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Abstraot

! .

Data from field and laboratory experiments suggest that the vuinerability
of infaunal bivalves to cratrpredators is strongly- influeneed by shell morphology.
Shell features found to influence vulnerability included: shell thickness,

presence/absence of a gape degree of mflatnon and overall size. In addition,

the probabvllty of mortallty to crabs for any species was .strongly mfluenced by“’

. its poputation densuty and its handling time relatlve to other avVailable prey.

The relationship between the critical size of a blvalve (maxlmum size of -
vulnerablllty over a fixed ‘handling time) and crab size was determmed for four
different morphot;pes of bivalves. This enabled assessment of the ’
effectiveness of different shell features at reducing vulnerability to crabs. For
the three types of clams where a "size refuge" was present critical snze
increased with_crab size. However, when bffered a chouce crabs preferred ~
clams well below the crlticel size and ate -the elams predicted by the critical .
size experim_ent'. to be more vuln‘erable befére those predicted to be less
vuinerable. -

| Te determine how .these shell features decreased lenerability, ‘the
C’\echamcs of _shell crushmg by cancrid crabs was mvestlgated Both chelae
strength and the width of chelae gape increased with crab size and were
related to the maximum size of clam that could be handled effncnently
Examination -of the force pulses generated by the chela of an attaclimg erab,
revealed that thick—shelled clams resisted a greater total‘numb:er of force pulses

than did thin-shelied clams of the- same body weight and thus required more

time to open. This may be related to the ability of thiek—shelled clams to

- withstand a greater |oad than thin— shelled ctlams when loaded to failure in a

tensometer These results suggest that the mechaﬁl@ m responsible for this
increased resistance to crabs is prolongatnon of the shell-breaking time. . Thus
even though a large thlck shelled, tightly- closmg clam .could eventually be’

opened, it is likely to be rejected in favour of a prey with a hngher

3

profitability to -the crab.
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. Field experiments involving the manipulation of prey' density showed that
the mortality rate of clams due to crab predators increased with clamdensity.
The possible. reasons for a denslty dependent mortality rate include: the
“attraction of crabs from areas where prey densit‘y is low to where it is high’
because of the stronger stimulus provuded to the crabs's distance

wn #”

chemoreceptors the return of crabs to patches where tﬁenr‘“ Vrcess rate was

previously high, and/or the lack of infaunal space an jrp
densities, resultnng, in clams being forced towaﬁdf*&na g7
both small and large ,crabs in the Iaboratory and srﬂ crabs in fleld enclosures
preferred small clams when offered a choice, large ctabs. in the field readlly
attacked large, thlck—shelled clams,bwhen the availebility nof alternative prey was
low.

. Crabs showed‘ a marked ;erefe.rence wf‘or ‘erey with a shert shellr-breaking
time but had the ability to break into very large, well defended shells if given
sufficient time..  This undeubtedly contributes to crab survival during periods

when the abundance of their preferred prey is low.
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L INTRO[)QCT"ION
Qver'geolcgical time the morphology a‘n'd I"ifei;abits of bivalve taxa have changed
in srAevsipons‘e to changes i'nr-i:thkeir biotic environment. An important change
occurred during the Lower Cambrian, when bivalves.-evolved shells .of calcium
carbonate, probably as a defense againsf predators (Stanley 1976). Another
major change occurred in the late Mesozoic, when infaunal forms almbst
completely replacedg the immobile, reclining, epifaunal taxa that had previously
been abundant in soft sedirﬁents (Thayer 1979). Two factors could 'Have ‘been
responsible for this saébnd_u_f:hange. 1) The increase in the number of animal
‘taxa that disturbed the: sedim;l:\t through feeding or locomotion (Thayer 1979)
2) The incr‘ea‘se in the number of predators capable of breaking ‘mollusc shslis
(Vermeij 1977a). Physical models of immobile, reclining bivalves plaéed on the’
surfaée of modern intertidal sedimen;s' show‘ a decreased tendency to maintain
their life positién with increased biotic réworking of the sediments and are
vuinerable to ‘attack. By crabs (LaBarbera 1881). Thé pbor survivall of these
models suggests that biotic conditiohs have cl"iange'd since the period 6f the
'Mesozoic when these bivalves were abundant. . -

Predators are thus imblicated as having been an. important selective force
on the the m?féhology and lifehabits of biva‘lrves.b The predator—prey
relationship be\tvs}re'en shell—breaking,‘brachyuran' crabs and shelied molluscs goes
back to at least the ‘Paleocene (Vermeij 1877a. Unlike many organisms, both |
crabs and bivalves have a 'f;irly extensive féssil recdrd, (Stanley 1977, Warner
1977). In ’a.dditio:n the heavily célcifiéd chela :s often the ‘b'esAt preserved part
of the fossil cr’ab (Nations 1975), and can give clues as to the crab's probabie
diet (Warner 1977). Thus, the geological record for the predator—prey- .
relationship- between brachyuran crabs and bivalve may contain sufficient
information” to elucidate the role of predators as a selective force on the
morb'ho‘logy and lifehabits of th_eir_-prey.* . V

More is knOV\{n about evolutionary ~changes.in the shell morphology df
gastropods over time, in response to predators, than is known for bivalves.

The incidence of defensive gastropod shell features such as strong external



sculpture, narrow elongate apertures, and apertural _dentition, showed a.marked
increase th the“end of the Mesozoic (Vermeij 1977a) Simultaneousl_y shell
features known to increase vulnerability to ‘crabs such as open coiling, planispiral
coiling, and umbilici decreased (Vermeij 18977a). Although the initial developr’neﬁt
of more resistant shell morphology may have been triggered by shell-breaking
'predators other than crabs (Vermeij 1977a), its appearance selected for more
elaboratg shell—breaking morphology in later molluscivores, including crabs.. This
4in turn selected for even more well developed antipredator shell _rﬁorp’holo,gy.
The same sheli-breaking crabs that prey on shelled gastropods are qually able
to prey 6n bivalves (Vermsij 18977b) and it seems reasonable that their role in
“bi.valve evolution could have also been significant

The evolution of antipredator shell features in bivalves could be
advantageou;ly compared with that in _gastropods because of differences
between the:two groups in the archeiypal bbdy plan and the degree’ of
infaunalization. However no one has attempted this, perhaps ‘because of
uncertainty over which, if any, bivalve shell features increa;e resistance to
predatdrs Some of the ‘more cdnspiCUous‘ antipredator shell features of
gastropods, such .as spi‘nes, are rare in- bivalves (Stanley 1970, Verrhéij 1978).

To understand the influence of crab predation as a selective force on an
evolutionary tim‘e scale, -it_ is useful to identify ’factors influencing its imbortance
as a source of mo.rtality on an ecological time scale. While crabs are known
bivalve predators in many areas of the world fe. g. Glude‘ 1954; Carriker,
1959; Ebling et a/. 1964; /Hill 1879), their ‘high mobility and compiex behaviour
makes quantitative field data difficult to obtain ‘Littje is known ofv the factors
that determine whether crab predation represents a signfficant source of
rﬁortality for a givén clam population and whether any of this mortality is
differéntial with respect to phenotype.. ‘

In this thesis | investigate shell 'f,eathes of infaunal bivalves that increase
‘thei'r resistance to crab predators and ‘thé mechanisms by which this is achieved.‘
| also discuss the costs and tradeoffs inherent in the posséssion of

crab-resistant shell features. My field experiments and observations test
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. whether relative pr>ey density influences whether crabs are an important source
of/ mortality for a given bivalve population. Finally | discuss how the evolution
of crab chelae morphology and of crab-resistant shell featurds in gastropods
may have interacted with the evolution of crab-resistant shell features .in

infaunal bivalves.




Il. LAB STUDIES: CRAB-RESISTANT FEATURES OF INFAUNAL BIVALVE
SHELLS

INTRODUCTION
Many gaétropobds have shell features which substantially increase their
resistance to aftaék-by predators such as crabs and fish (Vermeij 1976; Palmer
1979; Bertness and Cunningham 1981). Controvefsy exists over whether such
shelll features also occuréin‘_bivalves. In his monograph on‘shell‘form in |
bivalves, Stanley (1970) concludes that relatively little of the variation in biVaIve
" shell morphology has evolved. specifically in responsé to predation. In contrast,
Kauffman (1969 discusseg several variants from the basic bivalve shell form
~ such as the presence of Iamellae'.f1utés, and spines which he considers to be
@Z}mﬁmly antipredator adaptatnons
Certaln shell features have been postulated to directly reduce the
vulnerability of clams‘-to«predators such as crabs. The proportion -of clam
species Wwhich permanently gape decreases in tropical areas compared to
temperate areas and in shallow burrowers compared to deep burrowers (Vermeijb
and Veil 1978) . Vermeij and Veil (1978) argue that this reflects the pattern of
predation intensity. leferences n vulnerability to crabs among different sizes
of mussel have been attributed to differences’ in compresswe shell strength,
which in turn have -been partially - attributed ‘to differences in shell thxckness
(Elner 1978) Blundon and Kennedy (1982a) compared the compresswe shell
: strengths of several clams and suggested that thick-shelled, more inflated clams
would be less vulherable to crab predation. Griffiths and Seiderer (1980) found
that the wvulnerability of mussels to being crushed by rock-lobsters was related
to .shell shape and shell strehgth. Although variables such as shell thi’cg ess,
“d’égrree of inflation (Cox et a/. 1969) and the presence/absence of a/,/f/gape
might be expected to affect the vulnerability of clams to crab‘pred'a:”tion,rr—rthese
effeéts have not been documented experimentally.‘
Crabs are significant predatc;rs on infaunal _bi'\)alves and in some areas

may be the largest cause of mortality for adult intertidal clams (Carriker 1959;



Walne and Dean 1972; MacKenzie 1977; Chapter lll. This mortality must ocour
differentially with respect to different sheil types if it is to .be an impoftani
se\iective force on the morpholdgy of clam shells.

. Stanley (1975) discusseé' the bivalve shell abs an example of‘morph'ologi‘cal
compromises in evolution. He argues that shell features that would be
beneficial may not evolve because of adverse 'geneti_ék\linkage, mutual exclusion
of alternati\}es, ontogenetic preclusfon or -because the archetypal body pian
places constraints on future evolution. . Thus, it is not sufficient to argue that
tﬁe existence of antipredator shell features in many gastrdpods, and the h;gh
incidence of predatibn on bivalves, guarantéeé tf;e existence of s'uch‘shell
_ features in bivalves. ' ’

"Two' types of experiments have been used-‘t‘o assess whether a ‘cert.ain' ,
shell feature confers increased resistance to predators. Both invol\)e determining
“the ”criticall, size" defined by Vermeij (1976) as the size above which a
gastropod  is no longer vulmerable to crushing by an ,individUal predator. In the
first, the critical size with the shell feature prevsent. has béen corﬁpared with
that “after the shell feature has been removed (Palmer 1979). When this was
not ppssible the critical size' of a ‘spééie_s possessing the shell feature in
question has been compared with that Sf a‘noth\e‘r that does not (Vevrmevij_ 1978,
1982a; Palmer 1879, Bertness and Cunningham 1981*)

‘More knowledge of the mechanics of shell crushing~by crabs may

-

provide insight “into. how certain shell features decrease yulnerabi\l\i‘ty.\;\Elner
{1978) used strain gaugés inside an artificial mussel to sfudy the mecr‘m\ajﬁics._of
crushing by Carcinus and Einer ané% Campbell. (1981) recorded from strain
gauges attached directly to the crusher chelae of lobsters. ‘H/c'awever no studies
have analyzed the force pulses generated when érabé crush clams and relafed
them to type of shell being crushed. “ |

( In-this study | investigated the contribution of a particular shell feature to
a bivalve's resistance to crab predators and the mechanism‘ by which this
increased resistavnc'e is achieved. Thé vulnerability (susceptibility to predation) of

four types ‘of infaunal clam‘s,\differing in shell thickness and the



“presence/absence of a gape was ranked using two methods:

1. . comparison of thenr critical sizes (maxlmum size of vulnerabmty for a fixed

shell-bteaking t»me)
2. their relative survival during feeding experimerits e ot

Effects of relative size, degree .of inflation, and the angle at which the valves

come together at the ventral margin ‘v?/ere also investigated. The mechanics of

shell-crushing by crabs was investigated using strain gauge techniques pioneered

by Elner (1978) and Elner and Campbell (198 1). Constraints that factors such
as efflmency of burrowing and thé cost of shell productlon may put on

evolution of antipredator shell morphology in these clam specues are discussed.

METHODS ' ;-

Comparative Morphology of the Four Clams

There are consplcuous differences in shell morphology between Protothaca

staminea (Conrad), (a thick-shelled, tnghﬂy—closmg clam that | ‘knew to suffer :

heavy mortality from crab predation) and other intertidal clams which occur with

it (Plate 1). The three most obvious differences were size, shell . thickness, and

the -presence or absence of a gape. With the exception of the tellinids
{Macorna /nqumata (Deshayes) and M. nasuta Conrad) and Juvemres of all
species, shallow byrrower_s tended to have. thicker shells and to be able to
close tightiy. | |

| chose three types of clams which had shell features contrasting with
those of P. stam/'nea.‘. These were a thin—shelled clam (a relatively rare morph
of P. staminea), a thick—shelled clam vwith a siphonal gape (the venerid

Saxidomus giganteus Deshéyes), 'and a thin-shelled ciam with a siphonal and

commissure gape ( Mya arenaria L), (Plate 1). - The thin-shelled morph of

ot

Protothaca starminea (Pfotothaca;-thin) was similar morphologically to the
thick—shelled morph, (Protothaca—thic'k) but could be distinguished by its more

highly pigmented valves and by the smaller angle with which the valves came

-together at the ventral margin.

