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ABSTRACT

The functional response, which quantifies the short-term dependence 
of predator feeding rates on prey density, was used to in fe r  basic 
mechanisms underlying predator-prey dynamics of a subtidal oyster reef  
in Chesapeake Bay. Laboratory feeding experiments assessed the re la t iv e  
effec ts  of temperature, oyster length, crab carapace width, and sexual 
differences in cheliped morphology on the character and in tens ity  of 
functional responses for blue crabs feeding on juven ile  (5-45 mm SL) 
oysters attached to cultch. The data were f i t t e d  to various type I I  
(inversely density-dependent) and type I I I  (density-dependent, sigmoid 
response) functional response models. Behavioral observations 
quantified the effects  of temperature, oyster length and density on the 
following functional response subcomponents: to ta l and successful 
encounter ra te , proportional attack success, persistence time in 
unsuccessful encounters, breaking, eating and handling times in 
successful encounters. The re la t iv e  effects  of temperature and oyster 
size-class on prey s ize -sp ec if ic  p r o f i t a b i l i t y ,  in terms of y ie ld  of 
flesh/handling time, were estimated. A f ie ld  mark-recapture study 
assessed the impact of temperature, oyster length and density on to ta l  
and crab -a ttr ibu tab le  m orta lity  rates of juven ile  oysters at two sh e ll-  
plant sites in the lower Chesapeake Bay.

Field and laboratory predation rates were po s it ive ly  correlated
with prey density and temperature with 14° C being the c r i t ic a l  
temperature below which predation rates were s ig n if ic a n tly  depressed. 
Large blue crabs (135-165 mm CW) preying on medium oysters (25 mm SL)
exhibited a destab iliz ing  type I I  response at 26-27° C, and s ta b il iz in g
type I I I  and "displaced" type I I  responses at 19-20° C and 13-14° C, 
respectively. The positive corre la tion between persistence time and 
prob ab ility  of successful encounter suggests that a reduction in 
persistence times with decreasing temperature is responsible for the 
p a rt ia l  and to ta l prey refuges observed at the lowest prey density at 
medium and low temperatures, respectively. Breaking and eating times 
decreased s ig n if ic a n t ly  with temperature, whereas handling time did not. 
Reliable estimates of p r o f i t a b i l i t y  were calculated by incorporating  
persistence times in unsuccessful encounters, and did not vary
s ig n if ic a n tly  between 20 and 26° C.

Field and laboratory predation rates were p o s it ive ly  correlated  
with decreasing oyster lengths. Large blue crabs exhibited a type I I
response when preying on small (x=15 mm SL), medium (x=25 mm SL), and
large (x=35 mm SL) oysters. The functional response fo r small oysters 
appeared atypical of the " tra d it io n a l"  type I I  response and was probably 
a consequence of d i f fe re n t ia l  space a v a i la b i l i ty  fo r architectural 
refuges as a function of increasing w ith in-cultch densities.
Persistence times were po s it ive ly  correlated with attack success rates 
at three oyster size-classes. Breaking and handling times of large  
oysters were s ig n if ic a n tly  higher and more variable compared to small 
and medium oyster lengths. Large oysters (>30 mm) may be near the 
c r i t ic a l  size fo r crushing by large crabs due to increased v a r ia b i l i ty  
in (a) shell thickness and (b) attachment geometry. P r o f i ta b i l i t y



estimates indicated small oysters to be the most p ro fitab le  in terms of  
E/Th.

Large and medium (100-125 mm CW) blue crabs preying on large  
oysters exhibited type I I  and type I I I  responses, respectively. Small 
crabs (60-80 mm CW) were unable to feed on large oysters. Decreasing 
chelal height with carapace width is the probable explanation fo r the 
s ta b i l iz in g  e ffe c t of decreasing carapace width. A ll three size-class  
crabs exhibited a type I I  response when preying on medium oyster 
lengths. Medium and small blue crabs exhibited a type I I I  response when 
preying on small oysters, whereas large crabs exhibited a type I I  
response. Large crabs employed a "random" crushing technique at low 
prey densities to feed on small oysters attached to depressions on the 
cu ltch .

