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Size-dependent predation on the salt-marsh snail Cerithidea 

calzjbrnica H aldeman 

Gstract: Prcclalion by crabs and shorebirds on the snl~-marsh snail C‘ewhiclcw c~rrlifiwrktr llaldcman \\ ah 

Inccstigatcd \+~th laboratory feeding cxpcriments. a field mark-recapLure stud), and b> examining ~horehird 

rqurgitatinn pellets. In Bolinas Lagoon, the ficld site of the study. the primar! predators of C’c~rirhirhr arc 

[he yraphid crab Ptrc~h~~grcq~.w.v UUY.U~ICS Rathhun and Ihe u illct (‘~rrr,l,trol,h~,nrc .to,lil’~rl/rrcrnis C; m&n. In the 

l.lboratcvy. malt f’c~41~grtq~rr.r of three different si~c classes were oft‘ercd snails of sx difl’crenl shell Icngths. 

fhc ;I\ cragc and maximum sizes of consumed snails increased and the proportion of hn.111~ in the sm;~ll- 

e\t siLc class that were eaten dcclincd. with incrcasmg crab siLc. In a separate comparison of m;~lc and fcm;rlc 

cl-ahs. maI~‘s ale larger snails on avcragc than did fcmalcs of equal S&CC. Shell sculplurc in the form of I :I- 
rvzc\ appcarcd I~, rcducc the rate of succcasful attack b! crabs. but crabs circum~cn~cd thus defcnhc 111 wcr.11 

\I ays 

Rate\ of predation by a naturnl population of f’~~/~~y~~~.wc on marked and relcascd (‘?rrrh;t/rw u UC 

IIIC;I\IIINX~ OVCI a IO-\\k period in summer. The local crab population consumed marked sn;uIs (>I’;1 \\IJc r;mgc 

01‘ \iicI. Lal-gcr wails suffered leer rates of prcdalion. ho\%c~er. there \\a~ no cwdencc of in ;th\<llu~cI? 

in\ ulncrablc snail size. There was no difference in the rates of predation on sn;uls that M crc parasltved b> 

larval ~rcmalodcs and those that wet-c uninfcctcd. Rates of prcdntion on morkcd snails varied \\idcl!. ,rnd 

111 a dcnsit?-indepctldenl manner. among the 10 snail subpopulallons into \+ hich the! had been rclc;wd The 

Jcn\il! <II. crab\ li\ing in the immcdiatc vicinit\ of a snail aubp~yulation \\;I\ Ihc hcsl prcdlch)r ot I~)L.JI 

: :iriallcln in predation rata. 

INTRODUCTION 

Size-dependent predation strongly influences the structure and dynamics of ;I I\ idc 

\ arict!, of natural populations and communities (e.g.. Brooks & Dodson. 1965; I>a- 

1~. 197 I; Sprules, 1972; Connell, 1975; Murdoch & Oaten. 1975; Hall ct al.. 1976: 
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Paine, 1976; Porter, 1977; Zaret, 1980; Lubchenco & Gaines, 198 1; Brown et al., 1986; 

Wootton, 1992). In many cases, large size (sometimes achieved by the presence of 

spines, shields, or other elaborations of the exoskeleton) or morphological correlates 

of large size (e.g., thicker exoskeletons) afford the prey a refuge from predation. This 

refuge may be one of absolute invulnerability due to mechanical limitations of the 

predator, but often it is relative in nature: a predator may be capable of consuming 

larger prey individuals than it does, but elects not to do so because the energy intake 

per unit time spent handling such prey is lower than for smaller prey individuals (Elner 

& Hughes, 1978; Hughes, 1980; Pyke, 1984). In such cases, larger prey individuals 

would experience a relatively lower risk of predation than smaller ones. This relation- 

ship could be reversed if the largest prey individuals prove to be the most profitable 

in terms of yield per handling time. 

In nature, an individual prey’s risk of being eaten will also depend on the size- 

structure of the predator population, since larger predators can handle and consume 

larger prey (e.g. Elner & Hughes, 1978; Griffiths & Seiderer, 1980; Seed, 1980; Hughes 

& Seed, 1981; Arnold, 1984; Boulding, 1984; Lawton & Hughes, 1985; Palmer, 1985, 

1990; Sanchez-Salazar et al., 1987; Robles et al., 1990). As a number of these stud- 

ies have demonstrated, the size of prey that is most energetically profitable to feed on 

increases with the size of the predator (Hughes, 1980). In addition, rates of predation 

on smaller prey individuals may decline with increasing predator size because large 

predators lack the mechanical dexterity to handle small prey efficiently. 

