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ABSTRACT: Interval between reproductive events is an important factor for iteroparous animals 20 

because it determines the number of clutches throughout life. This study examined whether 21 

female size, clutch size, shell size and prenuptial molting affected the clutch interval in the hermit 22 

crab Pagurus nigrivittatus. Precopulatory guarding pairs of P. nigrivittatus were sampled in the 23 

field and kept in the laboratory until the female extruded eggs. The clutch interval of each female 24 

was assessed as one of two types of relatively "short" and "long" intervals by checking whether 25 

the guarded female had eggs and/or egg cases from the preceding brood or not when the guarding 26 

pair was collected. The clutch interval was longer in females with prenuptial molting than those 27 

without molting and these females usually grew larger at the prenuptial molt. This suggests that 28 

female P. nigrivittatus with a long interval might allocate energy into growth at the expense of 29 

the number of clutches during the current reproductive season. The allocation to growth is 30 

theoretically predicted to decrease with female size. Gastropod shell size is also known to affect 31 

the reproductive activity in hermit crabs. However, female size did not significantly affect the 32 

clutch interval in P. nigrivittatus, and the effect of gastropod shell size on clutch interval was not 33 

consistent with previous empirical studies. These results may be caused by differences in the 34 

gastropod species of shell occupied by the females of P. nigrivittatus. 35 

36 
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INTRODUCTION 36 

Reproduction carries costs, in terms of growth, survival and future reproduction, because 37 

reproduction entails energy and time that could be used for other functions. Reproductive costs 38 

have been considered to determine when animals should start to reproduce and how much energy 39 

they should devote to each reproductive event (Roff 1992; Stearns 1992). The costs would also 40 

affect how long interval individuals should take between successive clutches. The interval is an 41 

important determinant of life history evolution for iteroparous animals since it determines the 42 

number of clutches throughout their life. Recently, there has been growing interest in the interval 43 

between clutches in birds (Verhulst et al. 1997; Møller 2007), reptiles (Doughty and Shine 1998; 44 

Harris and Ludwig 2004), fishes (Rideout et al. 2005; Jørgensen et al. 2006) and insects 45 

(Forsman 2001). However, few studies have focused on the clutch interval in marine 46 

invertebrates although Henmi (2003) suggested a trade-off between clutch size and clutch 47 

interval, with considerations on feeding activity, among three fiddler crabs. 48 

For iteroparous animals with indeterminate growth, a critical decision is the amount of 49 

energy and time to allocate between growth and reproduction after maturation (Heino and Kaitala 50 

1999). Since clutch size increases with body size in many animals, growth should lead to a future 51 

increase in fecundity, although for the immediately ensuing clutch, growth may lead to a 52 

reduction in the resources allocated to reproduction. Thus in iteroparous animals with 53 

indeterminate growth, after maturation there is a trade-off between growth and the current clutch, 54 

even in the absence of survival costs of reproduction. The interval between successive clutches 55 

may affect the trade-off. For example, clutch interval would be related to the energetic constraints 56 

both in reproduction and growth, and a long interval may realize a larger clutch and/or higher 57 

growth rate than a short interval although the long interval will decrease the number of clutches 58 

throughout life. Harris and Ludwig (2004) reported that differences in the food level affected 59 
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clutch interval in a salamander, and that the female salamanders had higher growth rates when 60 

they skip reproduction; i.e. long intervals between successive reproductive events. The clutch 61 

interval is also related to another trade-off between the numbers of eggs in the successive 62 

clutches (Forsman 2001; Møller 2007). Female grasshoppers producing relatively large clutches 63 

show a greater decrease in the next clutch sizes, and they require a longer interval between these 64 

successive clutches than those breeding small clutches (Forsman 2001). An increased clutch size, 65 

in the latter of successive clutches, or a higher growth rate may be possible at the expense of an 66 

increased clutch interval (Forsman 2001). Thus, considering the trade-off between current and 67 

future reproduction, a female should optimize the clutch interval and, consequently, the number 68 

and size of clutches within a reproductive season. The clutch interval may also depend on body 69 

size. In crustaceans female size is frequently related with clutch size (Hazlett 1981; Goshima et al. 70 

