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Summary. The reproductive behavior of two spe- 
cies of  diogenid hermit crabs was studied in Ha- 
waii. In the shell generalist, Clibanarius zebra, male 
reproductive success varied little with size, al- 
though the largest males were less successful in 
obtaining copulations than were medium-large 
males. Male and female size were positively corre- 
lated, in successful pairs, thus larger males had 
the potential to fertilize more eggs when they were 
successful in obtaining a copulation. Female fecun- 
dity in C. zebra was not affected by species of gas- 
t ropod shell inhabited once female size was taken 
into account. Male copulatory success was very 
strongly influenced by the species of gastropod 
shell inhabited. Males in Trochus or Nerita shells 
had greatly reduced reproductive success com- 
pared to males in Turbo or Nassarius shells. This 
result was due both to (1) males in Trochus 
especially dropping and otherwise poorly handling 
females during precopulatory behavior and (2) fe- 
males not responding to precopulatory behavior 
patterns executed by males in Trochus and Nerita. 
Transferring males from "good"  to " b a d "  shapes 
of  shells and vice versa showed that male success 
was a function of  shell type inhabited and not some 
correlated feature of  the crabs. In the shell special- 
ist, Calcinus seurati, which is found primarily in 
Nerita shells as an adult, males in Nerita shells 
were quite successful in obtaining copulations. 

Introduction 

The reproductive success of  males in a wide variety 
of species varies depending upon the resources held 
by those males. In many cases, this would appear 
to be a result of  female choice among the males 
with different quantities or quality of resources. 
When the resources of the male contribute to fe- 

male and/or offspring survival, the basis of  female 
choice seems clear. In cases where the male's re- 
sources do not appear to contribute to female or 
offspring survival or growth, the question of  the 
ultimate bases of  female choice is even more inter- 
esting (Borgia 1979). Observations on the intertidal 
hermit crab Calcinus tibicen in Jamaica indicated 
very dramatic differences in male reproductive suc- 
cess depending upon the species of  gastropod shell 
occupied (Hazlett & Baron, in press). In particular, 
the largest males in the population obtained very 
few matings apparently as a result of  the kinds 
of  shells available to crabs in that size range. 

The current study was undertaken as a first 
step towards examining the generality of  the pat- 
tern seen in C. tibicen. In particular, the reproduc- 
tive behavior of  a species which, like C. tibicen, 
occupies a wide variety of  species of  shells was 
examined as well as the behavior shown by individ- 
uals in a species which could be characterized as 
a shell specialist. The shell generalist studied was 
the intertidal diogenid Clibanarius zebra which is 
the most common species in the intertidal zone 
in many areas of  the Indo-Pacific. It occupies a 
wide array of  species of  gastropod shells (Reese 
1968, 1969). The shell specialist studied was Calcin- 
us seurati which is found almost exclusively in Ner- 
ita species shells, probably as a consequence of 
the crab's ecological limitation to tide pools which 
are not regularily flushed by sea water. This re- 
stricted supra-tidal distribution (Reese 1969; 
Wooster 1984) results in a very limited array of  
gastropod shells available to individuals of this 
species. Since Nerita shells were a type which ap- 
peared to influence male reproductive success in 
a negative way in the congeneric shell generalist 
CaIcinus tibicen (Hazlett & Baron, in press), it was 
of particular interest to observe the patterns shown 
by a species largely restricted to that type of  shell. 
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The effects of shell type occupied were studied for 
both male and female reproductive success. 

Materials and methods 

Observations and measurements were made between January 
and May of ]988 on Ohau, Hawaii. Laboratory work was done 
at the Hawaii Institute of Marine Biology, Coconut Island, 
Kaneohe Bay, Ohau. All the individuals of Clibanarius zebra 
utilized were collected along the shores of Coconut Island while 
the specimens of Caleinus seurati used were collected from sev- 
eral supra-tidal locations around Ohau: Kapapa Island, Sandy 
Beach, Makapuu Point, and Shark Cove adjacent to Pupukea 
Beach Park. 

Initial observations of precopulatory behavior patterns and 
copulation were made in the field on pairs of Clibanarius zebra. 
All data for quantitative analyses were taken in the laboratory 
at HIMB. Collections of specimens from the field were placed 
in water tables for observation of social interactions, including 
reproductive behavior. Between 150 and 300 crabs were main- 
tained at a time and the area of the water table adjusted to 
maintain densities at approximately field levels. The concrete 
water table presented (to the crabs) a substrate that was quite 
similar to the rocky coral rubble in which they are normally 
found. For Calcinus seurati the crabs were kept in a portion 
of the water table with just that species present. In the case 
of Clibanarius zebra, the hermit crab population was similar 
to that found in the field with some individuals of other species 
present: Calcinus laevimanus, Calcinus latens and a few Calcinus 
elegans. After individual crabs engaged in either shell exchange 
or reproductive behaviors they were removed from the water 
table for measurements. Periodically new collections were add- 
ed to the population under observation. 

