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1  | INTRODUC TION

Recent studies have revealed the ubiquitous nature of symbiotic 
relationships. While the majority of symbiotic relationships involve 
associations between organisms of disparate size, usually a larger 
host with a smaller symbiont, the degree of host specificity found 
among symbionts is remarkably variable. Some symbionts display 
extremely high plasticity in host selection, while other symbionts 
show perfect fidelity to a host species (Guo, Hwang, & Fautin, 1996; 

Ramirez, 1970) or even show preference for specific individuals 
within a species (Mills & Reynolds, 2002).

Habitat specificity—the selection of a particular domain on 
or inside the host's body—is also extremely common (Smyth & 
Halton, 1983). For example, monogenean gill parasites almost 
exclusively occur on the gills of their fish hosts and may even re-
strict their distributions to precise locations on those gills, includ-
ing specific gill arches or a single side of the gills (Bychowsky, 1961; 
Rohde, 1979). While there are potentially numerous reasons for this 
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Abstract
We examined the host specificity of two ectosymbiotic Clausidium Kossman, 1874 
copepods (Cyclopoida: Clausiididae) on two co-occurrence species of host ghost 
shrimps. Our results revealed that both species of symbiotic copepod demonstrated 
extremely high host specificity. Moreover, within a single host shrimp species, each 
symbiont species displayed strong spatial patterns in microhabitat selection on their 
hosts’ bodies. Clausidium persiaensis Sepahvand & Kihara, 2017, was only found on 
the host Callianidea typa Milne Edwards, 1837 and almost exclusively within the host 
shrimp gill chamber, while C. iranensis Sepahvand, Kihara, & Boxshall, 2019 was only 
found on the host Neocallichirus jousseaumei (Nobili, 1904) and showed extremely 
strong preferences for the chelae and anterior walking legs. We also found that while 
the number of symbionts tends to increase with the host size, the two host species 
differed in the degree of symbiont infestation, with large C. typa hosting approxi-
mately 7× as many symbionts as the similarly sized N. jousseaumeia. The mechanisms 
resulting in the observed differences in infestation levels and microhabitat prefer-
ences of clausidium copepods among their hosts, including differences in physiology, 
burrowing pattern, and host grooming behavior should be further investigated.
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type of site specificity, the specific physicochemical microhabitat is 
the most commonly invoked explanation for this phenomenon (e.g., 
Bychowsky, 1961; Wootten, 1974). Despite the ubiquity of this phe-
nomenon, the mechanisms underlying host specificity are largely 
understudied.

From a symbiont's perspective, a population of potential hosts is 
a heterogeneous landscape. Hosts frequently vary in quality across 
species (Brown & Creed, 2004; Farrell, Creed, & Brown, 2014; 
Rohde, 1994) and there may even be significant variation in habitat 
quality across individuals within the same host species (Lie, 1973). 
Even at the within-host level, microhabitats or specific tissues may 
vary with respect to the resources they offer, or the risk of mortality 
within each microhabitat patch (Mestre, Mesquita-Joanes, Proctor, 
& Monrós, 2011; Skelton, Creed, & Brown, 2014; Skelton, Geyer, 
Lennon, Creed, & Brown, 2017). Moreover, each host and each mi-
crohabitat presents a limited pool of resources, creating the possibil-
ity of strong inter- and intra-specific interactions among symbionts 
(Baker, Andras, Jordán-Garza, & Fogel, 2013; Råberg et al., 2006; 
Ulrich & Schmid-Hempel, 2012). Recently, Ivanenko et al. (2018) re-
vealed that there was a lack of host specificity of associated cope-
pods with mushroom corals in the red sea. The authors suggested 
that the association between copepods and their host corals is not 
strict, and not phylogenetically constrained. To address interaction 
among symbionts in one specific system, we investigated the host 
specificity and microhabitat preferences of two cyclopoid copepod 
associate with ghost shrimps.

Most clausidiid copepods live attached to the marine inverte-
brates host, and species of Clausidium Kossman, 1874 are known 
to live close association with burrowing shrimps (Boxshall & 
Halsey, 2004). The information on the behavior of these copepods, 
on their interactions with their host, with the environment, is very 
scarce.

Ghost shrimps (Decapoda: Axiidea) comprise decapod crus-
taceans that are adapted to a burrowing lifestyle (Poore, 1994). 
The burrows of ghost shrimp may house several species of symbi-
onts. These symbionts are generally thought to be either parasitic 
or commensal, and include a variety of organisms, such as cope-
pods (Jackson, 1996). The ghost shrimps Callianidea typa Milne 
Edwards, 1837 and Neocalllichirus jousseaumei (Nobili, 1904) are 
well distributed in the Persian Gulf and have been reported as 
hosts of cyclopoid copepods of the genus Clausidium (Sepahvand, 
Kihara, & Boxshall, 2019; Sepahvand, Rastegar-Pouyani, Kihara, & 
Momtazi, 2017).