A predator’s mode of feeding may also influence the sizes of prey that it can suc- 

cessfully consume. Vermeij (1978), generalizing from studies of predation on shelled 

marine gastropods, suggested that species of predators that extract the soft parts of the 

prey externally and do not ingest the hard parts (e.g., all crustaceans, most molluscs, 

sharks, rays, some fishes, sea turtles, sea otters, and some birds) are less constrained 

by large prey size than are species that consume prey relatively whole including the hard 

parts (e.g., some fishes, most shorebirds, and ducks). Notable exceptions include 

predators such as sea anemones and some starfish whose unique modes of feeding 

allow them to ingest quite large prey whole. 

This study investigated patterns and rates of predation by crabs and shorebirds on 

the salt-marsh mesogastropod Cerithidea californica Haldeman in a coastal lagoon in 

northern California, USA. It addressed the following questions: (1) How do the rela- 

tive sizes of predator and prey, and the sex of the predator, affect rates of predation 

by crabs on Cerithidea?; (2) Does shell sculpture, in the form of a thickened aperture 

lip or varix, deter crab predation?; (3) What is the impact of predation by crabs on 

Cerithidea populations in nature?; and (4) Do crabs, which extract the soft parts of 

snails externally, take larger individuals than shorebirds, which consume snails whole? 
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PREY 

C. calijimka is the only large native salt-marsh gastropod in California. Details of 

its distribution and life history are presented elsewhere (see references in Sousa, 1983). 

Cerithidea can grow to a maximum shell length of ~45 mm, but the largest size found 

in any given population varies considerably (Race, 1981; W. P. Sousa, pers. obs.). Its 

shell has a tall spire, low but well-defined axial ribs, and faint spiral ribs. Shells 

> z 20 mm often possess one to several thickened varices, which do not reflect annual 

growth increments (McCloy, 1979; W. P. Sousa. pers. obs.). Cerithideu is slow-moving 

and exhibits no obvious escape behaviors other than retracting far into its shell, usu- 

ally past the most recently formed varix, if one is present. Healthy snails burrow be- 

neath the surface of the mud during late fall and winter months in all locations with 

the exception of San Francisco Bay (Race, 1981), and may thereby reduce the risk of 

predation by dense populations of migratory shorebirds, as well as the harmful effects 

of winter weather. Crab predators are largely inactive during winter months (Quammen, 

1980; W. P. Sousa, pers. obs.), so it is unlikely that the seasonal burrowing behavior 

of snails has evolved as a defense against their attacks. 

PREDATORS 

The grapsid crab Puchygrupsus crmsipes Randall is probably the only significant 

crustacean predator on postjuvenile Cerithidea in Bolinas Lagoon, the site of this study. 

It is a medium-sized crab, males reaching x 43 mm and females E 37 mm carapace 

vvidth in the study area. Pnch~grqsus lives in a wide variety of hard-substratum and 

soft-sediment intertidal habitats. It is distributed along the Pacific coast of North 

America, from Charleston, Oregon to central Baja California, Mexico, including the 

Gulf of California (Morris et al., 1980). In salt marshes, it occupies burrows along the 

banks of channels or under a canopy of halophytes, most commonly Salicomiu virginica 

L. or Spartim/ jbliosa Trinius. 

Pach~grqms has a diverse diet. On rocky shores, it appears to be primarily herbiv- 

orous, feeding on diatoms and green algae (Hiatt, 1948; Sousa, 1979; Robles & Cubit, 

1981; Robles, 1982), however, dead animal matter and living limpets, coiled gastro- 

pods, hermit crabs, isopods, sea urchins, and even dipterans arc occasionally taken 

(Morris et al., 1980; Lindberg, 1985). In salt marshes, as on exposed shorts, Prrchj)grcp 

.sus feeds on diatoms and green algae (Hiatt, 1948; Quammen. 1980: W. P. Sousa, pers. 

obs.), but also consumes oligochaete and polychaete worms (Quammen, 1980), crus- 

taceans (Willason, 1981; W. P. Sousa, pers. obs.). dead animal matter, especially fish 

(Quammen, 1980), and Cerithiden (McCloy, 1979; this study). Undoubtedly, this list 

of food items is not exhaustive. 