’

A



Plate 1. Eight species of clams found in GraPpIer inlet, fBanifieId, BC in
approximate order from the shallowest burrowers to the ldeepest burrowers,
From the left front roW— Clinocardium nuttallii (Conrad), Tapes japonica
~ (Deshayes), ;chick—shelied morph of Protothaca stamine:; (Conrad), thin—shelled
morph of Protothaca staminea (Conrad), Macoma nasuta Conrad; back row-
Maco}na inquinata (Deshayes), Saxidomus giganteus Deshayes, Mya'arenar/va
Linnaeus, Tresus capax (Gould. Note the increased incidence of gaping in the

deeper "burrowers compared to the shallow burrowers.
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All clams were collected from intertidal soft sediments in Roquefeuil Bay
(48°51'N, 125°6'W) or Grappler Inlet (48°50'N,125°6'W) near Bamfield Marine
Station, British Columbia, Canada. For each clam, shell length (greatest distance
“from anterior to posterior), and shell  width (most convex point of left valve to
most convex point of right valve) were measured to the ‘nearest millimetra.
Shell thickness was measured to the nearest 0.01 mm at 3 points {1 mm
apart), /K( mm above the central ventral margin Qsing a micrometer. To enable
comparison among shells with differences in shell shape, size was expressed in
terms -of dry body weight  The regressions used to predict dry body weight
from the external linear dimensions of live clams were obtained by coliecting a
wide size range of 30 -individuals of each shell type. The Body was removed
from the shell and both wekre dried to constant weight .at 100 * C and
weighed to 0.01 gm and 0.1 gm respectively on a Mettier balance. Separate
regressions were computed for each of the four types of clams (n;epresenting
three species) on the log, tranﬂsformed data (shell iength was the independent
variable and dry body weight was the dependent variable).

The shell weights obtained for eac;h of these clams were compared, to
see if the means were different among iﬁe different clam types after adjusting
for differences in body weight This was done with Analysis of Covariance
(ANCOVA) with dry body weight as the covariate. The means obtained were
comparéd by -orthogonal t-tests so that the relative investment‘ in shell material
by each type of clam céuld be ranked. This and all ofher statistical analysis

was done using the MIDAS statistical package (Fox and Guire 1976).

Methods Used In All Crab Predation Experiments

.. The crab used in these experiments waé the cancrid‘ Cancer productus
Randa@l, a voracious predator on molluscs, incluc}ing Protothaca, in shallow rocky
areas and adjacent soft sediment a|;eas on the Northwest Pacific Coast (Nations
1979; Chapter III).‘ in addition qualitative observations_ of the techniques used to
open cléms were also made for thé crabs‘ Cancer mag./'ster Dana, Pugettia

productus Randall, and Hemigrapsus oregonensis Dana.
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The crabs were collected from Grappler inlet and were held in separate ‘
containers without sediment in running seawater. Containers without sediment
were used so that the effect of shell morph:olc_)gy'on clam vulnerability could
be separ'ated from that of depth of burial ~ The containers had a floor area at
least five times the area occupied by the crab; the lighting was subdued The
carapace width, propus height; and propys length (lower margin of manus and
f.ixed finger; Nations 1979) were measured for all C. productus, and all molt
increments were recorded. The C. prbductus were held in the lab at least a
week before being used in any experiments. The crabs were maintained on a

diet of Protothaca—thick when not being used in experiments.

Assessment of Vuinerability among Morphologies
Using Critical Size

Individual crabs were assighed rahdomly to one of the four clam types
and offered three individuals of that clam type. ‘When a clam had been
attacked and eaten, all mdlvnduals smalier than it were removed and replaced
with larger ones. This was continued untii a week had passed (during which
the crab continued to attempt to feed) without the crab successfully opening
any of the clams. The prevnous (Iargest) clam that had been opened
successfully was then considered to be the critical size of that type of clam
for that given crab. Data for crabs whic\:h had molted, died, or stopped
feeding before this week was up were not included.

Preliminary work had shown that rather than being fixed, the maximum
size of clam that could be opéned by a given crab increased with the
shell-breaking time but reached an‘asymptote if sufficiently long times were
allowed. Therefore to ensure that this asymptote had been approached, a.
conservatively long period of one week was chosen as the criterié’n for
ldeciding that the critical size had been reached. Unfortunately the use of this
criterion meant that determination of the critical size (of a given type of clam
for a given crab) could take up to 2 months. This meant that the same crab

could not be used to determine the critical size for all four types of -clams as



small crabs often molt within two months (pers. obs).

The observed critical sizes were compared to see if the means were
different among the, different clam types after adjusting for any differences in
crab size. This was done by f_ANCOVA (with crab size as .the covariate), then
the means obtained were compared with an orthogonal t—‘test so that their

relative vulnerability could be ranked.

Using Preference
Individual crabs were offered simultaneously five individuals of each of

the four types of clamé‘(Table . Each type of clam was of the same body
weight.  This weight‘ was the same as that of a Protothaca—thick that. was B0%
of the predicted critical 'size for the respective size-class of crabs (Table ).
Three replicates were established for each of ,three size-classes of crabs (Table
. The experiment was monitored ‘every two days to record the oﬁder in
which the clams were eateh and any shell fragments were removed. Clams
that had been eaten were not replaced.” The experiment‘was termina';ed for
' each crab when it had eaten 50% of the available clams For each size-class
of crabs, the total number of clams of aac;h type that had been eaten was
pooled.  This was tested against the null hypothesis that an- equal number- of
' eachr type had been eaten using the G-test for goodness of fit with William's
correction (Sokat and Rolhf 1981). Note that ih not reblacing the clams that
are. eaten this procedure l‘ is conservative and only substantial differences in
préference will be detected.-
Assessment of Vulnerability among ‘Sizes

| Crabs were offered equal numbers of each of four size-classes of
Protothacafthickj The si}.e—classes of clams uséd were selected from those: of.
shell length 05-1.0 cm, 15-2.0 cm, 25-30 cm, 35-40 cm, 45-50 om, and
55-6.0 cm.  The small (35-4.1 cml and medium (6.9-7.0 crﬁ)} size—-classes of
crabs were offered 3 individuals of each size-class of clamé replaced daily,

while the large crabs (13.8-14.4 cm) were offered 5 of each replaced

3
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.

semi—-weekly, because of the different rates at which they consumed clams.
Although preliminary observations had shown that they were capable of opening
them, the smallest two size-classes of clams were not offered to the largest
crabs as concealment of the smaller clams by the larger ones might have
affected the rate at which the crabs encountered them (see Hughes and Seed
1981). To prevent concealment of the smaller clams and because these
size—classés were beyond the small crabs's sbility, the small and medium crabs
were not offered the largest two size—classes of clams. The numbor oaten
from each size—class of clams was totaled for each size-class of crabs and
tested against the null hypothesis that an equal nurﬁbor had been eaten from
each size—class using thé G-test for goodness of jfit with Wiliam's cokrectidn
(Sokal and Rolhf 1981) | o
Machanics of Crab Attack and Shell Failure
‘Crab Claw Mechanics |

The maximum size 6f clam a (:‘rab.could fit in its‘_ chela was estimated
by measuring th‘e maximum width of chela_gape. The right chela of recent
trab molts; Was lgently‘ opened as' widely as possible ;nd the distance‘ pai'alleli
to the chela's dorsal ventral axis and in ‘the region of the 2nd molars was
measured to the nearest mllhmetre . 2 '

To test whether ‘crab- strength i‘ncreased-vci\tq crab size (oarabace width),
a "calibrating device” was made. A piece of heaVy wire, was bent mto’a
capital ormega shape and a strain - gauge (BEAN BAE- 13 25088 35OSE) was
glued to a plece ‘of 0.03" steel shimstock and hot-melt glued to the s_tra:ght
edgé of the wire (Fig. 1. The calibrating devnce waf calibrated in Newtons by
suspendung known weights from it a linear relatlonsrflp was found between the
force efgrtgd on the calibrating device and the output of the wheatstone bridge
contaiﬁing tHe device's strain gauge The callbratmg dewce was then placed in
‘Ntthe desured spot on the crab chela SO that the fingers of the dactylus _and: the
propus wevre ‘in .the upper and lower wire . loops respectively {(at the I?vel of |
- the thi(ﬁj rﬁolars)_rand the “crab was provoked into! con%racting“ lts chela'(%ig. 1).

e
!



Figure 1. The calibrating device used to measure the compare maximum forces
that different crab chelae could exert This device was also used to calibrate

the strain gauges that were directly attached to crab chelae.
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Repeated trials were made for each of 5 individuals of two different
size—tlasses and the maximum force measured was taken to be near the

maximum possible for that position on the chela. This method was used,

instead of the more common procedure of measuring the force required to pull '

open the chela (Brown et a/. 1979), because it resulted in more vigorous
cooperétion from the crabs.
Magnitude and Duration of Forces Generated A

Strain gauges (BEAN BAE-13-062BB-350SE) were glued directly to the
right propus of each of several crabs (Plate 2). These were calibrated in
newtons by provoking the crab fo squeeze  the calibrating device while
simultaneously recording off both ‘strain gauges . The crabs were then aliowed
to feed on clams of different sizes and types and the output. of the strain
gauge on the chela was continuously monitored..

Observations verified that a properly soldered and waterproofed strain
'gauge glued onto a crab chela was relatively insensitive so that at 100X |
amphﬁcatnon a smooth baseline was attained except when the crab was exerting
a force of at least 5 N with its chela. This rarely occurred unless the crab

was attempting to crush a clam.

Shé'/‘/ Thickness and Load at Failure .

.Live, healthy, Protothaca—thick and Protothaca-thin were loaded using a
Monsante tensometer (Type W) to forces causing shell failure. To keep the
area of shell contacted as constant as possible and of the same magnitude as
that contacted by the molars of a chela of a large C. productus, its
compression attachment was fitted with brass columns. These columns were
" machined until their tip‘s had three "molars” each with. an area of 4 mm? The
clams were always loaded in the same orientation - the ventral margin wos
oriented ‘down anq the brass columns touched the most convex portion of the
right and left valves (Fig 2). An estimate of contact area was made by

inserting carbon paper between the shell and the brass column ~ The clams
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Plate 2. The position at which the strain gauges were attached to crab chelae
|
!4
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R
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‘ Figure 2. The orientation of the clams loaded in the tensorheter (mechanical
tésting machine). The maximum load applied before the shell failed was

considered the Ioad at failure.
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used were of the same size—class (shell length 3.3-4.1 cm)

RESULTS

Comparative Morphology of the Four Clams |

Shell length was a good predictor of dry body wéight, at least within a
given clam popul_ation, and an r’ of over 0.90 (N=30) was obtained for each
regression (Table ). -

The éhell weight for Protothaca-thick was significantly greater than that.
for a Protothaca—thin or Saxidomus of the same body size and both of these
were greater than that for a Mya of the same body size (Table .
Shell-Breaking Behaviour of Crabs‘

All four species of. F:rabs observed used -two major techniques to open
clams depgnding on the size of the clam relétive to the crab. Clams small
enough to fit entirely withi_n a chéla W_are usually crushed outright‘ and in certain
cases requi;'ed only a single contraction of the chela muscles. The chela was
applied at the most convex portion of vthe right and left valves. A load
applied other than at this balance point resﬁlted in the clam being expelled from
between the two points of loading, uniess it was somehow braced.

A much more time consuming technique was necessary to opeh larger
‘clams. These were attacked at the ventral margin. Crabs repeatedly loaded an
area of the ventral margin wifh one chela (often their right) while.'braci'ng the
shell against their body-(ofl even against the ’aquérium wall) with the other chela
This was especially important when clams such as Protothaca were attacked
since the angle of the ventral margin is steep enough so that the crabs's
chelae tended to slip off it The clam was often reoriented between a series
of force pulses but this usually involved changing the method of bracing, the
angle of attack, or the chela being used, not the area that was being attacked.

This repeated loading of the same general area -ultimately resulted in pieces of
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the shell flaking off, until the ‘crab was able to insert one or both of its
propusses between the valves of the clam and pry up. This usuall"y resulted in
an explosive crack which broke a large section out of one valve. The crab
then gleaned the flesh from the shell by scooping it out with a chela or, for
small clams, by breaking the shell into small pieces which were then held up to
the mouth by the maxillipeds.

Rarely, clams capable of closing tightly were opened and eaten without
any visible damage to the shell but these were not considered. Clams kg}pt too
long in aquaria without any sediment sometimes lose their ability to close tightly
(as the adductor muscles alone seem insufficient to resist the hinge ligament;
pers. obs) In these experiments care was taken to remove clams before this
occurred. Nevertheless, clarﬁs held in aquaria éeem more vulnerable than usual
to this type of attack (which is probably rare under field conditions).