1998; Wada et al. 1995; Nakata and Goshima 2004; Nakata et al. 2004) and growth (Asakura 71 

1992; Wada 2000). Large females breed earlier than small ones in some hermit crabs (Wada et al. 72 

1996; Yoshino et al. 2002), suggesting that energetic and/or time allocation between growth and 73 

reproduction might vary with female size. Therefore, we hypothesize that the clutch interval may 74 

be affected by female size, clutch size and growth in iteroparous crustaceans with indeterminate 75 

growth.  76 

The clutch interval and resource allocation between growth and reproduction may be 77 

obscured under laboratory rearing condition. Since phenotypic trade-offs can be affected by 78 

energetic and/or time constraints, frequency in detection of various trade-offs differs between 79 

field conditions and "good" conditions in the laboratory (reviewed in Stearns 1992). Laboratory 80 

conditions often include less foods variation, less physical rhythm, such as temperature and tidal 81 

fluxes, than field conditions and no intra- and inter-specific interactions. Although these 82 

environmental factors are also controlled in the laboratory, we need to investigate phenotypic 83 
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pattern of growth and reproduction in the field before detailed experiments in the laboratory. 84 

However, it is difficult to investigate the clutch interval of marine animals in the field because it 85 

is hard to observe the successive reproductive events of each individual. Copulation and 86 

spawning in many species are short-term events that usually occur under concealment either 87 

spatially or temporally and thus precluding direct observation. Especially, observations of 88 

reproduction in rocky coastal animals are difficult because of the complex habitat, wave action 89 

and tidal changes. It is also difficult to investigate the growth of mobile animals in the field. 90 

Since crustaceans cannot readily be tagged and recaptured, the growth rate of individuals is hard 91 

to measure with mark-recapture methods (e.g., Carroll 1982; Sharp et al. 2000). 92 

Hermit crabs have advantageous characters to study the relationship between clutch 93 

interval and growth in the field during a reproductive season. In the reproductive season Pagurus 94 

hermit crabs show precopulatory guarding behavior in which males grasp the aperture of the shell 95 

occupied by a mature female with their left chela during a period of up to several days (e.g., 96 

Hazlett 1972, 1975; Wada et al. 1999). Copulation must precede every clutch production (Hazlett 97 

1968; 1996). In the copulation, males transfer and attach some spermatophores to the external 98 

surface of the females (Tudge 1999). Females extrude eggs after copulation and fertilize their 99 

eggs externally (Contreras-Garduño and Córdoba-Aguilar 2006). The clutch is protected on 100 

female pleopods within the gastropod shells until larval hatching, and many Pagurus species 101 

have several clutches during a reproductive season (Hazlett 1972; Wada 2001; Wada et al. 2000, 102 

2005).  103 

Clutch interval of each female can be assessed as two types of relatively "short" and 104 

"long" intervals by checking whether the guarded female has the preceding eggs on their 105 

pleopods or not when the precopulatory guarding pair is collected. The females of short and long 106 

clutch interval can be defined as follows: short interval as females in precopulatory guarding 107 



 6 

pairs that have well-developing eggs and/or empty egg capsules of the last clutch remaining on 108 

the pleopods, and long interval as females that have clean pleopods because the empty egg 109 

capsules were shed from the pleopods of the female after the last clutch hatching out (Wada et al. 110 

2007). Clean pleopods of guarded female mean that (1) the female had rested from breeding for a 111 

duration within the reproductive season, (2) this was the first clutch in the reproductive season, or 112 

(3) this was the first clutch after maturity. Although (3) should not apply to long interval between 113 

clutches as the proportion of virgin females in guarding pairs would be low in our sampling in 114 

November (see Materials and Methods).  115 

Guarded females sometimes perform a prenuptial molt just before copulation in many 116 