Marin and Nascimento (1993) analyzed the body size and hab-
itat of Callichirus garthi (Retamal, 1975) (Decapoda: Callichiridae) 
as the factors affecting the distribution, abundance, and fecun-
dity of their symbiotic copepods (Clausidium spp.). They (Marin & 
Nascimento, 1993) suggested that the density of Clausidium spp. 
per host was dependent upon host habitat type and recruitment. 
Corsetti and Strasser (2003) examined host selection of Clausidium 
dissimile Wilson, 1921 in two co-occurrence populations of ghost 
shrimps. They found that, host-size adjusted density of C. dissimile 
was affected by the host species and the months sampled. To test 

the hypothesis that particular copepod symbionts preferred particu-
lar locations on the host's body, we assessed microhabitat selection 
and host specificity of Clausidium persiaensis Sepahvand & Kihara, 
2017 and C. iranensis Sepahvand et al., 2019 on the ghost shrimps 
Callianidea typa and Neocallichirus jousseaumei.

2  | MATERIAL AND METHODS

We conducted a field survey to collect ghost shrimps and their asso-
ciated Clausidium copepods to assess host specificity, microhabitat 
selection, and relationships between symbiont abundance to host 
size. All organisms included in this study were collected at the Oli 
Village located in the coast of the Persian Gulf (27°50′14.62″N and 
51°53′24.85″E). The ghost shrimp fauna at the site was dominated 
by Neocallichirus jousseaumei and Callianidea typa Milne Edwards, 
1837 that supported the populations of the symbiotic copepods 
Clausidium iranensis Sepahvand et al., 2019 (Figure 1) and Clausidium 
persiaensis Sepahvand and Kiahara, 2017 (Figure 2). A lever was used 
for lifting boulders or splitting layered rocks to find the exposed 
host specimens. We collected 224 specimens of Neocallichirus jous-
seaumei and 125 specimens of Callianidea typa from June 2016 to 
December 2016.

Total length (TL, measured from the tip of the rostrum to the 
posterior end of the telson) and carapace length (CL, measured from 
the tip of the rostrum to the posterior end of the carapace) were 
recorded for each ghost shrimp. We identified ghost shrimps to 
species and transported each species to the laboratory in separate 
collection falcon tube to prevent interspecific transfer of clausidium 
copepods. We collected copepod symbionts from submerged hosts 
in the laboratory using a dissecting microscope.

F I G U R E  1   Neocallichirus jousseaumei: (A) habitus, cheliped 
with attached clausidiids; Clausidium iranensis. Scale bar: 1cm. (b) 
Clausidium iranensis. Confocal laser scanning microscopy maximum 
projections. Couple. Scale bar: 100 μm

(a) (b)
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In order to map the distribution of copepods on their host, we 
divided the exoskeleton of the ghost shrimp into four regions based 
on natural morphological divisions, as illustrated in (Figure 3). We 
removed copepods by hand and recorded the location of each cope-
pods on the exoskeleton.

We analyzed the distribution and intensity of symbiotic cope-
pods using multiple methods that allowed us examine both the pre-
dictors of host intensity, as well as the multivariate distributions of 
symbiont locations on hosts. All analyses were performed with the 
statistical software R (R Core Team). We used a general linear mixed 
model of symbiotic copepod intensity on locations of each host using 
the function lme ( ) in the R package nlme. Host size and host sex 
were predictors in all models, and for models of nondominant sites, 
we included intensity at the dominant site as an additional predictor 
where dominant sites were defined as the site on each host with the 
highest intensity. This additional model factor allowed us to exam-
ine whether intensity at nondominant sites was related to intensity 
at dominant sites. When this term in the model was significant, we 
subsequently examined the relationship in intensity between sites 
using correlations of relative proportions. Relative proportion was 
used to correct for differences in total abundances across hosts. We 
examined the multivariate distribution of symbionts on hosts by in-
cluding intensities at all sites in a nonmetric multidimensional scaling 
(NMDS; function metaMDS ( ) in the R package vegan) and permuta-
tional Analysis of Variance (PERMANOVA; function Adonis ( ) in the 
R package vegan). For all multivariate analyses, we used Euclidean 
distance. While Bray-Curtis is often employed as a distance metric 
when analyzing community data, in our case, the copepod symbi-
ont community was censused on each host rather than sampled, 
so observations of zero at a site are meaningful and Euclidean dis-
tance was more appropriate. We also examined the multivariate 
dispersion of symbionts using permutational analysis of dispersion 
(Anderson, 2006; function betadisper ( ) in the R package vegan).

3  | RESULTS

We discovered two co-occurrence species of ghost shrimp, 
Neocallichirus jousseaumei (Nobili, 1904) and Callianidea typa, 
Milne Edwards, 1837 that served as hosts to copepod symbionts. 
The mean body length of N. jousseaumei and C. typa were 45 and 
55 mm, respectively. We found 8,052 individual of Clausidium per-
siaensis Sepahvand & Kihara, 2017 associated to 125 individuals 
of C. typa and 1,685 specimens of Clausidium iranensis Sepahvand 
et al., 2019 on 224 specimens of N. jousseaumei. We observed abso-
lute host specificity, that is, C. persiaensis was only found on C. typa, 
and C. iranensis was only found on N. jousseaumei. Clausidium per-
sianensis infestation level on C. typa was higher than infestation 
levels of C. iranensis on N. jousseauemei (mean intensity was 64.41 
for C. typa and 15.04 for N. jousseaumei). Copepod densities on 
N. jousseaumei and C. typa were correlated with body size of host 
shrimps. While the two host species spanned a similar range in size 
and symbiont density on both host species was low at small host 
sizes, density increased much more rapidly with host size on C. typa 
to the extent that densities were 4× higher on the largest C. typa 
compared to N. jousseumei (Figure 4). We detected a strong pat-
tern of microhabitat occupancy across hosts. The most frequently 
occupied microhabitat on C. typa was the most anterior portion of 