Preliminary experiments involving the determination of critical size showed
that a single unsuccessful attack did not necessarily mean the crab was
physically incapable 6f‘breakin'g the shell. Crabs attacking difficult to open prey
sometimes would attack a clam for a time (which could result in damage to the
shell) then ignore the clam .for periods of up to a few days. If not provided
with more easily opened prey, hungry crabs would persist in their attack (with
bouts that could last for hours) and were often eventually successful. The
frequency ahd length of these pauses between attack bouts increased as the

critical size was approached (pers. obs.)

Assessment of Vulnerability among Morphologies
Using Critical Size

For Protothaca—thick, Protothaca—thin, and Saxidomus, critical size increased

‘with crab size (Fig. 3, Appendix 1). The mean critical size for Protothaca—thick

was significantly smaller” than that for Protothaca—thin which was itself
significantly smaller than that for Saxidomus (Tablg Il Recall that as critical
size decreases, the wvulnerability of that type of .clam to crab predation is

considered to decrease (see Vermeij 1976). - Thus Saxidomus was more



Figure 3. The relationship batWeen critical size and crab size for the three
types of clams which showed a "size refuge”  Critical size is given in units of
body weight with a cube root transformation. The body weights were
predicted from measurements of shell length using the regressions in Table Ii.
The regression lines shown are from the ANCOVA and represent the best fit
lines of a common slope through th\e poinfs for each type of clam. The
circled points rgpresént the mean critical size for each type of clam after
adjusting for differences in crab size. See text for methods, Table Il for

ubs

analysis, and Appendix 1 for raw data



CRITICAL SIZE OF CLAM
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vulnerable than Protothaca-thin which was in turn more vuinerable than
Protothaca—thick.. |

| observed marked effects of a permanent gape on vulnerability to
predation. Mya was the most vulnerable of,these four types of clams and no
critical size couid be obtamed. Even the sn;allest crab (carapace width=2.8 .cm)
that could be used 'in th|s experiment -was able to open the Iargest Mya (shell
length=6.3 cm, cube root of predicted dry body waeight= 10 compar\e with
Fig. 3) available, by digging out the ‘tissue through the siphonal gapa. Crabs too
large to insert a chela through the 5|phonal gape were easily able to crush the
thin shell of this clam The thicker— shalled SaX/domus was frequently attacked
around. the siphonal gape (Plate 3).

_The shells of several other clam species that occurred ‘with these four
‘ types provided little of a barrier to crabs (Plate 1) No critical size could be
obtained for the small, flattened, thin—shelled tellinids; Macoma nasuta, or Macoma

ingulnata and cc,abé asily attacked Tresus capax through the permanent gape of

its shell.

Using Preference

Even at subcritical sizes the ranking of lvulnerability of these four types
of clams followed that predicted from the critical size experiments. In general,
the clams predicted to be more vulnerable were eaten before those predicted
to be less vulnerable (Fig 4), although the patterns are slightly different for'fhe
different size—classes of crabs. For all ‘three'size—cvlasses of cratPs Mya had
the lc‘>west‘relatvive‘ survival “and none were alive at the ‘tern‘(\jnation .of the’
experiment (Fig. 4). Sax/do';;us and Protothaca—thin showed next low;st relative
sﬁrvival, and Protbthaca—thick had the highest relative survivéi; The null
hypothesis of no preference was rejected for each of- the three size-classes
of crabs (smal G = 16.18, p < 0005 medium: G = 994, p < 0.025; Iarge
G = 333 p < 0.005; for the srhallest, medium,. and largest size—class of crabs

respectively. The largest crabs only showed a slight- preference for

Protothaca—thick over. Protothaca-thin (Fig. 4c). This may be reiafed to the
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Plate ‘3. Left a Saxidomus giganteus that has been attacked by a Cancer
productus; note the chips around the siphonal.gape. Right a S. g/iganteus

before being attacked.
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Figure 4. The order in which the clam types were eaten by three dif_ferlnt
size—classes of crabs that were ‘offered all four clam types simultaneously.
The‘mean number of clams surviving verst the cumulative number of clams
eaten by each crab is graphed separately for -each type of clam. Figure 4a
shows lthe résults from the three crabs in the small (SM) size-class of crabs,
4b those f"rom.the medium (MED) crabs, and 4c those from the large (LG)

crabs. (See text and Table | for details).
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changes in relative shell thickness with clam age; the thin morph becomes
proportionately thicker when older so the difference in thickness between the
two ‘morphs becomes less. Clams that had not been eaten, frequently had

characteristic chips, at the ventral margin which indicated that they had been

attacked then rejected. Even at only 80% of the critical size, the crabs were - -

]

forced to use the slow method of attacking the clams at tr;e ventral margin
for all the clams except Mya. - v

Taste did not seem to affect crab preference. If body tissue from any
of the four types of clams was removed from the shell and offered to a

crab it was readily eaten.

Assessment of Vulnerabilibty a‘mong Sizes

"Despite their . ability to open much bigger clams, all three size-classes of
crabs showed a significant pre’ference-: for clams well below the “critical size"
(Table 1V, Fig 3). Crabs avoided breaking the thick shells of the larger clams
except when necessary to obtain the body tissue. The shell-fragments from
the smaller size—classes of clams were found in many small piéces while those

from the larger size—classes were in large'p'receé (Plate. 4).

Mechanics of Crab Attack and Shell Failure
The mechanics of shell crushing by crabs was investigated to elut
the mechanism responsible for' the lower vuinerability of large and of

thick—shelled clams to crabs.

Crab Claw Mechanics

The relationship between crab size and chela gape a-nd between crab size
and chela strength was investigated to see if this could account for the
increase of critical size with crab size |

Both chela gape .and chela strength ‘increased with crab carapace width.
The maximum distance that a chlela can be opened is linearly correlated with

propus height (r*=0.992, N > 5) and also with carapace width (r’=0.995 N >
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Plate 4. Shell fragments from the size—preference experiment for the largest

'size—class of crabs that was used The four plles of fragments shown were

selected randomly from those from each size— class of clams. From Ieft to

. right. back row- shell iehgth (25 30 cm), shell iength (35-4.0 cm); front row-

shell tength (4.5-5.0 cm), shell length (5.5-6.0 cm). Note that the thicker shells

of the larger clams were broken less often than those:from the smaller clams,
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5). When measured at the third molar a 5.1 cm male crab exerted only 43 N
over an estimated contact area of 1.5 mm? (or an estimated stress of 29
MN/m?), while a 130 cm male crab exerted a maximum force of 178 N' over

an estimated contact érea of 3 mm? {or an estimated stress of 59 MN/m?),

Magnitude and Duration of Forces Generated

Crabs took more time to open clams predicted to be more resistant
than to open those predicted to be less resistant. Comparison' of a recording
made ‘lwhen a 86 cm female crab attacked first a 1.2 cm Protothaca (Plate 5A)
with one made when the same crab éttacked a 25 cm Protothaca-thin. (Plate
5B) reveals that it took longer to open the larger clam. ' Each spike represents
‘a force pulse; note that while it took the crab more force - pulses to open the
larger' clam than the smaller clam, there was no difference between the two
clams in the average or greatest magnitude of the force pulses that were used.
The same trends were seen when the same crab attacked first a
Protothaca—thick (shell iength=2.0 cm) (Plate k6A)‘and then.a more vulnerable
Protothaca—thin (of the same body weight; Plate 6B). Similar recordings and
'Iaboratbry observations confirm that it takes more force pulses and more' ti.me
to open cIamsApredicted from" the critical size experiments -to be more resistant
than it does to open those bredicted to be less resistant Maximum force
pulses at the beginning of the attack are indistinguishable in magnitude and
dur;tion ffom those near the end, and perhaps represent the maximum possible
for that particular crab. The duration of a single force pulse is rarely more

than 10 seconds. 7

"Shell Thickness and Load at Failure

‘The magnitude of the load at féilure_ was tested for Protothaca—thick and
Protothaca—thin to see if the increased shell thickness of Protothaca—thick
provided significantly greater resistance to crushing. »

Protothaca-thin failed at a significantly lower load than did the

Protothaca—thick (Mann—-Whitney U=14.0; p < 0.0001). There was considerable



Plate 5. Recordings from a stain gauge glued Airectly to the propus ofl an

female Cancer productus (carapace width=8.6 cm) The output from the strain
gauge was calibrated in newtons using the “calibrating device”. In A the crab
attacked a 1.2 cm Protothaca l(intermediate between the two morphs) and in B

fcontinuous record, read from left to rightl a 25 cm Protothaca—thin:

>






Plate 6. Recordings from the strain gauge of the same crab as in Plate 5 |In
A (continuous record, read from left to right) the crab was attacking a 20 cm

Protothaca—thick and in B a Protothaca—thin of the same dry body weight
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residual veriance which did not correlate with any shell parameter or with
contact area and which may have been related to the previous history of the
shells (Fig. 5). This residual variance was higher for the thicker morph
(S1=0.8659) than the thinner morph (5?=0.4641) The breakage patterns for shells

crushed in the tensometer. resembled those of shelis crushed by crabs.

DISCUSSION

Shell Morphology: An Equilibri'um between Opposing Selection Pressures

In toese four temperate clams there were no shell features such as
orominent sculpture exclusively adapted for resisting or escaping from crabs or
other predators. This is not the case for some temperate gastropods
le. g Palme/r 1977). The reasons for this difference may be twofold  First,
burrowing places a major constraint on the type of shell features that can be
selected for and as a result many antipredator shell features are subtle and
may actually represent exaptation (sensu Gould and Vrba 1982: a feature initially
selected‘for to perform a function unrelated to its current benefit) rather than
adéptation, Many of the antipredator, adaptations found in epifaunal gastropod
shells are high in relief, consisting of stout spines (Palmer 1979} or other
strong external sculpture (Vermeij 1978; Bertness and Cunningham 1981)  Shell
features like these would probably hinder burrowing in clams by increasing
:esistance to passage through the sediment. The experiments described above
show that bivalve resistance to crab predators is_increased by the ability to
close tightly, and by increased shell thickness. The data suggest that resistance
is also increased by a more inflated shell shape,-and by the valves coming
together at a steep angle at the ventral margin . The subtiety of many of these
antipredator shell features in bivalves mayl have led Stanley (1870) to conciude
that vpredators were not a major selective force on bivalve shell morphology
even though he argues that the intensity of predation on bivalves: o‘m‘r'

geological time has been high (Stanley 1873, 1877).



Figure 5 The load at failure in compression for two morphs of Protothaca
staminea loaded in a tensometer. Note that the mean load at failure was

significantly greater for the thick-shelled morph than for the thin-shelled morph
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in addition, although predators such as crabs are capable of digging out
even deeply burrowed clams, they forage more efficiently near the surface.k
Many crabs, including the cancrids, forage in soft sediments by probing with
their legs and chelae or by excavating pits (Warner 1977; pers. obs) Pearson
(et al. 1981) and Blundon and Kennedy (1982b) obtained higher mortality to
crabs when clar/ns were restricted to a shallow depth of burial than when theyJ
were allowed to burrow deeper. This would result fn selection pressures from
predators being lower on deep infaunal than on shallow infaunal molluscs. |

The results from the critical size and preference among morphologies
experiments suggest that at least three shell featgres can have a significant
effect on bivalve vulnerability to predation by crabs: shell thickness, \presence or

absence of a gape, and overall shell size and shape.

Shell Thickness

. The data from the critical size and clam type preference eXperiments
show that thick—shelled clams are less vulnerlab_le to crab predatgrs - than similar
thin—shelled ciams. The lower vulherability_ of the thick—shelled morph of |

Protothaca staminea relative to the thin—-shelled morph‘may simply result from

its ability to withstand a larger compressive load. The thick—shelled morph was '

able to withstand more force pulses than the thin—shelled morph (Plate 6). The
reluctance of crabé’to break thick shells was further reflected in the size
préference experiménts where the larger (and thicker) Protothaca-thick were
recovered i‘n‘ Iarger pieces (Plate 4) | v |

. Thicker shgllé’d clams would be expected to also 'b_e less vulnefable to
other predators. For exampie a"thicker shell has been shown to make clams
more resistant to drilling by naticids gastropods (Kitchell et a/. 1881)~ In
contraét Stanley (1970} argues that further shell thickeninb beyond about that
found m/l;yt//us edulis ‘L. serves primarily to stabilize the position of the clam
in'fhe sedimen‘t,;' This seems unlikely for the hivalves examined in this ‘Study, all
of which are found in relatively quiet water. Fufther, Stanley's (1970)" data

show a high negative correlation between shell thickness and depth of

.
gy
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burroWing,'and between shell relief (ornamentation) and depth of burrowing.
These inveur5e correlations provide additional support for the hypothesis that the
increased shell thickness of shallow burrowing clams is in response to selection
pressures from epibenthic predators.