Sex-related differences in the form of the functional response were 
only apparent fo r  large crabs preying on large oysters, in which males 
exibited a type I I  response and females a type I I I  response. Chelal 
heights of s im ilar-s ized male and female crabs were s ig n if ic a n tly  higher 
fo r  the former. These results suggest that the s ta b il iz in g  e ffec t  
observed fo r  large female crabs preying on medium oysters is probably a 
consequence of sex-related differences in cheliped morphology.

These results suggest potential prey refuges (1) in time at low 
prey densities , in which blue crab prey persistence times and predation 
levels are reduced following declining autumn water temperatures, and 
(2) in space, whereby oysters achieve an architectural refuge by 
attaching to depressions on the surface of the cultch or a tta in  a size 
beyond which they are unprofitable prey items, or potential refuges (3) 
in time and space in which specific oyster lengths achieve a potential 
refuge in accordance with variations in carapace widths or crab sex 
(chelae height) of the predator f ie ld .

Theoretical implications of results of predator-prey modeling 
techniques and the a p p lic a b il i ty  of results to oyster enhancement 
operations are discussed.

xi i i
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INTRODUCTION

Numerous manipulative and mensurative f ie ld  investigations have 

yielded novel results concerning the role brachyuran decapod crustaceans 

play in the regulation and maintenance of local marine bivalve mollusc 

populations in shallow (< 10 m) unvegetated soft bottom (V irs te in  1977, 

1979; Holland, et a l . ,  1980, Peterson 1982), deep (10 - 50 m) 

unvegetated soft bottom (Berge and Valderhauge 1983, Thrush 1986), rocky 

in te r t id a l  (Kitching et a l .  1959, Ebling et a l . 1964, Seed 1969, Harger 

1972, Peterson 1979a), saltmarsh (West and Williams 1986), and seagrass 

(Young et a l . 1976, Young and Young 1978, Heck and Orth 1980, Heck and 

Thoman 1981, Summerson and Peterson 1984) communities. These studies 

prim arily  employed cages to exclude large epibenthic predators such as 

crabs and fishes from natural densities of infaunal and epifaunal prey. 

The results fo r shallow unvegetated soft bottom and rocky in te r t id a l  

manipulations were ty p ic a l ly  the same; increased numerical abundance 

within exclusion cages compared to uncaged controls.

By excluding predators from p ier p ilings at Barnegat In le t ,  New 

Jersey, Peterson (1979a) found that predation by the blue crab,

Callinectes sapjdus, the mud crab, Neopanope texana sa v i. and the oyster 

d r i l l ,  Urosalpinx cinerea. disrupted the competitive monopolization of 

mid and low in te r t id a l  space by the mussel, Mvtilus e d u lis . 

demonstrating that predation had a d irec t e ffe c t upon temporal and 

spatial heterogeneity, and supported the rocky in te r t id a l  paradigm 

suggested by previous investigators (reviews Dayton 1971, Connell 1972, 

Menge 1976, Menge and Lubchenco 1981).
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This apparent organizational process is not as c le a r ly  demonstrable 

in unvegetated soft bottom communities owing to uncontrolled a r t i fa c ts  

associated with caging (eg ., physical, chemical, and biological 

differences between the caged microenvironment and the natural bottom) 

which complicate the in terpreta tion  of the results (V irs te in  1978, 

Peterson 1979b, Hulberg and O liver 1980, Dayton and O liver 1980, Butman 

1987). Experiments performed in the Chesapeake Bay (V irnstein 1977) 

demonstrated s ig n if ican t increases in density fo r the bivalves, Mulinia  

la te ra l  i s . Mva arenaria . and Lyonsia hvalina. as well as an overall 

increase in species d ivers ity  within two months a f te r  exclusion of spot, 

Leiostomus xanthurus. and blue crabs. This study was novel in that i t  

did not reveal the competitive dominant found in rocky in te r t id a l  

manipulations (review Peterson 1979b, 1982).