Pagurus species (Hazlett 1968; Wada et al. 2007). It takes between a few minutes to a few days 117 

from the prenuptial molt to copulation, and females extrude their eggs and attach them to their 118 

pleopods within an hour after copulation (Hazlett 1968; S. Wada, personal observation). 119 

Therefore, many Pagurus hermit crabs are iteroparous species with indeterminate growth, and the 120 

females can be considered to allocate energy between growth and reproduction during a 121 

reproductive season.  122 

We examined whether female size, clutch size and prenuptial molting affect the clutch 123 

interval in the hermit crab Pagurus nigrivittatus. We also investigated the effect of the gastropod 124 

shell size on the clutch interval. Hermit crabs typically use gastropod shells to protect their soft 125 

abdomen, and shells may be an important environmental factor in determining the allocation 126 

between growth and reproduction of hermit crabs (Childress 1972; Fotheringham 1976; Bertness 127 

1981a, b; Elwood et al. 1995; Yoshino et al. 2002; Hazlett et al. 2005). Ovigerous females are 128 

found in smaller shells than non-ovigerous females in some hermit crabs (Bertness 1981a; 129 

Hazlett et al. 2005). Bertness (1981a) suggested that females of hermit crabs might reduce growth 130 

and result in allocating more time and energy to reproduction when they occupy small shells. 131 
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 132 

MATERIALS AND METHODS 133 

Pagurus nigrivittatus Komai 2003 distributes in rocky shores in southern area of Japan, 134 

from the Boso Peninsula southward to Kyushu (Komai 2003). Females of P. nigrivittatus mature 135 

at the smallest size of sympatric congenerics, sometimes perform a prenuptial molt and spawn 136 

several clutches from October to June in the study site (Wada et al. 2005).  137 

We sampled guarding pairs of P. nigrivittatus during low tides on a rocky intertidal area 138 

along coast of Hane-Cape (33°26'N 134°05'E), southern Shikoku, Japan. Sampling was carried 139 

out from November 2003 to March 2004. Frequencies of ovigerous females in P. nigrivittatus are 140 

over 80% from October to June in this area, and the incubation period in October is estimated as 141 

less than 20 days (Wada et al. 2005). Therefore, we considered that most females, collected in 142 

November, would have finished the first clutch of the reproductive season. 143 

Each pair was placed in a vinyl pouch in the field and brought back to the laboratory. On 144 

return to the laboratory we turned over the female, and using a stereoscopic microscope when the 145 

female tried to right herself we observed the female’s pleopods and checked whether the female 146 

of each pair had pleopods with well-developing eggs and/or empty egg capsules or had clean 147 

pleopods. Then, each pair was kept in a small container (14 x 9 x 7 cm height) or in a polystyrene 148 

cylinder (200 ml) in the laboratory for a week or until the female extruded eggs. If the female did 149 

not extrude eggs during the one week period we returned the pair to the sea. Most females 150 

extruded eggs by 4 days after collection. We checked daily whether the females had molted or 151 

not, and observed the pleopods of females under a stereoscopic microscope to determine whether 152 

the females had extruded eggs or not. Pairs were not fed during the rearing period and the 153 

seawater was exchanged every two days. 154 

After the females extruded eggs, we counted the number of eggs on the bottom of the 155 
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container, which had failed to attach to the pleopods, and measured the shell width of the 156 

gastropod shell that the female occupied. We fixed the females in 5% seawater formalin, counted 157 

the number of eggs attached to their pleopods and measured the shield length (the calcified 158 

anterior portion of the cephalothorax) under a stereoscopic microscope. Clutch size was 159 

calculated as the sum of the number of dislodged eggs and the number of eggs attached to the 160 

pleopods. When a female molted, the shield length of the ecdysis was also measured as the 161 

female size. However if the ecdysis was broken or eaten, we used the post-molt shield length for 162 

female size.  163 

We used a generalized linear mixed model (GLMM) to explore the relationship between 164 

clutch interval and the four variables (clutch size, female size, shell size and prenuptial molting 165 