Selection for a thicker shell in response to predation will be opposed by
selective pressures related to the cost of having such a .shell The increase in
overall density could be a disadvantage where rapid burrowing is desirable,
becausebof the increase in inertial mass, or in very soft mud if sinking is a -
problem. Also a thicker shéll could have an energetic cost or an evolutionary
cost in terms of a reduced maximal rate of growth (Palmer 1981). The
difference in shell thickness between tﬁe tWo morphs of Protothaca is probably
a result of the faster growth rate of the thin—shelled morph. Gro.wth rate has .
been shown to affect shell weight in Mya arenaria and slower growing clams
are more inflated, rougher, and heavier than faster growing clams of the same
age (Newell and Hidu 1982). Clams such as the tellinids (Plate 1) are relatively
shallow burrowers and suffef a high mortality to crabs. (pers. obs) yet ‘have
thin shells. These clams might be examples of r—selected spécies which trade
off increased vulnerability to predators against. the ability to grow faster {(by
only ‘taking the time to secrete a thin shell. Paimer 1981).

Thicker shells would havé a selective advantage if they predictably
increased tolerance for compressive loading. To a point this would be
expected since increasing shell thiékness increases its resistance to bending
(Wainwright et a/. 1976), and iﬁdeed there was a significant difference in the
average load the thick and thin morphs could withstand (Fig. 5). However within
each group’ the variance was high, e'specially.f- for the thick—sheiled morph. This
unexplained variance suggests that o;;'\er factors are involved and this might be
variance in the severity of subcriticél microcracks (see: Wainwright et a/. 1976)
in the outer and older layers of the shell where the clam is unable to repair

-it*takes. longer. to secrete a thicker shell

them (LaBarbera pers. comm).
there may bé 2 higher probla‘gﬂriil of small cracks forming since the material

v;/ill have bé@en exposed to more wear. Thus 'load at failure may only increase

J

T
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with shell thickness to a certain point (Boulding unpub. data).

Presence or Absence of a Gape

{n terms of vulnerability to crabs a siphonal, pedal or commissure gape
is analogous to the gastropod shell aperture in that it allows easy access to
the body and gives the chela purchase on ‘'the shell. The results presented
here, show that the shells with a gape (SaX/domus) were in general more
vuinerable to crabs than clams of the same shell weight without a gape
(Protothaca-thin) and were frequently attaéked at or through the gape. In
addition to crabs, tightly—closing bivalves are more resistant to other

valve—prying predators such as the gyast'ropm‘?ﬁusywon (Carriker 1951), starfish,

and oystercatchers.

The Effect of Clam Size

The strong preference Cancer productus showed in the laboratory for the
smallest Protothaca—thick they were offered was also observed in the field
when juvenile crabs were offered .clams in natural sediments (Chapter fy;

L (4> e [ k
¥, fhe prey defisity. manipulation experiment showed that crabs readily

_iérge clams ~when th‘e densities of alternative hrey were low (Chapter
This result contrasts with the result of no size—selection obtained by
don and Kennedy (1982a) for Ca///nectes sapidus preying on Mya arenaria
3 is not surprising. The, data presented here show that Mya's. shell is an
ineffective barrier to crabs and. would be unlikely to strongly influence prey
selection ‘ T

The increase of critical size with crab size is probably a result of the
increase of ,both.chela strength “and maximum angle of chela gape with crab
- size. A similar pattern occurs in another decapod that uses its mandibles to
crush bivalves. The maximum size of mussel that can be crushed by a Rock
lobster (Jasus /alandii) increases with Rock lobster size (Griffiths and Seiderer

1980), presumably as does mandib‘f strength and maximum angle of mandible

gape. The rejection of larger Protothaca in favour of smaller ones is probably
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because of the thfck_er shell and increase in‘ the minimum shell dimension {usually
shell w'idth) of the larger éléms. The increased minimum shell dimension makes
the clam too large to fit entirely within the ‘thela, decreases the\amount of
| force that can be applied. and necessitates the use of the time consuming
edge—chip;ﬁ;ing method.  Thus ‘thé lower vulnerability of large clams may result
from chela geometry. The blue crab Ca///hectes sapidus must use an edge
chipping method for mussels too large to fit within a chela and this tactic
takes an order of magnitude longer than the crushing method used for mussels
“that are not tpo“i_}\arge to fit. (Seed 1882) This may explain why crabs that
feed primarily on shelled molluscs tend to have large chelae with a relatively
high heigwht to length ratio (Warner 1977)  ‘ '

The geometry of structures used in feeding has -also been shown to .
affect size preference and/or handling time in other predators. Holling (1964)
obtained size-selective predaﬁon in preying mantids which corresponded to that
predicted to be optimum from an analysis of the geometry of their grasping
forearm. The profitability of p;'ey eaten by Sunfish is at a haximum_ when the
ratio of,prey size to mouth size is 0.59, regardless of the size of the fish
{(Werner 1974). In Nuhbirds the maximum width of gape of the bill limits the
maximum size of prey that can be taken and determines the han_dling“ time of
prey that is taken (Sherry and McDade 1982) \

in addition to increasing shell—breaking -time, the closer approxin\%}ation of
a sphere by more inflafeqi shells minimizes the amount of shell mai’gf;‘iél needed
to cover a given volume fof body. This might be important if there is\ an ‘
énergetic or growth limitation cost to shell production (Paimer 1981). However’
Trueman (et a/. 1966) have shown thiat elongate -clams penetrate into the
sediment more easily thanl more inflated .ones. Thus while increasing the degr e
of inflation might increase sh;all—breéking time and decrease the amount of shell

material required, it might also decrease burrowing efficiency. This is another

ekamp'le of the constraints that burrowing places on clam shell morphology.
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Assessment of Vulnerability to Crab Predators

A similar ranking of comparative vuinerability was obtained using species
preference as was obtained using critical size. The assessment using species
preference took less time since shell—breaking time was fixed and‘:ﬂas less
sensitive to differences among crabs 'sinc.e all types of cylams"’\’)vere fed to

each crab. : L

Dy
4 B
N

| did not attempt to predict whether a given type of clam could be

"opened by a given crab (by comparing the maximum force a crab could

generate with its chela with the load required to crush a clam of that type in
the tensometer) even though this method has been used by other investigators
{e. g. Blundon and Kennedy 1982a) and takes the least amount of time. There
were two major reasons for this decision first the moiars on crab chelae -act
as stress concentrators (Brown et a/. 1879) so the point stresses where the
molars éontact the shell are much higher ;than those where the tensometer
contacts it (the calcium carbonate that makes up the shells is a brittie material
and woulld be expected to be very sensitive to stress concentrations) and
second,/even if it were ;;oss}ble to mimic exactly. the contact area and angle
of force application by a‘crab chela (and because the blates of a tybical
compression attachment are not jointed, the angie of force application can not
be mimicked), crabs open large ciams by repeatedly-loadihg them with their
chela, not by loading them only once (Plates 5 and 6). Also many '
crab-resistant shell features such as the ability to close tightly and a steep
angle at the ventral margin .:are not likely to be detected by loading clams in a
iénsometer. However .1 do-consider loading clams in a tensometer useful to
determine whether the observed differences in vulnerability result from
differences in shell strength.

Assessment of the comparative vuinerability of shelled prey to Cancer

productus and for crabs with similar behaviour is difficult because of the

complex technique used to open large prey. The puised nature of force

‘application by the chela obserYed here has also been noted for other decapods

.

that prey on shelled molluscs “l(Zipser and ‘Vermeij 1978; Elner 1978; Elner and
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Campbell 1881). This repeated loading of the shell material could cause fatigue
damége to occur, which would weaken the shell. This would result in the
probability of failure being a function of shell-breaking time as well as absolute
chela strength (Boulding and LaBarbera, in prep). Einer and Hughes (1978,

p. 106} found that sheli-breaking time increased asymptotically with shell length
fon\' Carcinus preying on mussels. If less time is allowed it will be erroneously
concluded that the crab is unable to open the shell This makes critical size
difficult to determine. '

I. Figure 6 shows the theorstical relationship betweqn the maximum size of
clam that can be opened by a given crab and the shell—breaking time allowed.
If a decision is made to save ;time by using an allowed shell-breaking time
where the curve is still a far distance from the asymptote (as | did in the
clam rtype preferencé experimént), the amount of shellv—breaking time allowed per
prey item and the availability and type of alternative prey must be held constant
This increases the probability that differences observed ‘are real differences in
vulnerability. Care should be taken to insure that the observed rank of
preference is due to differences in shell features and not in response to other
factors such as chemical or behavioural differences. In addition, although
working at a distance~from the asymptote is a more efficient way of ranking
comparafive vulnerability, the magnitude of “critical size” obtained this way, can
not be compared to values obtained by other workers who may have allowed a
different shell—breaking time. | '

Some ,confusion séems to exist in the literature with equati'ng ~eritical
size” with an absolute size—refuge from crab predation when it has not been
shown that that critical size no Iongér increases with shell—breaking time (e. g.
Bertness and Cunningham . 1981). "Effective size-refuges from predation, z;t least
~on an ecological time sc‘ale, are functions of many \}ariables, and can probably
only be determined accurately in the field {e. g. - Paine 1@76) and can be at

sizes below the absoiute limjtations of the predator (R. T. Paine, pers. comm,).

e



Figure 6. The hypothetical relétionship between the maximum size of shelied

prey that can be opened by a given predator (critical size) versus. the time that

prey is available to the predator. Curve A is for a more resistant mollusc™
species, (species A) and curve B is for a less resistant species (species B). A
is the asymptote .representing maximum size of vulnerability for species A while
B is the asymptote for species B. Note that critical size becomes more
dependent on time if only short times are allowed. The vulnerability of
different clams can also be e?ficiehtly ranked "using preference; if the time
allowed for attack is kept constant. For example a crab offered moliuscs of
size Sy from both species for a period Tx , would have time to break open

the more vulnerable species B, but would not have time to open A.

¢ -
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Shell-Breaking Time and Probability of Mortality to Crab Predation

Even when less than the critical size, clams that were thick-shelied
and/or tightly-closing survived longer because they were not persistently
attacked until the densities of the thin—shelled, gaping clams werg “low (Fig. 4).
The size preference experiments showed that the crabs preferred the smaller
clams, further supporting the hypothesis that the crabs were selecting the more
easily opened clams (Table V). The recordings from the strain gauge showed
that crabs took many more force pulses to open thick—shelled Protothaca than
to open thin—shelled Protothaca (Plate 6). Similar trends were found when the
recordings from a crab attacking large Protothaca were compared with those
from the same crab attacking smaller ones (Plate 5). These results suggest that
total sheli-breaking time has a'strong influence on prey selection by Cancer
productus.l When provided with abundant prey, another crab, Carcinus, selects
. mussels for which the ratio >of energetic value over sheli-breaking time is at a
maximum (Elner and Hughes 1878, v

Predators such as crabs would be expected to prefer prey with short
shell-breaking times because it simultanéously increases prey profitability (energy
intake per unit time) and decreases the total amount of time the predator has
to spend foraging Total time should be important to these and other-
predators which are heavily preyed upon by conspecifics and their own
predators (pers. obs) and whose foraging time in the intertidal is constrained by
the time available during a high tide. Hughes and Seed (1981) have suggested
that time minimization (sensu Schoener 197 1) and not just energy maximization is
important for the portunid Ca//inectes sapidus preying on the mussel, Geukensia
‘demissa. Risk to predation can influence prey selection, as has been .l
documented experimentally for the backswimmer Notonecta hoffmanni (Sih 19807.
Thus the possession of shell feétures that increase shell-breaking time {such as
a thick shelll might substantially reduce the probability that a crab would persist
in attacking long enough to open the clam. That this tactic may be commonly
use‘d by prey to .decrease their profitability and therefore attractiveness to

predators is suggested by the iong r‘handling times required by many predators.

v
\



to exploit their prey. For example the oyster drill, (rosa/pinx spp., may
require over 3 1/2 days to penetrate an oyster (Carriker and Van Zandt 1972)
The intertidal gastropod, Acanth/na, changes from selecting prey with a high
profitability to selecting prey with a short handling time as the time remaining
for foraging becomes less (Menge 1974). Resistance by bivalveé to crushing -
predators such as crabs is best explained as the sum of a number of shell
features that greatly increase shell~breaking time rather than the attainment of a
size refuge from all predation. Characteristics of bivalves that wguld increase
shell~breaking time and might therefore decrease vuinerability incld/;ie large size,
ability to close tightly, degree of inflation, steepness of ventral margin, and

depth of burial in the sediment.



. FIELD STUDIES: CRAB RESPONSE TO PREY DENSITY

INTRODUCTION

The experimental study of predation by snails and starfish in the rocky
intertidal has contributed much to our understanding of marine ecosystems
(Connell 1961, 1972; Paine 1966, 1969, 1976, Dayton 1971). More recently,.
attempts have been made to experimentally study the impact of predation on
invertebrates living intertidally in soft sediments using techniques developed in
the rocky intertidal (Woaodin 1974; Young et a/. 1976; Virnstein 1977; Reise
1978). In contrast to the slow—moving predaiors, such as snails and starfish
that are important in wave—exposed rocky intertidal areas, highly mobile
predators, such as crabs, fish, and birds, are thought to be important in
intertidal soft sediments (Young et a/. 1976, O'Connor and Brown 1977;
Virnstein 1977 Reise 1978).

| Unfortunately the high mobility and complex behaviour: of these importanPt
- soft sediment predators makes experimental manipulation of .their densities very
dif'ficult. Further, techniques such as predator exclusions which have been i:
extensively in the rocky intertidal can cause serious experimental artifacts
used in soft-sediments (Virnstein 1978; Hurberg and Oliver 19801 Thus the
study of highly mobile predators in soft sediments may require the development
of new experimental techniques.