Observations were done between 0900 and 1600 hrs, at 
least several days a week between January and May. Whenever 
a pair of animals were seen in the opposed position (Hazlett 
1966) with their shell aperatures facing, the observer's attention 
was directed to that pair and notes on their behavior patterns 
taken. While one pair was under observation, the rest of the 
water table was scanned for additional interactions. When more 
than five interactions were occurring similtaneously scanning 
ceased in order to focus on the pairs under direct observation. 
Data on shell exchange interactions were gathered for another 
study. Reproductive interactions were recognized by the execu- 
tion of rotations by one animal of the other. This pattern is 
executed only by males in a number of diogenid species (Hazlett 
1966, 1972) and appears to be a necessary precursor to copula- 
tion. The common sequences of patterns observed during a 
precopulatory interaction are described for each species of crab 
in the Results section. For  each pair engaged in a reproductive 
interaction the following data were taken: time of initiation 
of the interaction, nmnber of rotations, inverse raps, and palpa- 
tions by the male, time of the end of the interaction, and how 
the interaction ended (successful copulation, interruption by 
another crab such that that male no longer held the female, 
the male dropped the female while executing precopulatory pat- 
terns and she walked away from the male, or the male stopped 
holding the female and he walked away after some bouts of 
precopulatory patterns). After the interaction had ended, the 
pair of crabs was removed from the water table and placed 
in containers for later measurements. The data recorded for 
each male and female were: cephalothorax length (cl), moult 
state of the female, species of shell occupied, weight of the 
shell after drying at 80 ~ C for at least 24 h, and weight of the 
shell after drying and addition of fine, dry sand of known specif- 
ic density. The latter allowed calculation of the internal volume 
of the shell. 

To obtain a measure of the degree of shell fit, particularly 
of  males engaged in reproductive behavior, the relationship be- 
tween crab size and desired shell volume was estimated for 
two commonly occupied species of gastropod shell (Troehus 
intexus and Turbo sandwichensis). This was done by allowing 
60 crabs access to about 200 empty shells in the appropriate 
size range for 24M8 h. After this period of "free choice", the 
crabs were removed and size parameters measured. From those 
data the regression line between crab size and desired shell 
volume could be calculated. 

To estimate the relationship between female size, shell oc- 
cupation, and fecundity the number of eggs on the pleopods 
of a sample of females were counted. Female and shell parame- 
ters were also recorded. The primary source of these data for 
Clibanarius zebra was a collection made along the north shore 
of Coconut Island on February 24. All of the individuals of 
C. zebra collected were removed from their shells, sexed, cepha- 
lothorax length measured, and number of eggs counted in the 
case of females. The eggs on a given female were categorized 
as to age, either young (without eyespots on the embryos) or 
older (with eyespots on the embryos). 

Based upon observations of Calcinus tibicen in Jamaica 
and of Clibanarius zebra in Hawaii, it appeared that males in 
certain species of gastropod shells were more successful in ob- 
taining copulations than others. This could be the result of 
two different mechanisms: either the differential in success is 
caused by the occupation of the " g o o d "  vs " b a d "  shells or 
shell species occupation is just correlated with other behavior 
patterns exhibited by crabs. Two methods were used to try 
to choose between these alternative explanations. Males that 
were observed to successfully copulate (while occupying one 
species of shell) were, after measurements were made, placed 
in a different kind of shell (individually marked) and put back 
with the population of crabs under observation. The second 
method involved taking a number of males directly from the 
field and changing the kind of shell they occupied. Males in 
Troehus shells were removed from their shells and given free 
access to a number of empty Turbo shells for one hour and 
males in Turbo or Nassarius papillosus shells were removed and 
given free access to empty Troehus shells. These males were 
then placed in the observation area and over the next three 
days the occurrence of reproductive interactions monitored. 
The transferred males were kept in individual containers when 
not under observation. 

The results of observations on shell species effects on repro- 
duction of males and female C. zebra suggested that individuals 
of the two sexes might differ in their motivation to occupy 
different species of shells. Based upon fecundity and copulation 
success effects of shell species occupied, I predicted that males 
would change out of Troehus shells more readily than females 
when given the opportunity. To test this, animals were collected 
in the field that occupied either Trochus or Nassarius shells 
and placed in monospecific groups of 12 with 20 empty Turbo 
shells in the appropriate size range. 24 hours later the crabs 
were removed from the shells occupied and the number of males 
and females that had changed shell species recorded. Six repli- 
cates for each species of field-occupied shell were run. 

Results 

T h e  she l l  spec i e s  o c c u p i e d  in  t h e  f i e ld  by  t h e  t w o  

spec i e s  o f  h e r m i t  c r a b s  a r e  s h o w n  in  T a b l e  l .  T h e  

p r e d o m i n a n c e  o f  Neri ta  species o c c u p i e d  b y  i n d i -  
v i d u a l s  o f  Calcinus seurati  is in  c o n t r a s t  t o  t h e  v a r i -  
e t y  o f  a n d  e v e n e s s  o f  spec i e s  o c c u p a t i o n  b y  i n d i v i d -  

u a l s  o f  Clibarnarius zebra. 
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Table 1. Shell occupation parameters for Clibanarius zebra and 
Calcinus seurati. Percentage of total for each gastropod species 
for field surveys. For  C. zebra the percentage occupation of 
shells by known males is shown (the average for the Febru- 
ary 24 field count  and the males which were non-initiators in 
shell exchanges) and the mean size (mm cl) for males in the 
February 24 survey 

