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ABSTRACT 

I examine some of the ecological and evolutionary implications 

of body size in hermit crabs, with special emphasis on the upper 

intertidal species Clibanarius digueti. In Chapter 1 I show that. body 

size had a far greater effect than species identity on desiccation 

tolerance for shell-less individuals of ~. digueti, Paguriste~ 

anahuacus, Pagurus lepidus, and Phimochirus roseus. In contrast with 

other intertidal taxa, there was no correlation between the upper tidal 

limit of a species and the expected desiccation tolerance of an 

average-sized, shell-less individual of that species. This suggests 

that the gastropod shell that normally houses the hermit crab is 

sufficient to eliminate desiccation as a community-structuring force in 

this guild. 

Clibanarius digueti exhibits strong sexual dimorphism in body 

size, with almost no overlap in size between adult males and females. 

In Chapter 2 I show that sexual differences in the intensity of 

selection on size favor this dimorphism. SpeCifically, male mating 

success depended more strongly on body size than did female fecundity. 

In fact, the rate of increase in fecundity with body size equalled the 

lowest previously recorded for decapod crustaceans, suggesting that 

sexual size dimorphism in this species may depend more on weak 

fecundity selection on females than on strong sexual selection on 

males. 

Documenting contemporary selection on a character, however, is 

not the same as documenting that selection caused the character to 
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evolve. Chapter 3 presents the first empirical test in a single 

species (~. digueti) of the hypothesis that sexual size dimorphism 

represents an evolutionary response to sexual differences in selection 

on size. The test is based on a general model that predicts crab body 

size as a function of shell limitations, shell fit and body size. Both 

males and females occupied optimally sized shells of non-preferred 

species, but the greater the desirability of a shell species, the 

greater the tendency for males to occupy tighter-fitting shells than 

females. Males also apparently suffer higher mortality than 

similarly-sized females. According to the general model, these results 

agree with the hypothesis that differential selection is causally 

involved in the evolution of sexual size dimorphism, and contradict the 

alternative hypothesis that energetic constraints on females produce 

the dimorphism. 
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CHAPTER 1 

DESICCATION TOLERANCE, BODY SIZE, AND INTERTIDAL ZONATION IN A HERMIT 

CRAB GUILD IN THE NORTHERN GULF OF CALIFORNIA 

One of the axioms of marine ecology is that the upper tidal 

limits of intertidal organisms are determined primarily by abiotic 

factors whereas 'the lower limits result from biotic interactions 

(COnnell 1961; Underwood 1979). Mechanisms of biotic interactions 

(competition, predation, and mutualism) have received considerable 

attention in recent years; abiotic factors, such as desiccation, 

temperature, salinity, 'and physical disturbance, have been less well 

studied (Thomas 1986). 

The strength of desiccation as an evolutionary force is a 

function of both the absolute severity of local conditions (with 

respect to desiccation) and the relative importance of other 

potentially conflicting processes, both abiotic and biotic (Underwood 

1985). Responses to any strong evolutionary force may take a variety 

of forms (physiological, behavioral, developmental, etc.). For 

example, certain physiological adaptations might enhance the tolerance 

of a species for desiccating conditions and enable it to expand its 

vertical range into areas of increased exposure. This process would 

lead to a positive correlation between intertidal distribution and 

desiccation tolerance. Such a correlation has been found by many 

researchers for many different taxa (e.g. Broekhuysen 1940; Kensler 

1967; Davies 1969; COnnell 1972; Pellegrino 1984), but does not by 
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itself establish a causal role for desiccation in the distribution of 

intertidal organisms (Wolcott 1973). The same pattern would result, 

for example, if intertidal zonation resulted from some other process 

(e.g., interspecific competition), and each species subsequently 

adjusted its physiology to the conditions in which it occurred. In 

this case, desiccation still constitutes an agent of selection, but it 

does not directly limit abundance or distribution. 

Body size exerts a considerable influence on an organism's 

ability to tolerate desiccation (Foster 1971; Grant & McDonald 1979; 

Dudgeon 1982; McQuaid 1982; Lowell 1984; McGwynne 1984). The decrease 

in the surface area to volume ratio with increasing body size means 

that large individuals dehydrate relatively slowly compared to small 

individuals of the same species. This leads to the prediction, also 

confirmed by many workers (Foster 1971; Vermeij 1972; Bertness 1977; 

McQuaid 1982; Pellegrino 1984), that intertidal species should show an 

intraspecific increase in body size with increasing tidal ~eight. 

Among closely related taxa with similar body shapes, one might also 

expect interspecific increases with body size with increasing tidal 

height. 

Hermit crabs are characteristic intertidal organisms that 

require empty gastropod shells for shelter against both abiotic and 

biotic stresses. The shell dramatically reduces the otherwise high 

water loss rates of hermit crabs (Herreid 1969), but does it completely 

eliminate the problem of desiccation? If so, there would be no reason 

to expect the positive relationships between vertical distribution and 
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physiological tolerance or body size cited above for many (shell-less) 

taxa. To the extent that the desiccation protection afforded by the 

shell is incomplete, hermit crabs will have to respond through 

adjustments in behavior, physiology, or body size. These evolutionary 

responses should be reflected in contemporary patterns of vertical 

distribution, physiological tolerances and body size distributions, as 

they are in other groups. 

Young (1978) examined the desiccation tolerance of three 

Atlantic species of hermit crabs independent of the protection offered 

by the shell, and claimed that each species' physiological tolerance to 

desiccating conditions was closely related to the likelihood of the 

species encountering such conditions in the field. This implies that 

the shell is not an especially effective barrier against desiccation. 

Certain details of his analysis, however, may have exaggerated the 

differences among his study species. First, his only concession to 

potential size effects was to use crabs smaller than two grams, thus 

implying that such effects are not important below this size. Second, 

Young assumed (at least in his analysis) that death occurred at the end 

of the final 15-minute measurement interval. This overestimates the 

tolerance of small crabs relative to large crabs, because small 

organisms lose water at a proportionately much higher rate than large 

organisms. 

In the present study I examine the potential importance of 

desiccation as an evolutionary and community-structuring force for 

rocky shore hermit crabs in the northern Gulf of california. I have 



closely followed Young's (1978) experimental design but tried to 

eliminate the two size-related biases inherent in his analysis. The 

results support the hypothesis that the shell, in combination with 

certain behavioral responses, provides sufficient protection against 

desiccation that physiological and body size adjustments are 

unnecessary, except perhaps by small individuals of the highest 

intertidal species. 

study species 

I studied the effects of desiccation on the four most common 

species of hermit crabs in the rocky intertidal at Puerto Penasco, 

Sonora, Mexico: Clibanarius digueti Bouvier, Paguristes anahuacus 

Glassell (sensu lato), Pagurus lepidus (Bouvier), and 
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Phimochirus roseus (Benedict). Since this study was undertaken, I have 

determined that e. anahuacus actually consists of at least three very 

similar, sympatric species (Haig and Harvey, in prep.). Two of these 

three are possibly included as e. anahuacus in the desiccation 

experiments; the magnitude of the variance in the experimental results 

for the combined Paguristes is comparable to that of the other species, 

suggesting that these forms do not vary significantly in the attributes 

under study. 

These species show characteristic patterns of intertidal 

zonation and body size distribution throughout the Gulf of california 

(Table 1). The high upper intertidal limits of ~. diguetl and 

e. lep1dus suggest that these species might possess greater tolerances 

for environmental extremes. Because of its small size, we might expect 



Table 1. Body sizes and vertical distribution of rocky intertidal 

hermit crabs at Puerto Penasco, Sonora, Mexico (based on monthly 

transects taken November 1985-May 1986). 

16 

Shield length (mm)1 Vertical limits (mb 

Species mean 95% confIdence N upper lower 

intervals 

~. digueti 3.43. 2.34-5.02 535 +5 +2 

E. lepidus 1.66c: 0.94-2.93 99 +4 -403 

E. anahuacus (sp. 1) 2.82b 1.43-5.56 274 +3 +1.5 

E. anahuacus (sp. 2) 3.52. 1. 81-6. 84 369 +2.5 <0.0 

E. ~o§eus 4.59c!l 3.15-6.70 106 +1 -83 

1) Statistics performed on log-transformed body size data. Mean sizes 

with different subscripts are significantly different (t-test, E < 

0.05. 2) Zero-datum marks the boundary between the intertidal and 

subtidal zones (i.e. LLLW, or lowest lower low water). 3) Snyder-Conn 

(1980). 
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that e. lepidus is especially effective at tolerating desiccation. The 

modest upper limit of e. roseus, in spite of its large size, suggests 

that this species might be particularly susceptible to such conditions. 

Methods 

In this study I exposed shell-less crabs to desiccating 

conditions in the lab to see if there were any residual (that is, not 

explained by the presence of the shell) interspecific differences in 

desiccation tolerance. These physiological differences should be 

highly correlated with the tolerances of shelled crabs, assuming that a 

given shell provides equal protection to appropriately sized crabs of 

each species. Large interspecific differences, correlated with 

observed intertidal zonation patterns, would strongly suggest that the 

shell does not solve the desiccation problem for intertidal hermit 

crabs. Interspecific differences that are small or uncorrelated with 

distribution patterns would suggest either that desiccation is not a 

problem for these crabs (presumably due to the effects of the shell) or 

else that the crabs have responded in other, non-physiological ways 

(e.g. behavioral or size adjustments). 

The primary measure of desiccation tolerance was taken to be 

the length of time an individual could survive desiccation. An 

organism could increase its survival tIme by eIther increasing its 

total body water content, increasing its maximum tolerable water loss, 

or reducing its rate of water loss. Interspecific comparisons 

considered all four aspects of desiccation tolerance (survival time, 

total body water content, tolerable water loss, and water loss rate). 
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Experiments were conducted in the lab in August 1985 and 

September 1986 at 22-26°C. I collected hermit crabs at Los Conchas 

Beach, Puerto Penasco, Sonora, Mexico (Fig. 1), and used them in 

experiments within one week of collection. Pagurus lepldus only 

occurred in very small sizes, and only five specimens were used. Each 

crab was removed from lts shell, blotted dry, and placed in a 

preweighed mesh 'bag (to facilitate the handling of the crab during the 

course of the experiment). crabs were weighed to the nearest 0.0001 g 

in an Ainsworth Type 10-N analytical balance, then placed individually 

in 3-liter glass desiccating jars containing 300 mg anhydrous caS04 

(Drierite).' A small screen platform prevented the crab from contacting 

the desiccant. Every 15 minutes I weighed the crab in its bag and 

checked for signs of life. A crab was reported as dead, and the test 

ended, if it failed to respond to repeated probes with a dissecting 

needle to its che1ipeds, walking legs, eyestalks, maxillipeds, and 

abdomen. crabs were dried to constant weight after death. 