Crabs are implicated as important prédators on bivalve populations and in
some areas are believed to be responsible for the observea low densities of
-wild clams and the poor survival of planted hatchery-reared clams (Glude 1954;>
Carriker 1958, Whetstone and Eversole 1978). Most quantitative investigations
‘of the impact of crab predation on the distribution and abundancé of clams

have relied on. techniques such as crab stomach analysis, estimates of crab

*,

population density, and/or Iaborétory experimehts le. g. Walne apd Dean 1972;
Whetstone and Eversole 1978). The factors which influence crab behaviour in
the field and determine whether or not crab predation represents a significant

source of mortality for a given. clam population, have rarely been investigated.

54
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While crabs can be very selective about what they eat in.the laboratory (Walne
and Dean 1972 Elner and Hughes 1978), stomach analysis typically shows them
to be opportunistic- predators in the field (e. g. Bernard 1977, Hill, 1979). This
discrepancy could perhaps be reconciled if more was known about factors that

influence the patterns of mortality due to crabs in field populations of their

prey.

This study examines crab predation of Native littleneck clams (Protothaca .

staminea. The methods uséd include: crab—exclusion/inclusion with cages,
manipulation of clam density, following crab daily movements using acoustic
telemetry and crab net movements using mark and recapture. The results
suggest that cancrid crabs are attracted ta local high densifié;s of their prey
and consequently the mortality rate of the clams from crab predation increases

with increasing clam density. b

METHODS
Clam Size and Mortality Due to Small Crabs
The Pfedator Exclusion/Inclusion Experiment

A study area was selected in a small bay within Roquefeuil Bay (48°51N,
125%'W) near Bamfield Marine Station, B.C., Canada The site was 'protected
from large waves by an offshore reef. Juvenile crabs (mostly Cancer
productus) were common intertidally in the sand in this bay while adults were
common subtidally in the eelgrass (Zostera) beds. The density of clams at a
tidal he:ght of 0.6 meters (above lowest low water datum, Canadian |
Hydrographnc Services) ‘was less than 21 clams/m? (Table V) and most of these

ore tellinids and less than 20 mm in shell length »

On a transect parallel to the water's edge at a tidal height Of‘O.GA“"

meters, 13 points were chosen randomly and each assigned randomly to one ~'_jof

4) treatments. The four treatments were 1) "predator exclusion” 2) "single crafb‘

perimeter). There were four replicates of the "three crabs inclusion”

treatment and three replicates of the other three treatments.

- A, -
indusion” 3) "three crabs inclusion” 4) "unprotected’ (with a buried fence aroynd #
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Cages were constructed of 12 mm Qalvanized steel mesh, overlayed with e
4 mm VEXAR mesh attacl*'f"«d to an aluminum frame (05 m X 05 m X 025 m
thigh)} with a trap door in the roof to "'allq\)v access (Plate 7). The buried’
fence of the "unprotected” treatment was designed to prevéent horizontal
mqvemeni of the clams and was constructed of 4 mm VEXAR (05 m X 05
m X 015 m (high)). The fences and the sides of the cages were buried to a
depth of 0.15 m. - ‘ '

Care was taken to disthb the sediment and natural infauna being
enclosed little as possible. This was done to maximize the advantages of
working in natural sediments‘ as opposed to a laboratory simulation of them.

However this approach does have the disadvantage that the initial density ™ of

hgtural clams is not known and must be estimated from -the density of

rr

unmarked ciams upon sampling. - This adds to the variance among lrepiicate
enclosures but reduces the probability of experimental artifacts‘froml disturbing
the - sediment.

Native littieneck clams (Protothaca staminea Conrad, Veneridae) of three
size-classes (9 - 15 mm, 17 - 24 mm, and 26 - 32 mm) were collected
from the Bamfield‘area; "Note that all experimehts described in “this Chapter
usgd exclusi\‘/ely the thi’ck—shelledﬂmor.'ph of P. staminea Each chm was
marked on the hinge with a dot of Martex tech—pen ink using a different
colbur ink for each size-class. Fifteéﬁ clams of each size-class, or a total of
forty-five clamé, were placed in ééch treatment  Temporary lids of 4 mm
VEXAR were sewn onto the fgnces of the "unprotected” freatment to allow any
disturbed sediment to, resettle and the clams' that had been“ planted to burrow.
This was done because observations during High tide suggested that crabs were
attracted to ',récently disturbed areas. A week later (July 1, 1981) these lids

were removed and an appropriate number of marked Cancer productus (carapace

_width 45 - 55 mm) were plaéed in the enciosed treatments with crabs.

The experiment was sampled 3 weeks later The ‘cages or fences were
removed and the i ’sce was combed first with fingers, therm with a clam fork

and any live clams . fragméhts were set aside. Al the sediment that had

i
W
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Plate 7. The cages used in the predator exclusion/inciusion experiment. Note
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been enclosed was dug up to a depth of 0.3 m then sieved through a fioating
sieve (05 m X 05 m) of 5 mm mesh. The marked clams that had been
placed in each enclosure were separated into‘4 categories: alive, crab'—c;ushed,
dead with no shell damage, and missing. The number of clams in each of
these categories was determined by counting -hing;s, The shell fragments of
clams suspécted of being crushed by crabs were compared with others known
to have been crushed by crabs in the Iaboratory.' The numbers and condition
- of the marked crabs in the "crab” treatments ‘wefe recorded. in addition, the
number of the natural bivalves (of shell length > 10 mm), crab:, and .
predaceous gastropods present in each enclosure was noted.

~While all live clams were retained by the sieve this was not trué of the
fragments of shells that had been crushed by crabs, particularly those in the
smallest size-class.. This meant that some treatments had a very high
‘ "\,{Broportion of missing clams. For this reason the craE-—crushed and missing
categories were IUmped together since the majority of the rﬁissing clams had
probably been crushed by crabs.l - This lumping introduced no bias as an equal
amount of' effort was expended processing and sorting each sample and'all
processing was doﬁe without knowledge of which treatment the 'sample
répresented. A simulation of 'the “single crab inclusion” treatment was set up in
an aquarium containing 10 cm of sand. This was sampled, three weeks later
‘by’ picking out the shell fragments by Ahand. "There were only two missing
"Clamsvand a higher proportion of c.rushed shells than in the field samples

(Appéndix 2), this provides additional evidence that lumping was justified.

‘Clam Density and Mortality: Due to Large Crabs
The Prey Density Manipulation Experiment
A study area was selected in Bargé Bay in Grappler Iniet (48°56’N,
— 125%6'W) near Bamfield Marine Station. The site was protected from wavé
exposuré and there was little current. . Thek sediment yvasy pebbles mixed with

]
fine sand with a mean’ particle size of 6.6 mm '(M‘g;'=2:7) and poorly sorted

(O\’ =1.8 ; Inman 1952). The natural bivalve dens?ty (at a tidal height of 1.0
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m) consisted mostly of tellinids of a shell iength less than 20 mm.

H On av‘ 2@1 m transect, parallel to the water's edge at a tidal height of 1.0
m, ten points were selected randomly and each assigned randomly to one of .
two treatments: "sparse” and "dense’. Ten fences of 4 mm VEXAR mesh (0.5
ﬁ X 05 mX 015 m '(high)) were carefully buried so they enclosed the -
sedimenf at these points such that 10 mm remained protruding above the
sediment ‘éu.rface, Native littleneck clams (Protothaca staminea} were air dried
then sprayed with fluorescen; orange paint and divided into three size—classes
(30 - 35 mm; 40 - 45 mm; 50 - 55 mm). Five individuals of each
size—class wéi’e placed in the sparse treatments and twenty of each were

placed in the dense treatments. Thus the sparse treatments contained 15

Protothaca plus whatever clams were present naturally (Table V) while the dense

treatment cofntaine'd 60 Protothaca plus the natural clams. Temporary lids of 4
mm VEXAR lwere sewn on the fences for the first week. These were
removed Dec. 9, 1981. Co

The exberiment was vi§ited at least semimonthly intervals and any ofange
shell fragmefriifs visible inside the fenced areas were collected. In addition any
shell fragments found outside the fences were collecfced and their position was
recorded. In February the area within one of the fences was dug up to check
the progress of the experiment The fence was reburied at a neW location,
randomly chosen "on .the transect, and the marked clams were replaced inside it
and again pro;ected with a VEXAR lid for a waeek. '

Diving observations of the gxperimental area were made at high tide .
during the day and at night In addition, qualitative observations bf the types
of crabs and other predators pfesent were made from boats and 4 'side entry
crab traps set in Barge Bay to qualitatively sémple the predators present. After
6 months (May 26, 1982) the enclosures were sampled using thelsame
procedure'as was used in the prlevious field experiment. The growth increment
was measured whe’r.e’ more than 1 mm of growth had occurred by measuring

the increase in shell‘fheight due to (unpainted) new shell material.
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This experiment was repeated but run for only 3 months (June 5, 1982
- Sept 1, 1982) instead of 6. Three changes were made to reduce problems
discovered in the first run of the experimént: 1) Only the smaller two
size—classes of clams were used because the largest size—class seemed unable
to rebury itself successfully (Plate 8). 2) Each of two size—classes used were
spray painted with a different colour of spray paint pink for the 30 mm
" size-class and yellow for the 40 mm size —class. 3) Finally, to allowv
identification of stray. clams each clam had its enclosure number marked on it

with permanent felt pen.

Laboratory Experiments
s To determine approximate ma);imal feeding rate of large Cancer productus,
4 male crabs (carapace widths 111 - ’170 mm ) were starved for a week.
They then were offered four clams of :each of three size—classes (shell Iéngth
31-35 mm; 45-48 mm; 58-60 mmi. vThe number of.‘clams eaten of each
siza%;;a!ass was recorded after 24 houré. |
To determiﬁe whether fluorescent'paint affected the palatability of clams
;to crabs, 5 Cancer productus (carapace width .89 - 111 mm) and 1 Cancer .
magister (164 mm} were offered 5 painted and 5 unpainted clams (shell length
30 - 35 mm). Clams were replaced as they were eaten. Al 6 crabs ate at

least 5 clams. All crabs were held in individual containers in free running

seawater.

Crab Movement
Acoustic telemetry

Three C; productus were trapped in Grappler Intet using side entry crab
 traps. A transmitter (Smith—Root Elec‘tronics model SR68A) was fastened to a
harness attached with underwater epoxy {Sea Goin' 'Poxy Putty; Pefmalite
Plastics) to the crab's tarapace. The crabs :vere released at the point of

capture within a day after capture. Crabs were located from a rowboat using

a directional hydrophone (Smith—-Root Inc., Model SR-70H) decoded aurally. The
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position of the crab and the depth of the’_l,_\water. were recorded on-a map
prepared from aerial photographs. To tesf ;‘or behavioural artifacts caused by
the transmitter, another crab was fitted with a harness of the same type to
which an object of the same shape and weight as the transmvtter was attached
it was held in the lab and its behaviour was observed

Tagging ! ‘!C'* ‘

Fifty—five adult 'C. productus and ten adult C. magister were trapped in
Graﬁfplar Inlet, measured, tagged, then released at the point of c%pture The
tags-used were numbered plastic spaghetti tags (Floyd Tags Inc., Seattie, ansh.)
which were sewn through at the epimeral line v\vith a curved needle then
knotted with a figure 8 knot (after Butler 1957, Snow and Wagner 1965). .
Eight C. productus were tagged in this manner then held in the laboratory for
over 3 months. Posters offering rexﬁvards for the return of tagged crabs were

placed in conspicuous places around the town of Bamfield.

RESULTS '

Ciam Size and Mortality Due to Small Crabs

The purpose of this experument was to determing whether small Cancer
productus showed size- selectton when preymg on Protothaca stam/nea in natural
sediments and to compare the. predatnon intensity on these clams from 3 small
Cancer productus per O'T25 m? with that from the natural crab -preiiatorﬁ preeent
in Roquefeuil Bay.

There was no evidence of any serieus cage artifacts in this experiment:
neither increased sedimentation nor in{migrationg“\' of small predators into the cages
was eviden{. The crabs' in the cages seemed to eat well and .none escaped.
However maintaining a constant predation pressure was difficult In one

replicate (A5) of the three Erabs inclusion, a crab molted ‘and was not replaced

and in another replicate of this treatment (B&. two extra Cancer productus
ks
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juveniles (3.8 cm and 45 cm) were found in the cage when it was sampled
(Appendix 2). In a replicate (B7) of the "singie crab inclusion” the crab died
vlvithout being noticed which resulted in the feplicate having. ike those in the
"predator—exclusion” treatment (Appendix 2). The "thg crabs inclusion”
treatment was rﬁore successful, probably because there were 3 crabs present;
thus it was highly probable that at least one crab remained alive and in an
intermolt stage and continued feeding.