(no molting = 0, molting =1)). Sampling date was fitted as a random effect in the model. The 166 

clutch interval (long = 0 vs short = 1) was a binary variable, and we specified the error 167 

distribution as binomial. Our definitions of relative short and long intervals are however affected 168 

by the ovigerous period that varies with temperature (Wada et al. 2005) and to minimize any 169 

affects of this, the sampling date was included as a random effect in the model. Since coefficients 170 

of determination were low both between clutch size and female size and between shell size and 171 

female size (R2 = 0.16, 0.18, respectively; see Results), multicollinearity was not considered in 172 

the analysis. We also examined whether the shield length of female increased or not after the 173 

prenuptial molting using the Wilcoxon signed rank test. All statistical analyses were conducted 174 

with free statistical software R 2.2.0 (R Development Core Team 2005). 175 

 176 

RESULTS 177 

We collected 416 guarding pairs of P. nigrivittatus during the sampling period, and 384 178 

females of these pairs extruded eggs. The mean female size was 1.99 (± 0.30SD) mm (min = 1.31, 179 
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max = 3.12). Clutch size and shell size were linearly regressed against female size (Table 1). 180 

Although both regressions had significant positive slopes, the squared Pearson correlation 181 

coefficients (i.e., R2) for these regressions were low. 182 

Since, in eleven of the 384 females, the eggs on the pleopods were firmly stuck together 183 

and it was not possible to count the number of eggs, we used the 373 females for the following 184 

analyses. The clutch interval was significantly related to prenuptial molting, clutch size and shell 185 

size (Table 2). Females that carried out a prenuptial molt tended to have a long clutch interval. 186 

When the clutch interval was short, clutch size and shell size were larger than those with a long 187 

interval (Table 2, Fig. 1, 2). However, there was no significant effect of female size upon the 188 

clutch interval (Table 2). 189 

Although we observed 182 molts, for 80 ecdysis we were not able to measure the shield 190 

length of ecdysis because the crabs ate and/or crushed the shield of carapace of the ecdysis. 191 

Growth increment calculated as the difference between the shield lengths after and before 192 

prenuptial molt showed a significantly positive value (Wilcoxon test, n = 102, V = 423, P < 193 

0.0001). We observed one and five cases for short and long interval with a zero increment, 194 

respectively, and eight cases for long interval with negative growth. However, growth increments 195 

of 87 females that molted, irrespective of the clutch interval, showed positive values. 196 

 197 

DISCUSSION 198 

The clutch interval tended to be long when the females performed prenuptial molting in P. 199 

nigrivittatus. On the other hand, many females of P. nigrivittatus increased in size at the 200 

prenuptial molt. Clutch size was related with female size in this study and larger females 201 

produced larger clutches although the regression coefficient was not high. These results suggest 202 

that the females conducted the prenuptial molt to grow larger and, consequently, increase their 203 
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fecundity of future clutches. Prenuptial molts with zero or minus growth tended to be observed 204 

when the clutch interval was long. These "non-positive" molts may allow the regeneration of 205 

parts of the body or cleaning the exoskelton for protection from ectoparasites to achieve a higher 206 

survival rate. We therefore suggest that females of P. nigrivittatus might allocate energy into 207 

growth and/or survival at the expense of the number of clutches during the current reproductive 208 

season. Wada et al. (2007) also found some non-positive molts in the hermit crab P. minutus. 209 

Theoretical studies have often predicted that allocation to growth decreases with 210 

increasing body size, which leads to S-shaped growth curves (e.g. Kozłowski and Uchmanski 211 

1987). On the other hand, shell resources are considered to be an important factor in determining 212 

the allocation between growth and reproduction in hermit crabs (Betness 1981a, b; Elwood et al. 213 