Although water loss rates and mortality were checked every 

fifteen minutes, death may have actually occurred at any time during 

the terminal interval. Thus, measuring tolerable water loss as the 

amount of water lost by the end of the terminal interval (as was done 

by Young (1978» consistently overestimates this parameter. Error will 

be greater for smaller animals because they lose water at a relatively 

high rate. The bias in the distribution of this error can be 

eliminated by assuming each crab died halfway through the terminal 
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Map of the study sites in the vicinity of Puerto Penasco, 
Sonora, Mexico (courtesy of P. Turk-Boyer). 



interval. Therefore, for each crab I subtracted one-half the water 

lost during the terminal interval from the total water lost. 
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To minimize the species-independent effects of body size on 

desiccation tolerance i I used analysis of covariance (ANCOVA) to make 

all inter-species comparisons involving ~. digueti, e. anahuacus, and 

f. roseus. The extremely small size of f. lepidus (0.032-0.099 g) 

excluded this species from the covariate analysis. These analyses were 

based on untransformed data; log-transformation neither changed nor 

improved the power of the results. Unfortunately, because there was 

virtually no overlap in body size between e. lepidus and the other 

species, any statistical comparisons of variables that were strongly 

affected by size would require unacceptable extrapolation of the 

regression equations. For the factors for which the ANCOVA indicated 

no significant effect of body size, I used a t-test to compare 

e. lepidus to the other species combined. 

Survival times of naked hermit crabs in desiccating jars with 

near-zero humidity can only serve as indicators of each species' 

relative tolerance for desiccation, and cannot be used in conjunction 

with field exposure data, as was done by Wolcott (1973) for limpet 

species, to directly assess the likely impact of desiccation on the 

vertical distribution of each species. Instead, I used the expected 

survival time of a naked, average-sized specimen of each species as an 

index to desiccation tolerance. I used the transect data (Table 1) to 

determine mean body size, and regressed survival time against body size 

(Table 3) to determine the expected survival of an average-sized crab. 
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This tolerance index thus includes both potential physiological and 

body size adjustments, but still excludes the effect of the shell. I 

used the same survival time ~. body size equation for both species of 

Paguristes, but separate mean body sizes. The tolerance index for 

e. lepidus was determined directly from the mean survival time of the 

experimental animals, whose mean size was almost identical to the 

population mean. I compared this tolerance index to the percent time 

sites at each species' upper limit are expected to be exposed, which I 

calclJllated using data from McCourt (MS). 

Results 

Of the various parameters used to estimate desiccation 

tolerance in organisms, survival time is of the most immediate 

importance to the animal itself. Body size was easily the most 

important factor explaining the variance in hermit crab survival time 

(Fig. 2; Tables 2, 3). When body size was controlled for, ~. digueti 

still survived significantly longer than did e. anahuacus, which in 

turn survived longer than e. roseus (Table 2). OVerall water content 

did not differ among species. Rate of water loss in the species tested 

was almost entirely a function of body size, and did not vary 

significantly among species (Table 2). Percent water lost at death was 

independent of body size, with ~. digueti tolerating a significantly 

greater percentage of water loss than e. anahuacus and e. roseus. This 

was the only significant physiological adjustment recorded in this 

study. Note that the shorter survival time of e. roseus, which was 
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Table 2. Effects of body size (independent variable) and species identity ("treatment") on four 

measures of desiccation tolerance in Clibanarius dlgueti, Paquristes anahuacus, and Phlmochirus 

roseus, based on an analysis of covariance. N = 24 for each species. Means bearing different 

subscripts are significantly different (LSD test, ~ < 0.01 (in no case ~s 0.01 < ~ < 0.05». 

F-values (P) 

Body size 

Species identity 

Adjusted means 

~. dlgueti 

~. anahuacus 

f. roseus 

Time lived 

180.23 «< 0.001) 

21.87 « 0.001) 

109.4. min. 

87.6b 

73.3c: 

Deoendent·variab1es 

Body water 

1.57 (N.S.) 

1.97 (N.S.) 

66.6 % 

67.4 

67.7 

Water lost Water loss rate 

4.99 « 0.05) 460.38 «< 0.001) 

23.10 « 0.01) 2.94 (N.S.) 

39.8. % 

32.sb 

30.6b 

1. 00 (mg/min.) 

1.01 

1.09 

N 
W 
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Table 3. Regression equations of survival time (Y) (min) with crab wet 

weight (X) (g). Data as in Fig. 2. All values significant to at least 

0.001. 

Species 

~. digueti 

~. anahuacus 

~. roseus 

N 

25 

24 

25 

Regression 

Y = 44.53 + 167.55 X 

Y = 51.41 + 98.95 X 

Y = 34.95 + 120.82 X 

0.78 

0.86 

0.78 
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statistically significant, resulted from non-significant differences in 

water loss rate and tolerable water loss (Table 2). 

The mean survival time of f. lepidus (28.5 ± 8.22 min.) was far 

less than any other species, but this appears to be entirely a result 

of its extremely small size. Pa9urus lepidus did not differ from the 

other species in total body water content (68.83 ± 1.08%) or tolerable 

water loss (36.7 ± 9.9%), or show obvious differences in 

size-independent water loss rates (Fig. 2). 

The tolerance index (Table 4) is designed to estimate the 

combined effects of physiological and body size adjustments for 

average-sized members of each species. Note that this exaggerates the 

tolerance of ~. digueti, because upper intertidal specimens tend to be 

smaller than average (for example, a vertical transect taken March 24, 

1986 yielded a Spearman rank ~ = 0.25 (E < 0.01, N = 116) for crab 

size against tide height). Even so, the expected desiccation tolerance 

of each species is quite insensitive to dramatic differences in total 

exposure times at the species' upper limits (Table 4). 

Discussion 

The results of this study suggest that, however severe 

desiccation pressures may be in this system, they have not resulted in 

major physiological adaptations in these crabs. The only statistically 

significant physiological difference among the species tested was the 

greater tolerable proportion of body water loss in ~. diguetl. 

OVerall, size was far more Important than species Identity In 

determining a crab's resistance to desiccating conditions. When size 
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Table 4. Relationship of hermit crab desiccation tolerance and exposure 

at each species' upper limit (meters above LLLW). Percent exposure was 

calculated from data in McCourt (MS). The tolerance index is the 

expected survival time (min.) of a naked, average-sized individual 

under desiccating conditions, using regression equations in Table 3, 

and mean size data from Table 1. 

Species Upper limit Percent exposure Tolerance index 

~. digueti +7:1- )97 72.5 

+5 75.2 

1:. lepidus f4 53.4 36.0 

E· anahuacus esp. 1) +3 30.0 63.3 

1:. anahuacus (sp. 2) +2.5 14.6 69.4 

E· roseus +1 8.1 72.3 

1) Snyder-Conn 1980. 
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and species are considered simultaneously, the severity of desiccating 

conditions at the upper limits of a species bears little relationship 

to how well individuals of that species might be expected to fare. 

Given the overwhelming importance of body size in determining 

an individual's tolerance to desiccation and the limited physiological 

adjustments of each species to varying degrees of exposure, one might 

predict that, if desiccation is a major structuring force in hermit 

crab communities, then the body size distribution of hermit crabs 

should at least partly reflect the local desiccation regime. This 

prediction is not met on either an interspecific or intraspecific level 

in this community. The tiny e. lepidus occurs quite high in the 

intertidal, whereas the largest member of this guild, e. roseus, has 

the lowest intertidal distribution. Clibanarius digueti and the lower 

intertidal Paguristes species are similarly sized, although the greater 

ability of ~. digueti to tolerate tissue water loss might render size 

compensation unnecessary. Harder to explain under the desiccation 

hypothesis is that the upper intertidal Paguristes is significantly 

smaller than the lower intertidal Paguristes, even though the 

desiccation tolerances of these two species are probably very similar. 

The prediction that larger hermit crabs should occur higher in 

the intertidal is not met on an intraspecific level, at least for 

~. digueti (the only species for which I have appropriate data to test 

the hypothesis). In fact, large crabs are consistently more abundant 

in the lower portion of the vertical range of this species. This 

pattern has also been reported for calcinus Qbscurus (Bertness 1981a), 
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Pagurus bernhardus (Elwood and Glass 1981). e. poilicaris (Young 1978), 

and Petrochirus californiensis (Snyder-Conn 1980). Bertness (1981a) 

found no relationship between body size and tidal height in 

Clibanarius albidigitus or an undescribed species of Pagurus, but I 

know of no reported instances of body size increasing in a hermit crab 

species with increasing tidal height. 

I studied hermit crab species that are all primarily 

intertidal. In contrast, Young (1978) reported that the intertidal 

species Clibanarius vittatus survived desiccation much longer than two 

subtidal species of Pagurus, and that of these, the nearshore 

e. longicarpus could tolerate a much higher percent water loss than the 

offshore e. pollicaris. However, when the mean values for his 

specimens are applied to the quantitative relationships that I report 

between body size and 1) survival time, and 2) tolerable water loss, it 

seems that most of these differences are a function of size (and 

experimental design) and not depth distribution (Table 5). Thus, 

~. vittatus survives desiccation longer than the other species 

primarily because it is much larger; f. longicarpus only appears to 

tolerate a greater loss of water than f. pollicaris, because it is 

smaller and therefore loses proportionately more water per interval. 

Based on my data, when size is controlled for, Q. vittatus 

would be expected to live about 35% longer than f. pol11caris, and 

about 38% longer than e. lQngicarpus (rather than 50% and 300%, 

respectively, as reported by Young (1978». As in the present study, 

the greater tolerable water loss of Clibanarius appears to be the only 



Table 5. Potential effect of body size on survival times for three 

western Atlantic hermit crabs (Clibanarius vittatus, Pagurus 

poll1caris, and e. loogicarpus). 
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Species 

Mean wet 

wt. (gh. 

Survival time (min.) 

actual~ predicted2 

water lost (%) 

actual~ predicted3 

~. vittatus 

~. pollicaris 

~. longicarpus 

1.06 

0.84 

0.16 

158.2 ± 12.2 156.7 

102.9 ± 9.9 138.6 

44.0 ± 3.4 60.5 

50.3 ± 2.2 49.5 

36.2 ± 1.9 35.0 

45.6 ± 2.7 41.1 

1) Young (1978). 2) calculated for a crab of the observed mean size 

based on the equation In (survival time) = 2.159 + .5459 * In (crab 

size) (~= 0.87). This equation was derived from the pooled data of all 

four tested Gulf of california species. Data was log-transformed to 

linearize the effects of allometry. 3) calculated by subtracting from 

the observed values half the water lost during the terminal interval, 

based on the equation (% last lost) = 1.815 - 3.917 * In (crab size) (~ 

= 0.89), which was derived from the pooled data of the Gulf of 

california species. 
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size-independent difference among the species Young tested. Whether 

the large size of ~. yittatus is an adaptation to desiccation is 

uncertain. The entire 70-species genus appears, with only two 

exceptions, to be intertidal, often occurring very high in the 

intertidal; interspecific variation in size does not appear correlated 

with relative position in the intertidal. Interestingly,~. digueti 

and ~. yittatus are only distantly related, suggesting that the shared 

higher tolerable water loss may be widespread within the genus. 