Clibanarius zebra Calcinus 
seurati 

% overall % by males mm cl males % overall 
(n=318)  ( n = l l l )  (n=41)  @=129)  

Trochus 49.0 52.2 9.0 • 1.0 0 
Nerita 9.4 14.1 7.8_+0.7 82.3 
Nassarius 10.4 8.1 7.5_+0.7 0 
Turbo 5.0 17.4 9.0_+0.8 1.5 
Drupella 17.6 2.0 6.3 0 
Littorina 0.3 0 - 9.3 
Morulla ova 2.8 0 - 4.6 
Strombus 0 0 - 2.3 
Natica 3.7 3.7 8.2_+ 1.1 0 
Others 1.2 3.1 0 

The precopulatory patterns of Clibanarius ze- 
bra have not been described previously. Reese 
(1968) gives data on the fecundity and periodicity 
of  egg-bearing in C. zebra. The precopulatory pat- 
terns of C. zebra are similar to those of  other dio- 
genid crabs, especially other species of  Clibanarius 
(Hazlett 1966). The following summary is based 
upon notes taken during observations in 1969, as 
well as the currently reported set of  observations. 

Unlike some congeners, in no case, of  either 
courtship that resulted in copulation or those that 
ended without copulation, was the female C. zebra 
very recently moulted. In about  a third of the cases, 
females had new eggs on their pleopods within two 
days of  courtship, but the time of egg deposition 
was unknown in the majority of  cases. In contrast 
to Calcinus tibicen (Hazlett and Baron, in press), 
no instances of courtship of  a female carrying eggs 
was observed. 

Courtship began with the male grasping and 
holding the shell of the female with his ambulatory 
legs. The male normally held the shell in the op- 
posed position (Hazlett 1966), with the shell aper- 
tures facing one another. In this position, with the 
female just visible in the aperture of  her shell, the 
male executed one or more bouts of  the following 
patterns. Rotation:  in this pattern the female shell 
was rotated about  an axis perpendicular to and 
through the plane of the female shell aperture. 
Movement was through an arc of  about  45 ~ and 
consisted of  either a series of rotations or, more 
commonly in this species, a single cycle of  move- 
ment. Inverse raps: in this pattern the female shell 
was rapidly drawn towards the male by flexion 

of  his ambulatory legs. This pattern resembles the 
rapping movements executed during shell ex- 
changes (Hazlett 1972) except that the female shell 
was the shell moved (in shell exchanges, the shell 
of  the initiating/active crab is moved). In a few 
cases where the female shell was markedly heavier 
than the male's, his shell moved when his legs were 
flexed, rather than the female's. Inverse raps oc- 
curred either singly or in short bouts of  2-3 move- 
ments. Cheliped palpations: these were small, ra- 
pid movements of  the male chelipeds lightly touch- 
ing the female chelipeds. For  each interaction, a 
measure of male activity, move rate, was calculated 
as the sum of the bouts of  rotations and inverse 
raps divided by the number of  minutes for the in- 
teraction. 

In courtships that resulted in copulation as well 
as courtships that did not, one or all three of  these 
patterns of  male behavior were observed. After a 
few to many minutes of  courtship, the female crabs 
sometimes moved forward slightly in her shell ap- 
erture and palpated the male's chelipeds and 
mouth parts with her chelipeds. He then eased par- 
tially out of  his shell, exposing most of  his cephalo- 
thorax and copulation occurred. As copulation oc- 
curred, the male flexed the posterior portion of  
his cephalothorax ventrally toward the female and 
she eased slightly out of her shell, exposing the 
ventral part of  her cephalothorax. Copulation 
lasted only 5-10 s and was followed by only a min- 
ute or so of post-copulatory guarding by the male. 

The number of  bouts of  precopulatory patterns 
preceeding successful copulation averaged seven, 
but was a few as one or two inverse raps in several 
instances. 

Fecundity of Clibanarius zebra 

In the sample of 221 female C. zebra examined, 
the number of  eggs on a female's pleopods ranged 
from zero (n= 109) to 712. Among the berried fe- 
males which ranged from 4.7 to 8.6 mm cl, the 
mean number of eggs was 302_+160 (n=72)  for 
those with eggs without eyespots and 349+_166 
(n=37) for those carrying eggs with eyespots. 
There was no difference in the number of younger 
vs older eggs ( t=1.43,  df=107,  P>0.10) .  There 
was no difference in female cephalothorax length 
between those with young eggs and those with old- 
er eggs (means = 6,64 and 6.67 mm cl respectively, 
t=0.10,  P>0.10) .  

There was no difference among the shell species 
occupied by individuals of C. zebra in the propor- 
tion of  females that were berried (chi-square = 1.75, 
df= 5, P > 0.10). In every shell species, about  half 
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Table 2. Fecundity parameters for Clibanarius zebra arranged by shell species occupied. All values are either counts or means 
(S.D.) 

