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ABSTRACT: The interactive effects of predator density and prey distribution on the foraging behavior 
of an important estuarine predator were studied, at a fine temporal scale, using ultrasonic telemetry. 
The movement and agonistic activity of individual blue crabs CaU~nectes sapidus were monitored in 
large field enclosures, in which the density of crabs and the distnbution of patches of bivalve prey 
Macoma balthica were varied. Agonism-related inlury in blue crabs is common and may be quite 
costly. On a scale of days, blue crabs have been shown in previous studies to disperse, sometimes into 
prey-impoverished areas, in response to conspecific interference. On the scale of minutes to hours 
addressed in the present study, the density of predators and the distribution of their prey interacted to 
affect the foraging behavior and success of blue crabs. When only a single clam patch was available, 
blue crabs at high density interfered with each other's foraging by drect  agonistic encounters, shown 
by an inverse correlation between agonistic activlty and foraging success. Conversely, when prey were 
partitioned into 2 patches, blue crabs at high denslty apparently dispersed among the patches, thus 
minimizing direct agonistic clashes. Although crabs reduced the occurrence of agonistic encounters 
further than the 50% attributable to their effectively halving their densities on each patch, they did not 
take refuge in the prey-impoverished areas between experimental patches for significant periods. 
Instead, they seemed to respond instantaneously to changing degree of risk by moving off the clam 
patch when another conspeciflc approached. 

KEY WORDS: Foraging . Agonism - Callinectes sapidus . Macoma balthica . Ultrasonic telemetry - 
Chesapeake Bay 

INTRODUCTION 

Density of predators, distribution of prey resources, 
and the interaction of these factors have important 
effects on the foraging behaviors of many animals. 
When prey resources are patchy, predators often 
aggregate on patches in proportion to prey density 
(Holling 1959, Sutherland 1983). Predators, conse- 
quently, can accumulate at very high densities on the 
most rewarding patches (Holling 1959, Goss-Custard 
1977, Goss-Custard et al. 1977, Piatt et al. 1989). As 
predators become crowded, they may spend more time 
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in agonistic interactions and forage less successfully 
(Goss-Custard 1977, Goss-Custard et al. 1984). Preda- 
tors often disperse from areas of high conspecific den- 
sity to areas where, because of poorer resource quality, 
there are fewer competitors (Ens & Goss-Custard 1984, 
Palumbi & Freed 1988, Goss-Custard et al. 1992). 
Many predators have been observed to behave in this 
manner, although little field-scale research has been 
undertaken in marine/estuarine subtidal areas. 

The estuarine subtidal zone is characterized by 
highly mobile, agonistic predators, many of which pos- 
sess formidable weapons (claws, chelae, spines). Blue 
crabs Callinectes sapidus are an ubiquitous example of 
such a predator on the Atlantic and Gulf coasts of the 
United States. The foraging behavior of crabs appears 
likely to be influenced by both distribution of prey and 
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METHODS 

density of other crabs. In controlled field-scale experi- the prey-depauperate area between patches, and/or 
ments, blue crabs spend disproportionately more time responding instantaneously to small changes in level 
on experimental prey-enriched patches than in sur- of risk. 
rounding prey-depauperate areas (M.E. Clark unpubl. 
data), suggesting that they will aggregate at high den- 
sities in prey-rich areas. Blue crabs forage less success- 
fully in the presence of many conspecifics than under 
less crowded conditions in both the laboratory and Study site. Experiments were conducted in the 
field (Mansour & Lipcius 1991, Dittel et al. 1995, Hines Rhode River (38" 51' N, 76' 32' W),  a 485 hectare 
& Ruiz 1995), sometimes because they divert time from subestuary of the central Chesapeake Bay, during the 
foraging into aggressive behaviors (Mansour & Lipcius summers of 1992 through 1994. To control abundance 
1991, K. Moody & R. Lipcius pers. comm.). Whether the of predators and availability of prey resources, all 
behavior of crabs foraging under crowded conditions is experiments were conducted in 20 X 20 m field enclo- 
influenced by prey distribution has been studied indi- sures. The walls of enclosures were 4 cm VEXAR" 
rectly by assessing prey survival (Micheli 1997), but mesh that extended above the high-tide line and were 
has not been monitored directly in natural surround- edged on the bottom with galvanized wire that 
ings. Because agonism-related injury is expensive to extended several centimeters below the sediment 
crabs in terms of foraging ability, energy use, growth, surface. Enclosures were near shore (water depth = 
options for defense, and mating success (Smith 1990, 1 to 2.5 m) in the upper reaches of the river adjacent 
1992, & 1995, Smith & Taylor 1993), they may have to the grounds of the Smithsonian Environmental 
evolved behaviors to utilize multiple prey resources Research Center (SERC). Sediment in enclosures was 
(e.g. multiple patches) in their habitat in ways that mainly fine, silty mud with some sandy areas in the 
minimize agonistic clashes. near-shore corners. 