As discussed in the introduction, good evidence exists for all 

three predictions of the desiccation hypothesis in other taxa. The 

relatively weak size-related or physiological responses of intertidal 

hermit crabs to desiccation pressures thus seems to be the exception 

rather than the rule. This lends credence to the hypothesis that the 

shell reduces the threat of desiccation to such an extent that 

additional adjustments by the crab are largely unnecessary. 

other hypotheses are available, however. For example, 

behavioral responses to desiccation pressures may lessen the need for 

physiological adjustments. certain behavioral differences I have 

observed in Gulf of california hermit crabs tend to obscure the 

expected relationship between vertical distribution and desiccation 

tolerance. For example, at a given tidal height during low tide 

exposure, ~. lepidus is more likely than ~. digueti to retreat into 

tidepools and under rocks, where desiccation pressures are reduced. 

Similarly, e. roseus is much less likely than neighboring e. anahuacus 

to remain exposed during low tide. The tendency of ~. digueti to form 



large aggregations during low tide may effectively reduce water loss 

rates by lowering the total surface-to-volume ratio of the group 

(Snyder-COnn 1981). Finally, the choice of shell species used may 

reflect a behavioral response to desiccation pressures, if different 

shell shapes provide differing degrees of protection against 

desiccation. 
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Alternatively, desiccation pressures may be severe on these 

crabs, but physiological and behavioral responses of the crabs may be 

limited. Furthermore, the essential, but limited, nature of the shell 

resource to hermit crabs may prevent non-physiological adjustments. I 

have shown body size to be perhaps the most important parameter 

affecting hermit crab desiccation tolerance. Body size in turn is 

regulated by local shell supplies (Bertness 1981b). If fewer or 

smaller shells are consistently found in upper intertidal regions, 

hermit crabs may be prevented from attaining large, desiccation

resistant sizes in the intertidal. Thus, the upper limit of large 

individuals (or species) may be set by local shell availability, 

whereas the upper limit of small individuals may be set by their 

reduced ability to tolerate desiccation. This is especially reasonable 

for ~. diguetl because the only large gastropod species present in the 

northern Gulf at this crab's upper limit (Nerita scabricosta and 

Tegula rugosa) produce very non-preferred shells (unpub. data). 



32 

CHAPTER 2 

SEXUAL DIFFERENCES IN CONTEMPORARY SELECTION ON SIZE IN THE HERMIT CRAB 

CLIBANABIUS DlGUETI 

Sexual size dimorphism in animals ranges from species in which 

females are many times larger than males (for example, "parasitic 

males" in anglerfish and sand crabs) to species in which males are 

several times larger than females. As a null hypothesis, we might 

expect females to be larger than males, because larger females have 

more space and resources available for offspring production, whereas 

gamete production in males is less likely to be constrained by space 

limitations (Williams 1966; Trivers 1972). 

Sexual selection is the most commonly invoked process by which 

males can become larger than females, although most sexual selection 

theory may not apply to body size. Sexual selection was originally 

proposed by Darwin (1871) to account for extraordinary sexually 

, dimorphic characters that were likely to be opposed by natural 

selection (Arnold 1983). Recent theoretical treatments (Wade and 

Arnold 1980; Lande 1981; Kirkpatrick 1982) continue to emphasize this 

antagonistic relationship between sexual and natural selection. These 

workers have also restricted the definition of sexual selection to 

variance in male mating success; runaway models of sexual selection 

thus explicitly exclude all sexual differences in reproductive 

selection (such as variance in female mating success or fecundity) 

besides male mating success. Empirical studies have tended to follow 
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this lead; studies of mating systems (Christy 1987) and sexual size 

dimorphism (Alexander et al. 1979) typically focus on variance in male 

mating success, treating females as unvarying resources. 

It is not clear, however, whether sexual selection by itself 

constitutes an appropriate hypothesis to consider the evolution of 

sexual size dimorphism, particularly in species that are not otherwise 

sexually dimorphic in morphology or coloration. Unlike 

sexually-selected characters in runaway models, there are many 

potential advantages to large body size besides enhanced mating 

success, so that natural selection and sexual selection on size are no 

more likely to be opposing forces than are the various episodes of 

selection that together constitute "natural selection." 

Many size-related benefits (e.g. increased resistance to 

predators and environmental stresses) are probably not sex-dependent. 

Size-dependent mating success is usually considered to be more extreme 

in males, but it is certainly not unique to males (Hieber and Cohen 

1983; Elwood et al. 1987). As mentioned earlier, female fecundity is 

positively size-dependent in a vast number of species, including 

species with larger males (Ridley 1983). In species with assortative 

mating and size-dependent fecundity, the fitness of large males can be 

enhanced through the greater fecundity of their mates (Ridley and 

Thompson 1985). 

There thus would appear to be considerable potential for sexual 

size dimorphism to arise from sexual differences in selective pressures 

in addition to male mating success. This is most clearly illustrated 
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in species where males are smaller than females even though male size 

enhances mating success (e.g. Ryan 1983; Gwynne 1984). We might expect 

sexual selection to be operating in most species with larger males, but 

even so, .the degree of sexual size dimorphism may be considerably 

influenced by sexual differences in other selection episodes 

(Woolbright 1983; Clutton-Brock 1985). 

This paper provides evidence that contemporary sexual 

differences in selectIon strongly favor sexual sIze dimorphism in the 

hermit crab Clibanarius digueti. Although sexual selection on males by 

itself favors large males, the data suggest that sexual size dimorphism 

may in fact result more from unusually weak fecundity selection (Price 

1984) on females than from unusually strong sexual selection on males. 

ReproductIve ecology of Clibanarius digueti. 

Clibanarius digueti is an abundant hermit crab found on rocky 

intertidal shores throughout the Gulf of California (Snyder-Conn 1980). 

Males are larger than females, as in most hermit crabs, but do not 

differ noticeably in color or other aspects of external morphology. 

Clibanarius digueti breeds in the northern Gulf of calIfornia from 

April to September. No specific data are available on courtship 

duration, but it lasts for several hours through at least one period of . 

low tide exposure. The male maintains active control of the female 

during courtship, keeping the shell apertures of both partners directly 

opposed with his walking legs. He engages in numerous courtship 

behaviors typical of diogenid hermit crabs (Hazlett 1966, 1972), 

rotating and gently rapping of the female's shell, and shaking and 
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stroking her chelipeds. The female remains withdrawn into her shell, 

occasionally trying to escape. Periodically she responds to the male's 

behaviors by stroking his chelipeds and mouthparts, especially just 

prior to mating. 

COurting activity essentially stops when crabs are exposed 

during low tide, but may continue unabated in tidepools. As in other 

hermit crabs (Hazlett 1966, 1972), fertilization is apparently 

internal; mating lasts only a few seconds, and is not obviously tied to 

the female molt cycle. Females carry egg clutches on pleopods inside 

the shell (for approximately. two weeks in the closely related 

~. albidigitus; Bertness 1981c). The length of the interclutch 

refractory period is unknown, but breeding frequency data (see below) 

suggest it is somewhat less than the time females carry each clutch. 

Thus, females can produce several clutches in a season. 

Methods 

I studied a large population of ~. digueti occupying a single 

granitic outcrop (approximately 240 m2) between Pelican Point and 

Cholla Bay, near Puerto Penasco, Sonora, Mexico (Fig. 1). To assess 

breeding and shell use patterns and crab size distributions in the 

field, several random samples were taken from June through September 

1987, covering the latter three-fourths of the breeding season. A 

30-meter transect line was placed randomly perpendicular to the 

shoreline through the center of ~. diguetl's range, which at this site 

seldom exceeded 40 meters horizontally. I collected all crabs within 

20 em of the transect line. Up to 500 crabs per transect were 
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collected using this procedure, but I analyzed in detail only a 

randomly chosen subsample of about 100 per transect for this study. 

These were taken back to the lab where I identified the shells used by 

the crabs and measured them with digital calipers, and measured and 

sexed the crabs. Crab size was based on shield length (the calcified 

anterior portion of the cephalothorax; hereafter abbreviated SL) 

measured to the nearest 0.04 mm with an ocular micrometer on a Wild M5 

dissecting scope. 

To determine the relationship between body size and clutch size 

in females, I counted the eggs of females collected on August 8, 1987. 

To control for possible attrition of eggs during the course of brooding 

(Ameyaw-Akumfi 1975; Fotheringham 1980), I used only females with 

"stage In eggs, which were uniform purple with no sign of internal 

differentiation, which yielded a sample of 15 females ranging in size 

from 2.1 to 4.0 mm SL. Following Hartnoll (1985), I calculated 

regression equations for the logarithm of clutch size as a function of 

the logarithm of the cube of shield length. 

To estimate the relationship between body size and mating 

success in the field, I collected all suspected courting pairs present 

at the study site immediately following each monthly transect. Pairs 

were collected if their apertures were directly facing each other. 

Non-courting crabs were never observed aligned in this way, even in 

clusters containing hundreds of crabs. These pairs were brought back 

to the lab and processed in the same manner as the transect specimens. 

Male size advantage in mating was inferred by comparing the size 



distributions of courting males to males in the population as a whole 

collected in the transect samples. I also tested for assortative 

mating by correlating female size with male size in courting pairs. 
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"Courting success" is likely to be a conservative estimate of 

male reproductive success with respect to the hypothesis that sexUal 

size dimorphism results from differential selection. That is, it is 

biased towards small male success, because field observations suggest 

that small courting males are more likely than large courting males to 

be interrupted by other (larger) males or to otherwise lose control of 

the female before mating is accomplished (see below; Abrams MS). 

To estimate the total sex-dependent reproductive advantages of 

large body size in males and females, I calculated relative fitnesses 

for each sex in 0.5 mm size classes, where relative fitness of a 

size/sex class is defined as the reproductive success of all members in 

that class divided by the reproductive success of the entire 

population. The relative mating success of males was assumed to be 

equivalent to relative offspring production because there was no 

relationship between male size and female size in courting pairs (see 

below). Likewise, I based fitness functions for females only on 

size-dependent fecundity data, because female size dId not affect 

mating success. I estimated relative offspring production of females 

as a function of body size by dividing the per-female clutch size of 

females in each size class by the average clutch size of all females. 

