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Summary 

1. Prey-size selectivity of predators can play an important role in determining the 

predators' impact on their prey. In marine systems, a pattern of preference for 
small-sized molluscan prey is widespread among crustacean predators, even though 
predators are often able to consume prey over a wider size range. 
2. In laboratory tests the blue crab Callinectes sapidus showed preference for smaller 
individuals of the hard clam Mercenaria mercenaria. This was true for crabs starved 
for different durations of time, prior to experiment. Hungrier crabs tended to be less 
selective than the less hungry ones, although not significantly so. 
3. In order to determine whether such selectivity is hard-wired (i.e. engrained) or can 
be modified through experience, adult blue crabs were tested for preference between 
two different sizes of hard clams after a phase of conditioning on different com- 
binations of live and sham (i.e. empty valves glued together and deployed in living 
position) clams of the two sizes. 
4. In the conditioning trial, crabs consumed more sham clams of both sizes than live 
clams, although sham clams did not yield any energy return. The greater consumption 
of sham clams by blue crabs might be explained by the lower cost of crushing dead 
clam shells, as dead shells seemed to be more brittle than the live ones. 
5. Conditioning significantly affected size selectivity in the subsequent test trial. Crabs 

assigned to different conditioning treatments consumed significantly different pro- 
portions of large clams in the test trial. In particular, crabs that had consumed greater 
proportions of large (sham) clams during the conditioning trial also ate significantly 
greater proportions of large (live) clams in the test trial than those which had consumed 

greater proportions of small (sham) clams during conditioning. 
6. These results indicate that the blue crabs' preference for small-sized clams does 
not result from a fixed decision rule and suggest that crabs might modify their 

preferences through experience. Furthermore, the relative strength of shells seemed 
more important than profitability ratios in determining patterns of prey-size con- 

sumption. 
7. An understanding of what perceptual and cognitive constraints underlie feeding 
preferences of 'keystone' marine predators could help in making predictions about 
the impact of such predators on prey communities. 

Key-words: crustacean predator, hunger level, learning, prey choice. 
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Introduction 

Most predators do not consume prey items in pro- 
portion to their abundance, but select particular sizes 
and/or types of prey. Such selectivity has received 
much attention by ecologists. First, prey-size sel- 
ectivity is a factor of fundamental importance in struc- 
turing populations and communities of prey. Prey 
selectivity of predators has thus been investigated in 63 

order to explain observed patterns of population and 

community structure (Fairweather, Underwood & 
Moran 1984; Sih et al. 1985; Hughes 1988; Hines, 
Haddon & Wiechert 1990; Peterson 1990; Kvitek et al. 

1992). Second, it can be hypothesized that selectivity is 

widespread because the consumption of certain prey 
types confers a selective advantage to the forager. 
This 'optimality' approach has resulted in models that 

predict prey preferences for generalized predator-prey 



combinations (Stephens & Krebs 1986). The models 
assume that predators have been selected to maximize 
their fitness, which is generally assumed to be related 
to the net rate of energy intake (the 'currency') 
(MacArthur & Pianka 1966; Pyke 1984; Stephens & 
Krebs 1986). 

The decapod crustacean-mollusc predator-prey 
system has proved particularly amenable for the test- 

ing of such models (reviewed by Juanes 1992). Preda- 

tory decapods often consume relatively large quan- 
tities of molluscs, allowing rapid collection of data. 
Molluscs also occur in discrete sizes, so that differ- 
ences in prey types can be easily quantified. Finally, 
the costs involved in consumption (such as search 

times, shell breakage and prey consumption) can be 

easily measured as the time needed to find, crush and 
consume the molluscan prey, or as the energy spent 
in these activities. 

Early studies of prey-size selection in decapod crus- 
taceans feeding on molluscs seemed to indicate that 

predators select those prey sizes which maximize their 
net rate of energy intake (Elner & Hughes 1978; 
Hughes & Seed 1981). Comparison of different cur- 
rencies, however, showed that energetic efficiency 
(benefit/cost) was a better predictor of the preferred 
prey size of Cancer magister feeding on the hard- 
shelled clam Protothaca staminea than either the net 
or the gross rates of energy intake [(benefit-cost)/time 
and benefit/time, respectively] (Juanes & Hartwick 

1990). In addition, Juanes & Hartwick (1990) pro- 
posed that claw damage (i.e. both claw breakage and 
claw tooth wear) induced by breaking molluscan shells 
is the limiting cost in prey-size selection by predatory 
decapod crustaceans. 

In a review of 41 studies examining crab and lobster 

predation on gastropods and bivalves, Juanes (1992) 
found that most predators preferred small-sized mol- 
luscs when offered a range of sizes of hard-shelled 

prey. The sizes selected were generally smaller than the 

predicted optimum, based on rates of energy intake. 
Juanes (1992) concluded that decapod crustacean 

predators preying on hard-shelled molluscs might be 
constrained from maximizing net energy intake rates 
because of the probability of incurring claw damage 
as the shell strength of prey increases. 

The present study focuses on the flexibility of prey- 
size selection by a crustacean predator, particularly 
on the role played by experience. Predators faced with 

prey of different sizes might base foraging decisions 
on simple rules ('rules-of-thumb'; Waage 1979; Wad- 

dington & Heinrich 1979; Janetos & Cole 1981; Ste- 

phens & Krebs 1986; Bouskila & Blumstein 1992) 
which approximate the optimal solution. Alter- 

natively, crabs might learn about prey quality and 
base their prey preferences on past experience. Selec- 
tion of small prey might thus result from two distinct 
behavioural mechanisms: predators may be pro- 
grammed to cue on smaller molluscs (rule-of-thumb: 
'choose smaller prey'), or may 'try' all prey types en- 

countered, gain information about their characteristics, 
such as the benefit/cost ratio, and rank prey accord- 

ingly. Little flexibility in prey selectivity following con- 

ditioning on different prey types is expected under the 
first scenario compared to the second one. 