F I G U R E  2   Callianidea typa: (a) habitus, carapace, and gill 
chamber with attached clausidiids; Clausidium persiaensis. Scale bar: 
1 cm. (b) Clausidium persiaensis. Confocal laser scanning microscopy 
maximum projections. Couple. Scale bar: 100 μm

(a) (b)

F I G U R E  3   The four most commonly occupied microhabitats 
observed during field study
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the dorsal and lateral of carapace surface and gill chamber (Cara) 
with approximately 85% of symbiotic copepods present at that mi-
crohabitat, followed by the chelipeds (Chel, 5%), thoracic legs (legs, 
3%), and Abdomen and telson (Abtel, 2%; Figure 5). Copepods were 
most frequently attached to N. jousseumei at the chelipeds (Chel, 
ca 80%) with the carapace and abdomen/telson microhabitats in-
frequently occupied (8% and 2%, respectively, Figure 5). For both 
symbiont species, microsite preference was highly nonrandom. On 
C. typa, intensity on the dominant site, carapace, was strongly pre-
dicted by both host sex and host size, though there was no inter-
action between these factors (Table 1). For the nondominant sites 
(chelae, legs, and abdomen/telson), host sex was the only significant 
predictor. However, for all sites, the significant sex effect was largely 
driven by the inclusion of juveniles whose sex could not be identified 
(mean symbionts ± SD, female = 74.5 ± 38.6, male = 68.3 ± 39.1, 
juvenile = 9.5 ± 4.2). There was also no significant relationship in 

intensity between the dominant site, carapace, and nondominant 
sites (Table 1). For N. jousseaumei, intensity on the dominant site, 
chelae, was significantly related to both host size and host sex, and 
there was a significant interaction between the predictors (Table 1). 
For N. jousseaumei, the host sex effect was not simply driven by 
lower intensities on juveniles. There was a significant difference be-
tween males and females (one-way ANOVA, F = 18.08, p = .00049) 
with females having nearly twice the intensity of males (20.5 ± 13.3 
vs. 10.9 ± 7.2). Intensity of copepods on the dominant site, chelae, 
was also a significant predictor of intensity at all nondominant sites. 
Correlations of relative intensity between dominant and nondomi-
nant sites were all negative (Figure 6) though the relationship with 
Abdomen/Telson intensity was not strictly linear because of numer-
ous shared zeros.

The multivariate distribution of symbiotic copepods clearly dif-
fered between hosts (Figure 7). The ordination was excellent in two 
dimensions with a Stress of 0.073. The two host species differed 
most prominently along NMDS Axis 1, an axis strongly related to 
chelae in the positive direction and carapace in the negative direc-
tion (Table 2). PERMANOVA showed strong effects of host species, 
host size, and host sex, as well as all 2-way interactions (Table 3). 
There was no significant difference in multivariate dispersion be-
tween the 2 hosts (p = .084).

4  | DISCUSSION

Both species of symbiotic copepods displayed extremely high host 
specificity. Among four species of callianassid ghost shrimps that 
live in the intertidal zones of the Persian Gulf, Clausidium iranen-
sis Sepahvand et al., 2019 and Clausidium persiaensis Sepahvand & 
Kihara, 2017, colonized only Neocallichrus jousseaumei (Nobili, 1904) 
and Callianidea typa Milne Edwards, 1837, respectively. Although 
more intensive sampling could potentially yield symbionts of other 
hosts, our results do suggest high host specificity within clausidium 

F I G U R E  4   Relationships between total number of copepod symbionts per host and host size for the shrimp hosts Callianidea typa and 
Neocallichirus jousseaumeia. Solid lines represent a 1st order spline fit to the data with shaded areas indicating 95% confidence intervals

F I G U R E  5   Proportion of copepod symbionts that occupied each 
of 4 host body regions on the shrimp hosts Callianidea typa and 
Neocallichirus jousseaumeia. Error bars represent standard errors
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copeods assemblage may relate to host physiology, ecology, or be-
havior host of the clausidium copepopds. Other factors, for exam-
ple, ecological or ethological conditions, may account for the failure 
of the clausidium to occupy the other ghost shrimps species. The 
ghost shrimps are different in habitat selection, trophic modes as 
well as in burrowing pattern (Griffis & Suchanek, 1991; Sepahvand, 
Sari, Salehi, Nabavi, & Ghorbanzadeh, 2013). Hence, each of these 
factors may affect the host selection of clausidium copepods in the 
Persian Gulf. Host choices may reflect both contemporary selec-
tion due to different costs and benefits of burrowing shrimps in 
different locations, and the phylogenetic host specificity of any 
mutual selection which has occurred between participants. Thus, 

while clausidium copepods are clearly adapted to associated life-
style with ghost shrimps both behaviorally and morphologically, 
it is not known whether this adaptation is tailored to particular 
shrimp species.

The data analysis showed that host-size adjusted density of 
clausidium copepods was affected by the host species and the host 
sex. While the two species of ghost shrimp hosts are similar in size, 
the symbiont density × host size relationship differed markedly be-
tween hosts. While both hosts had few symbionts at sizes < 35 mm, 
the density of symbionts on C. typa increased far more rapidly with 
host size than on N.jousseaumei. Symbiont densities on the largest 
sized C. typa were 4× greater than comparably sized N. jousseaumei. 
While the explanation for this disparity is not readily apparent, one 
explanation is that the symbiotic copepod C. persiaensis preferen-
tially attaches to C. typa, or that N. jousseaumei exhibits selective 
host defense and repels the symbiont, possibly through removal by 
grooming behavior.