This analysis was based on the clutch size-body size regressions 

described earlier, because I could not directly determine the clutch 



size of the unmated females in the courting pairs. A consequence of 

using this regression line in relative fitness calculations is that 

variance information is lost, and the correlation coefficient between 

relative fitness and body size is inflated. 
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I also calculated the sexual selection differential ~ and 

intensity 1. (Arnold and Wade 1984a) for males and females. I did not 

calculate these parameters for fecundity selection, because I did not 

measure the fecundity of all females in transects, and could not 

estimate fecundity of courting females. I also did not estimate the 

opportunity for selection (Arnold and Wade 1984a), because this 

parameter cannot be meaningfully applied to cross-sectional data 

(Harvey, in prep.). 

Results 

Patterns of sexual size dimorphism. 

Males collected during the study period at Pelican Point 

averaged 38% longer than females (Table 6); the average male was twice 

as heavy as the average female, based on shield length-crab weight 

regressions (Chapter 1). The largest male collected was 61% longer, 

and an estimated three times heavier, than the largest female. The 

sexes scarcely overlapped in size (Fig. 3). I have recorded this 

pattern at several sites in the area with very different patterns of 

shell-speCies distributions. This distribution persists almost 

unchanged throughout the year, except during a short period following 

larval settlement, when small males make up 50% or more of the smaller 



Table 6. Body sizes of courting and non-courting males and females at 

Pelican Point, Sonora, Mexico. 

Shield length (rom) 

Date Courting (N) Non-courting (N) 

MALES 

6/11/87 5.08 ± 0.55 (17) 4.51 ± 0.28 (5) 

7/12/87 5.02 ± 0.72 (72) 4.78 ± 0.66 (12) 

8/10/87 5.68 ± 0.53 (9 ) 5.01 ± 0.68 (13) 

9/07/87 5.73 ± 0.71 (15) 4.43 ± 0.58 (11) 

TOTAL 5.17 ± 0.74 (113) 4.66 ± 0.65 (47) 

tt:QtAl. = 4.09; e < 0.005 

FEMALES 

6/11/87 3.22 ± 0.17 (17) 3.27 ± 0.15 (88) 

7/12/87 3.47 ± 0.17 (71) 3.45 ± 0.22 (71) 

8/10/87 3.46 ± 0.14 (9 ) 3.42 ± 0.15 (81) 

9/07/87 3.49 ± 0.22 (15) 3.44 ± 0.14 (69) 

TOTAL 3.37 ± 0.48 (112) 3.38 ± 0.27 (306) 

N.S. 
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Figure 3. Body size (SL) distributions for fe~le (upper) and male 
(lower) Cl1banar1us dlguetl collected during the summer of 
1987 at Pelican Point, Sonora, Mexico. 



size classes (Chapter 3). The temporal stability of this pattern, 

combined with the very brief larval settlement period that occurs 

following the breeding season, suggests that all males encountered in 

this study were adults. 

Assortatiye mating. 
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Male ~. digueti might be expected to be selective in their 

choice of mates for at least two reasons. First, females outnumbered 

males at Pelican Point by approximately 7:1 during the study (Table 6). 

Also, the relatively lengthy courtship suggests that each courtship 

attempt represents a signifiCant investment of time by the male. 

Although male mate choice did not result in size-dependent female 

mating success (see below), it could still be reflected in assortative 

mating, if large males preferentially locate or retain large females 

(Ridley and Thompson 1985). There was, however, no evidence of 

assortative mating at any time during the study (log (female SL) = 
0.518 + 0.023 log (male SL), R2 = 0.003, N.S., n = 113). I conclude 

that males do not choose mates on the basis of size. 

Size=dependent reproductive success. 

As expected, clutch size increased as a function of female body 

size (log (clutch size) = 2.41 + 0.438 (log (shield3
), r = 0.70, e < 

0.005, n = 15). However, the relationship shows strong negative 

allometry (slope = 0.438 < 1, E < 0.001), suggesting that the benefits 

of further lncreases in size are relatlve1y minor for larger females. 



42 

The body size of courting females did not differ from the size 

of either berried (carrying fertilized egg clutches) or non-berried 

females in the transect samples (Table 6). The sexual selection 

differential, ~, on female size was essentially zero, as was the 

intensity of sexual selection, 1, (Table 7). Non-courting females with 

eggs consistently averaged the same size as non-courting females 

without eggs (Table 8). Finally, while the proportion of berried 

females declined during the season (from 82% in June to 41% in 

September), it did not vary in any consistent manner with female size 

(Fig. 4, 5). These data show that female mating success is insensitive 

to body size. 

In contrast, males enjoyed a significant mating advantage with 

increasing size. Males in courting pairs averaged significantly larger 

than males found in the random transects every month of the study 

(Table 6). Sexual selection accounted for a 10% (linear) shift in mean 

male size (2), nearly two-thirds of a standard deviation (1; Table 7). 

Based on crab weight vs. shield length regression equations (Chapter 

1), courting males averaged 35% heavier than non-courting males. Males 

larger than 6.0 rnrn SL, which were so rare that they were not even 

sampled during the transects, accounted for 12% of the courting males. 

When the relative fitness gains of the sexes are compared, 

using the population size structure of crabs at Pelican Point, the size 

distribution of courting males, and the observed relationship between 

fecundity and size in females, males clearly gain more from being large 

than do females (Fig. 6). 
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Table 7. Sexual selection on male vs. female Clibanarius digueti. 

Mean courting size 

Proportion mating1 

Mean non-courting size 

Proportion not mating1 

Population mean size1 

Sexual selection differential (~) 

Sexual selection intensity (1) 

Males 

5.17 nun 

0.0664 

4.66 nun 

0.9336 

4.69 nun 

0.4761 nun 

0.643 

Females 

3.37 nun 

0.01 

3.38 nun 

0.99 . 

3.379 nun 

-0.01 nun 

-0.037 

1) Based on crab density in the 6 m2 transects versus courting crab 

density in the approximately 250 m2 study site. 



Table 8. Body sizes of berried and non-berried (both non-courting) 

females at Pelican Point, Sonora, Mexico. 
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Date Berried (N) Non-berried (N) t (e, one-tailed) 

6/11/87 

7/12/87 

8/10/87 

9/07/87 

TOTAL 

3.26 ± 0.15 (67) 

3.49 ± 0.18 (34) 

3.41 ± 0.14 (43) 

3.44 ± 0.15 (28) 

3.37 ± 0.18 (172) 

3.30 ± 0.12 (15) 

3.42 ± 0.25 (38) 

3.35 ± 0.57 (39) 

3.44 ± 0.14 (41) 

3.39 ± 0.35 (133) 

-0.90 > .20) 

1.20 > .10) 

0.71 ( > .20) 

-0.02 ( > .20) 

-0.65 ( > .20) 
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Figure 4. Proportion of non-courting females carrying egg clutches as 
a function of body size (SL). 
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Field observations supported the idea that measures of courting 

success underestimated the advantage of size in male mating success, 

and suggested that male-male aggression is an important component of 

sexual selection in ~. digueti. I observed five instances in which a 

second male attempted to take over the female of a pair actively 

courting in a tidepool. In the three unsuccessful takeover attempts, 

the defending male was larger than the usurper, whereas in the two 

successful takeovers, the usurper was larger than the defender. 

Discussion 

This study clearly supports the hypothesis that males are under 

stronger selection for large size than are females. This is a 

necessary but not sufficient condition (see Chapter 3) for the 

evolution of sexual size dimorphism to be a response to dIfferential 

selection in Clibanarius digueti. Males are under strong contemporary 

sexual selection for size, as large males enjoy disproportionately high 

levels of mating success, at least partly through direct competition 

for mates. In contrast, females experience no sexual selection and 

only weak fecundity selection for size. Males show no indication of 

size-related mate choice, and it is likely that weak fecundity 

selection limits opportunities for sexual selection on female size 

through mate choice. 

In fact, sexual size dimorphism in ~. digueti appears to result 

more from unusually weak fecundity selection on females than on 

unusually intense sexual selection on males (relative to non-dimorphic 

crustaceans). The slope of the regression of clutch size on crab size 
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equals the lowest reported by Hartnoll (1985) for other decapod 

crustaceans. If clutch size in ~. diguet! increased isometrically with 

body size, as is typical of decapod crustaceans (Hartnoll 1985), 

females could show size-dependent fitness gains even stronger than 

those of males (Fig. 6). The resulting "fecundity selection" should by 

itself lead to increased female size in the absence of strong 

constraints. Females might then be more subject to sexual selection, 

because males would have more to gain by choosing large females, in 

which case large size in females should increase still further. 

Shell size limitations are known both to limit female fecundity 

(Fotheringham 1980; Bertness 1981b) and to increase with increasing 

crab size (Vance 1972; Bertness 1980). I could not confirm the former 

observation in the present study because the females I examined were 

found in two different shell species, but it is supported by the fact 

that the largest female had approximately the same clutch size as much 

smaller crabs in the same size shell. Shell quality for ~. digueti at 

several sites in the northern Gulf of california clearly does decline 

as crab size increases (Chapter 3). 

Female size in crustaceans is typically considered to be 

constrained by the energetic demands associated with clutch production 

and brooding (Crisp and Patel 1961; Bertness 1981b; Hartnoll 1985). In 

this case, selection for large size in females and males may be equally 

intense, but the evolutionary response of females is limited by 

intrinsic, energetic tradeoffs. The results of this study suggest a 

fundamentally different kind of constraint; namely, that the rate of 
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fecundity increase with size, and thus the opportunity for and 

intensity of selection on size, in female ~. digueti may be constrained 

by the extrinsic, environmental factor of limited shell supplies. 

These are not mutually exclusive processes, of course; in the next 

chapter I evaluate the roles selection and constraint may have played 

in the evolution of sexual size dimorphism in ~. digueti. 

Interestingly, the potential for both sexual and fecundity 

selection on females may be regulated by sexual selection on males, if 

in fact shell limitations prevent large females from realizing their 

full reproductive potential. Intense sexual size selection on males 

will increase competition among males for large shells, thereby 

decreasing the probability that large females will be able to find and 

keep shells large enough to allow them to maximize clutch size, and 

thus potential attractiveness as mates. The primary mechanism by which 

sexual selection on males ultimately determines the degree of sexual 

size dimorphism, therefore, may not be by increasing male size, but 

rather by limiting female size. 