Predators might also be expected to be more or 
less flexible in their prey choice depending on their 

physiological state, such as hunger level or repro- 
ductive state. In particular, animals are expected to 
be less selective as their hunger level increases (Lucas 
1983; Hughes 1988; Croy & Hughes 1990). Actual 

patterns of prey-size preference could exhibit greater 
variability, depending on the physiological state of the 

predator, than observed in laboratory experiments 
where hunger level is standardized. 

Callinectes sapidus Rathbun, the blue crab, con- 
sumes a variety of gastropod and bivalve molluscs 

(Laughlin 1982; Hines et al. 1990). Laboratory choice 

experiments have shown that blue crabs exhibit size 

selectivity when feeding on hard clams (Mercenaria 
mercenaria) (Arnold 1984; Peterson 1990), mussels 
(Geukensia demissa) (Seed 1980, 1982; Hughes & Seed 
1981; Bertness & Grosholz 1985; Lin 1991), and oys- 
ters (Crassostrea virginica) (Bisker & Castagna 1987; 
Eggleston 1990). Adult blue crabs feeding on a range 
of sizes of hard clams preferentially consumed those 
smaller than 2-5 cm in length, although they were 
able to consume larger clams (Arnold 1984; Peterson 

1990). The present study tested: (i) whether hunger 
level modified size selectivity of blue crabs feeding on 

juvenile hard clams; (ii) whether crabs changed their 

patterns of preference for different sizes of prey fol- 

lowing conditioning on different combinations of 

prey. 

Methods 

EFFECT OF HUNGER LEVEL ON PREY-SIZE 

SELECTIVITY 

In order to test whether blue crabs feeding on hard 
clams conform to the general pattern of preference for 
smaller size classes observed for many other predatory 
crustaceans (Juanes 1992), regardless of their hunger 
level, a size choice experiment was performed with 
crabs that had not been fed for either 1 day (non- 
starved treatment) or 3 days (starved treatment) prior 
to the beginning of the experiment. Adult male blue 
crabs (carapace width ranging from 124 to 158 mm) 
were captured with commercial crab pots near Beau- 
fort, North Carolina, USA, and held in the laboratory 
for 1 week prior to the experiment, during which time 

they were fed with pieces of fish. Experiments were 

performed within four indoor flow-through wooden 
tanks (surface area 0.550 m2) containing approxi- 
mately 5 cm of fine sand and 20 cm of filtered sea 
water. Flow rate through the tanks was approximately 
2-5 1 min-'. Each tank was divided by diagonal ply- 
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wood partitions into four compartments. Crabs were 
held separately in each compartment. 

Each crab was offered 30 clams ranging from 1-5 to 
3-0 cm in length. Size structure of prey groups was 
standardized by dividing such size range into three 
size classes: 1.5-2.0 cm, 2-1-2-5 cm, and 2-6-3-0 cm 

length. Equal numbers (10) of clams belonging to the 
three size classes were offered to the crabs. Clams were 
buried below the sediment surface, so that they were 

completely covered. Crabs were introduced in the 
tanks and allowed to feed for 24 h. The experiment 
was checked every 3 h, and the clams that had been 
eaten were replaced in order to keep clam density and 

size-frequency distribution constant. Due to the non- 

independence of the different treatments (i.e. prey 
types) in multiple-choice feeding preference experi- 
ments, it is incorrect to use ANOVA for the analysis of 
results of this experiment (Hay, Renaud & Fenical 

1988; Peterson & Renaud 1989). Roa (1992) recently 
pointed out that the use of multivariate analysis tech- 

niques can obviate the problem of non-independence 
of treatments, and suggested using the Hotelling's T2- 
test for the analysis of feeding-preference experiments 
with more than two food categories involved. Differ- 
ences in prey-size selectivity of crabs of the two differ- 
ent hunger levels were tested with a two-sample Hotel- 

ling's T2-test performed on the total number of clams 
of each size class consumed by each crab. 

EFFECT OF PREVIOUS EXPERIENCE (LEARNING) 
ON PREY-SIZE SELECTIVITY 

Conditioning trial 

In order to determine whether experience plays a role 
in prey-size selectivity of blue crabs, adult blue crabs 
were preconditioned by exposing them to four com- 
binations of clams of different quality (Fig. 1). Male 

blue crabs (carapace width ranging from 113 to 144 

mm) were held in the aquaria previously described 
and similarly treated until the experiment was started. 
Crabs were then starved for 2 days and offered one of 
four combinations of prey types: (i) eight live small 
(1 5-2-0 cm length) clams and eight live large (2 5-3 0 
cm length) clams; (ii) eight live small clams and eight 
sham large clams; (iii) eight sham small clams and 

eight sham large clams; and (iv) eight sham small 
clams and eight live large clams. Crabs had exhibited 
a preference for the smaller size classes in the choice 

experiment described above (see results) as well as in 

previous studies (Arnold 1984; Peterson 1990). Crabs 
were checked every 2 h. Each trial was terminated 
when at least 25% (i.e. four) of the clams had been 
crushed. 