Shell species occupied Total Number Female Number of eggs 
unberried cl turn 

Overall Young Older 

Trochus 74 38 7.1 • 0.6 356 313 • 178 467 • 225 
Nassarius 42 23 6.5 • 0.3 326 327 • 197 325 -.4- 97 
Nerita 35 15 6.9 • 0.5 328 300 -.4-109 380 • 105 
Drupella 54 25 6.1 -.4- 0.5 270 278 -4-143 259 • 118 
Morulla ova 7 4 
Other 8 4 

of the females were carrying eggs. There was no 
difference among the shell species occupied in the 
proportion of berried females that were carrying 
young vs older embryos (chi-square= 3.19, d f = 5 ,  
P>0.10).  

Across shell species occupied, the variation in 
number of  eggs carried by berried females was very 
significantly reduced by consideration of female 
size (overall, number of eggs=(114) (cl in mm) 
- 446, r=0.529, ANOVA F-ratio=41.5, P <  
0.0001; number of young eggs=(108) (cl in mm) 
- 420, r=0.51,  ANOVA F-ratio =24.6, P<0.001 ; 
number of older eggs = (127) (cl in mm) - 499, r = 
0.58, ANOVA F-rat io=t7.7 ,  P<0.001). In fact, 
female size was the only variable which explained 
variance in fecundity. Multiple regressions which 
encorporated other parameters (shell weight, shell 
species, volume of shell, or difference between cur- 
rently occupied volume and desired volume for 
that species of shell) all failed to explain more vari- 
ance than the single factor regression. In no case 
were additional parameters significant (all asso- 
ciated with P>0.10)  once female size had been 
taken into account. 

Thus even though females in Trochus shells ap- 
peared to carry more eggs on the average than 
females in Drupella elata shells (356 vs 270), this 
apparently was a result of Trochus shells being oc- 
cupied by larger females on the average (7.1 mm 
vs 6.1 mm cl). Using only the 104 cases from the 
four most commonly occupied shells (Fig. 1), there 
was no significant difference among shell species 
in the relationships between female size and 
number of eggs (analysis of covariance yielded a 
clearly insignificant interaction term for shell spe- 
cies and female size ( t=  1.19, P=0.233). 

In the case of females occupying Trochus shells, 
the number of eggs when the embryos had eyespots 
appeared higher than younger broods (467 vs 313), 
but this also appears to be a (chance) result of 
larger females (7.45 vs 7.01 mm cl) having more 
advanced young at the time of sampling. There 
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Fig, 1. Relationship between female cephalothorax length and 
number of eggs for CIibanarhts zebra. The different species of 
gastropod shells occupied by females were Trochus (o), Nassar- 
ius (e), Nerita (4t), and Drupella (O) 

was no egg stage - female size interaction term 
in the analysis of covariance (t = 0.02, P = 0.889). 

While there was no shell species effect when 
all berried females were considered, it appeared 
as though an effect might be important in explain- 
ing the number of older embryos. Looking only 
at females carrying embryos with eyespots, there 
was a significant difference in the number of  em- 
bryos among species (ANOVA F=8.1 ,  P=0.007) 
but if female size is considered, no shell species 
effect is evident (multiple regression species P =  
0.785, species-cl interaction P =  0.732). That is, for 
any category of eggs analyzed, the number of eggs 
carried by a female is a function of size and not 
of shell species occupied. 

Reproductive interactions 
in Clibanarius zebra 

A total of 61 reproductive interactions were ob- 
served in C. zebra. These were recognized by the 
execution of at least one bout of either rotation 
or inverse raps, neither of which occur during other 
types of social interactions such as shell exchange 
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Table 3. Male reproductive parameters for the 61 interactions involving Clibanarius zebra. Means and standard deviations for 
all features listed. Male volume deficit is in terms of ml of volume difference between volume of currently occupied shell and 
the desired volume for the species of shell. Move Rate is the sum of number of rotations plus number of inverse raps divided 
by the number of minutes 

Male away parameter Interaction ended because 

Copulation Interruption Female dropped Male walk 
(n = 27) (n = 14) (n = 16) (n = 4) 

Male cl in mm 8.4 _+ 1.3 8.9 i 0.8 9.0 + 1.1 8.9 • 1.4 
Vol Deficit 0.4_ 0.5 0.2 _+ 0.2 0.3 _+ 0.2 0.4 + 0.1 
Rotations 4.8 -+ 5.0 5.8 _+ 6.0 3.4 • 3.9 8.2 • 9. l 
Inverse Raps 3.2_+2.8 1.1 • 1.4 1.4_+3.2 1.5_+2.3 
Move Rate 0.7 _+ 0.8 1.0 • 1.3 0.6_+ 0.6 0.7_+ 0.9 
Minutes 25 _+28 17 _+19 20 _+33 11 _+6 

Table 4. Outcomes of reproductive interactions in Clibanarius zebra arranged by size of male (mm cl) 

Size in mm % Success  Copulation Attempt Dropped Walked Total 
in class occurred interrupted female away active 

6.0-6.9 75% 3 0 1 0 4 (6%) 
7.0-7.9 64% 7 2 1 1 11 (18%) 
8.0-8.9 44% 8 5 4 1 18 (29%) 
9.0-9.9 13% 2 5 7 1 15 (25%) 

10.0+ 54% 7 2 3 1 13 (21%) 

behavior .  The  n u m b e r  o f  minutes  of  in teract ion 
averaged  21.2. O f  the 61 interact ions,  27 resulted 
in copula t ion .  O f  the unsuccessful a t tempts ,  14 
ended due to in te r rup t ion  by  ano the r  crab,  16 
ended because the male  d r o p p e d  the female  while 
a t t empt ing  to execute p r ecopu l a t o ry  pat terns ,  and  
in 4 cases the male  smoo th ly  released the female  
and  he walked  away  (Table  3). 