Pcrchvgrapsus exhibits marked sexual dimorphism, both in carapace dimensions, 
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(Onuf, 1987). Dense populations of Cerithidm inhabit the upper tidal flats and salt 

marshes at both these sites. No gastropods were found in stomachs of four common 

species of elasmobranch fishes collected from Elkhorn Slough (Talent, 1982) or of bat 

rays from Tomales Bay (Karl & Obrebski. 1976) even though the introduced potamid 

snail Batillirricr ottmmerltmiu Sowcrby is abundant on mud flats in both thcsc cstuar- 

its (W’. P. Sousa, pers. obs.). Batill~rrirr is very similar in size, morphology, and micro- 

habitat use to Cerithidea. In sum, fishes do not appear to be significant predators on 

C’erithidecr. and consequently were not considered in this study. 

ST~IDY SITES 

Snails and crabs used in laboratory studies of crab predation were collected from 

populations at the Pine Gulch Creek study site (Sousa, 1983: hcreaftcr PGC) in Bolinas 

Lagoon, located *24 km northwest of San Francisco, California. At this site, snails 

are distributed as a series of subpopulations occupying shallow (5-15 cm deep) dc- 

pressions (hereafter called pans) in the surface of the mud flat that hold standing water 

at low, tide. The inhabited pans range in size from slightly < 1 to 20 m’, and are lo- 

cated along the lower margin of the SlJtrrrinN!‘Srrlicc,nlicl-dorninated marsh. Snails rarely. 

if ever. move from one pan to another at this site (W. P. Sousa. unpubl. data). Mark- 

recapture studies of snail growth and survival were conducted in a number of these pans 

(Sousa. 19X.3). Willet regurgitation pellets were collected from several sites within 

Bolinas Lagoon (XX Methods for details). 

METHODS 

LABORATORY STUDIES OF CRAB PREDATION 

I6 crabs ( I.3 males and three females) ranging in size from 3 1 to 3X mm in carapace 

width (hereafter c.w.) were collected on 30 October 1980 from burrows at the Pint 

Gulch Creek study site. They were held individually overnight in covered plastic boxes 

(length x w,idth x height: 30 x 16 x 9 cm) containing = 1 cm of seawater. The next day, 

60 C‘rrithideo, 10 each of six ditfcrent shell lengths (5. 10. 15. 20. 25. and 30 + 1 mm), 

WI-L introduced into each box. The snails were not screened for the presence of lar- 

\,a1 trcmatode parasites (as was done in the field study described below). 

Crabs were allowed to feed on the original allotment of 60 snails without replacc- 

rnent for 22 i1ay.s. On Days 1 (1 November), 3, 5, 12, and 22, the numbers of snails 

in each size class that had been eaten since the last observation date were tallied. In 

addition. broken shells and shell fragments were collected from each box and cxm- 

incd to determine the manner in which the soft parts had been extracted. The cupcr- 

mlcnts were run at room tempcraturc (2 1 ‘C) with natural lighting from a south-facing 
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window. The water in all boxes was replaced with freshly aerated seawater every other 

day. 

FIELD STUDY OF CRAB PREDATION 

A IO-wk mark-recapture study of snail growth at the Pine Gulch Creek study site 

during the summer of 1981 (Sousa, 1983) also yielded data on the intensity and pat- 

terns of crab predation. z 100 snails ranging from 10 to 37 mm in length were collected 

from each of 10 subpopulations during the last week of June. The snails wcrc scrccncd 

in the laboratory for the presence of mature infections of redial or sporocyst trematode 

larvae by inducing cercarial larvae to shed (see Sousa, 1983, for details). Immature 

infections of rediae or sporocysts that do not release cercariae are not detectable by 

this technique (Curtis & Hubbard, 1990; W. P. Sousa, unpubl. data), nor arc infections 

by metacercarial stages. Each snail was individually marked and measured (length to 

the nearest 0.05 mm), and then returned to its respective pan on 19 July. The tagged 

sample in each pan at the start of the study was composed of 20:, IO-16 mm, 40”; 

16.05-23 mm, and 40:/b >23-mm snails. Each snail was marked with a numbered. 

color-coded floating tag, attached to the shell by a short length of monofilament. See 

Sousa (1983) for details of methods. 

As a means of assessing the impact of crab predators on gastropod populations, this 

marking technique has two major advantages over the more common approach of 

placing a mark directly on a snail’s shell. First, because the tag floats. it is more vis- 

ible to the investigator than is a mark on the shell, which usually becomes overgrown 

by algae or covered with sediment as the snail crawls. Consequently, the rates of re- 

covery of marked individuals were relatively high in this study, averaging 66.4”,,. 

Secondly, a tag affixed by a clear strand of monofilament does not alter the appear- 

ancc of the snail to nearly the same degree as does a mark made directly on the shell. 