1995; Yoshino et al. 2002; Hazlett et al. 2005). Bertness (1981a) suggested that crabs occupying 214 

smaller shells than the optimal reproduce at smaller sizes, reproduce more frequently, have larger 215 

clutches, and are unable to grow to larger sizes than crabs occupying optimal sized shells. Hazlett 216 

et al. (2005) also demonstrated that females of Clibanarius vittatus occupying heavy shells (i.e. 217 

larger than optimal size) tended to be not ovigerous and ovigerous females were in shells with 218 

optimal size. They suggested that C. vittatus females might have a threshold based on the shell 219 

size and when the shell size is larger than the threshold size of the females, breeding might be 220 

delayed (i.e. long clutch interval) or reproduction is not carried out during the season. 221 

Our results seem not to be consistent with these studies. Size of shell occupied by females 222 

with a short interval was larger than that occupied by females with a long interval in P. 223 

nigrivittatus. Females with a short interval had larger clutches than those with a long interval in P. 224 

nigrivittatus although females with large clutches are expected to have lengthened the 225 

reproductive interval, compared with females with small clutches. Furthermore, while both shell 226 

size and clutch size were related to female size, female size did not affect the clutch interval. One 227 
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possible reason for these results is that gastropod species of shells occupied by females might 228 

affect the reproductive activity of the females. Crabs in shells of different species can be 229 

differently constrained in terms of available energy and its expenditure because of interspecific 230 

differences in shell characters (i.e. shape and weight), and the clutch size has been shown to 231 

differ between females occupying shells of different species even if they are of the same size 232 

(Bertness 1981b; Elwood et al. 1995). For example, females of P. bernhardus in a less preferred 233 

species of shell had fewer eggs per clutch and fewer clutches per reproductive season (Elwood et 234 

al. 1995). Yoshino et al. (2002) demonstrated that the shell species affected the breeding pattern 235 

and that breeding of females in Reticunassa fraterculus shells was delayed relative to breeding in 236 

other shells although the delay might be due to small crab size. The effects of shell species on 237 

female reproduction may be a cause of the low coefficient of determination values between 238 

clutch size and female size and between shell size and female size in this study. If the shell 239 

species composition for P. nigrivittatus differs according to female size, the difference in shell 240 

utilization might lead to different energetic allocations between growth and reproduction and 241 

might obscure the effect of female size on the clutch interval. Although we did not identify the 242 

species of gastropod shell in this study, shell species might be an important factor affecting clutch 243 

interval and other life history traits in hermit crabs. 244 

Environmental conditions, such as food availability (Harris and Ludwig 2004; Jørgensen 245 

et al. 2006) and temperature (Forsman 2001; Møller 2007), are known to affect the clutch interval 246 

in some animals. For example, Jørgensen et al. (2006) demonstrated that Atlantic cod skipped 247 

spawning more often when food availability was both increased (opportunities for better growth) 248 

and decreased (too little energy for gonad development). Female grasshoppers maintained under 249 

a warm condition were more likely to oviposit, laid their first clutch earlier, produced more 250 

clutches and had shorter intervals between successive clutches than females under a cold 251 
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condition (Forsman 2001). Møller (2007) found that the duration of the interval between clutches 252 

increased during 1971-2005 in a barn swallow because of temperature increase during spring. 253 

Global climatic warming may change clutch intervals and consequently alter reproductive 254 

potentials in many organisms. The effects of these environmental conditions on reproductive 255 

performance of females should also be examined in marine invertebrates. 256 

In conclusion, prenuptial molting, clutch size and shell size affected the clutch interval in 257 

the hermit crab P. nigrivittatus. When females molt just before copulating and breeding, their 258 

clutch interval tended to be long, suggesting that females might allocate energy into the 259 

prenuptial molt to increase their growth rate and survival rate at the expense of the number of 260 

clutches during the current reproductive season. Iteroparous species with indeterminate growth, 261 

like hermit crabs, allocate time and energy into growth and reproduction after maturation and the 262 

allocation pattern typically depends on the body size. However, female size did not affect the 263 

clutch interval in this study, and the effects of clutch size and shell size on clutch interval seemed 264 

to differ from some previous studies of hermit crabs. Gastropod species of shells occupied by the 265 

females and other environmental conditions might be the cause these differing results. Further 266 

field and laboratory investigations are needed to further detail these factors affecting the resource 267 

allocation between growth and reproduction in hermit crabs. 268 

 269 

Acknowledgements. We thank all members of the Benthos Group of Laboratory of Marine 270 