In contrast, the physical presence of seagrass blades, roots, and 

rhizomes has been used to explain the reduced effectiveness of crab 

predation on local bivalve populations within seagrass communities by 

releasing the benthos from the usual predatory controls operating in 

unvegetated sediments (Orth 1977, Peterson 1979b, Blundon and Kennedy 

1982b, Orth et a l . 1984, Summerson and Peterson 1984). A s im ilar  

mechanism has been reported as operating within Spartina a l te rn if lo ra  

communities (Ropes 1968, West and Williams 1986).

Recent f ie ld  evidence indicates that prey density-dependent 

m orta lity  mechanisms operate for crab-bivalve predator-prey systems as 

well (Peterson 1982, Boulding and Hay 1984). Boulding and Hay (1984) 

found that f ie ld  m orta lity  rates of l i t t le n e c k  clam, Protothaca staminea 

due to predation by the crab, Cancer productus increased with clam 

density. In a f ie ld  experiment with P. staminea in enclosures, Peterson
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(1982) found that the proportion of missing clams appeared to be 

density-dependent 3 out of 12 times. Although he a ttr ibuted  the loss of 

these clams p a rt ly  to emigration of the clams themselves, he found that 

the missing proportion was s ig n if ic a n t ly  reduced (from 33 to 2%) by the 

presence of complete cages (Peterson 1982).

The great commercial importance of many bivalve species combined 

with the ecological significance of brachyuran crabs in regulating  

bivalve community structure is supported by an extensive l i te ra tu re  

directed towards examining both the fe a s ib i l i t y  of a r t i f i c i a l l y  

enhancing natural bivalve numbers via commercial hatchery operations and 

determining the mechanisms underlying crab-bivalve predator-prey 

in teractions. Early enhancement studies measured the in ten s ity  of crab 

predation on oyster and hard clam beds throughout the East and Gulf 

Coasts of North America. Lunz (1947), working at Wadmalaw Island, South 

Carolina, found that over 80 % of young-of-the-year oyster spat (5-30 

mm) attached to cement part it io ns  were eaten by C. sapidus during a 

single season. McDermott and Flower (1952) suggested that the mud crab, 

Panopeus herbstii was an active predator of one and two year old oysters 

in New Jersey.

Menzel and Hopkins (1955) estimated the potential destruction to 

oysters in Louisiana by the stone crab, Menippe mercenaria. while cage 

experiments demonstrated a m orta lity  rate of 19 spat per day fo r the 

blue crab. During blue crab exclusion experiments in Rhode Island, 

Landers (1954), found that protected outplants of the juven ile  hard 

clam, Mercenaria mercenaria, were reduced from 2000 to 258 individuals  

in one year following accidental introduction of the mud crab, Neopanooe 

texana (probably N. texana savi sensu McDermott 1960). Carriker (1959),
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examining oyster and hard clam culture in s a lt  water ponds on Gardiners 

Bay, New York, discovered dramatic reduction of hard clam numbers from 

3,453 to 18 individuals in ju s t 6 days. Predation was a ttributed  to C. 

sapidus.

The blue crab and stone crab have been suspected of causing 100 % 

m orta lity  o f hard clams planted in unprotected plots in Georgia and 

Florida (Menzel and Sims 1962, Godwin 1968). Castagna et a l . (1970) 

suggested that predation by blue crabs is the major constraint in the 

culture of hard clams on natural bottoms.

Krantz and Chamberlain (1978) observed high oyster spat (3-40 mm) 

m o rta lit ies  (79-99%) due to blue crab predation within one month a f te r  

placement on natural bottom or in trays without closed tops. This 

experiment demonstrated that cultchless spat may be of l i t t l e  value when 

planted on natural bottoms.