Therefore, a visual predator is less likely to be differentially attracted to, or repelled by, 

a snail marked with a floating tag. The marked snails in this study were readily attacked 

and consumed by crabs. 

On the other hand, one artifact attendant to the use of floating tags is that they often 

become entangled with algal mats and salt marsh plants, thereby restricting the move- 

ments of marked snails to varying degrees. Since Cerithidea is very slow-moving relative 

to Pcrch~~gruppsus, and exhibits no obvious escape behavior other than to retract into its 

shell, this artifact probably does not substantially increase a snail’s vulnerability to 

attack. Tagged snails fed normally, and those that were not preyed upon showed good 

growth over the IO-wk-period (Sousa, 1983). despite any restriction in movcmcnt that 

may have occurred. 

Several times during the 10 wk of the study, the pans into which marked snails had 

been released were carefully searched for tags that remained attached to the shells of 

dead snails or shell fragments. Rates of predation reported herein were calculated as 

the number of tagged, empty, crab-damaged shells and shell fragments found during 
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these searches divided by the total number of tagged snails (living and dead) that were 

recovered. Often, the only portion of the shell remaining was several shards of shell 

stuck to a piece of dried glue at the end of the monofilament line. Such tags were 

sometimes found tangled in the Salicornia at the edges of pans. Undoubtedly, some 

were carried away at high tide, so the rates of predation reported herein are undcres- 

timates. This conclusion is further supported by the fact that pans with the highest 

estimated rates of predation had the lowest tag recovery rates (Y= - 0.65, /, = 0.04, 

I? = 10). 

As noted above, ~~~h_~gr~~su.~ is the only known crushing predator of > 5 mm-long 

~e~irh~~ea in the study marshes. Since the shells of consumed, marked snails were 

damaged in identical ways to snails eaten in the laboratory feeding trials, I attribute 

all field mortality of marked snails involving shell breakage to ~f~~~~~g~~~~?.s~.~. 

The mean density of snails living in each of the pans into which marked snails were 

released was estimated with replicated 22.5-c& scoop cores taken in August 1981, as 

described in Sousa (1990). 

PREY SELE(‘TION BY WILLETS IN THE FIELD 

To determine the size classes of Cerithidea that arc selected as prey by wilfets, I 

measured the dimensions of shells recovered from pellets that the birds regurgitate as 

they forage or roost in the marsh. Willets swallow molluscs and small crustaceans such 

as amphipods whole, while Iarger decapod crustaceans are often shaken apart, the 

appendages cithcr caten before the carapace, or not at all (Stenzel et al., 1976; W. P. 

Sousa, pers. obs.). Digestion is accomplished by grinding the hard-shelled prey items 

against one another (sometimes aided by the presence of sand) in the muscular gizzard. 

Periodically, a bolus of shells, shell fragments, and carapace parts are regurgitated. 

These regurgitation pellets provide a record of recent feeding activity on hard-bodied 

prey. The pellets examined in this study came from two sources. L. Stenzel, Point Reyes 

Bird Observatory, kindly allowed me to examine all 126 willet regurgitation pellets 

collected throughout Bolinas Lagoon during the course of the observatory’s 1973-74 

study of shorebird diets described earlier (Page & Stenzel, 1975; Stenzel et al., 1976). 

19 of these pellets (15.17;,), collected between 7 August 1973 and 26 Jan 1974, con- 

tained Ce~~thidefl shells or fragments thereof. AI1 pellets were collected fresh from roost 

sites immediately after flocks of willets had been flushed away by observers, so we can 

be confident that they were correctly identified as being produced by this particular 

shorebird. 

Additional pellets containing Cerithidecl were collected from the Bolinas Lagoon mud 

flat on four dates: four pellets on 6 April 1980, one pellet on 7 November 1981, three 

pellets on 21 September 1985, and one pellet on 18 October 1986. In all cases, the 

pellets had been deposited since the last high tide and in areas where I had seen flocks 

of willets foraging and roosting just prior to collecting them; on the April date, severai 

w+licts hushed from the site of collection as I approached. 



Not all the shells found in regurgitation pellets are complete enough to provide an 

accurate, direct measurement of shell length. Usually, the apex and varying amounts 

of the lip have been broken off as the shells are ground logether in the bird’s gizzard. 

In many cases, however, the ultimate whorl is sufficiently undamaged to allow an ac- 

curate measurement of its diameter. From this measurement, I was able to estimate 

shell length from the following regression equation of shell length on width from intact. 

living animals: log shell length (apex to aperture lip) = 1.25 log maximum shell 

lvidth + 0.E (r? = 854, r = 0.97. p < ~.OO I). There did not appear to be an obvious bias 

in the sizes of measurable, intact snails within a pellet. 