Biology, Hokkaido University. We are grateful to Dr. C. Norman and three anonymous reviewers 271 

for their invaluable comments on the manuscript. This work was supported by a Grant-in Aid for 272 

Scientific Research (Kakenhi, no 15770010, 17770018) to S. Wada from the Ministry of 273 

Education, Culture, Sports, Science and Technology of Japan. The experiments reported herein 274 

comply with the current laws of Japan. 275 



 13 

 276 

REFERENCES 277 

Asakura A (1992) Population ecology of the sand-dwelling hermit crab Diogenes nitidimanus 278 

Terao, 5, ecological implications in the pattern of molting. J Crust Biol 12: 537-545. 279 

Bertness MD (1981a) Pattern and plasticity in tropical hermit crab growth and reproduction. Am 280 

Nat 117: 754-773. 281 

Bertness MD (1981b) The influence of shell-type on hermit crab growth rate and clutch size 282 

(Decapoda, Anomura). Crustaceana 40: 197-205. 283 

Carroll JC (1982) Seasonal abundance, size composition, and growth of the rock crab, Cancer 284 

antennarius Stimpson, off central California. J Crust Biol 2: 549-561. 285 

Childress JR (1972) Behavioral ecology and fitness theory in a tropical hermit crab. Ecology 53: 286 

960-964. 287 

Contreras-Garduño J, Córdoba-Aguilar A (2006) Sexual selection in hermit crabs: a review and 288 

outlines of future research. J Zool 270: 595-605. 289 

Doughty P, Shine R (1998) Reproductive energy allocation and long-term energy stores in a 290 

viviparous lizard (Eulamprus tympanum). Ecology 79: 1073-1083. 291 

Elwood RW, Marks N, Dick JTA (1995) Consequences of shell-species preferences for female 292 

reproductive success in the hermit crab Pagurus bernhardus. Mar Biol 123: 431-434. 293 

Forsman A (2001) Clutch size versus clutch interval: life history strategies in the 294 

colour-polymorphic pygmy grasshopper Tetrix subulata. Oecologia 129: 357-366. 295 

Fotheringham N (1976) Population consequences of shell utilization by hermit crabs. Ecology 296 

57: 570-578. 297 

Goshima S, Kawashima T, Wada S (1998) Mate choice by males of the hermit crab Pagurus 298 

filholi: Do males assess ripeness and/or fecundity of females? Ecol Res 13: 151-161 299 



 14 

Harris RN, Ludwig PM (2004) Resource level and reproductive frequency in female four-toed 300 

salamanders, Hemidactylium scutatum. Ecology 85: 1585-1590. 301 

Hazlett BA (1968) Sexual behavior of some European hermit crabs (Anomura: Paguridae). Pubbl 302 

Staz Zool Napoli 36: 238-252. 303 

Hazlett BA (1972) Shell fighting and sexual behavior in the hermit crab genera Paguristes and 304 

Calcinus, with comments on Pagurus. Bull Mar Sci 22: 806-823. 305 

Hazlett BA (1975) Ethological analyses of reproductive behavior in marine Crustacea. Pubbl Staz 306 

zool Napoli 39: 677-695. 307 

Hazlett BA (1981) The behavioral ecology of hermit crabs. Ann Rev Ecol Syst 12: 1-22. 308 

Hazlett BA (1996) Reproductive behavior of the hermit crab Clibanarius vittatus (Bosc, 1802). 309 

Bull Mar Sci 58: 668-674. 310 

Hazlett BA, Rittschof D, Bach CE (2005) The effects of shell size and coil orientation on 311 

reproduction in female hermit crabs, Clibanarius vittatus. J Exp Mar Biol Ecol 323: 312 