Sham clams were constructed by fastening together 
the two valves of dead clam shells with superglue. 
Before being glued together, the shells were filled with 
sand in order to mimic the weight of live clams of the 
same sizes. The necessary weight of sand was cal- 
culated from weight-length regressions of live 

(weight = 0-515 length -7-368; R2 = 0-916; n = 50) 
and empty (weight = 0198 length -2-233; R2 = 

0-768; n = 50) clam shells, and by obtaining the aver- 

age weight difference between live and dead clams for 
clam lengths 1 mm apart. 

Sham clams yielded no energetic return, thus they 
were unprofitable prey. If crabs did learn about prey 
quality, crabs that had attempted to feed on sham 
clams should have avoided live clams of the cor- 

responding size in successive feeding cycles. If, on the 
other hand, a preference for small clams is hard-wired, 
conditioning on unprofitable clams should not have 
affected the crabs' size selectivity. 

Observation of crabs feeding on the different clam 

types suggested that sham clams might be more easily 
crushed than live clams. The cost involved in preying 

CLAM COMBINATION 

Conditioning 

TIME INTERVAL 
BETWEEN TRIALS 

Test trial 

None 
Small live- large live Small live -large live l - l 

24 hours 

None 
Small live- large sham Small live -large live 2 

24 hours 

None 
Small sham - large sham Small live - large live 

24 hours 

None 
Small sham - large live Small live - large live < 

24 hours 

Fig. 1. Design of the experiment testing whether experience can modify size selectivity of blue crabs preying on hard clams. 
Four groups of six crabs each were conditioned on four different combinations of equal numbers of small and large clams. 
Clams were either live, i.e. containing meat, or were sham, i.e. replicates of the live clams only containing no meat. After 
conditioning, all crabs were given equal numbers of small and large live clams (test trial). The test trial started right after the 
conditioning trial, in half of the replicates, after a 24-h interval in the other half. 
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on clams of different 'types' (i.e. live or sham), there- 

fore, might differ. In order to test whether the resist- 
ance of clam shells to breakage differed among live 
and sham clams, relative measurements of the strength 
of the clam shells were done with a Compressing 
Range Machine, model FT-60-D (Forney Inc., 
Material Testing Equipment, Wampum, PA, USA). 
Clams were placed between two plates of a hydraulic 
press, force was applied and digitally recorded at the 

breaking point of the shell. Shell strength was thus 

expressed in terms of the force (in lbs) needed to crush 
the clam. Shell strengths of six to nine clams of each 

category (small live, small sham, large live and large 
sham) were measured. Data were analysed with a two- 

way ANOVA, with clam type (live or sham) and clam 
size (small or large) as the fixed factors. The assump- 
tion of homogeneity of variances was tested with 
Cochran's test at a = 0.05. Post-hoc comparison of 
the treatment means was carried out with the Tukey- 
Kramer procedure. 

Test trial 

In order to test the null hypothesis of a lack of an effect 
of experience (i.e. learning) on prey-size selectivity, all 
crabs were offered, after the conditioning trial, eight 
small live clams and eight large live clams. The second 

feeding trial (i.e. the test trial) started immediately 
after the conditioning trial in half of the replicates, 
and after a 24-h interval in the remaining half, yielding 
a total of eight treatments, each replicated three times 

(Fig. 1). This experimental protocol addressed two 

questions. (i) Is prey size selectivity of blue crabs feed- 

ing on juvenile hard clams hard-wired, or is it sub- 

jected to modification through experience? (ii) Is a 

possible effect of experience subjected to rapid extinc- 
tion (within the first 24 h after the foraging bout)? 

Crabs were checked every 2 h during the test trial, 
and the experiment was terminated when at least four 
clams had been eaten. Crabs which had not eaten 
within 12 h were eliminated from the experiment. Due 
to space limitations, it was not possible to run all 
the replicates at the same time. The experiment was 
therefore carried out in separate trials. All eight treat- 
ments were set up in each trial, with one crab ran- 

domly assigned to each treatment. Differences among 
trials were minimized by treating the animals ident- 

ically, prior to the experiment (see previous section), 
and by starting the experiments at the same time of 
the day (approximately 09.00 h). Water temperature, 
measured at the beginning of each replicate trial, drop- 
ped from 206 ?C, during the first trial, to 15?C (aver- 
age = 18.36?C, SE = 0-51, n = 24) during the last 
trial. There was no significant difference, however, in 
water temperature among the eight treatments 

(ANOVA: F7,16 = 0-295, P = 0-946). 

fixed factors, was performed on the proportion of 

large clams consumed by each crab. Angular trans- 
formation of proportions was applied prior analysis. 
Treatment means were compared, after ANOVA, with 
the Student-Neumann-Keul's procedure. 

MECHANISM OF PREY SELECTION 

A third experiment was conducted to determine 
whether crabs were able to distinguish between live 
and sham clams, before crushing their shells, by using 
chemical cues. Three types of clams of similar sizes 

(1-5-2 5 cm length) were offered to individual male 
blue crabs (CW 110-140 mm): live clams, sham clams 
(as described above), and bleached sham clams [pre- 
pared, as described above, from clam shells previously 
washed in diluted CLOROX? bleach (The CLOROX 
Co., Oakland, CA, USA) for 30 min, then thoroughly 
rinsed in running tap water]. The last clam type was 
added in order to test whether decomposing meat 

particles possibly associated with the sham clam shells 

might attract crabs to this type of prey. It is possible 
that immersion in CLOROX? bleach might have 
modified the mechanical characteristics of the clam 
shells. The present experiment, however, was designed 
to test whether crabs detected sham and live clams 
with similar frequencies rather than whether they 
crushed similar proportions of the different clam 

types. Characteristics of the shells other than odour, 
therefore, are not likely to affect results. 