RESULTS 

LABORATORY STUDIES OF CRAB PREDATION 

The pooled cumulative percents of snails of different size consumed over the 12-da) 

period by the three size classes of male crabs are plotted in Fig. 1. Not all size-classes 

of snails wcrc catcn by all three sizes of crabs, so variances in predation rates were 

structurally heteroscedastic among the cells of the design. Therefore, the experiment 

could not be analysed as a replicated factorial ANOVA. Instead, I analysed the cu- 

mulative counts pooled over replicate crabs for the final sampling date (Day 22) as a 

multidimensional contingency table (Fienberg, 1970). The three factors were crab size 

(three levels), snail size (six levels), and survival (killed vs. not killed). 

Rates of predation were strongly affected by the interactive influences of crab and 

snail size (G statistic associated with deletion of the three-way interaction. crab 

size x snail size x survival, from the full model = 184.68, df = 10, p<O.OOl). This inter- 

action is clearly visible in Fig. 1. Small crabs only consumed snails iI I5 mm. cxhib- 

iting a strong initial preference for 5-mm snails, and adding progressively larger snails 

to the diet as the supply of 5mm individuals was deplctcd. All snails consumed bt 

medium-sized crabs were 5 20 mm, with the exception of a single 30-mm individual 

consumed between Days 12 and 22. In contrast to small crabs, medium crabs ate a 

higher proportion of IO-mm than 5-mm snails. Medium crabs consumed more than 

twice as many 1%mm snails as small crabs, and > 2O”,, of the 20-mm snails, a size 

class that appears to be invulncrablc to small crabs. Large crabs consumed all six size 

classes of snails, but only a few in the 5mm and 3O-mm classes. They preyed most 

heavily. and with about equal frequency, on IO-, IS-, and 20-mm snails. They also took 

a substantial number of 2.5~mm snails, a size class eaten by neither of the two smaller 

size classes of male crabs. In summary. the average and maximum sizes of consumed 

snails incrcascd with crab size. In contrast, the proportion of snails in the smallest size 

class that were eaten declined with increasing crab size. Probably owing to their pro- 

portionately larger, more powerful chelae, male crabs consumed larger snails on av- 

erage than female crabs of equal C.W. width (Table I). 
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* \I’hcrc nccesxq. adjacent six CIBSSCS were pooled to insure cnpccted \Jatueh > I. 
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FIELD STUDY OF CRAB PREDATION 

Natural crab populations consumed a wide size range of the marked-released snails, 

including several individuals > 30 mm in length (Fig. 2). The mean length of consumed 

snails (Z = 21.0, SD = 6.1) was slightly, but significantly (I = 2.2, df = 1, p = 0.028), 

smaller than that of snails that were not preyed upon (Y = 22.5, SD = 5.7). suggesting 

that larger snails in the released sample were at slightly lower risk of predation than 

smaller snails. This trend. albeit variable, is evident in the plot of percent eaten vs. snail 

length in Fig. 2. 

Parasitism by larval trematodes (i.e., rediae or sporocysts) had no apparent effect 

on a snail’s risk of predation by crabs. Snails that were shedding cercariae at the time 

of release (12 = 169) suffered 13.0”” mortality from crab attacks, while 13.9”,, of non- 

shedding snails (n = 439) were killed by crabs (G = 0.08, p = 0.774). Since some non- 

shedding snails carried immature larval parasites at the time of release and others could 

have acquired infections in the field, I also compared the proportions of infected and 

uninfected snails that suffered crab predation, using the infection rate in surviving 

noll-sledding snails as an estimate of the prevalence of infection in non-shedding snails 

that had been consumed by crabs. When rates of parasitism were estimated in this 

manner, 13.5 “; of infected snails (12 = 303) were eaten by crabs as compared to 13.8”,, 

of uninfected snails (,z = 305). Again, there was no evidence that the risk of predation 

by crabs is different for infected vs. uninfected snails (G = 0.01, p = 0.932). 