Thus, the picture that emerges from a consideration of total 

sexual differences in reproductive selection is a good deal more 

complex than that indicated by analysis of sexual selection on males 

alone. This may be intuitively obvIous, given that sexual selection is 

but a subset of sex-dependent selection, but very few empirical studies 

on sexual dimorphism explicitly consider both sexes. Price (1984) 

concluded that sexual size dimorphism in Darwin's ground finch, 

Geospiza fortis, results not only from sexual selection for large size 
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in males but also from fecundity selection for small size in females. 

Howard and Kluge (1985) found that both male and female wood frogs, 

B9ns ey1vatica, gained from large size, but the gain was greater for 

females, which are the larger sex in_this species (see also Ryan 1983). 

These studies, and the present study, suggest that patterns of sexual 

size dimorphism will more profitably be viewed in terms of differential 

selection (and constraint) on both sexes (Clutton-Brock 1985; Harvey, 

in press), rather than as simple responses either to sexual selection 

on males in species with larger males (e.g. Alexander et ale 1979) or 

to fecundity selection on females in species with larger females (e.g. 

Shine 1988; Wiklund and Karlsson 1988). 

Recent studies have stressed the desirabilIty of lifetime 

measures of reproductive success (LRS) over short-term estimates in 

calculating fitness (Clutton-Brock 1983; Howard 1983; Arnold and Wade 

1984b). EStimates of LRS are clearly impractical for ~. digueti, 

because individuals are very difficult to mark and relocate (and all 

marks are lost when crabs molt), and the fertility of mates is 

difficult to establish. Fortunately, the biases most likely to be 

present in my instantaneous estimates consistently underestimate the 

role of differential selection in sexual dimorphism in this species. 

Courting success, for example, probably overestimates the mating 

success of small males, in which case direct sexual selection pressures 

are undervalued accordingly. Also, the shallow slope of the clutch 

size: female size regression may still be too steep, because the 

smallest crabs in my sample used a shell species, MOrula ferruginosa, 
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eerithiuro stercusmuscarum, the shell used by larger crabs sampled. 
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A complete assessment of sexual differences in selection would 

also have to take into account sexual differences in survivorship as 

well as reproductive success (Koenig and Albano 1986). I suspect that 

excluding survivorship effects in the present study would result in a 

further underestimate of sexual differences in selection on size, for 

two reasons. First, it has been abundantly documented for many hermit 

crabs, including ~. diguetl, that large size enhances survivorship, 

through increased resistance to environmental stresses (Chapter 1) and 

predation (Bertness 1981a, but see Kobayashi 1986). Thus, males should 

experience lower mortality than adult females simply because they are 

larger. On the other }~nd, a far smaller proportion of male than 

female ~. digueti survive to reach adult size (Chapter 3), suggesting 

that males pay a high price to reach large sizes. Thus, 

survivorship-related benefits of size are likely to be greater for 

males than females. 

At present I cannot evaluate the role of female choice in this 

system. The non-random, non-assortative mating observed is consistent 

with a system dominated by male-male aggression and little or no female 

choice, but it might also occur if males attempt to mate 

indiscriminately but females accept or reject males on the basis of 

size (Parker 1979, 1983). Male-male aggression does appear to operate 

in this system, but the extended, behaviorally complex courtship would 

also seem to provide opportunities for female discrimination as well. 
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CHAPTER 3 

SEXUAL SIZE DIMORPHISM AS AN EVOLUTIONARY RESPONSE TO SELECTION IN THE 

HERMIT mAE CLIBANARIUS DIGUETI 

Perhaps the most commonly asked question by evolutionary 

biologists is "How has selection operated to cause the evolution of a 

given character?" This question of course assumes that some sort of 

selection was in fact involved in the evolution of the character. 

Given that the cornerstone of Darwin's theory of natural selection is 

that selection results in evolution (Maynard Smith 1978; Ridley 1983), 

most biologists are probably comfortable with the assumption that 

evolution results from selection. 

It is important to remember, however, that the connection 

between selection and evolution is not perfect. Strong selection on a 

character will not result in its evolution without the appropriate 

genetic framework (Crow 1958; Arnold and Wade 1984a). Conversely, 

evolution can proceed independent of, and even in opposition to, 

selection (Lewontin 1978; Gould and Lewontin 1979). Thus, particularly 

when there are other reasonable non-selective mechanisms for the 

evolution of a character, it is important to somehow evaluate whether 

selection caused the evolution of the character before trying to 

determine how selection accomplished the feat. 

Sexual size dimorphism in animals is a good case in point. At 

least three general classes of deterministic processes might result in 

one sex growing larger than the other: 1) direct selection on the 
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dimorphism itself as a character, as in intersexual resource 

partitioning (Selander 1966; Slatkin 1984); 2) differential selection 

on the sexes, so that one sex gaIns more from beIng large (or small) 

than does the other (Price 1984; throughout the rest of this paper, I 

refer to this hypothesis as SOS); 3) energetic constraints operating on 

one sex during breeding, which prevent that sex from growing as large 

as the other even if selectively favored (Woolbright 1983; Hartnoll 

1985; the hypothesis of sexual differences in constraints will 

hereafter be referred to as SOC). These are not mutually exclusIve 

processes, of course, and the relative contribution of each may be 

difficult to elucidate. 

EVolutionary biologists have adopted a variety of procedures to 

test the hypothesis that sexual size dimorphism in species with larger 

males represents an evolutionary response to more intense selection for 

large size on males. One approach is to measure contemporary selection 

pressures on size in a single species and implicate this selection in 

the evolution of the dimorphism (e.g. Price 1984). This approach, 

however, cannot test SOS, because the causal relationship between 

selection and evolution is assumed at the outset and is never actually 

tested. The hypothesis that is instead being tested is that selection 

currently operates on body size, which may be an interesting question 

in and of itself (Wade and Arnold 1980, Arnold and Wade 1984b), but is 

not very helpful in the present context. 

Other approaches include measuring contemporary heritabilities 

along with contemporary selection to generate direct estimates of 
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contemporary evolution, as suggested by Lande (1987) and Heisler et al. 

(1987). Alternatively, the comparative method (e.g. Ridley 1983) has 

been used extensively to test SDS among groups of species (Woolbright 

1983; carothers 1984; Wiklund and Karlsson 1988; Shine 1988; plus 

numerous citations listed in Price 1984). Both procedures are limited 

because they usually require several often unrealistic assumptions and 

are ineffective at distinguishing among competing hypotheses (Price 

1984; Heisler et ale 1987). 

These considerations suggest that an improved evaluation of the 

processes underlying the evolution of sexual size dimorphism would test 

specific and unique predictions of the effects of each process on other 

aspects of the biology of a single species, with a minimum of 

unrealistic or untestable assumptions. In this paper I present a test 

of SDS and SOC for hermit crabs that seems to possess these attributes. 

Hermit crabs are anomuran crustaceans that require external shelters; 

most species use gastropod shells, which they cannot acquire directly 

from living snails. Perhaps even more characteristic of hermit crabs 

than their use of snail shells, however, is that males are larger than 

females, although the causes and consequences of this basic observation 

have scarcely been considered (but see Abrams MS). 

All three deterministic processes might be relevant to sexual 

size dimorphism in hermit crabs. Shell resource partitioning is an 

obvious consequence of this dimorphism (see below), but I have been 

unable to apply any of the various models of intersexual resource 

partitioning (e.g. Selander 1966; Schoener 1977; Roughgarden 1979; 
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Slatkin 1984) meaningfully to this unusual system, and so I will not 

consider this hypothesis further in this paper. The potential for 

sexual differences in selection for large size is apparent in many 

crustaceans, including hermit crabs, in which both male mating success 

and female fecundity increase with size (Hartnoll 1985; Asakura 1987; 

Christy 1987; Chapter 2). The potential for the energetic demands of 

reproduction to constrain female body size has long been recognized 

(e.g. crisp and Patel 1961) and is in fact the standard explanation for 

sexual size dimorphism in crustaceans (Hartnoll 1985). 

Researchers have relied heavily on the relationship between 

hermit crabs and their shell resource to address many questions of 

general interest concerning community ecology, population dynamics, 

inter- and intraspecific communication and competition, and 

consumer-resource interactions. I extend this tradition to address the 

evolution of sexual size dimorphism in the following manner. I present 

a general, gender-independent model that summarizes the effects and 

interactions of shell size and hermit crab size on fitness, and that 

predicts the evolutionary response of hermit crabs. The model 

generates new, testable predictions regarding the evolutionary response 

of males and females to either differential selection or differential 

energetic constraints on body size. 

::!l:m mode I 

This model addresses the relationship between hermit crab size 

and shell size, based on the effects of both body size and shell 

quality on hermit crab fitness, and on the relative availability of 
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suitable shells. Many studies have emphasized the importance of shell 

quality and availability for hermit crab fitness; the importance of 

body size is readily apparent in these studies, but is rarely 

explicitly commented up~n outside the context of shell-fighting 

behaviors. 

Premises and assumptions. The extensive physical modifications 

of hermit crabs (e.g. decalcification of the abdominal exoskeleton) 

require the possession of a shell for immediate survival. In addition, 

the quality of a shell profoundly affects the fitness of its occupant. 

Shell quality depends on the size, shape, and physical condition of the 

shell, and also on the size of the crab. For a shell of a given 

species and size ~, absolute hermit crab fitness is maximized at a 

single crab size Qa (Fig. 7a). Crabs either larger or smaller than Qa 

will pay a fitness penalty for using this shell; the magnitude of the 

penalty will depend on the magnitude of the deviation from the optimum 

and the shape of the size-fitness curve. Optimal crab size Qa will 

obviously increase as shell size increases. Different shell species 

may offer different fitness benefits (Fig. 7b). 

I represent the fitness effects of hermit crab body size, 

independent of shell quality, as a monotonically increasing function 

(Fig. 8). In reality there will be some maximum size, ~, at which the 

benefits of further size increases are matched by the shell-independent 

costs. Such costs might include heavy predation, or energetic 

constraints associated with hauling a large-enough shell around or 

obtaining sufficient nourishment for maintenance and reproduction. For 
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CRAB SIZE 

Shell species A B 

CRAB SIZE 

Hermit crab fitness and shell fit. A. Q(xla}: fitness curve 
in a given shell of size Ii as a function of hermit crab 
size. g.: optimal size crab for shell ~. B. Fitness curves 
for three species of shell; "in each case, the shell size is 
such that crab fitn~ss Is maximized at crab size ~, but 
the overall quality differs such that shell A offers higher 
fitness returns than shell B, which in turn is superior to 
shell c. 
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Figure 8. Hermit crab fitness and body size. ~: fitness as a 
function of hermit crab size, independent of shell quality 
effects. Hermit crabs of size a enjoy the maximum 
shell-independent effects of ·fitness, but the range of 
observed crab sizes is expected to be substantially lower 
than S,o 
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clarity, however, I assume that ~ occurs at a size larger than normally 

reached by hermit crabs. 