The  size o f  the male  (mean  = 8.75 m m  cl over-  
all) did not  app ea r  to be i m p o r t a n t  in de termining  
reproduc t ive  success. T h a t  p a r a m e t e r  a lone did not  
significantly reduce the var iance  in the ou tcome  
o f  the in teract ions  ( A N O V A ,  F - - - - 3 . 6 2 ,  P =  
0.062) a l though  the statistical value is close to the 
c o m m o n l y  accepted  a lpha  level. As shown in Ta-  
ble 4, the greates t  n u m b e r  o f  copula t ions  observed  
were ob ta ined  by  males  between 8.0 and  8.9 m m  
cl. However ,  this was the size class wi th  the greates t  
represen ta t ion  in the reproduct ive ly  active popu l a -  
t ion and  the p r o p o r t i o n  o f  active males  obta in ing  
copula t ions  in tha t  size class was ra ther  low. There  
appea r s  to be a decrease in the percen tage  success 
with size class f r o m  the 6 m m  up  to the 10 m m  
cl size classes (75, 64, 44, and  13% of  the reproduc-  
tively active males  in each class ob ta in ing  copula-  
tions). I t  is only  the relatively high success o f  males  
over  10.0 (54%) which eleminates  a significant neg- 
ative re la t ionship between size and  reproduct ive  
success. 
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Fig. 2. Relationship between sizes of male and female Clibanar- 
ius zebra for pairs that did (O) or did not (o) copulate. The 
regression line (female cl= 2.5 + (0.43)(male cl)) is for copulat- 
ing pairs only as there was no relationship for pairs that did 
not copulate 

As shown in Fig. 2, there was a cor re la t ion  be- 
tween the sizes of  crabs in pairs,  bu t  only  for  those 
cour tships  tha t  resulted in copula t ion  ( r=0 .554 ,  
P < 0 . 0 1 ) .  In  the cases where  copu la t ion  did not  
occur,  there was no cor re la t ion  between male  and  
female  cepha lo tho rax  length (r = 0.275, P >  0.10). 

The  n u m b e r  o f  ro ta t ions  executed by  a male  
( m e a n = 4 . 8  overall)  did not  vary  between success- 
ful and  unsuccessful interact ions ( t=0 .099 ,  P =  
0.921). However ,  the n u m b e r  o f  inverse raps  were 
higher for  interact ions which resulted in copula-  
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Table g. Reproductive Interaction parameters categorized by shell species occupied by males. Outcome results are counts, for 
other parameters the mean values are given 

Shell species Male cl Inverse Move Minutes Outcome of interaction 
in mm raps rate 

Copulation Interrupted Drop female Walk away 

Trochus 9.3 1.8 0.8 20 7 11 16 2 
Nassarius 7.3 2.0 0.4 24 6 0 0 0 
Turbo 10.1 2.7 0.4 16 3 0 0 0 
Nerita 7.6 2.3 0.8 22 3 3 0 2 
Drupella 7.4 0.6 0.2 24 3 0 0 0 
Others 7.4 6.0 1.7 24 5 0 0 0 

Totals 27 14 16 4 

tions (t=2.7, P=0.009).  The number of minutes 
of precopulatory behavior did not differ among 
the categories of outcome (ANOVA F =  1.00, P =  
0.320) nor did it differ for the different species 
of shells occupied by males (ANOVA F =  0.16, P = 
0.693). 

The factor which reduced the variance in male 
reproductive success the most was shell species oc- 
cupied. A regression using only shell species occu- 
pied by the male to explain variance in copulatory 
success was very significant (ANOVA F=18.36, 
P<0.0001) and addition of other parameters to 
multiple regressions added little or nothing in 
terms of explaining additional variance. Male size 
(t=0.269, P=0.789),  move rate (t=0.001, P =  
0.999), male shell volume ( t=  1.40, P =  0.170), male 
shell weight (t=0.479, P=0.635),  male shell vol- 
ume deficit (t=0.009, P=0.998),  or number of 
minutes in the interaction (t=1.30, P=0.199) all 
explained no additional variance. Interaction terms 
between these parameters and shell species occu- 
pied were also all not significant in explaining addi- 
tional variance. The number of inverse raps and 
the move rate of males in "o the r "  shells species 
appears higher than that of  males in Drupella, 
Turbo or Nassarius (Table 5) but the few cases ob- 
served (n = 5) were not sufficient to yield an effect 
on the overall ANOVA. 