Rates of’prcdation varied significantly among the pans into which marked snails were 

released (Fig. 3; G = 79.69, p < O.OOl), ranging from 1.6 to 55.1 Ot, (total number of 

snails, living and dead, recovered per pan ranged from 44 to 87). These rates were not 

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 

Snail Length (mm) 

Fig. 2. Numbers and pcrccntages of C. culifiwky~ of ditfercnt lengths eaten by P. crmsipe.s during the IO-\vk 
mark-recapture study of snail growth and smival. Data are pooled over the 10 snail subpopulations into 

which marked snails were released. 
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Snail Density (no./225 cm2) 

Fig. 3. Pcrccntage of marked C. colifornicu caten by P. ~r~~ssipes during the IO-wk mark-recapture study 
plotted against snail density for each of the IO snail subpopulations into Lvhich marked snails were released. 

correlated with the density of snails living in the pan during the period of release (with 

proportion killed arcsine-transformed and density log-transformed, Y = - 0.1 1, 

p = 0.769, II = 10). Instead, the local density of Puchygrupsus appeared to better explain 

variation in predation rates among snail subpopulations than did snail density. It was 

not possible to determine crab density directly without destroying the habitat, but the 

four pans with the highest predation rates had the highest densities of active, large crab 

burrows within 1 m of their edges (W.P. Sousa, unpubl. data). This variation in the 

density of crab burrows probably reflects some difference in the suitability of the local 

environment or sediment for the construction or maintenance of burrows. 

METHODS OF CRAB ATTACK 

In both the laboratory and field, crabs employed several means of extracting snails 

from their shells. Predation on snails < 10 mm was only examined in the laboratory 

trials. All 5-mm snails killed by crabs were crushed, most frequently at the aperture end 

of the shell. In the lab and field, crabs attacked snails > 10 mm mainly by peeling the 

shell back from the aperture. Such attacks were not always successful. Sometimes the 

crab simply ceased its attack, presumably to search for easier prey. In other cases, 

particularly with snails > 20 mm, peeling was stopped by the presence of a thickened 

aperture lip or by a varix farther back on the shell. While such structural features 

appeared to reduce the chance of successful attack, they did not provide absolute 

protection. Large snails possessing one or both of these features still suffered moder- 

ate rates of predation because medium to large crabs circumvented these defenses in 

two ways. Most commonly, the crab simply cut the shell in two by holding it perpen- 

dicular to the long axis of the chela and applying pressure to a suture line between 
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Snail Length (mm) 

Fig. 1. Length distribution of 366 measurable c‘. ~~~lifimkrr shells found in willet regurgitation pcllcts 

adjacent whorls. Snails as large as 30 mm were killed in this manner. Alternatjvely. 

crabs would break a hole in a whorl behind the thickened she11 lip or varix and con- 

tinue peeling from that point until the snail could be extracted. This method was ef- 

fective against snails as large as 36 mm, particularly if the shell was eroded or partially 

dissolved by exposure to acidic sediments (W.P. Sousa, pers. obs.). 

FIELD STUDY OF WILLET PREDATION 

Willets consume considerably smaller snails on average than do crabs (Fig. 4). The 

largest shell found in a regurgitation pellet was 17 mm, but the median length of snails 

20 

1 m Alive 

0 Dead 
r/l 

= 15 
0 

1 
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 16 

Snail Length (mm) 

Fig. 5. Length distributions of living and dead C. cal~fi,mita found in four willct regurgitation pcllcts collected 
on 6 April 1980. 
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in each of the 25 pellets that contained measurable Cerithiden was much smaller, 

ranging from 4 to 7 mm. 

Surprisingly, a number of living snails were found in the four pellets collected in April 

1980. When the pellets were returned to the laboratory and placed in dishes of seawater, 

a total of 29 snails (36.2”/;, of the 80 measurable snails in the pellets) emerged from their 

shells and began to actively crawl about. The average length of these surviving snails 

was considerably smaller than that of the dead snails in the pellets (Fig. 5). Due to their 

small size, they apparently remained in the interstices between the larger shells in the 

bolus and were not crushed as the larger shells were ground against each other; the 

opercula of the small snails were sealed tightly enough to exclude harmful gastric juice. 

DISCUSSION 

These studies clearly demonstrate that the risk of predation faced by an individual 

Cerithidea depends not only on its size, but on the size, sex, and species of predator 

that attacks it. As noted in the introduction, a number of other laboratory studies have 

demonstrated similar size-related patterns of predation on marine gastropod and pele- 

cypod prey by crabs and lobsters. Generally, the minimum, average and maximum sizes 

of prey individuals that a predator consumes increase with the predator’s size (Hughes, 

1980). All three of these patterns were observed in the laboratory study of Pmhygrqms 

predation on Cerithidea. In the same studies, male Pmh~~grapsus consumed larger snails 

than did female crabs of equal c.w., as Elner (1980) found for male and female Car&us 

muems L. feeding on mussels. In both crab species, males have proportionately larger, 

more powerful chelae than females. Exceptions to these size- and sex-related preda- 

tion rates include crabs that have not fully regenerated previously autotomized chelae. 