Trials were carried out in one of the tanks described 

above, after partitions had been removed, with filtered 
seawater flowing at approximately 0-7 1 min-'. Five 
clams of each type were presented to each crab. Clams 
were buried under the sand surface at randomly 
assigned positions in a 50 x 50 cm grid of mono- 
filament lines, so that clam types were randomly 
interspersed but individual clams were evenly spaced 
(10 cm apart from each other). The grid was removed 
before the crab was introduced into the aquarium. 
Crabs were observed by standing, as motionless as 

possible, approximately 1 m away from the tank. 
Crabs that had not started feeding within 1 h from 
the beginning of the experiment were excluded from 
the experiment. Clams had been marked with one dot 
of non-toxic paint (Mark-Tex Corporation, Engle- 
wood, NJ, USA) on each valve. Different paint col- 
ours had been used in order to allow identification of 
the different clam types. Each trial was ended after 
2 h, during which time the number and type of clams 
found and crushed by the crab were recorded. Trials 
were carried out during late afternoons. Illumination 
was from a large window situated close to the tank. 
Water temperatures ranged from 24-5?C to 30?C 

(average = 27-6 ?C, SE = 0-53, n = 9). 
Data were analysed with the one-sample Hotelling's 

A two-way ANOVA, with prey combination during 
conditioning (four levels) and time interval between 

conditioning and test feeding trials (two levels) as the 

T2-test. T2 was calculated for the number of clams of 
each type found by each crab during trials, and was 

subsequently converted into a F-statistic, with p (num- 
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ber of prey types) = 3, and n (number of repli- 
cates) = 9, thus with p = 3 and n-p = 6 degrees of 
freedom (Roa 1992). 

Results 

EFFECT OF HUNGER LEVEL ON PREY-SIZE 

SELECTIVITY 

There was no overall significant effect of hunger level 
on size selectivity by crabs (T2 = 5-027, F32 = 2-869, 
P = 0-081). The low P-value, however, suggests that 
a possible effect of hunger level on size selectivity 
cannot be ruled out, and might have not been detected 
due to insufficient power of the test. Inspection of the 
data suggests that the less hungry crabs might have 
been more selective than the hungrier ones. The num- 
ber of clams consumed in each size class by crabs 
starved for 1 day averaged, in fact, 65-1%, 27-9% and 
7-0% of the total number consumed, for the small, 
medium and large clams, respectively. By contrast, for 
crabs starved for 3 days, 50-0%, 34-7% and 15-3% of 
the clams consumed were small, medium and large, 
respectively. Hungrier crabs had thus consumed larger 
proportions of clams in the least preferred (i.e. larger) 
size class. 

A one-sample Hotelling's T2 performed on data 

pooled from both treatments (starved and non- 

starved) indicated that clam consumption differed 

significantly among clam size classes (T2 = 38-976, 
F3,3 = 11 255, P = 0-0006). The number of hard 
clams consumed by the crabs decreased with clam size 

(Fig. 2), in agreement with the results of previous 
studies (Arnold 1984; Peterson 1990). The pattern of 

decreasing predation mortality accompanying 
increasing clam size was observed in both treatments 

(starved or non-starved crabs) (Fig. 2). Hungrier crabs 
consumed overall more clams than the less hungry 
ones (t-test: t = 3-019, d.f. = 14, P = 0-009). 

EFFECT OF PREVIOUS EXPERIENCE (LEARNING) 

ON PREY-SIZE SELECTIVITY 

Conditioning trial 

During the conditioning trial, crabs offered sham and 
live clams belonging to two different size classes con- 
sumed significantly different proportions of large 
clams (one-way ANOVA: F3,20 = 5-241, P = 0008, 
n = 6) (Fig. 3). Crabs consumed the greatest pro- 
portion (691 %) of large items when these were sham 
clams presented with small live clams. Crabs con- 
sumed similar amounts of large and small sham clams 
when these were presented together (44-8% large 
clams). Significantly lower proportions of large clams 
were consumed in the remaining two treatments (both 
large and small clams live: 27-3%; small sham and 

large live clams: 17-0%) compared to the treatment 
where small live and large sham clams were given. 
Crabs crushed more sham clams of either sizes than 
live ones, when these were presented together (i.e. in 
treatments 2 and 4), even though the former did not 

yield any energetic gain. 
The force required to break the large clams was 

significantly greater than that required to break the 
small clams for the live but not for the sham clams 

(clam type: F,25 = 1724, P= 0-201; clam size: 

F1,25 = 13-105, P = 0-001; interaction: F1,25 = 5-541, 
P = 0-027) (Fig. 4). The prey types offered during the 

conditioning trial differed in the energy yielded, as 

only the live clams contained meat, but also in the 
resistance they offered to consumption by crabs. 
Crabs offered a choice between small live and large 
live clams (treatment 1), and between small sham and 

large live clams (treatment 4), were presented with 

prey of significantly different shell strength, since large 
live clams are stronger than both small live and small 
sham clams. In contrast, crabs offered a choice 
between small live and large sham clams (treatment 
2), and between small sham and large sham clams 

100 

10 

'a 

0 
E 8 
:5 06 c 
0 

6 
E 
C 4 

a 

0 Starved for 3 days 

E3 Starved for I day 

I 

I. I 75 
1-5-2-0 2'1-2.5 2.6-3-0 

Clam size (cm) 

Fig. 2. Size selectivity of blue crabs of different hunger levels 
(starved for 1 or 3 days) feeding upon three size classes of 
hard clams. Here and in all other figures bars represent 
averages with standard errors. 