Thus, the fitness benefits of large size are maximized at crab 

size ~, whereas the fitness benefits of shell fit are maximized at crab 

size 0a. When these two effects are considered simultaneously (Fig. 

9), the overall fitness of a hermit crab occupying a shell ~ will be 

maximized at crab size ~a' which will always lie between Oa and~. In 

other words, optimal crab size in a particular shell should reflect a 

compromise between the advantages of proper shell fit and the 

advantages of large size. 

If hermit crab growth and shell preferences have evolved in the 

manner suggested by this model, then a given shell of size ~ should be 

preferred by a crab of size 0a. If shells are an unlimited resource, 

so that crabs can always find larger shells, all crabs should occupy 

shells that maximize Oa and should eventually grow to size~. On the 

other hand, if shells are extremely limiting, so that a hermit crab has 

essentially no chance of acquiring a larger shell, it should stop 

growing at size ~a (Fig. 9). Shell size quality can operationally 

defined as n*, the difference between the observed size and optimal 

size of a crab in a'given shell. n* should increase as local shell 

availability decreases, but should not exceed n, where n = ~a - Qa' 

Hermit crabs must be able to do two things to respond 

evolutionarily in this fashion. First, given the chance, a hermit crab 

must be able to correctly assess the overall quality of a shell 

relative to its own size. Second, a hermit crab must actively be able 
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c(xlo) 

CRAB SIZE 

Hermit crab fitness as a function of body size and shell 
fit. Q(xla), Qa, and ~ as in fIgs. 7 and 8. C(xla): product 
of Q(xla) and ~, the over~ll fitness of a hermit crab in 
shell 2 with respect to crab body size; ~: optimal size 
hermit crab in shell s; Q: difference between overall 
optimum ~ and shell fit optimum g.. 



to regulate its growth according to the size of its current shell, if 

it is unable to acquire new, larger shells at will. 
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Validation. The premises and assumptions of this model appear 

to be well supported. It has been abundantly documented that hermit 

crabs have very well-developed and consistent preferences among shell 

sizes and species (see ~eview in Hazlett 1981). Hermit crabs in shells 

that are smaller than preferred are more susceptible to predation 

(Kobayashi 1986) and probably physical stress (Bertness 1981a), grow 

more slowly (Markham 1986; Fotheringham 1976a; Bertness 1981b), and 

produce smaller clutches (Fotheringham 1976b; Bach et al. 1976). 

Similar results obtain for shells that are too large or of a 

non-preferred shape (Fotheringham 1976a; Bertness 1981d). 

Most components of hermit crab fitness clearly show a positive 

relationship with body size, independent of shell quality effects. 

Hermit crab& can outgrow some predators, although large crabs may be 

more attractive to certain other predators (Bertness 1981a; KobayaDhi 

1986). Desiccation tolerance in hermit crabs, as in most intertidal 

organisms, is closely and positively correlated with body size (Chapter 

1). Large crabs are at a competitive advantage in intraspecific 

contests for shells (Hazlett 1968; Dowds and Elwood 1983, 1985), and 

are less likely to encounter larger, dominant crabs. Fecundity in 

females is also known to increase with size (Fotheringham 1976b; 

Bertness 1981b; Chapter 2) and large size can enhance mating success in 

males (Asakura 1987; Chapter 2). 
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Finally, several laboratory rearing studies have shown that 

hermit crab growth rates do vary with levels of shell limitation 

(Markham 1968; Fotheringham 1976a; Bertness 1981b, d). In fact, 

severely she~I-llmited hermit crabs have been known to decrease in size 

with successive molts (Markham 1968). 

Predictions. In an environment that provides several species of 

shells that vary in absolute quality, hermit crabs should use lower 

quality shell species only to the extent that higher quality species 

are unavailable. Thus, in areas where hermit crabs use several species 

of shells, the most desirable forms should be relatively more limiting 

than the less desirable ones. This leads to the prediction, which will 

become useful later, that ~~ should be greater in highly preferred (and 

presumably more limited) shell species than in less preferred shell 

species. 

An intuitively apparent, but nonetheless critically important, 

point is that the value of ~a (and thus Q) increases with the slope of 

the crab size fitness function, 2. In other words, the greater the 

benefits of larger size, the further from the shell-fit optimum Qa a 

crab should be willing to go. Greater size-related benefits might also 

favor faster growth rates, but this is not an essential component of 

the model. Under a given shell regime, Q* must increase with 

increasing hermit crab growth rates. Finally, hermit crabs may choose 

shells so as to allow maximal growth; thus, as the slope of ~ 

increases, Qa will decrease (I.e., crabs choose relatively larger 

shells). 
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This simple model, based on very robust assumptions, is 

nonetheless extremely powerful. As I will develop more fully in 

another paper, the model successfully accounts for most major patterns 

of shell use and size distributions documented in the extensive 

literature on hermit crab ecology. It also can generate new 

predictions to test additional hypotheses about hermit crab ecology and 

evolution, as I show next. 

Sex-specific selection, constraint, and shell use. According 

to SOS, sexual size dimorphism is caused by sexual differences in 

selection on size; in other words, males are larger than females 

because they benefit more from large size (Fig. 10). In contrast, 

according to SOC, selection intensities on the sexes are similar, but 

females cannot respond as well as males because they allocate a 

significant portion of their energetic resources to egg production. 

Thus, the model predicts that under SOS Qm should exceed ~~, whereas 

under SOC ~ should be similar for the sexes. This distinction is 

definitive but unfortunately not directly applicable to field studies 

because ~ represents the maximum size a crab should obtain in a given 

shell under complete shell limitations, which probably do not 

characterize field populations. 

In the remainder of this section I use the model to generate 

predictions that can distinguish between SOS and SOC without resorting 

to long-term laboratory rearing studies to estimate ~ and ~~ directly. 

First, I consider patterns of shell use as a function of shell 

limitations. SOS predicts that if shells are not limiting, both sexes 
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CRAB SIZE 

Figure 10. A graphical representation of the hypothesis that males 
benefit more from large size than do females. The subscript 
m refers to males, f to females. 
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should occupy optimally sized shells. If shells are limiting, however, 

and shell size preferences do not differ between the sexes, then males 

should average larger than females in a given size shell (Fig. 10). 

Intersexual differences in shell size preferences have rarely been 

reported (Hazlett 1981; Abrams MS), but this may be a risky assumption. 

Based on the present model, males may be predicted to choose relatively 

larger shells to allow for greater growth. On the other hand, females 

may choose relatively larger shells to allow extra room for egg 

clutches (Ameyaw-Akumfi 1975). Thus, a more precise prediction (but 

one that requires more information) is that, in a given size shell, n*m 

(observed deviation from optimum male size) should be greater than n*~ 

(obgerved deviation from optimum female size). 

To some extent these predictions also follow from soc. Again, 

in the absence of shell limitations, both sexes should occupy optimal 

shell sizes. soc does not predict that males should prefer larger 

shells than females, but this prediction is not a necessary consequence 

of SOS. If energetic constraints cause females to grow more slowly 

than males, then by definition females would approach ~a more slowly. 

In this case, n*m would tend to exceed n*~ even if size-related 

selection on the sexes was equal. 

Fortunately, these predictions can be further refined to 

distinguish SOS and soc. Under low-to-moderate shell limitations, n* 

for both sexes will be well below Q, and the hypotheses will be 

indistinguishable. As suggested earlier, however, Q* should converge on 

Q in an extremely shell-limited environment. Thus, SOS predicts that 



Q-m will always exceed Q*c, except when shells are so abundant that 

larger shells are always available, in which case Q- for both sexes 

should equal zero. SDC, on the other hand, predicts that Q-c should 

eventually converge on U*m as shells become increasingly scarce (Fig. 

11). 
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These predictions can be tested both within individual shell 

species and among shell species, assuming patterns of shell limitations 

are known. Specifically, both hypotheses predict that males and 

females should occupy optimal or near-optimal sized shells both of 

non-preferred shell species and of abundant (and presumably less 

limited) sizes of preferred shell species. SDS predicts that the 

discrepancy between Q-m and Q*c should increase as the absolute values 

of shell-specific Q- increase, whereas SDC predicts that Q-m and Q*c 

should converge for the scarcest sizes of the most preferred shell 

species. 

A final prediction of SDS, but not of SOC, is that mules should 

experience lower survivorship than similarly sized females. This 

prediction follows from all equilibrium models of sexual selection 

(Heisler et ale 1987), and can be derived from the model in the 

following manner. Note that the sex-independent fitness effects of 

both shell fit and body size (resistance to predators and environmental 

stresses, competitive abilities, etc.) operate on hermit crab 

survivorship. Thus, in the general model ~a represents the 

survivorship optimum for crab size in a given shell. Sex-specific 

fitness effects, in contrast, operate on reproductive success (i.e., 
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Figure 11. Effects of differential selection for large size on growth 
and resource use in hermit crabs. All labels and subscripts 
as in figs 7-9. 
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mating success and fecundity). U then represents the tradeoff between 

survivorship and reproductive success, and the size-specific 

survivorship of males should be lower than that of females in di~ect 

relation to the degree to which ~ exceeds n~. According to SOC, on 

the other hand, the reproductive benefits of large size are equivalent 

in magnitude for males and females, and the discrepancy between Dm and 

n~ results from "the inability of female growth rates to keep pace with 

males. Thus, according to SOC females should sustain higher 

size-dependent mortality than males. 

Study species 

Clibanarius digueti is an intertidal hermit crab abundant on 

rocky shores throughout the Gulf of california (Snyder-Conn 1980). 

Although ~. digueti is known to use over thirty species of gastropod 

shells (Snyder-Conn 1980; unpub. data), most crabs at a given site use 

one of less than a dozen species (whose identity can vary from site to 

site, as shown below). Shell preference ranks of ~. dlgueti for the 

gastropods used in this study are as follows: eerithiym stercusmuscarum 

L Acanthina angelIca > Nerita funiculata L Turbo fluctuosus (unpub. 

data). These shells will be referred to by their generic names 

throughout the rest of the paper. The sexes have similar shell shape 

preferences, except that females favor Cerithium more strongly than do 

males, which in turn show stronger preferences for Nerita (unpub. 

data). 

I studied these shells because they are common and used by both 

sexes of ~. digueti in the northern Gulf of California. Both Acanthina 
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and Nerita shells occur in a wide range of sizes and are thus available 

for use by both sexes of ~. digueti. In contrast, cerithium is a 

moderately small shell (most are smaller than 25 mm, and they virtually 

never exceed 30 mm)that is primarily available to females. Turbo, on 

the other hand, is a very large shell, reaching at least 70 mm (Keen 

1971); snails or empty shells smaller than 18 mm are very rarely 

encountered, so females seldom occupy this shell. 