Although blue crabs are interesting candidates for Adult crabs in addition to those experimentally intro- 
study, they are difficult to observe in the often murky duced in enclosures were frequently trapped by crab 
water of their estuarine habitats. To determine the pots deployed following experiments. The majority of 
movement and aggressive activity of individual crabs these animals had recently molted, suggesting that 
in a field-scale setting, a customized ultrasonic teleme- they had passed through the fencing as juvenile instars 
try system was developed. This system monitored the and thus had not interacted competitively with experi- 
spreading of the chelae in the agonistic display, the mental animals during the experiment. 
'lateral merus' or 'meral spread' posture common to To create patches of clams, 10 fixed wooden frames 
many decapods (Hazlett 1971. Jachowski 1974, Dingle of approximately 1 m* were embedded within the cen- 
1983), as an index of aggressive activity. In large field tral 10 X 10 m area of the enclosure. The frames 
enclosures in a subestuary of the central Chesapeake received two 50 X 100 cm plastic bins filled with 30 cm 
Bay, individual telemetered crabs were observed while of control or prey-enriched sediment, such that the 
the density of predators as well as the distribution of sediment surface of the 'patch' was flush with the sur- 
their bivalve prey Macoma balthica were manipulated. rounding natural sediment. 
Because of the labor-intensive nature of the telemetry Naturally occurring ('background') prey were scarce 
preparations, a single telemetered crab was used as an  in the enclosures. The most common bivalves, Macoma 
index of the agonism intensity of all crabs during an balthica and Macoma mitchelli (<1.5 cm shell width), 
experiment in the enclosure. The Rhode River's simple occurred at densities of only a few clams per square 
predator-prey complex allows experimental manipula- meter as estimated by random sediment cores. Juve- 
tions under controlled, yet realistic, conditions (Hines nile crabs were rare in most trials and, being much 
et al. 1990). Macoma balthica were selected as prey smaller than experimental predators, were considered 
because of their abundance and ecological impor- potential prey rather than competitors (Hines & Ruiz 
tance, having major effects on recruitment of infaunal 1995). 
species (Hines et al. 1989). Clams are preferred prey Experimental specimens. Crabs were collected by 
items of crabs, composing up to 50% of their diets trap and otter trawl. Intermolt males (130 to 170 mm 
(Hines et al. 1990). carapace width) that possessed at least both chelipeds, 

It was hypothesized that as foraging crabs aggregate both swimming paddles, and most walklng legs were 
onto prey patches, they will experience density-related selected for experiments. In each experiment, an indi- 
agonistic interference and will show behaviors that vidual crab having all limbs was fitted with a telemetry 
minimize agonistic encounters. Behaviors may include transmitter that allowed monitoring of the crab's loca- 
dispersing among multiple prey patches (2 in the case tion and agonistic behavior. Prior to experiments, crabs 
of this study), seeking refuge for extended periods in were held in 2000 1 outdoor tanks with 10 cm deep 
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Fig. 1 Photograph of crab outfitted with a telemetry transm~tter, showing preparation to monitor threat display activity (meral 
spread). On crab's chelae: reed-switches are secured to each dorsum of each rnerus, and magnets to each carpus 

flowing estuarine water and observed periodically for 
about 48 h to verify health and vigor. Crabs were fed 
ad libitum with clams and frozen fish up until 24 h 
before they were added to experimental enclosures. 