Another possibility is that the feeding mechanism of C. typa and 
N. jousseaumei may influence the abundance of copepods. Ghost 
shrimp feed in a variety of ways including filtration of plankton and 
deposit feeding, and generally consume microalgae and other dia-
toms (Felder & Griffis, 1994). Most callianassid ghost shrimp feed 
by sifting sand for microscopic organisms using their mouthpart to 
remove food particles from setae of the maxillipeds (Pohl, 1946). 

Hayes (1976), showed that recruitment of the planktonic host-seek-
ing stage of copepods, Copepodid I in clausidium copepods may de-
pend on the host's feeding mechanism, hence the trophic mode of 

F I G U R E  6   Relationship between symbiotic copepod intensity 
on the sub-dominant sites carapace, legs, and abdomen/telson and 
intensity on the dominant site, chelae, for the host N. jousseaumei. 
There were no significant relationships between dominant and 
subdominant sites for the host C. typa

F I G U R E  7   Nonmetric multidimensional scaling ordination of symbiotic copepod distributions on the two ghost shrimp host species, 
C. typa and N. jousseaumei

TA B L E  2   Correlations of site variables to NMDS ordination axes

Axis 1
Axis 
2

Chelipeds 0.47 −0.20

Carapace −0.63 −0.01

Legs −0.25 −0.80

Abdomen-Telson −0.29 −0.28
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ghost shrimp may affect the symbiont copepods in host preference 
process.

We also found that there was a significant difference in the num-
ber of copepods selecting each host sex. This result could signify 
that copepods base their selection of host in a hierarchical fashion, 
with host species forming a first hierarchy, and host size a second. 
Since females are generally larger in size than male higher copepod 
colonization on female specimens may be a result of size and not sex.

Explanations for host selection may also be evolutionary in ori-
gin and be related to contact time among these copepods and ghost 
shrimps in the Persian Gulf. The Persian Gulf is relatively young with 
coastlines that formed only in the past 3,000–6,000 years (Riegl & 
Purkis, 2012) and the evolutionary process within it may have been 
affected by historical events such as glaciation and sea level fluctua-
tion (Sheppard et al., 2010). Regarding the short history of the region, 
contact time between ghost shrimps and Clausidium copepods has 
been limited, as has the time during which clausidium copepods have 
adopted new species of ghost shrimp hosts. Although some studies 
suggest that coevolution between symbiont and host can occur rap-
idly when parasitism is high (Soler, Martinez, Soler, & Møller, 1994; 
Takasu, Kawasaki, Nakamura, Cohen, & Shigesada, 1993), it is not 
clear whether the intensity of selection, either positive or negative, 
and time since the clausidium copepod introduction have been suffi-
cient for ghost shrimps to have evolved responses.

Each symbiont species displayed strong patterns of microhabitat 
selection. This site selection was apparent in two ways: (a) within 
a single symbiont species, there was clear site selection on a host; 
(b) there were also strong differences in site selection between the 
two hosts. Clausidium persiaensis, was only found on C. typa and al-
most exclusively on the carapace and within the gill chamber, while 
C. iranensis was only found on N. jousseaumei and showed extremely 
strong preferences for the chelae and anterior walking legs.

Our result showed that for both symbiont species, microsite 
preference was highly nonrandom. Possible explanations for site 
preferences are minimizing risks from host defensive grooming be-
haviors, or constraint from environmental parameters such as cur-
rent strength.

We consider three hypotheses that may explain microhab-
itat preference in two clausidium copepod species on their hosts: 
first, grooming behavior (GB) of the ghost shrimp (Bauer, 1981) and 

copepods occupying protected zones making them inaccessible to 
" grooming "; second, burrowing behavior (BB) of hosts determines 
the current velocity experienced by symbionts (Dworschak, Felder, 
& Tudge, 2012) and copepods choose microhabitats that minimize 
the force of "flow"; third, niche partitioning (NP) could be a strat-
egy to increase the possibility of finding mates. Diverse grooming 
structures and behaviors have evolved in decapod crustaceans in 
response to the selective pressure of fouling (Bauer, 1981). General 
body grooming of decapods, performed by serrate setal brushes on 
chelipedes and/ or posterior pereiopods (Bauer, 1981). Fifth pereio-
pods as a main appendage for grooming of the carapace and gills of 
C. typa and N.jousseaumei are almost morphologically similar, while 
these shrimps are different in maxiliped 3 and in another append-
ages (major and minor chelipeds, pereiopods 2–4).

The (BB) and the (NP) hypotheses explain the microhabitat selec-
tion advantage in Clausidium.