Male ~. digueti average two to three times heavier than 

females, with almost no sexual overlap in size (Chapter 2; see also 

below). Increased body size enhances both male mating success and 

female fecundity; the intensity of selection for increased size is 

greater for males than for females (Chapter 2). 

Methods 

To determine patterns of crab size and shell use in the field, 

I conducted randomized transects at irregular intervals from 1985-1987 

at three locations near Puerto Penasco, Sonora, Mexico: Station Beach, 

Pelican Point, and Las Conchas Beach (Fig. 1). I randomly placed a 

3D-meter transect line perpendicular to the shoreline through the 

center of the horizontal range of ~. dlguetl, which seldom exceeded 40 

meters, and collected all crabs within 20 cm of the transect line. Up 

to 500 crabs per transect were obtained using this procedure, but only 

about 100 of these, randomly selected, were analyzed in detail for this 

study. These were taken back to the lab where their shells were 

identified and measured with digital calipers, and the crabs measured 

and sexed. Crab size was based on shield length (the calcified 
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anterior portion of the cephalothorax) measured to the nearest 0.04 ~n 

with an ocular micrometer on a Wild M5 dissecting scope. 

I determined shell size preferences and limitations of crabs 

for Cerithiurn, Acanthina, Nerita, and Turbo, using additional crabs 

collected at Station Beach. During shell preference experiments crabs 

were housed in individual 4-inch diameter plastic screen cages placed 

in an aerated sea table. The field-occupied shell of each crab was 

identified, measured, and scored for damage. I then offered the crab a 

graduated series (one mm increment) of 10 empty shells of the same 

species as the field-occupied shell. The range of shells offered was 

centered at the size of the field-occupied shell. For example, a crab 

in a 25 mm Acanthina was offered ten empty Acanthina shells ranging 

from 21 to 30 mm. The shell occupied by the crab after 24 hours was 

taken to be the preferred size shell for that crab, and the unoccupied 

shells were removed from the cage. If no exchange occurred after 24 

hours, I clipped off the apex of the field shell (thus rendering it 

unsuitable for the crab), and checked again after another 24 hours. 

This was done because a failure to switch shells could mean either that 

the crab occupied a preferred size shell or else that "switching costs" 

exceeded potential gains from switching. 

I obtained additional data on shell size preferences in the 

course of determining shell shape preferences, which will be detailed 

in another paper. These additional size preference data were not used 

in the direct estimates of field shell size limitations, because the 

crab's field shell was different from the second species offered. 
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At the conclusion of each preference test, I removed the crab 

from its chosen shell, determined its sex, and measured its shield 

length. The fact that I did not know the size or sex of the crab until 

after the experiment was completed had important ramifications. On the 

positive side, it eliminated the opportunity for various sampling 

biases, and increased the probability that the crabs behaved normally 

during the experiment. [The various techniques used to extract hermit 

crabs from their shells are quite stressful and have been known to 

affect subsequent behavior; see Abrams (1982).) On the other hand, I 

had no way to control sex ratios and size distributions of crabs within 

each shell species, which often resulted in very unequal sample sizes 

that caused problems in statistically analyses. 

I compared three aspects of shell use in males and females. 

First I regressed crab size on field shell size, for which I used crabs 

collected during transects as well as those used in shell size 

preference tests. Second, I regressed crab size on preferred shell 

size, for which I used data from both shell size and shell shape 

preference tests. Finally, as a measure of shell limitation, I 

regressed field shell size on preferred shell size, which was by 

definition restricted to shell size tests. I restricted all regression 

analyses to crabs that had occupied undamaged shells in the field, 

because linear measurements of damaged shells did not seem to 

accurately reflect the size of the shell relative to similar 

measurements of undamaged shells. All regressions were performed on 

log-transformed data. I tested whether male and female regression 



lines were identical using the GLM approach of Neter and Wasserman 

(1974: 160). 
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When regression lines within a shell species were significantly 

different between the sexes, I identified the nature of the differences 

using reduced major axis coefficients plotted across the range of size 

overlap. Major axis coefficients are more appropriate than standard 

regression coefficients in the present context because some error is 

clearly incorporated in both crab and shell size measurements (Harvey 

and Mace 1982). Major axis coefficients are also indicated by the 

present model, which predicts that crab size and shell size alternate 

roles as dependent and independent variables. The size of shell chosen 

by a hermit crab depends on the size of the crab, yet the size to which 

a hermit crab can (or should) grow will depend on the size of its 

shell. 

Because shell limitations are often considered to increase with 

hermit crab size (Vance 1972; Bertness 1980), and because the 

predictions of the model are size-specific, I restricted analyses to 

the zone of sexual size overlap. This included, for each shell 

species, all males that either were not larger than the largest female 

or used a shell that was not larger than the largest shell used by a 

female. Similar criteria set the lowest size of females included. 

Results 

Patterns of sexual size dimorphism. Clibanarius diguetl shows 

extreme sexual size dimorphism with respect to body size, with scarcely 
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any sexual overlap in size at any of the three sites (Fig. 12). For a 

brief period towards the end of the breeding season, large numbers of 

males, representing the current season's recruits, could be found in 

the smallest size classes (Fig. 13). 

Because of this extreme dimorphism, males and females used 

almost completely different species of shells in the field (Table 9), 

which complicated analyses of sexual shell use. Crab sex ratios within 

each shell species collected at Station Beach for the preference 

experiments were very similar to those from the same shell species from 

the transects, indicating that crabs used in the preference experiments 

were not a biased sample with respect to crab sex (e > 0.25, X2 using 

transect crabs versus experimental crab sex ratios for each shell 

species). As a result, however, the only shell species that produced 

reasonable numbers of both sexes were Acanthina and Nerita. crabs in 

other shells species showed similar trends in shell use and preference 

patterns, but the grossly unequal sample sizes often precluded 

statistical significance (exceptions are noted below). 

Shell use, preference and limitation results, summarized in 

Table 10, are described below for each shell species, in decreasing 

order of shell shape preference. Statements of the form "males are 

larger than females" are shorthand for "males average relatively larger 

than females in a given size shell of this species", as I have already 

established that males reach larger sizes overall than females. Also, 

"shell quality" refers to the degree to which shells occupied by crabs 

in the field are smaller than preferred. 
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Table 9. Shell species use of male and female Q. digueti, based on 

transect data. Includes all shells used by at least 5 % of at least one 

sex at a given site. 

N SHELL SPECIES % males % females 

Pelican Point 

458 Cerithium stercusrnuscarum 7.4 92.6 

99 Solenosteira macrospira 99 .. 0 1.0 

11 Acanthina angelica 00.0 0.0 

11 Teguig rugosa 100.0 0.0 

Las Conchas 

384 Cerithiurn stercusrnuscarurn 16.9 83.1 

19 Morula ferruginosa 5.3 94.7 

98 Cerithium rnaculosurn 98.0 2.0 

30 Turbo fluctuosus 100.0 0.0 

Station Beach 

113 Morula ferruginosa 2.7 97.3 

50 Tegula rnarigna 14.0 86.0 

24 Cerithium stercusrnuscarurn 16.7 83.3 

38 ACgnthing angelica 28.9 71.1 

21 Turbo fluctuosus 90.5 9.5 

6 Cerithiurn roaculosurn 83.3 16.7 



Table 10. Regression parameters describing patterns of shell size use by male (m) and female (f) 
~. digueti. Field vs. crab = regression of field shell size (mm) on crab size (mm); preferred 
vs. crab = regression of preferred shell size (mm) on crab size; preferred vs. field = 
regression of preferred shell size on field shell size. All equations of the general form: In 
(Y) = g + Q * In (X). H = sample size; ~ = correlation coefficient; ~ = significance of 
regression. All crabs from station Beach except as noted. 

Crab 
sex H 

Field vs. crab 
g Q ~ ~ 

~canthina 
m 27 1.88 0.888 0.85 <0.001 
f 53 1.84 0.985 0.76 <0.001 

Cerithium 
m 5 2.55 0.489 0.27 0.312 
f 41 1.12 1.717 0.39 0.004 

Nerita 
m 32 1.73 0.900 0.84 <0.001 
f 25 1.79 0.880 0.91 <0.001 

Turbo 
m 37 2.22 0.533 0.75 <0.001 
f 6 0.91 2.789 0.94 <0.001 

Cerithium (Pelican Point) 
m 25 2.81 0.308 0.24 0.117 
f 162 0.78 3.162 0.37 <0.001 

Cerithium (las Conchas) 
m 58 2.39 0.547 0.38 0.001 
f 103 1.00 3.290 0.51 <0.001 

H 

32 
42 

9 
86 

40 
24 

40 
10 

Preferred V5. crab Preferred vs. field 
g Q ~ ~ H g Q ~ ~ 

2.25 0.716 0.79 <0.001 18 0.14 0.993 0.83 <0.001 
1.74 1.093 0.80 <0.001 31 -1.13 1.377 0.70 <0.001 

2.43 0.649 0.54 0.045 6 -10.6 4.378 0.28 0.288 
1.53 1.439 0.86 <0.001 61 -0.06 1.048 0.68 <0.001 

1.75 0.927 0.87 <0.001 32 0.10 0.977 0.90 <0.001 
1.79 0.844 0.92 <0.001 23 0.14 0.932 0.88 <0.001 

1.71 0.875 0.81 <0.001 37 -1.13 1.367 0.82 <0.001 
1.05 1.357 0.87 <0.001 6 -1.03 1.348 0.92 <0.001 

-.l 
<:0 
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cerithiuro. Males averaged significantly smaller than females 

in eerithium shells at both the Las Conchas and Pelican Point sites 

(Fig. 14e-f) •. Comparisons based on Station Beach crabs were 

conSistently hampered by the small number of males using this shell. 

Shell use patterns at Station Beach, for example, were nearly identical 

to the other two sites, but did not achieve statistical significance 

(Fig. 14b). Likewise, I did not detect a significant sexual difference 

in shell size preferences or shell limitations, although the trends 

were suggestive. Even if the sexes have similar shell size 

preferences, however, males must occupy lower quality shells than 

females because they consistently use smaller shells than do females. 

Shell quality, as measured by the discrepancy between preferred and 

field shells, decreased with size (Fig. 16a). 

Acanthina. Both sexes were well represented in Acanthina. 

Males averaged significantly smaller than females in this species (Fig. 