The telemetry system used in 1992 and 1993 allowed 
monitoring of agonistic behavior (as indicated by the 
'meral spread' display) and crab location. The transmit- 
ters were modified versions of those used in previous 
experiments to detect molting (Wolcott & Hlnes 1990, 
Shirley & Wolcott 1991). The electronics were pack- 
aged in electrical sleeving ('shrink tubing'), contoured 
to conform to the dorsal carapace (to minimize drag),  
and filled with corn oil to couple sound from the trans- 
ducer to the water. Transmitters were lashed trans- 
versely on the dorsal carapace using no. 18 (AWG) 
copper wire twisted around the lateral spines. Trans- 
mitters weighed approximately 20 g in air (7 g in 
water), and had no obvious effects on behavior of crabs. 

The meral spread display was signaled only when 
both chelae were extended, to distinguish it from other 
postures (swimming, feeding) in which extension of 1 
chela is common, but extension of both is rare. The dis- 

play was sensed with waterproof reed switches fas- 
tened to the dorso-medial surfaces of the merus of each 
chela with a rubber membrane (dental dam) and 
cyanoacrylate glue (Hysolm 2-C-500). On each carpus, 
a magnet was positioned so that it would energize the 
adjacent switch when the chela was extended. The 2 
switches were wired in series, closing the circuit only if 
both chelae were extended (Fig. 1). The meral spread 
display was reported as a percentage of time spent in 
display (originally recorded as seconds of display per 
minute) rather than as frequency of display events 
(onsets). The former is more relevant ecologically, 
given that crabs sometimes display continuously for up 
to 6 min (M.E. Clark unpubl. data).  Also, the telemetry 
system provided a more reliable measurement of dura- 
tion of displays than of start/stop frequency. 

Clams were collected by suction dredge. Only intact 
individuals (20 to 30 mm shell width) with a vigorous 
siphon-retraction reflex were selected for experiments. 
Clams were held on sea tables irrigated by flowing 
estuarine water until they were deployed in experi- 
mental enclosures. 
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Table 1. Dates and locations of manual telemetry experiments 

Prey distribution/Predator density 
Single prey patch (1992) Two prey patches (1993) 

Low density High density Low density High density 
Date (mo/d) Enclosure Date (mo/d) Enclosure Date (mo/d) Enclosure Date (mo/d) Enclosure 

7/29-30 #2 7/29-30 #3 7/15-16 #l 7/15-16 #3 
8/19-20 #l 7/22-23 #3 7/22-23 #2 

8/28-29 #2 8/13-14 tt3 
9/2-3 #3 9/2-3 # 1 8/19-20 #3 8/19-20 # 1 

9/16-17 #3 9/17-18 #3 
9/23-24 #3 

l 
Study design. The study design included 2 treat- 

ments of predator density: low (2 crabs per enclosure), 
and high (8 crabs per enclosure). Crabs were added to 
enclosures after the clam patches were deployed, and 
given 24 h to acclimate before experiments were 
started. The study design also included 2 treatments of 
prey patch availability: a single clam patch (1 m2 patch 
of 45 clams), and a pair of patches (two 1 m2 patches of 
45  clams each, separated by about 15 m). The density 
of prey in patches was relatively low, given that densi- 
ties in excess of 100 clams per square-meter can be 
found in the Rhode River (Hines et al. 1990). This ex- 
perimental density, rather than a higher one, was used 
to promote interactions among predators on the patch. 
This density, however, was high enough so that preda- 
tors would not be expected to deplete the patches dur- 
ing the experiment. The single patch was deployed in 
1 site randomly chosen from the 10 fixed patch sites. A 
patch to control for mortality not caused by predation 
was deployed in another randomly selected site, and 
covered with 1 cm mesh, galvanized wire. The 2-patch 
experiments were set up using diagonally opposed 
corner patch sites, and placement of clam patches in 
successive experiments alternated between the 2 
possible diagonal configurations; on occasion, a third 
patch (control) was placed in another of the 10 fixed 
patch sites. Clams in both treatments were planted, by 
SCUBA divers, about 10 cm deep in the sediment. 
Patches were then covered with 1 cm galvanized-wire 
mesh for 24 h, so that clams had time to bury deeper 
and to extend their siphons to the sediment surface 
while protected from predation. At the end of this ac- 
climation period, patch covers were removed from the 
experimental (but not control) patches. 