The crabs in the "three crabs inclusion” treatment showed size selection
by eating significantly more of the clams in the smallest size—class than in the
larger two ,size—classle‘s (Fig. 7; Kruskal Wallis, p = 0.008). There were
significantly' rmore of the small clams eaten in the "three crabs inclusion”
treatment than in the "predator exclusig'n" treatment (Fig. 7; Mann Whitney U, p
= .02) '

The "unprotected” tfeatment had about the same mean mortality attributed
to crabs as did the "three crabs inclusion’ treatment (Fig. 7). This was higher
than expected from the ambient crab oy  The highest recorded density of
juvenile Cancer productus found naturally near fhe tranéept was less than one »
juvenile per 0.25 m? which is lower than the three juVeniles per 0.25 m! of
the "three crabs inclusion” treatment. The higher mortality shown by the largest”
size-class of clams in the "unprotected” treatment relative to the "three crabs
inclusion” treatment (Fig. 7), and larger chips on the ma?““gins of the —recovered
shell fragments, suggested that crabs larger than those used in fhe
"crab—inclusion” treatments had been responsible for the mortality in the
"u.nprotected" treatment. The intensity of crab predation on the "unpr‘otected"'

- treatment was not uniform for all replicates. Two of thé three replicates
showed a high mortality due to crabs while the other replicate was untouched
(Appendix 1). This observed patchiness and the higher than exbected predation .
intensity suggested another field experiment to test whether crab predation on

‘clams was dependent on clam density.



Figure 7. The mean number (with standard errors) ‘of clams either recovered
crushed by crabs or missing for each of several treatments of the predator

exclusion/inclusion experiment (for explanation see text, for raw data see

r
/

Appendix 2).
The white triangles represent the means for the "predator —exclusion”
treatment, the white squares the "three crabs—inclusion” treatment, and, the dark
hexagons the "unprotected’ treatment. To estimate number of clams crushed by
crabs as opposed to those missed upon resampling, subtract the means for the

predator—exclusion treatment from those treatments in which the clams were

exposed to crabs.
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Clam Density and Mortality Due to Large Crabs

The clams used in this experiment were larger and conspicuously marked
with fluorescent paint. This I'B;t:lltﬁd in fewer missing clams which allowed
direct estimation of the percent mortality due to crabs by counting the number
of hinges in the chipped shell fragments recovered. _

There were more missing clams in the winter—spring run of this
experiment (N=40) than in the summer run (N=11). In the winter-spring run,
fifteen of these missing clams were found (with chip marks characteristic of
crabs) in the eyelgr;ss below the fences. Clams were also found in the
eelgrass in the summer run but as they were marked with their replicate
number they could be assigned to a treatment )

Nearly all of thenjclams in the smaliest two size—classes (30-35 mm; 40
- 45 mm) reburied themselves within a day. This was not trL'Je of the clams
in the largest size—class (50—55% mm) which- seemed unable to rebury themselves
and remained on the surface of the sediment (Plate 8).

The smallest size—class of clams showed a measurable amount of growth
in 25% of the individuals recovered alive’ in the winter—spring run (after 6
months) and in 47% of those recovered in the summer run (after 3 months).
Some of the intermediate size—class of clams showed some growth though not
enough to measure accurately. ‘None of the ‘largest “size—class of clams éhowed
any growth. The smallest size—class of clams grew about 3 times as fast‘
during the summer moﬁths (0.55 mm/month; S.E.=0.06; N=36)" as during the
winter-spring months (0.15 mm/month; SE=0.02; N=18). There was no
significant difference between the sparse and the dense treatments in clam
growth rates (Mann Whitney U p > 072k

The largest size-class of clams (50 - 55 mm) showed no difference in
percent mortality attributable to crabs between the sbarse .and the dense
treatments during the winter—spring run (Fig. 8a. The émallef two size—classes
showed a significantly higher percent mortality in the dense treatnents ‘than in
the sparée treatments in the win;(er—spring run (Fig. 8a, Two-way Friedman rank

sums test on cell medians, p < 0.05) and in the summer run (Fig. 8b, p <



Fiéure 8. The mean number (with standard errors) of clams in each size—class
recovered crushed by crabs in the prey density manipulation experiment. 2a3/ The
'winter—spring run. the means for the dense treatment (squares) and the sparse
treatment (circies) For raw data see Appendix 3. 2b) The summer run: the
means for the dense treatment (squares) and the sparse treatment (circles) For

raw data see Appendix 3.
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0.05), but th'éiié',a¢was no significant difference in percent mortality due to crabs
;"\‘ﬂ N

between the smsliest (30 -~ 35 mm) and medium (40 - 45 mm) size—"claaw

“ for either run of the experiment

The four male crabs that had been t'sg}arved in the labor‘:tory ate a mean

4 gymﬁer of'3.3 clams each (S.E=048) in 24 hours and showed no preference

for any of the three size—classes (Table VI. In the laboratory the crabs
showed no preference for painted ,ﬂams. over‘ unpainted clém {(N=51 clams;
G-test with correction for continuity, Sokal and Rohif 1981). Crabs were
observed to carry élams around the aquarium by using their chelae to bface 'the
shell against their mouthparts frequently enough to suggest that they may also
do this in the f.iield.

Four Spec‘ies of crabs were caught in side entry crab traps that had
been placed subtidally in the bay where the enclosures were These were

Cance: prbductus, Cancer gracilis, Cancer magister. and Pugettia producta. |

_have observed adults of ail four of these crab species eat Protothaca staminea

P . ’

up o at least 45 mm uhder :laﬂboratory conditions. v
Casual observations from boats suggest that these crabs are primarily

nocturnal foragers and canerid crabs were observed twice in the vicinity of the

-enclosures. Scuba divers counted 7 C. graci/is (carapace width 40 - 103 mm)

and 7 C. pfoductus (can_pace width 50 - 135 mm) in the vicinity of the
enclosures during a night high tide (34 m). On a similac dive during a daytime
high tide (3.3 m) di\{e‘rs found only one C. productus and this one was not in

“

the .vicinity of the enclo"surgbs.

Crab Movement = . . ) 7 : .
Acoustic Telemetry ‘3 |

One of- the “transmitters failed soon after the crab‘\‘Was released, but the
other two  crabs were tracked for 23 da‘ys and 13 days respectively (Fig. 9).
Crabs tended to Stéy\'h waf'er at least 1.0 m deep, sometimes spending several
days in. one spot and so’rﬁe’times travelling > 50 m per day. Both crabs

remained in Grappler..Inlet. ~ The crab _With the simulated transmitter ate well
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Figure 9. The net daily movements of the two crabs tracked using acoustic

. transmitters. The numbers on the points represent the days that have elapsed

. ~ o ) A

" since the crab was released. The clear areas are subtidal, the stippled areats: ; :

G K
i i . c M ’ ’.‘-"x’ ' “)
are intertidal, and the mottied areas are land above highwater. : ””w
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under laboratory conditions.

Tagging

While 3/10 (30 %) of the Cancer magister were recaptured, only 41/55 -
(2 % ojg.the C. productus were recaptured I(Fig. 10). This C. productus was
not récaptﬁred in a side entry crab trap but wés found newly dead on the
beach. The bait in the side—entry crab traes frequently showed signs of being
eaten, even when suspended from the top of the trap which suggested that
‘the smaller crabs were easily able to escape from the trap. One C. magister
éhowed a net movement of 150 m in 2 weeks but the other 3 were |

recaptured'close to where they had been tagged fFig. 10).

DISCUSSION . ‘ .

Crab Response to Patch Density :
-The clams in the pa,tches where tha) :l:ém density _was high showed a
greater percent mortality dué to crabs t did those in the patches where the
density was low (Fig. 8 ‘:F‘w@‘ mect) sms could give rise to this pattern
First, if clams in the high density/ﬁét'ch had an inadequate amount of -room for
burial, some clams would be férced towards the surface of the sedim‘ent.v b
Native ‘Iittleneck clams (Prbt‘ﬁ?l{aca staminea) forced to live nearer t6 the -surface
of the sediment have been hown to have a higher percent mortality to“Cancer
magister than those allowed Jto burrow to normal.dépths (Pearson et a/. 1981}
If a higher density resulted in more clams being forced to the surface a
pattern of density dependent predation might result = While this mechanism may
be partially in operation, | did not observe large ndfnbers of the.small (30-35
mm) and medium (40-45 mm) clams at the sediment surface.' However the
\artificial proximity to the surface of the largest size—class of clams is probably

the explanation for their high mortality in both treatments (Plate 8). Also

i . : . .
although the "dens€” treatment of the winter—spring run had a higher clam

V'l : ) T
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Figure 10. The net movement between tagging and recapture for the four

crabs that were recaptured. The clear areas are subtudal the stippled areas are

" intertidal, and the mottled areas are land above higfiWater. “T" represents the

location where a given numbered crab was captuﬂgged, thenArws‘ed and

"R" represents the location where it was recaptured. - . Crab 1 was a 180 cm -

Cancer magister, rec’@,d aftgr 6.5 months, Crab 2 ‘was, 2 16.3 cm ' -
C. magister, recapturell after 6.5 months Crab 3 was a° 16:8 cm B

I
LR

C." productus, recaptured after 45 months and Crab- 4 was a 165f cm
C. magister, recaptured after 0.5 months. » :
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Plate 8. The enclosures used for the prey. density manipulation experiment.
Note that the large clams on the surface ére the 50'—55@mm Protothaca
stém/nea. This size—class was inéapable of Vreburying’ once. dug up by crabs
#% and was used only ih the first run of this experiment This same type of
enclosure was used for the "unprotectéd’ treatment of the predator
exclusion/inclusion' experiment. ¥
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density ( > 60 clams per enclosure) than “dense” treatment of the

summer run ( > 40 clams per enclosure), it showed a lower percent mortality
due to crabs over 6 months (approximately 35%) than the summer run did after
only 3 months (approximately 45%; Fig. 8) although there may be seasonai
differences. In addition natural densities of clams in a nearby lagoon in
Roquefeuil Bay regularly exceed three times the highest‘ density used in this
experiment.  This suggests some other mechanism is involved than clams being
forced towards the surface. _
Crabs might be more strongly attracted to ;;atches of high prey density
than patches of low rprey density. Cancer magister uses its antennules as |
distance chemoreceptors and has the ability to detect extracts of the Native
littieneck clam {(Protothaca staminea) at a concentration of 10!° grams per liter

(Pearson et a/. 1979). Hngher concentratnons of clam extract were shown to

,mmate prabing ‘with thé claws ana .walking legs and other feeding behaviours.

if crabs are able to estimate prey densuty by chemoreception this might resuilt
in more crabs being mltlauy sr,tracted to the high densny patches and/or |n the
same crabs returning to tHe same high density patch on successive high tndes
Euther of these would resuit in a higher percent mortality to crab predatlon in
the dense patches than in thbse Ieés dense. If an »inirease in local crab -
density is responsible for the higher percent mortality of the dense treatment,
the percent /mortality to crabs would not necessarily continue to increase with
clam density. Cancrid crabs are i‘e‘xtremely aggressi\)e towards each other
(pers. obs) and would be uniikely to tolerate high densities df other crabs when
foraging. o

. Crabs might concentrate their 'search effort on the high density patches
because less- time is requ1r;‘d to obtain each clam. While they may obtam the
approximate location of the clam using distant chemoreception?} the exact
location is probably; obtained using mechanoreceptors and/or contact
chemoreceptors on their claws and on their walking legs (Case 1964; Warner

1977). The probability of contacting a clam would be expected to be -higﬁer

per probe in dense patches ‘than in less dense patches. The time required per

« o



B e

80
clam would be further reduced if the higher’ density resulted in more than one
clam being obtained from each hole dug by the crab.

Other mbbile predators have been shown to forage preferentially in
patches of high prey density though there are few marine examples. Deermice
(Peromyscus /eubopus) tended to concentrate on the higﬁest densities of sawfly
cocoon prey (Holling 1959). Great tits were found to concentrate their
seérching time on the patches with the highest food density and to persist in
séarching patches that previously had contained a high food density (Smith and
Dawkins 1897 ‘I%; Oystercatchers feeding on cockles have been found to
aggregate in the patches of highest prey density (O'Connor and Brown 1877).
And the foraging intensity by fiddler crabs on a given patch was found to be
directly correlated to its food density even when this involved the crabs moving
a considerable distance from the safety of their b‘u_rrow_s (Robertson et
al. 1980) o

Some models of optimal foraging in patches have assumed the predator

is unable to assess the prey density and therefore tr;e profitability of a given
patch until it has .sampled it (e. g.-Oaten 1977). The well developed distance
chemoreéeption of these crabs might allow them an approximate estimate of
food availability before sampling occurs. These models also Aaésume that a
predator's decision on when to leave a patch is based on the time in;erva}
since the last prey was captured (Oaten 1877). If these crabs. ére able to
assess prey density using distance chemoreception they might have more i} l
acéur#te information on which to base’the’ir decision.