93-99. 313 

Heino M, Kaitala V (1999) Evolution of resource allocation between growth and reproduction in 314 

animals with indeterminate growth. J Evol Biol 12: 423-429. 315 

Henmi Y (2003) Trade-off between brood size and brood interval and the evolution of 316 

underground incubation in three fiddler crabs (Uca perplexa, U. vocans, and U. 317 

dussumieri). J Crust Biol 23: 46-54. 318 

Jørgensen C, Ernande B, Fiksen Ø, Dieckmann U (2006) The logic of skipped spawning in fish. 319 

Can J Fish Aquat Sci 63: 200-211. 320 

Komai T (2003) Reassessment of Pagurus pilosipes (Stimpson), supplemental description of P. 321 

insulae Asakura, and descriptions of three new species of Pagurus from east Asian waters 322 

(Crustacea: Decapoda: Anomura: Paguridae). Nat Hist Res 7: 115-166. 323 



 15 

Kozłowski J, Uchmanski J (1987) Optimal individual growth and reproduction in perennial 324 

species with indeterminate growth. Evol Ecol 1: 214-230. 325 

Møller AP (2007) Interval between clutches, fitness, and climate change. Behav Ecol 18: 62-70. 326 

Nakata K, Tanaka A, Goshima S (2004) Reproduction of the alien crayfish species Pacifastacus 327 

leniusculus in Lake Shikaribetsu, Hokkaido, Japan. J Crust Biol 24: 496-501. 328 

Nakata K, Goshima S (2004) Fecundity of the Japanese crayfish, Cambaroides japonicus: ovary 329 

formation, egg number and egg size. Aquaculture 242: 335-343. 330 

R Development Core Team (2005) R: a language and environment for statistical computing. R 331 

Foundation for Statistical Computing, Vienna. http://www.r-project.org 332 

Rideout RM, Rose GA, Burton MPM (2005) Skipped spawning in female iteroparous fishes. Fish 333 

Fish 6: 50-72. 334 

Roff DA (1992) The evolution of life histories. Chapman & Hall, New York. 335 

Sharp WC, Lellis WA, Butler MJ, Herrnkind WF, Hunt JH, Pardee-Woodring M, Matthews TR 336 

(2000) The use of coded microwire tags in mark-recapture studies of juvenile Caribbean 337 

spiny lobster, Panulirus argus. J Crust Biol 20: 510-521. 338 

Stearns SC (1992) The evolution of life histories. Oxford University Press, Oxford. 339 

Tudge CC (1999) Spermatophore morphology in the hermit crab families Paguridae and 340 

Parapaguridae (Paguroidea, Anomura, Decapoda). Invert Reprod Dev 35: 203-214. 341 

Verhulst S, Tinbergen JM, Daan S (1997) Multiple breeding in the great tit. A trade-off between 342 

successive reproductive attempts. Funct Ecol 11: 714-722. 343 

Wada S (2000) Seasonal growth pattern and the effect of gastropod shells on sexual growth rates 344 

in the hermit crab Pagurus middendorffii. Bull Fac Fish, Hokkaido Univ 51:1-11 345 

Wada S (2001) Reproductive characters and population structure of the hermit crab Pagurus 346 

ochotensis. Benthos Res 56:43-46 347 



 16 

Wada S, Goshima S, Nakao S (1995) Reproductive biology of the hermit crab Pagurus 348 

middendorffii Brandt (Decapoda: Anomura: Paguridae). Crust Res 24:23-32 349 

Wada S, Sonoda T, Goshima S (1996) Temporal size covariation of mating pairs of the hermit 350 

crab Pagurus middendorffii (Decapoda: Anomura: Paguridae) during a single breeding 351 

season. Crust Res 25:158-164 352 

Wada S, Tanaka K, Goshima S (1999) Precopulatory mate guarding in the hermit crab, Pagurus 353 

middendorffii (Decapoda: Paguridae): effects of population parameters on male guarding 354 

duration. J Exp Mar Biol Ecol 239:289-298 355 

Wada S, Kitaoka H, Goshima S (2000) Reproduction of the hermit crabs Pagurus lanuginosus 356 

and comparison of reproductive traits among sympatric hermit crabs. J Crust Biol 357 