Eight tnals using the single-patch treatment were 
conducted during summer 1992,4 at low predator den- 
sity and 4 at high density. Eight trials using the 2-patch 
treatment were conducted during summer 1993, 4 at 
low predator density and 4 at high density. During 
both summers, trials were cycled among 3 experimen- 
tal enclosures. Ideally, a low- and high-density trial 
were to be executed nearly simultaneously (on consec- 

utive days) in 2 different enclosures. However, several 
trials were excluded because of equipment failures. 
The 16 trials ultimately analyzed were conducted on 
the dates shown in Table 1. 

Observations. To observe the movement and agon- 
istic activity of predators, the signal coming from the 
telemetered crab in the enclosure was monitored dur- 
ing the time periods of 06:OO to 08:30 and 15:30 to 
19:OO h; these are periods previously identified as 
peaks of feeding and aggressive activity of crabs in the 
field (Clark et al. 1999). During each trial, a single 
telemetered crab was used as an index of the agonism 
intensity of all crabs in the enclosure. To track move- 
ments of crabs, the observer used an ultrasonic receiver 
(Sonotronics@ USR-5) and directional hydrophone from 
a small boat just outside the enclosure fencing, triangu- 
lating on the crab's transmitter. The observer also lis- 
tened for increases in rate of the transmitter pulse, indi- 
cating that the crab was in meral spread posture. 
Movements of crabs as well as time, duration, and loca- 
tion of meral spread displays were recorded manually 
on a waterproof chart of the enclosure. (Fig. 2 shows a 
sample movement track of a crab in the enclosure.) For- 
aging success was evaluated using SCUBA to excavate 
bins of clams after crabs had fed from them for 24 h. 
Clams were censused (number live and number dead 
from causes other than predation) by sieving the sedi- 
ment of each patch through 1 cm wire mesh. 

To observe the fine-scale behavior of 2 crabs sirnul- 
taneously, a novel automated telemetry system was uti- 
lized. The digital transmitters used with the automated 
telemetry system were similar in size and appearance 
to those used with the manual system. These transmit- 
ters weighed 29 g in air (15 g in water). The automated 
system relied on 8 bit digital encoding to telemeter 
meral spread and individual identification codes simul- 
taneously (Wolcott & Hines 1996). Logging of data 
depended on digital encoding that required a micro- 
controller-based interface and a lap-top computer. 
Sixteen automated telemetry trials (using the 2-patch 
design) were conducted during summer 1994. (These 
tnals were also intended to explore the effects of the 
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Two-patch trial .,.,.....+ = crab track 

= b ~ n  s~ te  

(+') = patch 

Fig. 2.  Movement pattern of crabs within enclosures: sample 
track 

predator density treatments; however, difficulties in 
maintaining the integrity of the experimental enclo- 
sures in the 1994 field season precluded such analyses.) 

Statistical analyses. Because of the focus on the 
interaction between predator density and prey patch 
distribution, the data were pooled across years (i.e. sin- 
gle-patch trials from 1992 and 2-patch trials from 
1993). Although this is not the preferred design, ana- 
lyzing the data as a single set is justified for a number 
of reasons. Key variables were uniform among years. 
Most importantly, densities of background prey in 
enclosures (clams, juvenile crabs) were uniforn~ly low 
among years. The physical layout of the experimental 
system and techniques did not change. Physical vari- 
ables (e.g.  temperature, salinity, turbidity) were more 
variable within years than among years. Overall 
responses of crabs (e.g. movement rate, temporal pat- 
tern of agonism) were similar between years. 