) ¥
Crab Movement '

" The acoustic telemetry and recapture of. tagged crabs, showed that these
crabs have the ability to move long distances ( > 50 m/day) but at least a
port‘ion of the population remains in the same local area Snow and Wagner
(1965) tagged 966 Dungeness crabs (Cancér még/'ster) and (over 3 years)

recovered 95 tagged crabs; 76% from within the same bay and 24% 3.5-34

- miles from where they were tagged. There is no commercial fishery for crabs

s ) *
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near Grappier Inlet so it is difficult to estimate the number of tagged crabs
that left the Inlet” However no tagged crabs were caught L)y the sports
fishery in nearby Bamfield Inlet (distance= 1 km). The acoustic telemetry data
show (Fig. 9} that thére was considerable variation in the distance moved in a
given day even for individual crabs.

The acoustic telemetry data and field observations suggest that as adults

these” crabs prefer to remain in at least 1 m of water (except during

" copulation or molting; Boulding unpub. data)l. This may be.to avoid terrestrial

predators such as gulls and raccoons both of which | have observed to be
voracious predators on crabs. The green shore crab (Carcinus maenas) tends to
remain in at least 0.5 m of water when foraging, presumably to avoid
predaceous birds (Dare and Edwards 1981)

‘ Two other observed behaviours may also be explained as avoidance of
predators.- Crabs were most active at‘ni%t, perhaps to avoid prédation by
visual predators such as—‘birds\ and fish. Large clams (known from my
laboratory experiments to have haﬁéfing times in order of hours} were often
carried down to” the eelgrass (Zostera) beds bélow the cages oefore being

opened and eaten. This might be to avoid predators or to avoid bein'
or robbed by larger crabs. ‘ >

wt
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Prey Selection -

Laboratory and fielkd experiments have shown that crabs prefer smalier

‘clds when given a choice (Table IV, Fig. 7). Yet all the clams used in the

prey density _manipulation experiment were large yet showed a very high
mortality due to crabs. This may ‘be becéuse of the lack of alternative prey in
Grappler Inlet which is, in' turn, probably attributaple to the high density of
predators. such as crabs. All three of these species of cancrid.crabs have
broad diets (Bernard 1977)’. But the iow deﬁsity of bivalves. and polychaetes
that occur naturallyh in the soft sediment areas and the small balanoid barnacles
and large thick—shelled snai!éi (Thais lamellosa) that occur in the rocky areas of

Grappler Inlet might represent a lower profitability than does a high density of
' / A .
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large bivalves. Hill (1979) showed that the mangrove crab (Scy//a serata) spent

more time in the areas of the estuary that had the highest number of prey
¥ ’

organisms. '

Potential Experimental Artlfné.ts

The act of transplanting clams could cause increased ,mortality by
attracting predators pr if the transplénted clams failed to reestablish themselves.
The VEXAR tops sewn onto the top of the enclosures protected the clams for
a week which seemed sufficient time for the clams to reburrow and the
sediment to resettle (with the exception of the 50-55 mm size-class present in
the first run). At Ieas{ some of the smaller two size—classes of clams used in
the prey density manipulation experiment reestablished themselves sufficiently well
enough to show a significant amount of growth after only 3 months. Theré
was no difference between the two treatments in the abilitoh of the clams to
resstablish themselves. The proportion showing growth, the amount of growth,
and the proportion of dead undamaged shells recovered, was not different for
the.two treatments. ) i

Some of the most common artifacts in caging experiments in sof?
sediments al;e caused by disruption in water flow or unplanned modifications of
predator behaviour (Virnstein 1978). While disruption of water flow can\\\be a
serious problem in certain ‘caging experiments if high floyv conditions cauées
sedimentation (Hurberg and Oliver 1980), these field experiments were done in
quiet’ water Aand no sedimentation was observed. When adult Cancer produétus
are put in cages they refuse to eat and excavate large pits in their atten’i?at to
escape (Boulding 1980). Juvenile C. productus burrowed into the sediment and :-
~ showed norm%l feeding behaviour although .| can not exclude the possibility that
the juvenile crabs in {he "crab inciusion” treatments did not eat as voraciouély ‘
as they would have if they had been free. The different response of adult
and juvenile crabsrto caging pr&bably reflects differences in their mobility.“ k

. , o )
Juvenile. crabs are primarily intertidal, living under’ bouiders and in soft sediments .

and move relatively little compared to the adults {pers. obs). Thus different e
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tgqhniques vmust be used to study predation by adult C. productus than are
" used for studying the juveni.|es.

The undersediment fences pr‘otruded only 10 mm above the sediment
surface and would be expected to have fewer potentjal artifacts than a .cage.
There.is potential for the attraction of small predators, because of the
mcreased three dimensional structure, and for the exclusion of predatory
gastropods that are too large to crawl through the mesh and too small to
crawl over it Aggregatnon of " small predators inside the enclosures was hot
observed. It is possible that crabs were attracted to the fences but this wouid
not’ affect differences befween the two treatments (since both treatments were
fenced), only the actual number of clams that were eaten. Any small predatory
gastropods should have been present in roughly equal nurntjgr/s/ instde and
outside the enclosures since the enclosed sediment had Mt:;een disturbed as little
as possible during installation. Large naticid gastropods were not present
intertidally in Roquefeuil Bay or Grappler Inlet and naticid drilled shells were
very rare. Even if the gastropods were present the fences should have not
been sufficient to exclude tﬁem. Peterson (1982a,1982b) used similar
undersedument fences yet observed a h:gh incidence of predation by gastropods
Thus the enclosures probably did not affect the mortahty patterns that were
" observed for these clams.

Estimation of Mortality Age‘\nt from Shell Fragments
‘ fo' estimate the 50ur‘cg‘ ‘of mortality from shell fragments unambiguous
identification is necessary. The known -predators of Protothaca staminea in
Grappler Inlet are starfish, small mammals such as raccoonsf birds such as gulls
a'nd diving ducks, predatory gastropods, octopus and crabs. . Only the shell
fragments from clams dropped by birds could be confused wth those crusned
by crabs, but these can be told apart by location and by breakage patterns: o
The site of the prey densit’manipulation experiment was bordered with rocky
)outcroppmgs Although no 'marked:wand only two. unmarked Protothaca staminea

] ever fognd near these there were shel! frégments of the Japanese

: r~3‘_‘€° - o B Lo
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littleneck clam (Tapes japonica). Tapes is generally found higher in the intertidal
and Buried shallower in the sediment than Protothaca (pers. obs), attributes that'
could increase its vulnerability to bird predators (Glude 196€3). The method by
‘ which these crabs attack clams too big to fit “entire‘y within their claw often
‘results in characteristic chips on the ventral margin a\nd a ‘{-shaped channel '
with ragged edges where the crab has broken the valve further (Chepter )}
‘This contrasts with the relatlvely stralght edges found on the shell fragments of
shells dropped by birds (pers. obs).

The prey density manipulation experiment differs from most mark and
recapture experiments using venerid clams in that many of the "missing
category” clams were found (because of the bright fluorescent paint on their
valves) and the predator responsible for their death was identified Peterson
’(‘{19823) lost up to 54% of the hard clams (Mercenaria mercenaria) he originally
planted. * These clams were removed by an unidentified agent and were. not |
missed upon resampling as his resampling efficiency was 99% In his *
axperiment there were significantly more of the clams ‘in the smaller
size—classes missing than of those in the largler‘ ones. This suggests to me
that by not knowing the fate of these “missingr‘; clams” he is underestimating the
importance gf" clam mortality due to r:rabs. ln,-‘another of his experiments the
percent mortality attributed to crabs was never!{ denslty dependent if only the
broken shell fragments found inside the enclosures were cons:dfred but thé
percentage of missing clams was sugmfucantty densnty dependent 3/12 times “’
(Peterson 1982b). ~ Peterson partially attr _t_;_&gés these mnssmg c/ams to” predatlon
by Cancer antennarius. The problem wuth having a Iarge number of animals
whose fate can not be accounted for is that the relative i portance of
dif ferent mortalfty agents could be ranked incorrectly. ) Alt ough cOnspicul)usi:yv
~marking clame with fluorescent paint could affect their sy/ecebtibihty to som‘e
predators such as blrds the . Iaboratory results suggest that |t does’ not_ affect
their- susceptibility to crabs and is one of the' few methods of accurateiy
estimating bivalve mortality due to crabs in the field ‘)

v
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. inclusion treatments). . Indeed even if the relatlonshlp between percent- mortahty
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g o The Impact of ~Crabs on their Prey Populatlons / o

Estlmatloh of the potential lmpact these crabs have on their prey

. populations’ is difficult because of thetr broad diet, their high mobility, and theur

<
response to prey density. The Eredator exclusion/inclusion experiment showeéd
that the predation intensit ‘on a given patch of a;ms (as observed in the
"unprotected” treatments) could not be pred\ucted by. knpwung the density of

juvenile crabs at low tide and the rate at which they ate dams (in the crab /

P

due to crabs and crab density could be determined, ;‘there \would still be the
/problem, of deciding how, where, and when t6 measure crab density in .the
field  The assumptions of conventional 'techniques for estimating population

density such as mark and recap‘ture would be violated by adult crabs. The
best method of determining percent mortality to these crabs is probably to

mark the prey population (if it is poesible to uniquely . identify prey attacked by -

" crabs) and/or t0 use SCUBA to survey that area of the bottom during night

high tides.
The impact of a highly mobile _predater such as a crab on a prey
population” would be expected to be quite dif ferent from that of é'h
slow—-moving predator such as a snail beceuse of .the difference in 'the speed
with whicH the predator can resbond to changes in the local density of their
prey. ' Although the whelk (8usycoh) also uses chemoreception to detect clams T
and must also dig-them out of the sediment (Carriker 1951), whelk ‘predation |
on hard clams was never found to be density dependent (Peterson 1982a).v’>
The positive,‘ dergsi‘ty'—dependent feeding reeponse shown by these. crabs
would probably result in a r"h'ore‘ L‘:,'giform distribution of their prey so long as
the crabs are reesonably abundant ~ This would tend to prevent a patch  of
prey' from undergoing wide flectuations in density relative to other-patches, If
a similar response to prey density occurs in other decapods ‘. it might explain
why East Coast lobsters and cancrid crabs prevent outbreaks of sea urchins
(Mann and Breen 1972; Wharton end Mann 1S81) even though urchins are not

a preferred prey when urchin densities low (Breen 1974; Drummond-Davis et
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" al. 1982). It may also explain why mariculture; projects' that artificially increase

the local density of a prey sdecies may be economic failures because of

‘] ‘ *
extremely high mortality due to crabs fe. g. "Mottét 1980). -



TP . .
TR MRS o sor' v s

"l

V. CONCLUDING DISCUSSION
Two major conclusioﬁs arisg from this vs%ork. First, -certain shell features
decrease the vuinerability of> infaunal bivalves to crab predators, probably by
inpreésing the time required to‘ break open the shell.’ These features include
" large size, increased shell thickness, and a more inflated shape with a steep
ventral margin. Second, crabs respond to prey density. In tHe field the
mortality rate due to crabs wés higher in-the patches where fche clam density"
"was high than in those where it was low.

I will discuss how wvulnerability of bivalves to crabs could interact wfth
crab response to prey density but first would Iik“e‘to clarify several points.
The first is whether the preferenée of crabs for clams with a short
shell-breaking times can result in significant differential mortality at subcritical
sizes.. Initiall‘y,‘ differential mortality resulting from the aéhi_evement of critical
size would seem much more important than differential mortality resulting from
crab preference. This is because critical size would s’ef/m, to represent an
absolute mechanical limit above Which thé clam is invulnerable, no matter howj
long it is exposed to the cr‘ab.‘ Alternatively preference, wod‘ld seem to be a
function of so many variables, such as hunger,’the quantity and composition of
the alternative prey available, and the risk of pre’détion, fhat it would seem
\elatively unimportant - in evolutionary: time. However the data ‘presented here
shows that even at !F}subcritic\al ‘sizes, crab preference can result in/su/bstantial

P . o /
and predictable differential mortality (Fig 4), and suggests that cr'i(fical size may

result from the interaction of crab. behaviour with the mechanich of shell
breaking and not just represent an ultimate mechanical limit. -

Ultimate mechanically limiting cases do exist, for example a recently
settled juvenile crab would be unable to get its claw éround the ventral margin
of a large Protothaca staminea, however in most cases the critical size probably
oceurs before such limits are reached. Critical size is probably results’ from
the\“\haﬁdling time becomihg so long that it is mon:e‘profitable for the crab to
sit still ‘and conserve energy (in the lab) or*to search for alternative prey f(in

the field) rather than continue to try to opén the shelt. In other words, the

%
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crab 'prob:gly "gives up for good' and doeé not attempt ‘another attack bout
This is supportéd by the considerable variation observed among the critical- éizes
obtained for brabs of ‘the‘same size (Fig 3) and by the increase in the
frequency and the duration of pauses betwuean attack. bod s, as the crmcal sizé |
is approached. Crabs of the sama size have very simila ch;lae and if the
mechanics of shell breaklng were the on!y consideration, then the critical sizes
obtained for crabs of the same size should be similar.  The fact that the
valués obtained are quite different may be partially due to variation in shell
strength among clams of . the same size or in crab skill but suggests that
variation in giving up times (dependmg on hunger and previous experiencel, may

also be important. - .