2 80 - 
C -[ 
0) 
o 60- 

e~n ~- 
o 40- 

c, 2o- - I 

A B A,B A 

small live small live small sham small sham 
large live large sham large sham large live 

Prey combination 

Fig. 3. Percentages of large (2-5-3-0 cm length) clams con- 
sumed by blue crabs during the conditioning trial. Four 
different prey combinations were offered: small live and large 
live clams, small live and large sham clams, small sham and 
large sham clams, small sham and large live clams. Bars 
marked with the same letter are not significantly different at 
a = 0-05 (SNK). 
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1 0 Large clams (2-5-3.0 cm) 
U60- n=6 

C T 

T 40- / n=6 

. - . o n / o t 0 20 - 

) - /^^/ ///^ 

C: 

0o A Q A /A B/ 0 I ///. '/ . 
live sham 

Clam type 

Fig. 4. Comparison of the relative shell strength (measured 
as the force, in lbs, needed to crush clams) of the four prey 
types (live small, sham small, live large and sham large 
clams) used in the conditioning trial. Bars marked with the 
same letter are not significantly different at a = 0-05 (Tukey- 
Kramer). 

(treatment 3), were presented with prey of similar shell 

strengths. 

Test trial 

ing conditioning on small live clams and large sham 
clams (and had consumed more of the latter; treat- 
ment 2), consumed significantly more large clams in 
the test trial than crabs that had fed on small sham 
clams and large live clams during conditioning (and 
had consumed more of the former; treatment 4). The 
other two treatments, where crabs had been condi- 
tioned on either all live or all sham clams, were inter- 
mediate between treatments 2 and 4 in the test trial 
and not significantly different from either of them. 

There were no significant differences among the 
total number of clams crushed by crabs assigned to 
different treatments either during the conditioning 
(one-way ANOVA, treatment effect: F,20 = 0-433, 
P = 0-732) or the test trial (two-way ANOVA; treatment 
effect: F3,16 = 0954, P = 0-438; time interval effect: 

F1,16 = 0-081, P = 0-779; interaction: F3,16 = 0-176, 
P = 0-911). Crabs that crushed large numbers of sham 
clams during conditioning did not seem to try to 
increase their food intake by consuming more live 
clams in either trial. 

MECHANISM OF PREY SELECTION 

Crabs that had fed during conditioning on different 

prey combinations, consumed significantly different 

proportions of large clams in the test trial, where all 
crabs were given a choice between small and large live 
clams (two-way ANOVA, effect of prey combination 

during conditioning: F316 = 3-56, P = 0-038) (Fig. 5). 
The effect of experience on size selectivity did not 

significantly diminish or change within the 24-h time 
interval (two-way ANOVA; effect of time interval 
between trials: F1,16 = 115, P = 0-30; interaction: 

F3,16 = 015, P = 0-928). 
Differences in size selectivity of blue crabs during 

the test trial followed the trends observed in the con- 

ditioning trial (Figs 3 and 5). Crabs that had fed dur- 

100 - 

80- 

c 

60- 

2 40 - 
*o 

. A,B B A,B A 
0 

F . . I I 
I' 

. . 
small live small live small sham small sham 
large live large sham large sham large live 

Prey combination during conditioning 

Fig. 5. Percentages of large (2-5--30 cm length) clams con- 
sumed by blue crabs during the test trial. Prey combinations 
during conditioning as in Fig. 2. Since there was no sig- 
nificant effect of the time interval between conditioning and 
test trials (i.e. 0 or 24 h) on the proportions of large clams 
eaten during the test trial, data for the different time intervals 
have been combined. Bars marked with the same letter are 
not significantly different at oc = 0-05 (SNK). 

There was no significant difference in the numbers of 

live, sham and bleached sham clams of similar sizes 
found by blue crabs during laboratory feeding trials 

(Hotelling's T2 = 6-156, F3,6 = 1.539, P = 0-30) (Fig. 
6). Nearly all of the clams found and dug out by the 
crabs were immediately crushed and consumed if live, 
or crushed and discarded if sham. Only in one case 
did a crab drop a live clam after unsuccessfully 
attempting to crush it for a few minutes. 

5- 

4 

3 

2 

0 
live sham sham - bleached 

Clam type 

Fig. 6. Average numbers of live, sham and bleached sham 
clams of similar sizes (1.5-2.5 cm length) found and dug out 
by nine blue crabs. 

Crabs probed the sediments with their pereiopods 
while walking. Crabs occasionally stopped, inserted 
their chela in the sand, extracted a clam, and immedi- 

ately tried to crush it. Crabs would frequently pick up 
fragments of clam shells of all three types, previously 
crushed, and put them down again after inspecting 
them for few seconds with their maxillipeds. 

Chemical cues associated with clams did not seem 
to play an important role in directing short-range 
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foraging movements and prey selection of blue crabs. 
On the contrary, these results indicate that crabs 
encountered the different prey types with similar 

frequency. 

Discussion 

The experiments reported here indicate that blue crabs 
exhibit some degree of flexibility in their prey-size 
selectivity. Crabs feeding on two different sizes of a 
bivalve prey (i.e. hard clams < 20 or > 2 5 cm length) 
in fact modified their selectivity after one feeding bout 
on one of four possible combinations of live or sham 

(i.e. containing no meat) clams of the two sizes. 