Two ghost shrimp hosts do differ in behavior in several ways 
including their patterns of burrowing, and habitat selection (Griffis 
& Suchanek, 1991). Burrowing patterns determine the current ve-
locity of water in burrows and consequently on the body of the 
ghost shrimps (Griffis & Suchanek, 1991). Possible differences in 
water current strength in the burrow of hosts may also explain the 
differences of microhabitat preferences in clausidium copepods. 
The flattened body shape of the genus Clausidium (Figures 1b, 
2b) is probably an adaptation against stress experienced at their 
habitats. Marin and Nascimento (1993) analyzed the body size 
and habitat of ghost shrimp (Callichirus garthi Retamal, 1975) as 
factors affecting the distribution, abundance, and fecundity of 
Clausidium spp. The results of that study suggested that the den-
sity of Clausidium spp. per host was dependent upon host's habi-
tat type and recruitment. Most specimens collected in this study 
were found coupling during the mating process (Figures 1b, 2b), 
providing evidence that mating may benefit from microsite parti-
tioning on the host. However, Timi (2003) suggested that micro-
habitat restriction of Lernanthropus cynoscicola (parasitic copepod) 
is not due to facilitation of mating. Additionally, he showed that 
aggregation among individuals of the same sex was stronger than 
among males and females, and the co-occurrence of both sexes 
did not depart from that expected by chance. While this present 
study was not designed to explore the ecological significance of 

TA B L E  3   Results of PERMANOVA testing the effects of host species, host size, and host sex on the multivariate distribution of symbiotic 
copepods on ghost shrimp hosts

Factor df Sums of squares F r2 p

Host species 1 32.9 502.8 .54 <0.001

Host size 1 4.0 60.6 .065 <.001

Host sex 2 1.9 14.7 .32 <.001

Species × size 1 4.7 71.8 .078 <.001

Species × sex 2 1.6 12.0 .026 <.001

Size × sex 2 0.8 5.9 013 <.001

Species × size × sex 2 0.3 2.12 .0047 .067

Residuals 225 14.7 .24
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host site preference, we suggest that some evidence does support 
the burrowing and mating hypotheses. However, the discussed hy-
potheses should be further studied to illuminate the evolutionary 
and adaptive advantages of niche differentiation in copepods and 
their hosts.

Rohde (1979) reviewed intrinsic and extrinsic factors those are 
responsible for niche restriction in parasites. The author empha-
sized that intrinsic (intraspecific) factors are largely responsible for 
niche restriction. Rohde (1979) argued that intrinsic factors play 
some roles in determining niches in monogen species and suggested 
that narrow microhabitats may function to enhance mate-locating 
chances. On the other hand, site selection within the host also may 
relate to the physicochemical environment (e.g., Bychowsky, 1961; 
Wootten, 1974).

Positive correlations between host size and symbiont density or 
biomass are frequently reported, especially in parasite systems (e.g., 
Arneberg, Skorping, Grenfell, & Read, 1998; Grutter & Poulin, 1998; 
Mohr, 1961; Poulin, 2007; Saad-Fares & Combes, 1992). However, 
some authors have also observed that lower levels of parasitism may 
occur in the largest hosts (Shotter, 1973; Kabata, 1959; Etchegoin 
& Sardella, 1990). Our result revealed that N. jousseaumei, despite 
a larger body size, was host to fewer copepods on average (mean 
15.4) when compared to C.typa (mean 64.41). These results do 
not agree with a previous study in which the abundance of clau-
sidium copepods was directly related to the size of host (Marin & 
Nascimento, 1993). It is possible that the difference in densities level 
of clausidium on the body of hosts relate to the host's physiology, 
since member of the Clausidium genus is same in biology and attach-
ments mechanisms. Corsetti and Strasser (2003) showed that cope-
pod densities are correlated to the host species and host size, but 
host sex was unimportant.

In conclusion, there is strong evidence from field surveys that 
Clausidium iraniensis prefers the large chelipeds of N. jousseaumei, 
and C. persiaensis primarily occupies the gill chamber of Callianidea 
typa. Unfortunately, both the proximate and ultimate causes of this 
preference are difficult to ascertain because the exact nature of the 
cost/benefit relationship between clausidium copepods and their 
hosts is unclear. Future research should focus on quantifying the 
mutual costs and benefits to both clausidium copepods and their 
ghost shrimp hosts, and examining the relationship in the context of 
changing species and environmental conditions.

ACKNOWLEDG MENTS
The authors would like to thank the Iranian National Institute for 
Oceanography and Atmospheric Science for cooperation during this 
study and Dr. Terue C. Kihara from Senckenberg am Meer, German 
Center for Marine Biodiversity Research, Wilhelmshaven for help 
and encouragement during this study. We are also very grateful to 
Dr. Francisco Neptalí Morales-Serna for his helpful and interesting 
comments and suggestions to improve the quality of the manuscript.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS
Vahid Sepahvand: Conceptualization (lead); data curation (lead); 
formal analysis (equal); methodology (equal); project administra-
tion (lead); software (equal); writing – original draft (lead). Bryan 
L. Brown: Formal analysis (lead); resources (equal); software (lead); 
supervision (equal); validation (equal); visualization (equal). Ali 
Gholamifard: Project administration (equal); visualization (lead); 
writing – review and editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The raw data are available at Dryad with this https://doi.org/10.5061/
dryad.4qrfj 6q6p.

ORCID
Vahid Sepahvand  https://orcid.org/0000-0001-5966-6630 

R E FE R E N C E S
Anderson, M. J. (2006). Distance-based tests for homogeneity of 

multivariate dispersions. Biometrics, 62(1), 245–253. https://doi.
org/10.1111/j.1541-0420.2005.00440.x

Arneberg, P., Skorping, A., Grenfell, B., & Read, A. F. (1998). Host densities 
as determinants of abundance in parasite communities. Proceedings 
of the Royal Society B: Biological Sciences, 265(1403), 1283–1289. 
https://doi.org/10.1098/rspb.1998.0431

Baker, D. M., Andras, J. P., Jordán-Garza, A. G., & Fogel, M. L. (2013). 
Nitrate competition in a coral symbiosis varies with temperature 
among Symbiodinium clades. The ISME Journal, 7, 1248–1251. https://
doi.org/10.1038/ismej.2013.12

Bauer, R. T. (1981). Grooming behavior and morphology in the Decapod 
Crustacea. Journal of Crustacean Biology, 1(2), 153–173. https://doi.
org/10.2307/1548154

Boxshall, G. A., & Halsey, S. H. (2004). An introduction to copepod diver-
sity. London, UK: The Ray Society.