A 2-way ANOVA procedure, with predator density 
and prey distribution as factors, was used to analyze 
the following response variables: agonism as estimated 
by the percentage of time that the crabs spend in meral 
spread displays, movement rate (m h- ') ,  and percent- 
age of time crabs spend on prey patches. If the interac- 
tion of factors was significant, a l-way ANOVA was 
used to analyze the response variables within each fac- 
tor. Where data were not distributed normally or vari- 
ances were not homogeneous, a nonparametric test or 
the Welch ANOVA method was used (Welch 1951), 
respectively. 

A chi-square test was used to compare the observed 
and expected values of the following variables: amount 
of meral spread activity occurring on or near prey 
patches, and occurrence of meral spread activity when 
a second prey patch was added. 

Linear regression was used to analyze the following 
correlations: (1) length of time (min) of a crab's visit to 
the clam patch regressed against the occurrence of 
meral spread displays during that visit, (2) collective 
foraging success (clams/crab) regressed against the 
meral spread activity (% of observation time) of a 
telemetered crab, and (3) length of time (S) of a crab's 
visit to the clam patch regressed against the distance 
(m) to another crab. In model (3),  an interaction term to 
control for individual predator effect was included; 
SAS Type-111 sum of squares was used to assess the sig- 
nificance of the main effect. 

All data are presented in the text as mean -+ SE. 

RESULTS 

Relationship between predator density and 
agonistic activity 

Foraging crabs engaged in a disproportionately high 
amount of agonistic activity on or near prey patches, 
suggesting that crabs are  aggregating around the 
patches and experiencing density-related interfer- 
ence. Crabs engaged in a significantly greater per- 
centage of meral spread displays on or near prey 
patches (37.32 + 9.99%) than expected based on the 
3.14 % (or 6.28 % in the 2-patch trials) of enclosure area 
covered by patch and near-patch areas (Fig. 3).  

1 Observed 

Single prey Two prey 
patch patches 

Fig. 3. Cumulative amount of meral spread display (in sec- 
onds) on or near prey patches versus that expected based on 
percentage of enclosure covered by these areas (chi-square 

test. x 2 [ 3 ]  = 14,135, p < 0 0001) 
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Table 2. F-values for main effects (predator denslty, prey distribution) and interaction In 2-way ANOVA 

Dependent variable Treatment 
Predator density Prey distribution Predator density X Prey distnbution 

Occurrence of agonism (% of obs. time) 16.41 " 13.15" 8.56 
Rate of movement (m h-') 4.73' 0.82NS 1.1lNs 
Time on prey patches (% of obs. time) 0.31NS O.OZNS 0.08"' 

NS = not significant; 'p 5 0.05; "p 5 0.01 

Interference among crabs was further supported by 
the observations that they engaged in more agonistic 
activity as th,eir density increased (Table 2), and for- 
aged less successfully as the amount of time spent in 
agonistic encounters increased. Crabs participated in 
significantly more agonistic encounters in the high 
predator density treatment (2.93 % of time) than in the 
low predator density treatment (0.32% of time) 
(Wilcoxon signed-rank test, z(8) = 2.10, p < 0.05). When 
only a single clam patch was available, an inverse cor- 
relation emerged between agonistic activity and forag- 
ing success for crabs at high density (Fig. 4 ) .  

Relationship between distribution of prey and 
agonistic activity of predators 

When crabs were presented with multiple prey 
options (i.e. 2 prey patches instead of l), they 
appeared to engage in behaviors that reduced the 
amount of aggressive encounters and the subsequent 
~mpact on foraging ability. Crabs demonstrated signif- 
icantly less meral spread activity when 2 patches 

Occurrence of threat displays (% of obs. time) 

Fig. 4. Occurrence of meral spread displays (% of observation 
time) in Individual crabs In trials using a single prey patch 
versus collective foraging success (clams eaten per crab) in 
that trial. y = -5.392Log(x) + 6.214, R2 = 0.74, n = 8; F(1,6) = 
17.18, p < 0.01. Mortality of prey in control patches was uni- 
formly low (less than 5 % )  across all treatments, so no correc- 
tion factor was needed for mortality due to causes other than 