Further, size selectivity might also depend on the 

physiological state of the crabs (here manipulated as 

hunger levels). 
Previous studies have found that prey-size sel- 

ectivity changes with the predator hunger level 

(Werner & Hall 1974; Hughes 1988; Croy & Hughes 
1990). In addition, theoretical models predict that 

hungrier animals should be less selective (Lucas 1983). 
In this case there was no significant effect of hunger 
level on size selectivity. The low P value, however, 
suggests that such an effect might have been present 
and that the power of the test might have been too 
low to detect it. The possible effect of hunger level is 
in the direction expected based on previous theoretical 
and experimental studies (citations above): selectivity 
tended to decrease with increasing hunger level. 

Both starved and fed blue crabs offered different 
sizes of juvenile hard clams consumed greater pro- 
portions of the smaller clams, thus conforming to the 

general pattern of preference for smaller size classes 
of bivalve prey observed in this species (Hughes & 
Seed 1981; Arnold 1984; Bisker & Castagna 1987; 
Peterson 1990) and in many other decapod crustacean 

species (Juanes 1992). Prey profitability is usually a 
function of prey size (Davies 1977; Schoener 1971). In 
the case of hard-shelled molluscan prey, profitability 
generally declines with size (Elner & Hughes 1978; 
Hughes 1979; Elner 1980; Jubb, Hughes & ap Rhei- 
nallt 1983; Lawton & Hughes 1985; ap Rheinalt 1986; 
Davidson 1986), as the cost of breaking shells 
increases faster than the meat reward. Prey size could 
thus be used by predators as an estimator of prey 
profitability. Species that have limited ability to learn 
and remember may rely heavily on inflexible decision 
rules (Dukas & Real 1991), such as 'choose smaller 

prey' in the case of crabs preying on size-structured 
bivalve populations. Compelling evidence that some 
animals exhibit fixed, stereotyped behaviours in 

acquiring resources has been provided for bumble 
bees (Waddington & Heinrich 1979) and for ocypodid 
crabs (Zimmer-Faust 1990). 

This experiment provides evidence in support of 
the alternative hypothesis, that blue crabs exhibit a 
flexible behaviour when feeding on hard clams of 
different sizes. Blue crabs, in fact, consumed sig- 

nificantly different proportions of small and large 
clams following conditioning on combinations of 
small and large clams of different profitabilities. 
Behavioural plasticity in food preferences, and in 
other characteristics of a species repertoire, might rep- 
resent an adaptation to life in unpredictably variable 
environments (Hazlett 1988). Capability to gain infor- 
mation about environmental variability would 

guarantee a rapid response to changes in resource 

quality and distribution. As a result of behavioural 

flexibility, crabs (Wicksten 1977; Blackstone & Joslyn 
1984), and possibly other generalist predators, can 

rapidly take advantage of new resource types. 
The biogeographic range of C. sapidus covers a vast 

portion of the North and central Atlantic coast of 

America, from Nova Scotia to the Caribbean (Wil- 
liams 1984). Blue crabs also exhibit a wide tolerance 
for salinity variations, being found along estuaries, 
from nearly fresh to oceanic waters. These predators 
are thus faced, during their lifetime, with a vast array 
of potential prey and possible combinations of prey. 
The range of sensory stimuli in an animal's environ- 
ment could select for increased cognitive abilities, so 
that one might expect generalist predators, such as 
blue crabs, to show a greater ability to learn about 

prey quality than predators specialized on one or few 

prey types (Papaj & Prokopy 1989; Dukas & Real 

1991, 1993). 
During the conditioning trial, crabs offered live and 

sham clams of two distinct size classes in all four 

possible combinations, consumed significantly differ- 
ent proportions of large clams, with crabs assigned to 
one of the treatments (treatment 2) consuming even 
more large (sham) than small (live) clams. In this 

treatment, crabs consumed more large than small 
clams despite the fact that the former were sham 

clams, yielding no energetic return. Similarly, sham 
small clams were preferred to large live, more profit- 
able clams. Live clams are more profitable than sham 
clams regardless of what currency is used to quantify 
profitability, since sham clams yield no energetic gain, 
hence they have zero gross rates of energy intake 

(benefit/handling time) and energetic efficiencies 

(benefit/cost), and negative net rates of energy intake 

[(benefit/cost)/handling time]. 
Crabs are not likely to encounter 'sham' prey (i.e. 

shell valves containing sediments) often in their natu- 
ral environment, and thus to have been selected to 
solve this foraging problem. The present experiment, 
however, simulates the situation of a forager encoun- 

tering novel prey of different qualities, and tests the 

hypothesis that invertebrate predators faced with a 
vast array of potential prey are equipped with simple 
decision rules determining their prey choice. 

The incapability of blue crabs to distinguish 
between sham and live prey may have important 
consequences in regulating predator-prey interactions 
of crabs and bivalves. Shell substrate, for example, is 
known to protect infaunal bivalves from their pred- 
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ators (Arnold 1984; Gibbons & Castagna 1985; 
Sponaugle & Lawton 1990). Experimental addition of 
sham clams to field plots containing live bivalves also 

protected the live clams from predation (Peterson & 
Black 1993). Both natural shell debris and sham clams 
are thought to disrupt foraging of predators by pro- 
viding a physical obstacle. Results of this study sug- 
gest an alternative mechanism by which the presence 
of dead shell might reduce predation intensity on live 

prey. Dead shell may be a counter target for predators' 
activity, acting as alternative 'prey' rather than as 

physical structure. Laboratory observations seem to 

support this hypothesis: two species of portunid crabs 

(C. sapidus and Ovalipes ocellatus) feeding on juvenile 
hard clams on a substrate of sand and shell debris 

frequently picked up and attempted to crush dead 
shells and even gravel (Sponaugle & Lawton 1990). 