When more easily opened prey are available, the probablhty of mortality

‘to crabs for a clam with a long shell-—breaklng time may be extremely low.

The order in which the. clams were eaten in the
preference-among—morphologies experiment (Fig. 4), was remarkably consistent
with the rank of the édjus}ed mean critical sizes obtained byv ANCOVA (Table I,
Fig. 3). even though the cgﬂbs were quite capable of -opening the most remstant
clam offered. The clams used in the preference experiment were Iarge enough .
so that the most resistant species was approximately 80% of its critical size
and this probably resulted in shell morpﬁology outweighing all the other variables
that might have conceivably affected pr'ef'e:""enqe', Thus'a more productive *
approach might be to consider critical size a Iimi:‘cing‘case of preference r'ather
thah an entirely different entity. | ‘ | |

. vA'sec_énd important point concerns the correlation of load at failure with |
the number of cycles of loading that can be withstoo‘d (Fig. 4, Plates? 5 and 6).

Three mechanisms could account for this, none of which are mutually exclusive.

1. The crab could require longer to chip through the thicker shell.

o2 Thicker sheils would be stn‘fer and bend less than thlnner shells” when

Ioé\ded with the same load. If the shell behaves approximately like a
beam, this results in the tensile strain being less on the inside of the shell

for a given load (Wainwright et a/. 1976), and mwow thick shells to
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withstand a greater load without failing
3. | have dag‘ which suggests that the repeated loading of .the shell by the
~ craE chela.results in fatigue damage (see Wainwright et a/. 1876, p. 184)
which results in the shell failure at a lower load than if it had been
loaded only once (Boulding” and LaBarbera in pE,ap.). The fatigus life of
metals at a low nember of loading cydes may be related to the tota! 4
amount of inelastic strain energy it contains (Lefebvfg and Ellyin, submitted).
Each time a' structure s |oaded," a certain anioun} of inelastic strain energy
is absorbed and the amount absorbed increases with “the load appﬁed”,
(Wainright et a/. 1976, p. 14). Unlike the elasti/c strain energy absorbed
by a structure. the inelastic strain energy is not recovered if the load is
_ removed Qnd in a brittle material such as a' bivalve §hell probably goes
~into the 'propagation of mic_rocracks,. Failure may occur when this. inelastic
strain energy, summed‘ over all cycles, to;als thé amount of inslastic st,rain
energy that could be abs'orbed by the structure during a single cycle of
loading (Lefeb‘v,r,e and Ellyin, submitted). Thus the abilify of the thicker
* shells to withétand more loading cycles than the thin shells could be .
rnelatad to their ability to withstand a greater load when loaded only once.
Another unresolved point is the contrast between 1) the strong r
preference shown by crabs in: the laboratory (Table V) and in the fieid
enclosures {Fig. 7) for the smalilest clams offered and 2) the high mortality rate
of all size-classes of Protothaca—thick (crab;resistant) clams in the manipulation
of prey density experiment (Fig. 8). in the lab_ora‘tory, starved crabs ‘showed no
detectable size selection when aliowed ad /ibiu\}m amounts of three é%ze
classes of Protothaca-thick -(Table VI) and this agrees with results obtained for
. starved Carcinus fed different size-classes of mussels provided ad /ibitum
V(-Jubb et al. 1983).. In addition, the data from the critical size experimenté
- show that even very small crabs can be forced to eat v.e/ry large clams if
alternative prey is not available (Fig.' 3) This is evidence that the degree of
prey selection exhibited by a crab is a function of its hunger state and the

availability of ‘\'alternative prey. Since the crabs responded to the prey density ‘
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differences between the two treatments of the density manipulation experiment,

a reasonable extrapolation would be that they would also respond to the

" density of other species they prey on. Thus the mortality rate éo crabs of

the clams in a given patch may ‘no* only_“be a function 6f clam density within
that patch relative to other patches, but may .also be a function of the density '
and handling time of the alternativey prey -available.

: Changes in an organism's biotic environmen{ i"nfluence the ?voluti’on of

that organism which, i‘n turn can result in changes in its biotic ;nvironment. if
the mortality rate of a préy popuiation to these éfabs is affected by the |
density and handling time of the alternative prey, it is plausible that the

evolution of defensive shell morphology in gastropods has interacted with the

‘ Qe\mluyon of defensive shell morphology and of infaunalization in bivalves .

Predators capable of breaking a mollusc sheil often are capable of preying on

a-\/ariety of molluscs (Vermeij 1977b). Such predators probably concen‘trate,

- their efforts on prey with a high profitability. Characteristics of biVélves that

would increase their profitability to crabs include: a short shell-breaking time, a
shallow depth of burial, and a high density. If a predator 'is preying on a pre;
with a high profitability, such as a thin—shelled, epifalmal gastropod, there would
be strong selection for prey features, such as rﬁore elaborate defensive shell
mokphology, that decreased its profitabivlity to the predator. This could increase
the predation pressure on the other prey species since they now have a higher
profitability relative to the previously highest ranking prey. This would select
for features that decreased their profitability as prey. for example bivalves
might retreat deeper into the sediment which increases the time required to
find them and to dig them up, or develop a thicker, more inflated shell which
will increase their shell~breaking time. . . _
An increase in the incidénce of crab—resistént shell features would resdlt
in a decre;se in the profitabilitylof the p::ey; available to crabs ‘and cduld result
in strong selection for shell-breaking morphology that reduced tﬁ\e amount of
time required to exploit shelled prey and increased the size-range of potential
prey. Prolonge.d periods of low prey abundance can result in very high
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selection coefficients for a morpholdgical feature that improves the size-range
of or the efficiency with which prey can be exploited.  Very high selection

intensities for large beaks have been documented for Darwin's finches dur?ng a
drought where ”the abundance of seeds was markedly reduced and the size and
hardness of those, that were present ‘was markedly increased (Boag and Grant

1981). -Thus, | do not agree with Vermeus‘argument (1982b), that coevolution
between predators and pray is only likely when the prey can ‘ﬁve the death
5

of the predator - ‘ . «*\*
The potential for evolutron of both crab chdiae mm¢r’ey could

lead to ar "arms race’ (Sensu Vermeij 1976) in which selectuon for more

*
l /{T

elaborate crab-resistant shell morphology interacts with Jseiect«)n for more,

elaborate shell—breaking morphology. This "race” would not continue indefinitely,

"at some point the evglutionary or” energetic cost of the - antipredator -shell

morphology (Paimer 1981), or of the increasing infaunalization that prey require
to decrease their profitability to the predator, or the cost of the morphology
that the predator requires to efficiently exploit the prey, Would probably
outweigh the benefits. For example, thiIe Iar'ée, specialized, chela would
increase the efficiency with which shelled prey could be exploited, specialization
may entail cert,avin costs. For these crabs an incl:rea;'se in the chela height to
Iength ratio would allow a greater degree of gape for a chela’ of the same
weight and would aII‘ow larger shelled prey to fit entirely within the chela,
mérkedly increasing the efficiency with which such prey can be crushed.

Chelae that are highly specialized for cr;/shing shelled prey are severely limited
in the other functions t‘hey can perfofm (Warner 1877) and could, for example,
be too blunt to efficiently probe the sediment and have fixed fingers which are
too thick to peel open gastropod shells with small apertures. Also the
energetic cost to mamtaln Iarge heavily calcified chela wnth a lot of muscle
fibers may be very hlgh especially in juvenile crabs where molting is frequent.

The chela morphology of crabs that prey &n a wide variety of shelled

invertebrates, such as these cancrids, probably represents a compromise between

the type'of'chela morphology needed to crush large shells efficiently, and other



S e 4 e
B o

? . 92

' .

chelae functions such as probing ‘in soft sediments, defense from predators, ;nd

aggressive interactions among crabs‘h Thas, as has previously been discussed

for bivalve shaell mqrphology, chela morphology represeﬁts an equilibrium

between opposing selection pressures. It is conceivable that if the cost to. ™

benefit ratio of more elaborate crabfrgsistant shell morphology increased faster
" than the cost to benefit ratio of more elaborate shell-breaking morshology that
the prey species might go extinct )

(’ The ',,tendency for this "arms race’ to escalate, and'the'increasing cost of
participation, may explain the feasibi‘lity_of sfrategies other than the develdpment
of morphological defenses. A possible example of this is the tellinid bivalves
that may counter‘the disadvantage of the minimal protection afforded by their

thin shells with the advantage of the fast growth rate and opportunistic life A

* ]
-

history strategy that is then possible. . Another strategy that may be e'mplOyed. . i‘,’i :
is the reduction of profitability by reducing body size so that the number'of
calorigs per unit time the ‘predator obtains.is low relative to alternati\ii‘e prey
(Palmer 1983). While selection for chela morphology that allowed more
efficient crushing of large shells might be more pronounced when prey. density
is. low, selection for crab-resistant shell morphology in bivalves might be more
éronouncad when bivalve densitifs are moderately high. Crabs are more
selective when prey is adequate to satiate them than when it is not (Elner and
Hughes 1978; Jubb et a/. 1883; Tabee IV, Table VI} and this results in greater
differential survival of the moré resistant prey ‘when overall prey density"is high
\ (Elner and Hughes 1978; Fig. 4; Table V). Thus it is important to examine |
selection intensities at various densities of predatbrs and prey before evaluating
i the relative importance of crab prédators as a selective force on bivalve shell
morpholg)gy. 7 , ’ o
There are several logical ex;censions of this work that | plan to follow
up for my Ph. D. research. © These experiments suggést that the degree of
prey selectioer shown by these crabs is influenced by prey density. A kéy

aspect of. my study will be the manipulation of prey density in ‘areas with high

densities of natural infauna and in areas, with low densities of natural infauna.
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This will allow me to examine how the degree of selection shown by the'

e

crabs and the mortality rate attributable to crabs varies with the density and the

different components of the handling time of the alternative prey available.

Whale the crab movement data presented herg show that crabs are capable of

moving relatively long dnstances { > 50 m/day ) and forage in the mtertldal
urmg night high fdes, more precise data are needed if the factors influencing
thenr local movements, such as predator  avoidance, are' to be identified To
some extent this can be accomplished by more dIVGSi'dUﬂng night high tides -
and more observations from boats and from shore. But these methods of
obtaining this data are slow and are likely to disturb the crabs. Methodf of
telemetry exist that allow resolution of the position of ‘the animal to one or
two meters, by comparing the time of signal arrival among several fixed
receivers (Hawkins et a/. 1979}, and these methods could be used to correlate
crab movement with factors such as the position of their predators.

More’ detailed knowledg‘eb of the time crabs require to exploit different
types of shelled prey would test whether prey vulnerability is a simple function
of shell-breaking time. The technique of recording from a strain gauge glued

to crab chelae is the most accurate method of obtaining the amount of time a

crab takes to break open a mollusc shell; the time actually spent applying force

to the shell can be distinguished from the time for which the shell is only
being held  This technique also allows measurement of the magnitude and
duration of the force pulses that must be exerted to cause shell failure. |
have recordings for clams of different sizes and shell thicknesses but would
like to expand this to include mollusc species with different types of shells and
crabs with- different types of chela -morphology. After considerable work, |
have overcome many of the technical difficulties with this technique. A test

movie taken with -a strobe flash suggests that thdse crabs are unable to detect

‘rapid pulses of ﬁght. This will enable the use of a video camera »yvith a

strobe flash to automate correlation of the crab's behaviour with the force
pulses it generates with its chela, and will not require the amount of light

needed to do this manually. One of the most serious remaining problems with
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this technique is the time required to acclimate the crabs to the restraining
effect of the wires that connect ~tha strain ‘gauge .to the wheatstone bridge an!
the chart recorder. Acoustic transmitters with built in wheatstone brk}ges had
been built in parckages of dimensions 47 mm X 13 mm (Pincock and Luke
1975). | If the strain gauge on the chela could be connected directly to the
wheatstone bridge on a transmitter glued to its back, the wire tethering it to
the chart _recorden" would be unneces.sary.‘: The frequency of the sonar pulses
emitted by the transmitter could be made to be propo’tional to the amount of
force was being exerted and could be recorded onto a tape recorder and later
passed through a frequency to voltage-conve;ter, ‘and into a chart recorder.
This would allow this technique to be used in more natural habitats ~such as in
large tanks or in the field. | ’ |

Finally, | ha\;e _oBtained data. that suggest these crabs re’b_eatedly ‘_Ioad
large shells‘resulti-ng in the fatigue .of the shell material so that ‘tﬁe ‘{s;well fails

at a lower load than it would have, had it not been previously loaded (Bou!ding<

and LaBarbera, in prep). | am interesting in pursuing this to determine in which
. W R
situations fatigue failure-is important in shell-breaking predation. | also have

déta‘f (Boulding and LaBarbera, in prep) which show that a cancrid crab chela
manages to keep its outside surface in compression under almost any loading
conditions. This is probably advantageous because the outside léyer (the
epicuticle) is the layer that is calcifie—d Since crab cuticle, like most brittle
materials is stronger in comprassion than in tension, this design maximizes. the

strength of the chela But how this is accomplished and how the crab avoids

J
\ )

4

fatiguing its chil7fe¢ong with the clam's\ shell warrants further investigation.
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