Brown, B. L., & Creed, R. P. (2004). Host preference by an aquatic ecto-
symbiotic annelid on 2 sympatric species of host crayfishes. Journal 
of the North American Benthological Society, 23(1), 90–100. https://
doi.org/10.1899/0887-3593(2004)023<0090:HPBAA E>2.0.CO;2

Bychowsky, B. E. (1961). Monogenetic trematodes: Their systemat-
ics and phylogeny. In W. J. Hargis Jr (Ed.), Transcript of a Russian 
Monograph (p. 627). Washington, DC: American Institute of Biological 
Sciences.

Corsetti, J. L., & Strasser, K. M. (2003). Host selection of the symbiotic 
copepod Clausidium dissimile in two sympatric populations of ghost 
shrimp. Marine Ecology Progress Series, 256, 151–159. https://doi.
org/10.3354/meps2 56151

Dworschak, P. C., Felder, D. L., & Tudge, C. C. (2012). Infraorders Axiidea 
de Saint Laurent, 1979 and Gebiidea de Saint Laurent, 1979 (formerly 
known collectively as Thalassinidea). In F. R. Schram, J. C. Vaupel 
Klein, J. von Forest, & M. Charmantier-Daures (Eds.), Treatise on zo-
ology – anatomy, taxonomy, biology. The Crustacea. Complementary 
to the volumes translated from the French of the Traité de Zoologie 
[founded by P.-P. Grassé] (Vol. 9, pp. 109–219) Part B. Leiden, The 
Netherlands: Brill.

Etchegoin, J. A., & Sardella, N. H. (1990). Some ecological aspects of the 
copepod parasites of the common hake, Merluccius hubbsi, from the 
Argentine- Uruguayan coasts. International Journal for Parasitology, 
20, 1009–1014.

Farrell, K. J., Creed, R. P., & Brown, B. L. (2014). Preventing overexploita-
tion in a mutualism: Partner regulation in the crayfish–branchiob-
dellid symbiosis. Oecologia, 174, 501–510. https://doi.org/10.1007/
s0044 2-013-2780-y

https://doi.org/10.5061/dryad.4qrfj6q6p
https://doi.org/10.5061/dryad.4qrfj6q6p
https://orcid.org/0000-0001-5966-6630
https://orcid.org/0000-0001-5966-6630
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1098/rspb.1998.0431
https://doi.org/10.1038/ismej.2013.12
https://doi.org/10.1038/ismej.2013.12
https://doi.org/10.2307/1548154
https://doi.org/10.2307/1548154
https://doi.org/10.1899/0887-3593(2004)023%3C0090:HPBAAE%3E2.0.CO;2
https://doi.org/10.1899/0887-3593(2004)023%3C0090:HPBAAE%3E2.0.CO;2
https://doi.org/10.3354/meps256151
https://doi.org/10.3354/meps256151
https://doi.org/10.1007/s00442-013-2780-y
https://doi.org/10.1007/s00442-013-2780-y


     |  10717SEPAHVAND Et Al.

Felder, D. L., & Griffis, R. B. (1994). Dominant infaunal communities at risk 
in shoreline habitats: Burrowing thalassinid Crustacea. OCS Study MMS 
94-0007. New Orleans, LA: U.S. Dept. of the Interior, Minerals Mgmt. 
Service, Gulf of Mexico OCS Regional Office.

Griffis, R. B., & Suchanek, T. H. (1991). A model of burrow architecture and 
trophic modes in thalassinidean shrimp (Decapoda: Thalassinidea). 
Marine Ecology Progress Series, 79, 171–183. https://doi.org/10.3354/
meps0 79171

Grutter, A. S., & Poulin, R. (1998). Intraspecific and interspecific rela-
tionships between host size and the abundance of parasitic larval 
gnathiid isopods on coral reef fishes. Marine Ecology Progress Series, 
164, 263–271. https://doi.org/10.3354/meps1 64263

Guo, C. C., Hwang, J. S., & Fautin, D. G. (1996). Host selection by shrimps 
symbiotic with sea anemones: A field survey and experimental lab-
oratory analysis. Journal of Experimental Marine Biology and Ecology, 
202(2), 165–176. https://doi.org/10.1016/0022-0981(96)00020 -2

Hayes, H. J. (1976). Biology of Clausidium dissimile an epizoic copepod. MS 
thesis, University of West Florida, Pensacola.

Ivanenko, V. N., Hoeksema, B. W., Mudrova, S. V., Nikitin, M. A., Martínez, 
A., Rimskaya-Korsakova, N. N., … Fontaneto, D. (2018). Lack of host 
specificity of copepod crustaceans associated with mushroom corals 
in the Red Sea. Molecular Phylogenetics and Evolution, 127, 770–780. 
https://doi.org/10.1016/j.ympev.2018.06.024

Jackson, L. J. (1996). Behavioral observations on the symbiotic relationship 
between the Callianassid, Lepidophthalmus louisianensis (Decapoda: 
Thalassinidea), and its associate Leptalpheus forceps (Decapoda: 
Alpheidae). MS thesis, University of Southern Mississippi, Ocean 
Springs.