As a result, such individuals have proportionately smaller, weaker chelae and are less 

efficient at opening (or are unable to open) large prey as compared to crabs that have 

not suffered the loss of a chela (Elner, 1980). Broken or worn chelae can similarly 

compromise a crab’s ability to handle prey (Juanes & Hartwick, 1990). 

The population of Pachygmpsus at the Pine Gulch Creek site consumed marked 

snails of a wide range of sizes. Larger snails were at slightly lower risk, but there was 

no evidence of what could be called an absolutely invulnerable size class. Unfortu- 

nately, it was not possible to determine, without extensive excavation, the size struc- 

ture of the crab population surrounding the pans into which the snails were released. 

Such a procedure would have destroyed the marsh and negatively impacted the sub- 

populations of snails that were the subjects of a long-term demographic study (Sousa, 

1990). 

Whether or not a snail was host to trematode rediae or sporocysts did not affect its 

risk of predation by crabs. This is not particularly surprising since Cerithidea exhibits 

no obvious escape or defensive behaviors other than to retract into its shell. Host 

behavioral modifications by parasites have been shown to increase rates of predation 



32 W.P. SOUSA 

in a number of other systems (Holmes & Bethel, 1972; Moore, 1983, 1984; Sousa & 

Grosholz, 1991). In some instances, predation by a definitive host species on an in- 

fected intermediate host comprises the mechanism of transmission in the complex life 

cycles of helminth parasites. Specific modifications of intermediate host behavior by 

the larval parasite can render that host more vulnerable to predators and thereby in- 

crease the rate of transmission. However, this scenario does not apply to the crab-snail 

interaction, because birds, not crabs, are the definitive hosts for the trematodes that 

infect Cerit~zjdea. No transmission occurs when the redial and sporocyst larvae that 

infect the snail are consumed by a crab; these parasite stages are simply digested. 

Mortality due to Pach~gvapsz~~ predation was spatially density-independent; varia- 

tion in rates of predation among snail subpopulations was positively correlated with 

the local abundance of crabs, as estimated by the density of active burrows. In con- 

trast, Boulding & Hay (1984) found that the rate of predation on marked, cxperimen- 

tally planted clams (Protothucrr stamitlecr Conrad) by three species of cancrid crabs 

(Cancer productus Randall, C. gracilis Dana, and C. magkter Dana), increased with 

clam density. While it is premature to generalize from one field study each of preda- 

tion rates by these two crabs, there arc at least two fundamental differences in the 

biology of ~afh~gr~~~z~~ and Cancer that may explain why the former species did not 

cause density-dependent mortality of its mollusc prey while the latter species did. First, 

as an omnivore with a very diverse diet, Pach~grupstu, may have little reason to search 

out or spend disproportionate time feeding in habitat patches that support denser 

subpopulations of Cerithidea. On the other hand, Cancer spp. are carnivores that feed 

heavily on clams, and are therefore more likely to seek out dense patches of clams and 

spend more time feeding in them (Boulding & Hay, 1984). Secondly, Carzcer crabs 

forage over relatively large areas of the low intertidal and subtidat, often moving > 50 m 

in a day (BoLl~ding & Hay, 1984). Although no direct measurements of Pfi~h~,grfi~~~~.~ 
foraging movements have been made, the finding that crab predation rates on C~rit~t~d~i~ 
were highest in pans that were immediately surrounded by dense concentrations of 

burrows suggests that foraging crabs do not move far from protective cover. Similarly, 

in Goleta Slough near Santa Barbara, California, McCloy (1979) found that Pach~~grap- 
.m.c: exerted heavy predation pressure on Cerithideu populations only in an area adja- 

cent to a stretch of riprap that had been deposited along the banks of a marsh creek. 

This area supported the highest densities of Prrch~vgrapus. Since Pachygrupsus forages 

in the upper intertidal, and not uncommonly in the daytime, it is at considerable risk 

of predation by shorebirds (Stenzel et at., 1976; W.P. Sousa, pers. obs.). When en- 

countered in the open, P~c~~~gr~~~~~~s rapidly retreat to the nearest available shelter. With 

this restriction on the distance over which individual crabs can safely forage, Pcrch~~gq- 

.cus is unlikely to cause density-dependent mortality among the snail populations of 

upper intertidal pans. 