20:474-478 358 

Wada S, Mima A, Ito A (2005) Reproductive phenology of sympatric hermit crabs in temperate 359 

Japan. J Mar Biol Assoc UK 85:889-894 360 

Wada S, Ito A, Mima A (2007) Evolutionary significance of prenuptial molting in female 361 

Pagurus hermit crabs. Mar Biol 152:1263-1270 362 

Yoshino K, Goshima S, Nakao S (2002) Temporal reproductive patterns within a breeding season 363 

of the hermit crab Pagurus filholi: effects of crab size and shell species. Mar Biol 364 

141:1069-1075 365 

366 



 17 

Figure captions 366 

Fig. 1. A boxplot showing the distributions of clutch size for long and short clutch intervals in the 367 

hermit crab Pagurus nigrivittatus. The numbers of females with long and short clutch 368 

intervals were 305 and 68, respectively. The solid lines inside the boxes represent the 369 

medians of the data. The left and right ends of the box represent, respectively, the 1st 370 

quartile and 3rd quartile of the data. The horizontal dashed lines extending from each box 371 

represent the data inside a range of 1.5 times the interquartile range from the box. The 372 

vacant circles represent data points for individuals. 373 

Fig. 2. A boxplot showing the distributions of gastropod shell width (mm) for long and short 374 

clutch intervals in the hermit crab Pagurus nigrivittatus. The numbers of females with 375 

long and short clutch intervals were 305 and 68, respectively. The solid lines inside the 376 

boxes represent the medians of the data. The left and right ends of the box represent, 377 

respectively, the 1st quartile and 3rd quartile of the data. The horizontal dashed lines 378 

extending from each box represent the data inside a range of 1.5 times the interquartile 379 

range from the box. The vacant circles represent data points for individuals. 380 
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Fig. 1. A boxplot showing the distributions of clutch size for long and short clutch intervals in the hermit crab Pagurus
nigrivittatus. The numbers of females with long and short clutch intervals were 305 and 68, respectively. The solid lines inside the
boxes represent the medians of the data. The bottom and top of the box represent, respectively, the 1st quartile and 3rd quartile of
the data. The horizontal dashed lines extending from each box represent the data inside a range of 1.5 times the interquartile range
from the box. The vacant circles represent data points for individuals.
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Fig. 2. A boxplot showing the distributions of gastropod shell width for long and short clutch intervals in the hermit crab Pagurus
nigrivittatus. The numbers of females with long and short clutch intervals were 305 and 68, respectively. The solid lines inside
the boxes represent the medians of the data. The bottom and top of the box represent, respectively, the 1st quartile and 3rd
quartile of the data. The horizontal dashed lines extending from each box represent the data inside a range of 1.5 times the
interquartile range from the box. The vacant circles represent data points for individuals.
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Estimate SE t P
(Clutch size)
Intercept -65.30 18.83 -3.47 <0.001
Female size 79.11 9.35 8.46 <0.001
Adjusted R2 0.16
F1,371 71.58

(Shell size)
Intercept 2.27 0.49 4.64 <0.001
Female size 2.19 0.24 8.97 <0.001
Adjusted R2 0.18
F1,371 80.52

Table 1. Linear regressions of female size on clutch size and
shell size in the hermit crab Pagurus nigrivittatus.



Fixed effect Coefficient SE z P
Intercept -1.82 1.06 -1.72 0.085
Prenuptial molt -0.99 0.30 -3.26 0.001
Female size -0.74 0.55 -1.34 0.179
Clutch size 0.01 0.00 2.01 0.045
Shell size 0.23 0.11 2.10 0.036
Residual deviance 330
df 367

Table 2.  Results of the fixed effects in generalized linear mixed model with
binomial error distribution for clutch interval in the hermit crab Pagurus
nigrivittatus. Sampling date was fitted as a random effect in the model.
Clutch interval (long and short) and prenuptial molt (molting or not) were
coded as two level categorical variables.
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