As shown in Table 5, the biggest factor in ex- 
plaining the shell species occupied effect on male 
reproductive success is the behavior of crabs in 
Trochus shells compared to other species of shells. 
The category "dropped female" was filled com- 
pletely by males in Trochus shells - all 16 cases 
were males in Trochus. In all these cases, the female 
crab quickly came to the aperture of her shell, got 
up, and walked away from the male or at least 
attempted to do so. Males in Nerita shells were 
also unsuccessful in a few cases while males in 
other genera of shells (Nassarius, Turbo, Drupella, 

Natica, Strombus and Littorina) were uniformly 
successful in their courtship attempts. 

If the proportions of shell species occupied by 
males in the population at large are used to calcu- 
late the number of males in different shell species 
which would be expected to engage in different 
categories of reproductive behavior two clear re- 
sults are seen. The number of males in the various 
shell species that engage in reproductive activity 
(i.e. were observed as a member of  a reproductive 
pair) is not different than that expected by chance 
given the pattern of shell occupation in the male 
population as a whole (chi-square = 7.2, df= 5, P> 
0.10). However, the observed cases of copulation 
did differ very significantly from that which would 
be predicted on the frequencies of occupation in 
the general male population (chi-square=15.99, 
df=5, P<0.01).  In particular, males in Trochus 
shells obtained less copulations than expected 
while males in Nassarius, Drupella, and other less 
common species did better than expected. The gas- 
tropod shells occupied by males could be divided 
into two categories: " g o o d "  (Nassarius, Turbo, 
Drupella, and others) and " b a d "  (Trochus and 
Nerita). 

Putting males in different shells 

The first method used to test for direct effects of  
shell type of male success did not yield any clear 
results. None of the males (which were few i n  
number at any point in time) engaged in further 
reproductive behavior, but rather they exchanged 
shells with other crabs. The experiment putting 
males into a different category of shells than they 
occupied in the field yielded quite clear results al- 
though the number of interactions observed was 
small. Of the males (n = 12) that were in Turbo 
and Nassarius shells and were forced to choose 
among empty Trochus shells, four males engaged 
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in reproductive behavior. Of these four attempts, 
only one resulted in copulation. In two of the un- 
successful cases, the male dropped the female and 
she walked away. Of the males (n = 12) that were 
in Trochus shells and were placed in Turbo shells, 
three engaged in reproductive behavior. Of  the 
three attempts, two resulted in copulation, while 
the third was interrupted by a male in a Nassarius 
shell. Thus it would appear that the patterns of  
success or failure to obtain copulations is a direct 
result of  shell species occupied and not some corre- 
lated feature of  the males who occupy particular 
shells. 

Shell changing tendency 
of  male and female C. zebra 

Among the six replicates testing the tendency of 
field collected animals to change from Trochus to 
Turbo and from Nassarius to Turbo, a total of 164 
crabs was tested. Of  these, 35 changed shell species 
(21.3%) and the tendency was much higher for 
crabs of  both sexes which occupied Troehus 
(38.5%) compared to crabs in Nassarius shells 
(3.7%) (Table 6). 

Using the proportion of  males changing overall 
(0.512) and females changing overall (0.107) and 
the numbers of  each sex in each kind of  shell, the 
expected number of  crabs changing if there were 
no difference depending upon shell species occu- 
pied was calculated. The actual number changing 
was then compared and a chi-square value calcu- 
lated. This value was 3.86 for males and 12.96 for 
females suggesting that females differentiated be- 
tween the two species of  shells (Trochus vs Nassar- 
ius) relatively more strongly than males. Certainly 
the hypothesis that males would change out of  Tro- 
chus relatively more often than females was not 
supported by the data. 

Reproductive patterns o f  Calcinus seurati 

The precopulatory patterns of  Calcinus seurati 
were described earlier (Hazlett 1972), based upon 
just one complete sequence of  copulatory behavior. 
As in other Calcinus species, the primary patterns 

Table 6. Number of Clibanarius zebra changing into Turbo 
shells from Trochus or Nassarius shells categorized by sex of 
crabs. Counts summed from six replicates 

Trochus to Turbo Nassarius to Turbo 

Males 31 20 12 2 
Females 52 12 69 1 

executed by males were rotations and cheliped pal- 
pations, with the latter being more common. In 
addition, in some cases the male rubbed his first 
right ambulatory leg along the edge of  the shell 
aperture of  the female. The first reproductive be- 
haviors were seen on April 12 even though this 
species had been under close observation (and 
many other social interactions observed) since 
March 2. Males were between 36 and 109% larger 
in cl than the females they were interacting with, 
average of  64% larger. 

In the interactions observed in 1988, the 
amount of  precopulatory behavior was small in 
most cases. That is, the time between when the 
male first grasped the female and started holding 
her in an opposed position and the time of  copula- 
tion was less than two minutes in three of the four 
cases that ended in copulation. The female was 
either soft from a recent moult (four cases) or 
molted later that day. In one case the female had 
new eggs on her pleopods just two hours after cop- 
ulation but the time of egg deposition was not 
known in the other cases. 