Shell sculpture in the form of varices seems to reduce the rate of successful attack 

by crabs, but a rigorous demonstration of their defensive function would require enu- 

meration of unsuccessful as well as successful attacks (e.g., Palmer, 1990). Such in- 
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formation was not collected in this study. Crabs displayed several means of circum- 

venting the protection afforded by varices against a peeling attack. 

Willets fed on considerably smaller Cerithidea than did Pach~grapsus. This observa- 

tion is consistent with the conclusion of Vermeij (1978) that predators that ingest prey 

whole cannot consume prey items as large as those taken by predators that crush the 

prey’s exoskeleton then extract the soft parts. Cerithidea > z 17 mm have apparently 

attained a refuge in size from willet predation. Because little, if any, body tissue remains 

in the shells of snails recovered from regurgitation pellets, I was unable to evaluate the 

inthtence of parasitism by larval trematodes on the risk of predation by willets. Most 

snails of the sizes consumed by willets are not infected by redial or sporocyst larvae 

(Sousa, 1983). However, metacercarial stages of two of the trematode species that 

infect Bolinas snail populations are sometimes present in the tissues of small snails 

(W. P. Sousa, unpubl. data). For the same reasons as discussed above in the context 

of crab predation, such infections are unlikely to alter the vulnerability of snails to willet 

predation. 

The impact of willet predation on the density of small snails was not measured in 

this study, however, McCloy (1979) experimentally assessed levels of shorebird pre- 

dation on small Cerithidea (< 10 mm) on a mud flat in the Sweetwater River Estuary 

near San Diego, California. He created 12 shallow 0.25-m’ pools on the mud flat. and 

placed 50 small Cerithidea in each. Half the pools were covered with a w-ire mesh cage 

to exclude birds, and half were left open. The number of snails remaining after foraging 

birds. including willets and sanderlings, had followed the tidally receding waterline 

through the area occupied by the experimental pools was counted. This experiment was 

repeated on seven different days. In only one of these trials was there a statistically 

significant decline in snail numbers in the open pools as compared to the pools from 

which birds had been excluded. McCloy concluded that while predation by shorebirds 

can depress the density of small Cerithidea, “this effect is patchy in time and space, and 

apparently independent of the density of Cerithidea”. This result is not entirely uncx- 

petted. As described earlier, willets have a very diverse diet of which Cerithidea is only 

a minor component (Page & Stenzel, 1975; Stenzel et al., 1976) and individual birds 

forage over a wide variety of lagoonal and open coast habitats. Therefore, it is doubtful 

that willcts concentrate their feeding efforts in denser subpopulations of snails. 

Even when feeding on a preferred prey species, or one that comprises a substantial 

portion of the diet, shorebirds do not consistently cause spatially density-dependent 

mortality of soft-sediment prey. Goss-Custard (1977) found that redshank Tringrr 

totmus L. feeding on the amphipod Corophiurn volutator Pallas caused density- 

dependent mortality of the crustacean on one transect within an estuary in northeast 

Scotland, but not on a second. Across the estuary as a whole, he predicted that red- 

shank would cause density-dependent mortality over the middle ranges of amphipod 

density, but that mortality due to redshank predation would be inversely density- 

dependent at high amphipod densities. Sutherland (1982) showed that predation of 

cockles Cerusroderrnrr edule L. by oystercatchers Haennatopus ostrulegus L. was dcnsity- 
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independent or inversely density-dependent over much of the range of natural prey 

densities within the intertidal of a sandy bay in Wales. Only at very low prey densi- 

ties, were rates of oystercatcher predation on cockles positively density-dependent. The 

results of the studies reported here and those of McCloy (1979) indicate that fluctua- 

tions in the numbers of snails within local Cerithidea populations are unlikely to be 

regulated in a density-dependent manner by crab or shorebird predation. 

The discovery of living snails within some willet regurgitation pellets indicates that 

if a snail’s shell remains intact, a tightly fitting operculum can act as an effective bar- 

rier against bird digestive enzymes. The same is true for some species of gastropods 

that are consumed by the marine cottid fish Asemichthvs tavlori Gilbert then dcfccated 

alive (Norton, 1988). Similarly, some species of juvenile freshwater molluscs can be 

ingested by waterfowl and regurgitated from the crop in a viable condition (Mackic, 

1979). Depending on the length of time that Cerirhidecr remain in the crop/gizzard of 

wiilets and the patterns of bird movement, living snails may be dispersed within or 

among coastal lagoons. Since Cer~~~jde~ has no planktonic larval stage and adult 

dispersal is limited, transport in the digestive tracts of birds may be an internlittent, 

but inlportant, mechanism of habitat colonization and gene flow. 
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