Preference for sham clams could not be attributed 
to their greater detectability by blue crabs. Encounter 

rates, in this experimental setting, did not differ for 

live, sham and bleached clams. Preference seems best 

explained by a lesser resistance of dead clam shells to 

breakage, possibly due to the decomposition of the 

organic matrix of shells causing shells to become more 
brittle. 

Measurements of the shell strength of live and sham 
clam shells indicated that the shells of large sham 
clams had similar resistance to breakage than small 
clams of both types. Large live clams, on the contrary, 
were more resistant than both live and sham small 
clams (Fig. 4). Crabs consumed larger proportions of 
the weaker prey (i.e. the small clams) when presented 
with prey of significantly different shell strengths 
(treatments 1 and 4). When offered prey of similar 
shell strengths, crabs consumed similar proportions 
of the two prey sizes (treatment 3), or even more large 
clams (treatment 2), indicating that clam large size per 
se does not deter crab predation. 

The results of this experiment suggest that crabs 

may use shell strength as the only cue of prey quality, 
possibly learning which prey have more easily crushed 
shells. Easily crushed sham clams were preferred over 
live ones even though they contained no flesh. Crabs, 
therefore, did not seem to be able to measure the 
amount of energy they obtained from their prey and 
to select their prey based on profitability ratios. As 
Juanes & Hartwick (1990) and Juanes (1992) 
suggested, crabs might be constrained in their diet 
choice by the cost associated with claw wear rather 
than by a limited time available for foraging, as 
assumed in traditional optimal foraging models 

(Stephens & Krebs 1986). These authors proposed 
claw damage and wear as a long-term limiting cost 
to be introduced in more realistic dynamic foraging 
models (Houston et al. 1988; Mangel & Clark 

1988). 
Another constraint possibly limiting the range of 

prey sizes consumed by crustacean predators might 
be the relative ease with which prey are handled. Prey 

that are too small might slip from the crab claws, thus 

increasing handling times. These two constraints (the 
probability of incurring claw damage and the ease 
with which prey can be handled), might explain the 

preference for intermediate-sized prey observed in the 
crabs Carcinus maenas (Elner & Hughes 1978; Jubb et 
al. 1983), Liocarcinus puber (ap Rheinallt 1986) and 

Ovalipes catharus (Davidson 1986) feeding on Mytilus 
edulis. 

Crabs that succeed in maximizing their 'claw life', 
even at the expense of net energetic intake, might 
be expected to have greater fitness than crabs that 
maximize rates of energetic intake. Under this scen- 

ario, it should be possible to predict prey preferences 
of crabs, and possibly of other predators that rely on 

degradable parts such as claws, teeth and beaks to 
consume their prey, by ranking prey solely according 
to their resistance to breakage. In the case that these 

predators measure prey resistance to consumption 
rather than their profitability in terms of energy, such 

predictions might be accurate even if not based on 

profitability ratios. 
Evidence that animals can track rewards associated 

with food items has been provided for amphibians 
(Jaeger & Rubin 1982), birds (Krebs et al. 1977; Krebs, 
Healy & Shettleworth 1990; Schuler 1990) and bumble 
bees (Real 1990, 1991; Dukas & Real 1991). The fact 
that the capability of measuring energetic gain is com- 
mon to such taxonomically distant animal groups 
might indicate that this capability is not necessarily 
related to the complexity of an animal's nervous 

system. Crabs might cue on shell strengths, rather 
than on energy content of prey, not because their 
nervous system is too simple to measure prey profit- 
ability, but because of the overwhelming import- 
ance of the mechanical properties of prey on the life- 

long fitness of predators. 
Several crab species have been reported to attack 

any prey encountered, regardless of size or species, 
and consume only those which yielded after a certain 
time (Vermeij 1976; Lawton & Hughes 1985; Brown 
& Haight 1992). On the other hand, an active choice 
of more vulnerable prey seems to play an important 
role in other crab species (for example in Carcinus 
maenas; Elner & Hughes 1978; Johannesson 1986; and 

Ovalipes catharus; Davidson 1986). Hughes (1989) 
proposed the hypothesis that tropical crabs might 
exhibit a greater capability to assess the vulnerability 
of molluscan prey than temperate crabs because of the 

longer co-evolution with their prey. As an alternative 

hypothesis, it is suggested here that tropical predatory 
crabs might exhibit higher cognitive abilities because 

they are exposed to a greater diversity of potential 
prey compared to what is found at higher latitudes. 

Higher cognitive abilities might be expected in con- 
sumers which encounter and handle a wider variety 
of prey types (Dukas & Real 1993). 

Furthermore, there is strong morphological evi- 
dence of co-evolution between gastropod shell thick- 
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ness and other morphological prey defences (for 
example operculum shape and shell ornamentation) 
and specializations of claws of mollusc-eating crabs. 
Such an arms-race may have progressed further in the 
Indo-West Pacific than in other tropical or temperate 
regions, presumably because of the greater age of the 
former ocean basin (Vermeij 1976, 1978, 1987). The 
relative ease with which crabs crush shells of their 
molluscan prey seems to play a most important role 
in shaping interactions within this predator-prey sys- 
tem on both ecological and evolutionary scales. 