The numbers of  C. seurati available were far 
less than for C. zebra and they did not appear 
to be as active sexually, thus a limited number of  
observations were possible. All interactions in- 
volved males in Nerita shells, either N. picea or 
N. polita. Of the five interactions observed, four 
resulted in copulation. Moreover, in three cases, 
the male was much larger than the female (e.g. 
11.1 mm cl holding 5.3 mm cl female) and thus 
the female shell was quite small. In other interac- 
tions, the male rolled over on the " b a c k "  of  his 
gastropod shell. Yet in both situations the male 
held the female shell without dropping it and exe- 
cuted precopulatory patterns smoothly. This is in 
contrast to males of  C. zebra in Nerita or Trochus 
shells. 

In the one case that did not result in copulation, 
the male occupied a Natica gualteriana shell and 
the interaction was interrupted by the approach 
of  a much larger individual of Calcinus laevimanus. 

Fecundity of  Calcinus seurati 

The number of  eggs on the pleopods were counted 
for 14 female C. seurati. All occupied Nerita picea 
shells. The mean number of eggs was 413 and 
ranged from 3 to 691. The very low counts were 
all from females that had what appeared to be 
a black fungus on the egg-attachment ligaments 
and very few eggs still attached. Most  of  the vari- 
ance in egg counts was explained by female size 
(number of  eggs = (218) (cl in mm) -1226, r = 0.713, 



126 

P=0.004) .  Consideration of  additional factors 
(shell volume, volume deficit, shell weight) did not 
add significantly to the variance explained. Given 
the uniformity of  shell species occupied, this factor 
could not be analyzed. 

Discussion 

The reproductive success of males in many species 
of  animals increases with age and size (Arak 1988; 
Zuk 1988). In some cases this appears to be the 
result of female choice, either of the larger males 
per se (Arnold 1983; Hastings 1988; Hyat t  1977) 
or of resources such as territories which are more 
readily acquired by larger and/or more experienced 
males (Abele, Campanella and Salmon 1986; 
Christy and Salmon 1984; Tsubaki and Ono 1987). 
In other cases, the advantage of larger males is 
a result of  intrasexual interactions and the resul- 
tant differential access to females (Halliday 1978; 
Johnson 1988). In the case of  the hermit crab Cli- 
banarius zebra, male size would appear to confer 
little in the way of a reproductive advantage except 
that larger males that do mate do so with larger 
(thus more fecund) females. However, larger males 
were at disadvantage since the shell species most 
available and occupied by larger males of  C. zebra 
was Trochus intextus. Occupation of  that species 
of  gastropod shell had very serious consequences 
in terms of  male reproductive success. Males in 
Trochus were both easily interrupted by other 
crabs and tended to be unable to handle the female 
in such a way that precopulatory patterns lead to 
mating. While experimentation is needed, it ap- 
pears that the top-heavy nature of Trochus shells 
and its round (vs. ovoid) aperature make handling 
objects difficult for C. zebra. 

On the basis of a limited number of  observa- 
tions, Bertness (1981) suggested for hermit crabs 
in general, that large males have a strong mating 
advantage and that sexual selection might explain 
the larger size of  males. This would not seem to 
be the case in the two generalist species examined 
in more detail except that very small males do not 
obtain any matings. We can estimate the reproduc- 
tive potential per attempt for males of  different 
size classes as the product of  the probability that 
a male in that size class will obtain a mating in 
open competition and the mean number of  eggs 
carried by a female that he can copulate with (fe- 
male size taken from the raw data and fecundity 
estimated from the regression between female size 
and egg counts). If we plot reproductive potential 
against male size (Fig. 3) we see that males of  Cli- 
banarius zebra below 6.0 mm cephalothorax length 
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Fig. 3. Rela t ionship  between male  size and  reproduct ive  poten-  
tial. The  lat ter  is the  p roduc t  o f  the  probabi l i ty  o f  a male  m a t in g  
t imes  the  n u m b e r  o f  eggs he would  fertilize given the  size o f  
females with whom he can mate 

have a much lower potential but that above 
7.0 mm cl there does not appear to be any clear 
trends. 

The situation for C. zebra appears very similar 
to that of  another shell generalist, the Caribbean 
diogenid Calcinus tibicen (Hazlett and Baron, in 
press). In this species the largest males occupied 
shells (Nerita and Cittarium) which made it almost 
impossible for the male crabs to execute precopula- 
tory patterns properly. Thus as with C. zebra, the 
type of  shells available to larger males in each spe- 
cies resulted in a reduction of  their reproductive 
potential by making it difficult for males to execute 
the patterns which females apparently use to indi- 
cate that a crab is an appropriate mate. The pat- 
tern of rotation is the most common precopulatory 
act by males and while further work is needed, 
it may be that the ambulatory legs of  the male 
are not able to move properly due to the shape 
of the aperature of  some shell types. In both species 
of generalists, the rate of execution of precopula- 
tory patterns was not markedly different by males 
in different species of  shells. But the response of 
females to those patterns appeared different de- 
pending upon the species of shell occupied by 
males. That is, the number of rotations or the rate 
of rotations for a given number of  minutes was 
the same in the case of  C. zebra males in different 
species of  shells but in the case of males in Trochus 
or Nerita this did not lead to copulation while 
those behavior patterns by males in other species 
of  gastropod did lead to copulation. 

