. paivai living gregariously on the surface of the same or a different host species (e.g., [33, 34]). By contrast to that observed in P. paivai, territorial species display a uniform population distribution and live solitarily (or in male–female pairs) in/on their respective host species with a frequency greater than expected by chance alone [25, 27, 55].
The population distribution of P. paivai also differs from that reported before in symbiotic shrimps that exhibit a socially monogamous mating system. In socially monogamous symbiotic crustaceans, the population distribution also differs from a random Poisson distribution and host individuals harbor male–female pairs of symbiotic crustaceans either invariably [56] or with a frequency much greater than expected by chance alone [15, 26, 31, 57]. Furthermore, there is often a tight correlation between the body size of male and female symbiotic individuals living in pairs and the body size of symbiotic individuals is tightly correlated with that of the host individuals harboring them [13, 15, 26, 31]. Most often, growth restrictions imposed by host individuals over their long-term resident monogamous symbiotic organisms is invoked to explain such host-shrimp and male–female shrimp body size relationships [15 and references therein). By contrast to that reported for socially monogamous species, in P. paivai, only 20% of the examined jellyfish hosted only two shrimps, shrimp pairs were not always heterosexual, and the frequency of these pairs was not greater than expected by chance alone. Furthermore we did not observe a tight relationship between individuals forming heterosexual pairs and between P. paivai shrimps and the jellyfish harboring them (results not shown due to the same small number of male–female pairs observed, N = 3). The above argue against the notion that P. paivai is a socially monogamous species.
Overall, the population distribution of Periclimenes paivai suggests that this species is not territorial (at least males). Periclimenes paivai most often lives in small groups of 2–4 individuals on the surface of its jellyfish host L. lucerna. In this study, we have hypothesized that host traits drive gregariousness in symbiotic crustaceans. The jellyfish L. lucerna was suggested to represent a large and morphologically complex refuge that was too expensive to defend, both in terms of time and energy, by a single or a small group (pairs) of shrimps. In agreement with the idea that the jellyfish L. lucerna is a host difficult to defend against intruders, the quotient between host and shrimp body size was ~25 (calculation based on the average-size jellyfish (14 cm diameter) and the largest shrimp (5.51 mm CL) observed during our study). We understand that the above ratio is a raw measure of space available to shrimps within a host individual [18, 27]. Still, this number suggests that a single jellyfish is able to harbor a large number of shrimps at the same time, and thus, turns host-monopolization into an unfeasible strategy in this symbiotic species.
Importantly, in P. paivai, females exhibit larger claws than males at any given body size and females, but not males, experience positive allometry in cheliped size. The pattern of sexual dimorphism herein reported for P. paivai argues in favor of territoriality in females (but not males) or, at least, suggests that females might be competing for resources (i.e., food) likely expected to impact (considerably) their reproductive output. Positive allometric growth in claws has been reported before in Petrolisthes spinifrons, a porcelain crab in which the two sexes defend ‘their’ host individuals against conspecific intruders [11, 30]. Additional support for the notion of territoriality in females, but not necessarily males, is the frequent finding of solitary females of P. paivai inhabiting small but not large host in the natural environment. It must be noticed, however, that the observed frequency of solitary females was not greater than expected by chance alone. The presence of solitary females in small but not large jellyfish can be explained if females are capable of excluding other females from ‘their’ host individuals via territorial aggression when jellyfish are small. When hosts attain larger body sizes, however, females might not effectively monopolize a single host individual against other females. The positive relationship between host size and female number also supports the notion above. Overall, although the host-use pattern herein reported for P. paivai suggests that males are not territorial, the large body size, large chelipeds, and positive allometry in weaponry (claws) suggest that females might exhibit territorial behaviors to some extent. Studies on the life history (including life expectancy) of jellyfish and shrimps as well as direct observations on shrimp female–female interactions and activity patterns are needed to test the notion of territoriality and solitary living in females of P. paivai.
Implications for the mating system of Periclimenes paivai
                        
In Periclimenes paivai, males are neither territorial nor engage in social monogamy, by contrast to that reported for many other symbiotic crustaceans [20]. What is the mating system of the gregarious P. paivai? Our study suggests that host morphological complexity constrains the evolution of territoriality in males (but not necessarily females, see above) of P. paivai. Mating systems can be characterized by the mating strategies used by males in the population [58]. In turn, male mating strategies strongly depend on the environmental potential for monopolization of females and/or resources (hosts) to attract them [28, 58]. Given the infeasibility of host monopolization, males should attempt to increase mating opportunities by using exploitative (e.g., ‘pure-search’) rather than interference (e.g., territorial) mating tactics [28, 47, 59]. This ‘pure-search’ behavior is expected to favor small body size and weapons (e.g., claws) in males because that leads to an increase in agility and encounter rates with receptive females [28, 47, 58]. Supporting the idea of a pure-search mating system in P. paivai, males were much smaller than females, and these males did not exhibit well developed claws used as weapons to fight for females [60]. Our results agree with the idea that P. paivai features a pure-search mating system.
The common observation of solitary females brooding embryos (in different stages of development) and the female-skewed sex ratio also support the notion of a pure-search mating system in males of P. paivai. In caridean shrimps, including P. paivai, females do not store sperm and need to be inseminated short after molting to fertilize a new batch of eggs [47]. Thus, if males of P. paivai were not roaming around, switching among host individuals in search of receptive females rather frequently, then the observation of solitary females brooding embryos would be difficult to explain. Also, in P. paivai, sex specific differences in mortality rates by predators, driven by a greater propensity of males (compared to females) to switch among host individuals (see above), could lead to the observed sex ratio being skewed towards females in the population. Female-skewed sex ratios have been reported before in other symbiotic and free-living crustaceans in which males frequently roam among hosts in search of receptive females [12, 61]. By contrast to that reported for P. paivai, the sex ratio is hardly ever skewed in favor of females in populations of symbiotic crustaceans that do not or rarely switch among host individuals, and that exhibit a monogamous mating system [15, 26, 31].
Overall, our results, albeit limited, suggest that P. paivai features a pure-search promiscuous mating system with putatively roaming males and territorial females. Nonetheless, our data does not reveal to us the most important details about the species’s reproductive behavior. We do not know (1) if shrimps (in particular, females) exhibit territorial behaviors, (2) if males switch hosts in search of females, (3) if predation risk impacts male mating strategies (i.e., host switching) and thus drives the observed female-skewed sex ratio, and (4) if females exhibit passive or active mate choice. We argue in favor of additional experimental studies focusing on describing the mating behavior of P. paivai in the laboratory and the movement patterns of individuals in the field to test the hypothesis that P. paivai features a pure-search mating system. Furthermore, additional studies need to determine the time of host colonization by P. paivai. Likely, this symbiotic shrimp colonizes host individuals during larval settlement as reported before for other symbiotic crustaceans [20] Whether or not water-borne chemical cues are used by settling stages to locate host individuals remains to be addressed.
This study has improved our understanding about environmental conditions driving the host-use pattern, social behavior, and mating system of resource-specialist (i.e., symbiotic) marine invertebrates. The family Palaemonidae, to which P. paivai belongs, is a specious clade of crustaceans with great disparity in terms of ecology; some species are free-living, others live on the surface of cnidarians (this study), and even other species reside in the gill chamber of mollusks [62 and references therein]. Shrimps belonging to the family Palaemonidae could be used as a model system to explore the role of the environment in driving the mating systems of marine organisms.
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