Kabata, Z. (1959). Ecology of the genus Acanthochondria Oakley 
(Copepoda Parasitica). Journal of the Marine Biological Association of 
the United Kingdom, 38(2), 249–261. https://doi.org/10.1017/S0025 
31540 0006056

Lie, K. J. (1973). Larval trematode antagonism: Principles and possible 
application as a control method. Experimental Parasitology, 33(2), 
343–349. https://doi.org/10.1016/0014-4894(73)90038 -6

Marin, S. L., & Nascimento, M. G. (1993). Host body size and habitat 
as factors affecting the distribution and abundance of the cope-
pod Clausidium sp. (Cyclopoida), ectosymbiont of the ghost shrimp 
Callianassa garthi Retanal, 1975 (Crustacea: Thalassinidea). Revista 
Chilena De Historia Natural, 66, 427–437.

Mestre, A., Mesquita-Joanes, F., Proctor, H., & Monrós, J. S. (2011). 
Different scales of spatial segregation of two species of feather 
mites on the wings of a passerine bird. The Journal of Parasitology, 
97(2), 237–244. https://doi.org/10.1645/GE-2585.1

Mills, S. C., & Reynolds, J. D. (2002). Host species preferences by bit-
terling (Rhodeus sericeus) spawning in freshwater mussels and con-
sequences for offspring survival. Animal Behavior, 63(6), 1029–1036. 
https://doi.org/10.1006/anbe.2001.1988

Mohr, C. O. (1961). Relation of ectoparasite load to host size and stan-
dard range. The Journal of Parasitology, 47(6), 978–984. https://doi.
org/10.2307/3275037

Pohl, M. E. (1946). Ecological observations on Callianassa major Say 
at Beaufort, North Carolina.Ecology, 27(1), 71–80. https://doi.
org/10.2307/1931020

Poore, G. C. B. (1994). A phylogeny of the families of Thalassinidea 
(Crustacea: Decapoda) with keys to families and genera. Memoirs 
of the Museum of Victoria, 54, 79–120. https://doi.org/10.24199/ 
j.mmv.1994.54.03

Poulin, R. (2007). Are there general laws in parasite ecology? Parasitology, 
134(6), 763–776. https://doi.org/10.1017/S0031 18200 6002150

R Core Team (2017). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from https://www.R-proje ct.org/

Råberg, L., de Roode, J. C., Bell, A. S., Stamou, P., Gray, D., & Read, A. 
F. (2006). The role of immune-mediated apparent competition in 

genetically diverse malaria infections. The American Naturalist, 
168(1), 41–53. https://doi.org/10.1086/505160

Ramirez, W. B. (1970). Host specificity of fig wasps (Aganonidae). Evolution, 
24(4), 680–691. https://doi.org/10.1111/j.1558-5646.1970.tb018 
04.x

Riegl, B. M., & Purkis, S. J. (2012). Coral reefs of the Gulf: Adaptation to 
climatic extremes in the World’s Hottest Sea. In B. M. Riegl, & S. J. 
Purkis (Eds.), Coral reefs of the Gulf: Adaptation to climatic extremes 
(pp. 1–4). Dordrecht, The Netherlands: Springer.

Rohde, K. (1979). A critical evaluation of intrinsic and extrinsic factors 
responsible for niche restriction in parasites. The American Naturalist, 
114(5), 648–671. https://doi.org/10.1086/283514

Rohde, K. (1994). Niche restriction in parasites: Proximate and ultimate 
causes. Parasitology, 109, S69–S84. https://doi.org/10.1017/S0031 
18200 0085097

Saad-Fares, A., & Combes, C. (1992). Abundance/host size relationship 
in a fish trematode community. Journal of Helminthology, 66(3), 187–
192. https://doi.org/10.1017/S0022 149X0 0014541

Sepahvand, V., Kihara, T. C., & Boxshall, G. A. (2019). A new species of 
Clausidium kossmann, 1874 (Copepoda: Cyclopoida) associated with 
ghost shrimps from the Persian Gulf, including female-male inter-
locking mechanisms and remarks on host specificity. Systematic 
Parasitology, 96, 171–189. https://doi.org/10.1007/s1123 0-019-
09839 -x

Sepahvand, V., Rastegar-Pouyani, N., Kihara, T. C., & Momtazi, F. 
(2017). A new species of Clausidium Kossmann, 1874 (Crustacea, 
Copepoda, Cyclopoida, Clausidiidae) associated with ghost shrimps 
from Iran. Nauplius, 25, 1–16. https://doi.org/10.1590/2358-2936e 
2017018

Sepahvand, V., Sari, A., Salehi, H., Nabavi, S.-M.-B., & Ghorbanzadeh, 
S.-G. (2013). Littoral mud shrimps (Decapoda: Gebiidea & Axiidea) 
of the Persian Gulf and Gulf of Oman, Iran. Journal of the Marine 
Biological Association of the United Kingdom, 93(4), 999–1008. https://
doi.org/10.1017/S0025 31541 2001361

Sheppard, C., Al-Husiani, M., Al-Jamali, F., Al-Yamani, F., Baldwin, R., 
Bishop, J., … Zainal, K. (2010). The Gulf: A young sea in decline. Marin 
Pollution Bulletin, 60(1), 13–38. https://doi.org/10.1016/j.marpo 
lbul.2009.10.017

Shotter, R. A. (1973). Changes in the parasitic fauna of the whiting, 
Odontogadus merlangus L. with the age and sex of the host, season, 
and from different areas in the vivinity of the Isle of Man. Journal of 
Fish Biology, 5, 559–573.