predation by experimental predators 

were available (0.45% of time) than when only 1 clam 
patch was available (2.80% of time). The reduction in 
aggression appeared to be more than a function of the 
doubling of total available patch area. The mean oc- 
currence of meral spread display by crabs in 2-patch 
trials dropped to 16.1 % of the level seen in the single- 
patch trials, much less than the 50 % attributable to an 
effective halving of the crab density on a given patch 
(Fig. 5). The association between predator density and 
agonistic activity was suppressed in the 2-patch trials, 
further suggesting that crabs at high density escape 
agonistic encounters by using the alternative patch. In 
trials with only a single clam patch, crabs m the high 
predator density treatment had a significantly greater 
occurrence of meral spread display (5.05% of time) 
than crabs in the low predator density treatment 
(0.53% of time). In trials with 2 clam patches, the dif- 

8 
0 

Single prey Two prey 
patch patches 

Fig. 5. Meral spread displays (% of observation t ~ m e )  by crabs 
in trials with a single prey patch versus in trials with 2 prey 
patches; Wilcoxon signed-rank test, z(8) = -2.15, p c 0.05. 
Occurrence of meral spread display by crabs in 2-patch trials 
dropped to 16.1 % of the level seen in the single-patch tnals, 
less than the 5091 expected (chi-square test using cumulative 

seconds of meral spread display, x2[l] = 883. p c 0.0001) 
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Single prey 

lLow crab 
density l 

lHigh crab 

Two prey 
patch patches 

Fig. 6 .  Meral spread activity (% of observation time): Effect of 
crab density and distribution of prey patches. In trials with a 
single clam patch, crabs in the high predator density treat- 
ment had a significantly greater occurrence of meral spread 
display than crabs in the low predator density treatment; 1- 
way Welch ANOVA, F(1,6) = 13.60, p < 0.05 .  In trials with 2 
clam patches, the difference was not significant; l-way Welch 

ANOVA, F(1,6) = 2.75, p = 0.20 

ference was not significant between crabs in the high 
predator density treatment (0.82% of time in meral 
spread) and those in the low predator density treat- 
ment (0.08% of time in meral spread) (Fig. 6). As ago- 
nistic activity was minimized in the 2-patch trials, its 
importance as a factor determining foraging success 
was lessened. The inverse correlation between ago- 
nistic activity and foraging success, that had been 
observed in the single-patch design, disappeared 
when an alternative patch was available (F[1,6] = 
3.23, p = 0.12). 

Dispersal of predators among prey patches 

The observed movement of crabs within the enclo- 
sures suggests that crabs travel among multiple prey 
patches as one way of reducing agonistic encounters. 
Crabs had a significantly greater rate of movement in 
the high predator density treatment (9.12 t 2.40 m h-') 
than in the low predator density treatment (3.48 + 
1.20 m h-') (Table 2) .  Although some of this increase 
may reflect evasive maneuvering among crabs, that 
movement rate appeared linked to crab density only 
when 2 patches were present is consistent with inter- 
patch transit. In the single-patch treatment, crabs did 
not move at a significantly greater rate in the high 
predator density treatment (6.60 + 2.99 m h-') than in 
the low predator density treatment (3.68 + 2.38 m h-'). 
In the 2-patch treatment, however, crabs moved mar- 
ginally faster in the high predator density treatment 

Single prey Two prey 
patch patches 

l L o w  crab 
,2 - density 

Fig. 7. Movement rate of crabs (m h-'): Effect of crab density 
and distribution of prey patches. In the single-patch treatment, 
crabs did not move significantly faster in the high predator 
density treatment than in the low predator density treatment 
(l-way ANOVA, F [ 1 , 6 ]  = 0.59, p = 0.47).  In the 2-patch 
treatment, crabs moved marginally faster in the high predator 
density treatment ( l -way ANOVA,  F[1,6] = 5.63, p = 0.055)  

10- 

(11.70 * 3.00 m h-') than in the low predator density 
treatment (3.30 +- 1.80 m h-') (Fig. 7). 

Although crabs at high density may have moved 
more among prey patches than did crabs at low density, 
they did not appear to take refuge in the area between 
patches for extended periods. Neither prey distribution 
nor predator density had a significant effect on the 
percentage of time that crabs spent on clam patches; 
nor was the interaction term significant (Table 2). 