It is unclear why female C. zebra did not appear 
to respond to the precopulatory patterns executed 
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by males in " b a d "  shells while they did react to 
similar numbers of  those patterns when executed 
by males in " g o o d "  shells. The male's shell pro- 
vides no resources to the female nor to her off- 
spring. Moreover, the occupation of  a shell is a 
temporary condition for a hermit crab and it is 
hard to imagine that his behavior in one type of  
shell could be utilized to judge a male to be less 
desired as a potential gene source compared to an- 
other male. While the latter explanation (female 
selecting good genes as indicated by male behavior) 
can not be ruled out, an alternative possibility 
which involves fewer assumptions seems more lik- 
ely. That is mistaken categorization by the human 
observer. 

Assuming that female crabs use precopulatory 
patterns of  males to make decisions concerning 
whether to mate or not, it is possible that what 
looks like rotations or inverse raps to the observer 
(and thus are scored as such) are not perceived 
that way by the female crab. When a male impro- 
perly executes behavior patterns the female may 
not respond because he has failed to signal that 
he is an appropriate partner. Thus the female 
would be choosing between the class of  crabs 'ap- 
propriate '  (executed patterns which identified the 
male as the right species, sex, motivation level, etc.) 
and the class of  crabs ' inappropriate '  (identifying 
patterns not executed). 

The number of  inverse raps executed by males 
of  Clibanarius zebra was higher in interactions 
which resulted in copulation. However, it is not 
clear if that pattern effects female behavior or is 
effected by female behavior (or both). That is, in- 
verse raps were more common just before copula- 
tion and often were preceeded by one or more 
bouts of  palpations by the female. Thus inverse 
raps may be more an indicator of  an impending 
copulation rather than an act which alters the fe- 
male crab's reproductive motivation. It is curious 
that in the few cases where the male C. zebra 
walked away from the female without any 'provo- 
cation' that the number of  rotations executed was 
quite high (8.2 per interaction compared to 4.8 in 
those that resulted in copulation). Clearly the func- 
tions of these patterns are not well understood. 

The reasons for the occupation of " b a d "  shells 
by larger males in the Hawaii compared to the 
Caribbean species are apparently different. In the 
case of  Calcinus tibicen, larger individuals simply 
do not have a choice of  large shells of  the appro- 
priate shape (Hazlett and Baron, in press). Such 
shells are in very limited supply in the environ- 
ment. In Hawaii, larger males of  Clibanarius zebra 
can not occupy Nassarius or Drupella shells of  suf- 

ficient size simply because those gastropods do not 
grow large enough. However, large Turbo shells 
do occur in the environment but  are occupied by 
individuals of  Calcinus laevimanus, which overlap 
in distribution with C. zebra. Interspecific shells 
exchanges do occur but larger individuals of C. 
laevimanus will not readily give up Turbo shells 
for Trochus shells (Hazlett, unpublished data) and 
thus the supply of good-shaped, large shells is lim- 
ited. 

The experiments with putting males that occu- 
pied " g o o d "  shells in the field in " b a d "  shells 
and vice-versa demonstrated that the performance 
of males in the different categories of  shells is a 
consequence of  the shell species occupied. The al- 
ternative, that males in the " b a d "  shells were in 
such shells because they could not execute good 
behavior patterns in general seems unlikely given 
the results of the shell change experiments. 

The behaviors observed in the shell specialist 
Calcinus seurati were in strong contrast to those 
of Clibanarius zebra or the caribbean species Cal- 
cinus tibicen. In particular, males of  C. seurati were 
very capable of handling female shells and execut- 
ing precopulatory patterns when occupying a 
shape of  shell (Nerita) which the other crab species 
can not do well in and in which they can not suc- 
cessfully mate. It is a most interesting question 
whether this is a result of  past selective pressures 
or a result of  a life-time of  experience with one 
shell type for most C. seurati. Individuals of  C. 
seurati hold their ambulatory legs out to the side 
more than individuals of  C. zebra and this may 
facilitate handling objects while in a shell type with 
a round aperature. The shell array available to in- 
dividuals of C. seurati is much more predictable 
(always dominated by Nerita sp.) than the shell 
array which an individual of  C. zebra or C. tibicen 
is likely to face (see Bertness 1980 for additional 
examples). Given those levels of  environmental 
predictability, any mutations in C. seurati which 
resulted in improved performance in the limited 
environment that species occurs in would be fa- 
vored, whereas mutations in C. zebra or C. tibicen 
which lead to either limited shell selection or im- 
proved performance in one shell type at the ex- 
pense of performance in other shell types would 
be a disadvantage for crabs which may be faced 
with a wide array of shell species. 

Experiments are needed to see if shell general- 
ists and specialists differ in their abilities to learn 
to handle and behave in new shell types. As crabs 
grow, they encounter new shell species but this oc- 
curs much more frequently for some crabs species 
than for others. The consequences of poor  shell 
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handling would seem to be especially strong for 
male hermit crabs. 
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