Crabs exposed to different prey combinations dur- 

ing the conditioning trial exhibited significant differ- 
ences in size selectivity in the test trial, where all crabs 
were offered identical prey combinations. This result 
indicates that size selectivity of blue crabs is not hard- 
wired but, on the contrary, is subjected to modi- 
fication through experience. Learning has already 
been observed among crustaceans. Grapsid crabs can 
learn the location of their burrows (Abele, Cam- 

panella & Salmon 1986). Stomatopods learn and 
remember characteristics of home cavities (Reaka 
1980), and to open snail prey more efficiently 
(Caldwell & Childress 1990). Hermit crabs can learn 
and remember characteristics of gastropod shells 

(Hazlett 1992). 
A theoretical model (McNamara & Houston 1987) 

predicts that the weight that animals give to past 
experience, when making foraging decisions, should 
decline with increasing variability of environmental 
conditions. Based on such a prediction, it would be 
reasonable to expect that generalistic and highly 
mobile predators, such as blue crabs (Hines et al. 1990; 
Hines & Wolcott 1990), would base their prey choice 

only on most recent foraging experience. This pre- 
diction seems to be supported by the fact that crabs 
modified their size selectivity in the test trial after 

sampling only a few clams (during the conditioning 
trial), so that modification of size selectivity occurred 
after only a few encounters with new prey types. Modi- 
fication of size selectivity, however, seemed subject to 
slow extinction. An effect of conditioning was in fact 
still significant 24 h after the conditioning trial. 

During the time interval between the conditioning 
and test trials, crabs were not allowed to feed on other 

prey items. Foraging on different prey types has been 
shown to interfere with the capability of retaining 
information gained during previous foraging in other 
invertebrates (Menzel 1979; Stanton 1983; Lewis 

1986). Blue crabs' selectivity may not be affected by 
previous experience for over 24 h in the field, where 
animals can come in contact with a variety of different 

prey types. This hypothesis remains to be tested. 
Modification of prey size selectivity following con- 

ditioning on different prey combinations might have 
occurred because of at least three distinct mechanisms: 

(i) crabs might become more efficient at handling a 

particular clam size with experience; (ii) they might 
develop a 'search image' (Timbergen 1960) for that 

clam size and become more successful at finding it; or 

(iii) they might learn to recognize the preferred prey 
upon encounter, thus being more persistent on one 
size of clams than on the other. 

Crabs that consumed a greater proportion of large 
clams during the conditioning trial could have learned 
to handle large clams more efficiently and, therefore, 
could prey more effectively on this size class in suc- 
cessive feeding trials. Crabs that consumed the great- 
est proportion of large clams during conditioning 
(treatment 2), also consumed significantly more large 
clams during the test trial compared to crabs that ate 
the fewest large clams during conditioning (treatment 
4). Since crabs frequently use different techniques to 
crush bivalves of increasing sizes (Juanes 1992, and 
references therein), they may perfect their handling 
skills through practice. Butterflies, for instance, have 
been shown to learn nectar extraction techniques on 

particular flower species and to prefer that species 
on successive foraging bouts (Lewis 1986). A limited 

capability for learning and recalling the different 
extraction techniques needed with different flower 

species was proposed by Darwin (1876) as a possible 
explanation for flower constancy in insects. Similarly, 
other invertebrates, such as predatory gastropods 
(West 1988) and stomatopod crustaceans (Caldwell & 
Childress 1990), can increase their predatory efficiency 
through experience. 

Alternatively, the effect of conditioning on size sel- 

ectivity during the test trial might be explained by 
the development of a search image in the crabs that 
consumed greater proportions of large clams during 
conditioning. The development of search images, tra- 

ditionally attributed to vertebrates, has also been 
shown for invertebrates (Gould 1985). Under this 

scenario, crabs that recognize large clams as the pre- 
ferred prey might concentrate on searching for large 
clams in successive feeding bouts. The foraging tech- 

nique of blue crabs feeding on infaunal clams (i.e. 
probing the sediments with their walking legs until 
contact with a clam), however, does not seem to sup- 
port this hypothesis. From the observations con- 
ducted in the last experiment reported here (see 
'Mechanism of prey selection') and from casual obser- 
vations of foraging crabs, crabs seemed to dig out and 

attempt to crush any clam encountered. 
As a third hypothesis, the mechanism of selection 

might be that of adjusting giving-up times depending 
on prey quality. Crabs may detect different prey types 
with similar frequencies, but subsequently persist in 

attempting to crush prey recognized as the preferred 
ones, while having shorter giving-up times when hand- 

ling less preferred prey. Direct measurements of hand- 

ling times, search rates, and sequences of encounter 
with prey and of acceptance and rejection of prey 
encountered, are needed in order to discriminate 

among these alternative mechanisms. 
In conclusion, this work indicates that the pattern 

of preference for small-sized molluscs widely observed 
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among predatory crustaceans (Juanes 1992) does not 
result from a fixed decision rule by which prey are 
ranked based on their relative sizes (Stephens & Krebs 
1986), but rather that crabs might learn through 
experience with different prey sizes and possibly spec- 
ies to recognize preferred prey. Furthermore, pref- 
erence rankings seemed to be established based on 
relative strength of shells rather than on profitability 
ratios. 

Perceptual, learning and memory constraints play 
a fundamental role in shaping the foraging behavior 
of predators, thus in determining their impact on prey 
communities (McNamara & Houston 1985; Abra- 
hams 1986; Mangel & Clark 1988; Bernstein, Kalcenik 
& Krebs 1988, 1991; Kalcenik, Brunner & Gibbon 

1990; Krebs et al. 1990). In terrestrial systems, for 

example, the study of learning and memory abilities 
of butterflies and bumble bees has improved our 

understanding of plant-insect interactions (Real, Ott 
& Silverfine 1982; Stanton 1983; Lewis 1986; Papaj & 

Prokopy 1989; Real 1990, 1991). Similarly, an under- 

standing of what perceptual and cognitive constraints 
underlie feeding preferences of marine predators could 

help in making predictions about the role of predation 
in structuring marine communities. 
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