14a). Males also preferred Significantly larger shells than females 

(Fig. 15a). Because they preferred larger shells but occupied smaller 

shells, males were in significantly lower quality shells than females 

(Fig. 16a). Shell quality was high for small females and declined with 

size, but was low for males of all sizes. 

Nerita. Both sexes were also well represented in Nerita. 

Males averaged slightly smaller than females, but the difference was 

not significant (Fig. 14c). Males also exhibited a slight, 

non-significant preference for larger shells than females (Fig. 15c). 

Although sexual differences in shell use and preference were not 
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Figure 16. Shell siz~ limitations of males and females for four shell 
species. Each graph represents regressions of the field 
shell size of each crab against the size shell chosen by 
that crab. All crabs from Station Beach. A. Acanthlna. 
B. eerlthlum. c. Nerlta. D. Turbo. 



83 

significant, their combined effects on shell quality resulted in nales 

occupying significantly lower quality shells than females (Fig. 16c). 

Females of all sizes occupy preferred shell sizes, whereas males of all 

sizes occupy slightly smaller than preferred shells (Fig. 16c). 

Turbo. Females were rarely encountered in this large and 

non-preferred shell. Even so, sexual differences were pronounced. In 

contrast with the previous species, males were significantly smaller 

than females in this shell (Fig. 14d). Males prefe~red significantly 

larger shells than females (Fig. 15d). Both sexes occupied shells that 

were not significantly different from preferred (Fig. 16d). 

Discussion 

Selection vs. constraint in Clibanarius digueti. As predicted 

by the general model, shell size quality in ~. digueti was inversely 

correlated with shell preference rank (Table 11). That is, shells with 

a non-preferred shape, such as Turbo, were used only by crabs that were 

optimally sized for that species, whereas shells with a preferred 

shape, such as cerithium, usually contained crabs t}~t were larger than 

optimal. This tradeoff between shell shape quality and shell size 

quality has not been considered in previous studies on hermit crab 

ecology, and has important consequences for such studies. In the 

present context, this relationship is valuable beca~;e it facilitates 

the evaluation of selection and constraint using sexual comparisons of 

shell use patterns across shell species. 
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Table 11. summa~y of sexual differences in shell shape 

preferences, shell size use and preferences, and shell 

limitations for four shell species. 
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cerithium Acanth1~ Nerita Turbo 

Sex using larger shells f f = m 

in field 

Sex preferring larger shell = m = m 

Q*~ high low none none 

J2*m very high high low none 

PREFERENCE RANKS 

males 1.5 1.5 3 4 

females 1 2 3.5 3.5 
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SDS predicts that the discrepancy between Q~~ and ~~m should 

increase as shell limitations increase, whereas SOC predicts that this 

discrepancy should first increase, then decrease, as shell limitations 

increase. In the present study, the likelihood that females averaged 

larger than males in a given shell species was positively correlated 

with the degree of shell limitation (Table 11). In the terminology of 

the model, the degree to which Q*m exceeded Q*~ increased as shell 

limitations increased (Table 11). This result thus conforms to the 

prediction made by SDS. 

This prediction also appears to hold when variation in Q* is 

examined as a function of limitations within shell species. eerithium 

is a moderately small shell; the mean size of shells used by ~. digueti 

at the three study sites (20-23 mm), corresponded to optimal crab sizes 

of only 2.4-2.9 mm (calculated from regression equation in Table 10). 

Thus, across the size range of most crabs, eerithium becomes 

increasingly limiting with increasing size. At all three sites, 

eerithium shell size quality for males dropped with increasing shell 

size, whereas female shell size quality remained more or less constant 

(note that here I pooled male and female preference data, which will 

overestimate the suitability of male shells if, as for other shells, 

males prefer larger eerithium shells than do females). Thus, the 

discrepancy between Q*m and Q*~ apparently increases as Cerith1um shell 

limitations increase, in accord with SDS. 

In Acanthlna, on the other hand, Q-m is hIgh for males of all 

sizes, whereas Q-~ is low for small females but increases with size, 
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eventually converging with males. This may reflect the fact that 

females show a stronger preference for cerithiuro over Acanthina than do 

males. In the smaller crab size classes for which appropriately sized 

Cerithium shells are most available, females will be more likely to 

discriminate against an Acanthina shell that is less than optimally 

sized. In contrast, small males will not be as discriminating, and 

large females will not have the option to choose appropriately sized 

cerithium. This pattern is consistent with SDS, but its relationship 

to SOC is unclear because Acanthina is an intermediate-quality shell. 

The model also predicts that, under SDS, males of a given size 

should experience lower survivorship than females. That this is true 

for ~. digueti is suggested by the fact that the adult (i.e. breeding 

size) sex ratio at all three sites Is typically heavIly female-biased 

(locally from approximately 2:1 to at least 20:1; Fig. 12), whereas sex 

ratios of juveniles following larval settlement are typically 

approximately 1:1 (e.g. Fig. 13a). Thus, far fewer males than females 

appear to survive to adulthood. Even this may be a conservative 

interpretation, because I have good evidence that this species, and 

certain closely related congeners, may exhibit diandric protogynYi at 

least some of the adult males may in fact have started out female 

(unpubl. data). 

Variation in shell size limitations as a function of shell 

shape preferences. One of the most striking results of this study is 

the variation in shell limitation patterns among different shell 

species. At a single site, ~. digueti spans the range from females 
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occupying much larger shells than same-sized males through males 

occupying much larger shells than same-sized females, depending on the 

shell species. Shell quality also exhibits considerable variation: 

both sexes occupy near-optimal size shells of some species, in other 

shell species only females occupy high quality shells, and in still 

others both sexes use shells smaller than preferred. 

Although anticipated by the model as a logical consequence of 

shell shape preferences and limitations, this level of variability has 

apparently not, been detected in previous studies. Most early studies 

of the hermit crab-shell relationship (e.g. Vance 1972; Fotheringham 

1976b; Bach et al. 1976) did not even distinguish among shell species, 

instead combining all species using a single metric (such as shell 

weight) in their analyses. Later studies (Bertness 1980, 1981a-e; 

Abrams 1980, 1982, 1987a-b) treat shell species, and to a lesser extent 

the sexes, separately, but no study to date has provided data on shell 

use, preference and limitation as a function of both shell species and 

crab sex sufficient to allow further tests of SDS. 

Evaluating potential mechanisms of evolution. As biologists 

become increasingly successful at measuring (Clutton-Brock 1983; Howard 

1983; Banks and Thompson 1985) and analyzing (Arnold and Wade 1984a) 

selection intensities in field populations, there is likely to be an 

increased tendency to equate selection with evolution (as in Price 

1984). Documenting contemporary selection, however, is not equivalent 

to documenting the relationship between selection and evolution, 



especially when other reasonable, non-selective hypotheses are 

available (Arnold and Wade 1984a). 
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Given that an evolutionary response to selection requires 

heritable variation in the character(s) under selection, it has been 

suggested that genetic information can provide the necessary connection 

between measures of selection and character evolution (Lande 1987; 

Heisler et al. 1987). Lande (1987: 83) in fact argues that "salient 

features of sexual selection and the evolution of sexual dimorphism can 

be understood only through the study of genetic mechanisms" (my 

italics). I would point out, however, that measurements of 

contemporary selection and contemporary heritabilities and genetic 

correlations, besides being extraordinarily diffjcult to obtain 

(Heisler et al. 1987), can only provide information about contemporary 

evolution. Clearly, documenting selection on a character that is 

currently non-evolving is not equivalent to documenting that selection 

was not involved in the evolution of the character. Likewise, positive 

heritabilities do not provide strong support for 50S, because even in 

non-evolving populations additive genetic variance can be generated and 

heritabilities maintained by mutation (Lande 1980, 1981), which, as 

Grafen (1987: 225) has observed, is " ••• not obviously relevant to a 

measure of the scope for selection on reproductive characters." 

In the present context, the comparative method seeks 

correlations between sexual size dimorphism and (some parameter 

presumably associated with) selection intensity across species (Ridley 

1983). Without question, the comparative method is the most widely 
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used and time-honored procedure to test hypotheses concerning the 

evolution of sexual dimorphism, but it is not free from problems 

(Thornhill and Alcock 1983; Price 1984). Comparative tests often 

ignore the phylogenetic relationships of species, which can totally 

obscure or greatly exaggerate patterns of selection on a character 

(Ridley 1983; Felsenstein 1985). By focusing on a single, usually 

indirect, measure of selection intensity (e.g. type of mating system), 

comparative studies assume that all other selective and non-selective 

determinants of character expression are equivalent among species, or 

at least do not covary with the process under consideration (Thornhill 

and Alcock 1983). This narrow focus precludes a reliable dj~tinction 

among cause, effect and correlation, or the evaluation of multiple 

hypotheses (Price 1984; Heisler et al. 1987; but see Ridley 1983). 

The approach I used in this study to evaluate the role of 

selection in the evolution of sexual size dimorphism compares very 

favorably with these current procedures. Unlike approaches that rely 

solely on contemporary measures of selection and heritability, my 

procedure provides falsifiable predictions that allow SDS to be tested, 

and eliminates or minimizes many of the problems associated wIth the 

comparatIve method. Restricting the analysis to a single species 

eliminates the potential for spurious correlations resulting from 

phylogenetic artifacts or faulty assumptions about the selective 

regimes of different species. The resource use model upon which this 

study was based is mathematically simple and general (that is, 
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the conclusions do not depend on the specific shape of the curves), and 

its assumptions are also simple and well supported. 

The model also quite effectively generates predictions that 

separate multiple competing hypotheses (e.g. SDS vs. SOC), although the 

most definitive of these (sexual differences in ~ and ~~) was not 

readily addressable by field data. On the other hand, the model may be 

as ambiguous as other procedures with respect to multiple compatible 

hypotheses. That is, I can conclude that selection was causally 

involved in the evolution of sexual size dimorphism in ~. digueti, but 

I cannot yet evaluate whether energetic constraints on females are 

working in conjunction with sex-specific selection to produce the 

dimorphism. This is because both selection-alone (SDS) and 

selection-pIus-constraint predict differences in ~, even though 

constraint-alone (SOC) predicts no such differences. 

The model even suggests a comparative test. Consider the 

prediction that maximum size both overall (2) and within a given size 

shell (Q) should increase as the benefits of large size increase. An 

obvious corollary of this prediction is that as the discrepancy between 

selection intensity on size for males and females increases, so should 

both the degree of sexual size dimorphism and the discrepancy between 

nm and Q~. Thus, given the appropriate data, one could test SOS among 

species by correlating sex-specific selection intensities with either 

sex-specific D (in an analysis restricted to hermit crabs) or else the 

degree of size dimorphism, which could be appropriately applied to most 

taxa. 
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