Skelton, J., Creed, R. P., & Brown, B. L. (2014). Ontogenetic 
shift in host tolerance controls initiation of a clean-
ing symbiosis. Oikos, 123(6), 677–686. https://doi.
org/10.1111/j.1600-0706.2013.00963.x

Skelton, J., Geyer, K. M., Lennon, J. T., Creed, R. P., & Brown, B. L. 
(2017). Multi-scale ecological filters shape the crayfish microbiome. 
Symbiosis, 72, 159–170. https://doi.org/10.1007/s1319 9-016-0469-9

Smyth, J. D., & Halton, D. W. (1983). The physiology of trematodes (p. 445). 
Cambridge, UK: Cambridge University Press.

Soler, M., Martinez, J. G., Soler, J. J., & Møller, A. P. (1994). Micro-
evolutionary change in host response to a brood parasite. Behavioral 
Ecology and Sociobiology, 35, 295–301. https://doi.org/10.1007/
BF001 70710

Takasu, F., Kawasaki, K., Nakamura, H., Cohen, J. E., & Shigesada, N. 
(1993). Modeling the population dynamics of a cuckoo-host asso-
ciation and the evolution of host defenses. The American Naturalist, 
142(5), 819–839. https://doi.org/10.1086/285574

Timi, J. T. (2003). Habitat selection by Lernanthropus cynoscicola 
(Copepoda: Lernanthropidae): Host as physical environment, a major 
determinant of niche restriction. Parasitology, 127(2), 155–163. 
https://doi.org/10.1017/S0031 18200 3003470

Ulrich, Y., & Schmid-Hempel, P. (2012). Host modulation of parasite 
competition in multiple infections. Proceedings of the Royal Society B: 

https://doi.org/10.3354/meps079171
https://doi.org/10.3354/meps079171
https://doi.org/10.3354/meps164263
https://doi.org/10.1016/0022-0981(96)00020-2
https://doi.org/10.1016/j.ympev.2018.06.024
https://doi.org/10.1017/S0025315400006056
https://doi.org/10.1017/S0025315400006056
https://doi.org/10.1016/0014-4894(73)90038-6
https://doi.org/10.1645/GE-2585.1
https://doi.org/10.1006/anbe.2001.1988
https://doi.org/10.2307/3275037
https://doi.org/10.2307/3275037
https://doi.org/10.2307/1931020
https://doi.org/10.2307/1931020
https://doi.org/10.24199/j.mmv.1994.54.03
https://doi.org/10.24199/j.mmv.1994.54.03
https://doi.org/10.1017/S0031182006002150
https://www.R-project.org/
https://doi.org/10.1086/505160
https://doi.org/10.1111/j.1558-5646.1970.tb01804.x
https://doi.org/10.1111/j.1558-5646.1970.tb01804.x
https://doi.org/10.1086/283514
https://doi.org/10.1017/S0031182000085097
https://doi.org/10.1017/S0031182000085097
https://doi.org/10.1017/S0022149X00014541
https://doi.org/10.1007/s11230-019-09839-x
https://doi.org/10.1007/s11230-019-09839-x
https://doi.org/10.1590/2358-2936e2017018
https://doi.org/10.1590/2358-2936e2017018
https://doi.org/10.1017/S0025315412001361
https://doi.org/10.1017/S0025315412001361
https://doi.org/10.1016/j.marpolbul.2009.10.017
https://doi.org/10.1016/j.marpolbul.2009.10.017
https://doi.org/10.1111/j.1600-0706.2013.00963.x
https://doi.org/10.1111/j.1600-0706.2013.00963.x
https://doi.org/10.1007/s13199-016-0469-9
https://doi.org/10.1007/BF00170710
https://doi.org/10.1007/BF00170710
https://doi.org/10.1086/285574
https://doi.org/10.1017/S0031182003003470


10718  |     SEPAHVAND Et Al.

Biological Sciences, 279(1740), 2982–2989. https://doi.org/10.1098/
rspb.2012.0474

Wootten, R. (1974). The spatial distribution of Dactylogyrus amphiboth-
rium on the gills of ruffe Gymnocephalus cernua and its relation to the 
relative amounts of water passing over the parts of the gills. Journal 
of Helminthology, 48(3), 167–174. https://doi.org/10.1017/S0022 
149X0 0022793

How to cite this article: Sepahvand V, Brown BL, Gholamifard 
A. Host specificity and microhabitat preference of symbiotic 
copepods (Cyclopoida: Clausiididae) associated with ghost 
shrimps (Decapoda: Callichiridae, Callianideidae). Ecol Evol. 
2020;10:10709–10718. https://doi.org/10.1002/ece3.6726

https://doi.org/10.1098/rspb.2012.0474
https://doi.org/10.1098/rspb.2012.0474
https://doi.org/10.1017/S0022149X00022793
https://doi.org/10.1017/S0022149X00022793
https://doi.org/10.1002/ece3.6726