DHigh crab 
density 

Fine-scale behavior of predators on a prey patch 

Observations of fine-scale movements around a 
given prey patch indicate that crabs are responsive to 
instantaneous changes in level of risk. When another 
crab was within 4 to 5 m of the prey patch, the crab on 
the patch appeared to make a relatively short visit to 
the patch. Within a 5 m radius, the closer another crab 
was, the shorter was a crab's visit to the clam patch 
(Fig. 8). However, there was no significant correlation 
between length of a visit to the clam patch and the 
occurrence of meral spread display during that visit 
(F[1,20] = 0.17, p = 0.69). 

DISCUSSION 

The density of predators and the distribution of their 
prey patches interact to affect the foraging behavior of 
the blue crab, an aggressive estuarine predator. As the 
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D~stance to other crab (m) 

b 

Distance to other crab (m) 

Flg. 8. (a) Durat~on of visit to clam patch (S)  versus distance to 
another crab (m). all points. Observat~ons are from 4 crabs, 
with a total of 29 patch visits. NB: A group of distant points 
(>l4 m away) are omitted from the plot since they probably 
represent times when the other telemetered crab was feeding 
on the alternative clam patch. (b) Duration of visit to clam 
patch (S) versus distance to another crab (m): when another 
telemetered crab was within 5 m Observations are from 3 
crabs, with a total of 15 patch visits. ANOVA, y = Duration of 
a visit to the clam patch, X = Distance to another crab, F(l.9) = 

6.29, p < 0.05; y = -588.1 l + 239.20x, RZ = 80 

density of crabs increases, their foraging success falls, 
whether prey are presented as a single clam patch or 
as 2 alternative patches (M.E. Clark, T.G. Wolcott, D.L. 
Wolcott, A.H. Hines unpubl, data). However, this study 
suggested that the way in which crabs are affected by 
crowding depends on the distribution of clam patches. 
Blue crabs foraging at high density appeared to make 
use of an alternative prey patch as 1 way of minimizing 
agonistic clashes. Dispersing among multiple prey 
patches is a behavior that is common to many agonistic 
predators in other systems (Ens & Goss-Custard 1984, 
Palumbi & Freed 1988, Goss-Custard et al. 1992). 

To determine how crabs were disproportionately 
reducing the occurrence of agonistic encounters when 
2 prey patches were available, the fine-scale behavior 
of crabs on a given prey patch was observed. At this 
scale, crabs seemed to respond instantaneously to 
changing levels of risk. Crabs observed with a high- 
resolution autotelemetry system appeared aware of 

one another with~n a 4 to 5 m radius and made a rela- 
tively short visit to the prey patch when another crab 
was near. Although crabs spent as much total time on 
patches at high density, they probably took several 
short visits rather than fewer long ones. As crabs 
increasingly fragment their patch visits, they may 
retrace previously searched areas of the patch when 
they return and thereby sustain losses in foraging suc- 
cess. There were insufficient autotelemetry data to test 
this explicitly. Paradoxically, crabs observed with the 
manual telemetry system seemed to stay on patches 
just as long at any given visit at high predator density 
as at low density (E. Clark, T.G. Wolcott, D.L. Wolcott, 
A.H. Hines unpubl. data); this apparent discrepancy 
may have been more a function of study technique 
than of crab behavior. The relatively coarse resolution 
of the manual telemetry system (changes of a few 
meters were detectable) would not have been able to 
detect the fine-scale 'skirting' of the edge of the patch 
that was detected in later trials with the automated sys- 
tem (changes of approximately 20 cm were detectable). 
That crabs also spent just as much time on the clam 
patch when agonistic activity was intense also seems 
inconsistent; however, the time spent on the prey patch 
is probably an interaction of many factors including 
density of prey and hunger level of the crab. 

Given the high turbidity of water at the site of this 
study, crabs seem most likely to detect each other by 
mechanoreception of hydrodynamic disturbances or 
by chemoreception. Blue crabs can generate directed 
currents ancillary to gill ventilation or by using the 
swimming paddles. Although a waterborne chemical 
cue in the Rhode River's slow currents seems unlikely 
to be detectable at a distance of 5 m, a cue that is 
ejected rather than diffused from a hostile animal 
might be detectable at  this range. In fact, several crus- 
taceans forcibly eject urine from their nephropores 
during provocation (Barron & Hazlett 1989, Smith & 
Taylor 1993). 

Presumably because of their ability to assess instan- 
taneous changes in level of risk, blue crabs in this 
study apparently did not make some relatively long- 
lasting shifts in behavior commonly associaieci with 
foraging under risk. For example, some foragers (e.g. 
zooplankton, nudibranchs, salmon) reduce exposure to 
risk by slowing movement rate or remaining station- 
ary, effectively reducing encounters with predators or 
conspecifics (MacLeod & Valiela 1975, Gerritsen & 
Strickler 1977, Metcalfe et al. 1987). Others (e.g. sev- 
eral species of birds) reduce their vulnerability to 
attack while foraging by broadening their diet and/or 
choosing smaller prey, thus reducing time spent 
searching for and/or handling prey items (Valone & 
Lima 1987, Lima 1988), or by spending more time in 
prey-impoverished refuge areas (Goss-Custard et al. 
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1984, Goss-Custard et al. 1992). Such behaviors were 
not evident for the blue crabs in this study. 

Minimizing agonistic encounters by simply respond- 
ing to immediate risk of encounter, in lieu of making 
more long-lasting behavioral changes in high-risk situ- 
ations, appears adaptive for blue crabs. It probably 
depresses foraging success less than would limiting 
time spent in highly profitable areas, including small 
or poorly digestible prey in the diet, and/or handling 
prey less efficiently. On the other hand, it has the dis- 
advantage of requiring a forager to react quickly to 
danger. For blue crabs, this disadvantage is probably 
minimized by their ability to detect each other from 
well beyond striking distance while continuing to feed. 
In this context, blue crabs are different from birds, 1 of 
the most-studied groups of animals. Unlike birds, 
which often must look down to feed and up to monitor 
for predators, blue crabs have sensory modalities that 
are not compromised during feeding. 

Thus, the way that foragers respond to crowding 
seems to depend, in part, on their ability to assay for 
changes in risk level while foraging. This ability has 
been shown to influence the way that various foragers 
respond to predation risk (Schmitt & Holbrook 1985, 
Lima & Dill 1990, Lima 1991, Sackley & Kaufman 
1996). For example, when surfperch cannot see well 
(during crepuscular periods), they make relatively 
long-lasting changes in behavior (slowing movement 
rate, moving into refuge areas) when a predator (kelp 
bass) is present; however, they do not make such 
changes during daylight hours when they can more 
readily assess immediate level of risk while feeding 
(Schmitt & Holbrook 1985). Hummingbirds also 
employ risk-lowering behaviors (taking shorter feed- 
ing bouts) when at a feeder with an obstructed view, 
but not when at a feeder with an unobstructed view of 
potential predators (Lima 1991). Similarly, planktivo- 
rous coral reef fish under predation risk feed in the 
safer, yet nutritionally poorer, zone immediately adja- 
cent to the reef when feeding alone, but feed higher 
above the reef when they have the benefit of group 
vigilance (Sackley & Kaufman 1996). 

An issue that needs to be addressed is whether crabs 
and other invertebrates show such behavioral plastic- 
ity in response to risk of predation or aggression. This 
could be evaluated in blue crabs by observing their re- 
sponse to crowding when their ability to assess instan- 
taneous risk level is compromised. For example, when 
crabs are foraging at high density in a habitat where 
they probably can neither see oncoming potential ag- 
gressors nor perceive them from waterborne chemical 
cues or hydrodynamic disturbances, they may tend to 
make more long-lasting changes in behavior such as 
slowing their search rate or staying buried more, 
spending more time in refuge areas (e.g. area between 

patches), and/or making diet changes. This could be 
tested experimentally by exposing crabs to a combina- 
tion of high turbidity (which compromises vision) and 
high turbulence (which precludes the gleaning of di- 
rectional information from chemical or hydrodynamic 
cues) (Weissburg & Zimmer-Faust 1993). 
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