In attempts to improve the hard clam fishery in South Carolina, 

Whetstone and Eversole (1978) investigated predation by Panopeus 

herbstii w ithin protected trays in order to determine some important 

factors influencing predation. Clam m o rta lit ies  were found to decrease 

with increasing clam size and decreasing water temperature. More clam 

shells were found in the cardiac stomachs of larger crabs than small 

crabs. The apparent size selection process operating in th is  system was 

used to suggest management strategies to e f fe c t iv e ly  reduce predation 

(Eldridge et a l . 1979).

Mechanisms regulating the character and in ten s ity  o f predation

Recent laboratory feeding studies have focused on the mechanisms 

responsible for regulating the in tensity  of bivalve predation as a



function o f b io tic  and ab io tic  factors. These factors have included but 

are not l im ited  to prey shell size and morphology, prey burial depth,
i

crab s ize , crab sex and chelae morphology, temperature, substrate type,

habitat complexity, prey density, and patch s ize . These findings have
)

been used to in fe r  d is tr ibu tio n  and abundance patterns of natural 

bivalve populations as well as to minimize predation losses during 

enhancement on natural bottoms.

Prey shell length, morphology, and crab size appear to be the most
i

commonly manipulated factors in laboratory feeding studies (Walne and 

Dean 1972, Elner and Hughes 1978, Krantz and Chamberlin 1978, Elner and 

Jamieson 1979, Seed 1980, Hughes and Seed 1981, Whetstone and Eversole 

1981, Seed 1982, Elner and Lavoie 1983, Jubb et a l . 1983, Arnold 1984, 

Boulding 1984, apRheinhalt 1986, Bisker and Castagna 1987, Sanchez- 

Salazar et a l . 1987). In general, fo r  a given sized crab there is an
f

optimal prey size at which prey value (energy content/handling time) is 

at a maximum. This optimal size usually increases with increasing crab 

size . Laboratory observations of the shore crab, Carcinus meanas
t

feeding on the mussel, Mvtilus edulis demonstrated that crabs accept or 

re je c t  prey items ac tive ly  according to th e ir  value (Elner and Hughes 

1978).

Prey acceptance/rejection sequences suggest that foraging crabs 

have very short term memories which cause suboptimal prey to be rejected  

at f i r s t  but accepted i f  optimal prey are not soon encountered. This 

f le x ib le  mechanism rap id ly  adjusts the feeding response to small scale 

changes in prey a v a i la b i l i t y  such as would occur in natural mussel beds 

(Elner and Hughes 1978). I t  remains uncertain whether Carcinus :

evaluates mussels by measuring some aspect of size and vu ln e ra b il ity  or
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adopting a certain  persistence time (Elner and Hughes 1978, Hughes and 

Seed 1981).

Jubb et a l . (1983) addressed th is  question with two a lte rn a t ive  

behavioral hypotheses: "prey evaluation" and "re la t iv e  stimulus". The 

prey evaluation hypothesis states that small (1.25 cm standard length, 

SL) mussels are rejected on the basis of s ize , gauged during a b r ie f  

manipulatory period, while medium (2.25 cm SL) and large (2.75 cm SL) 

mussels are rejected on the basis o f strength indicated by th e ir  

resistence to crushing. The re la t iv e  stimulus hypothesis states that  

retention or re jection  of a mussel grasped in the chelae depends on the 

strength of the chelal stimulus re la t iv e  to stimuli caused 

simultaneously by other mussels touching the periopods. Both hypotheses 

assume that prey s e le c t iv ity  increases with decreasing hunger level and 

that the average food intake is maximized when foraging on natural 

mussel beds where prey are extremely variable in strength and 

a c c e s s ib il ity  (Jubb et a l . 1983).

Hughes and Seed (1981) found that C. sapidus preferred small (2 -2 .5  

cm SL) over large (3 .5 -4  cm SL) Geukensia demissa when fed mixed ratios  

of the two, thereby simultaneously minimizing the time spent handling 

prey and maximizing the net rate of energy intake. Seed (1982) 

attr ibu ted  the bimodality of natural mussel, Geukensia demissa size 

frequencies within a Spartina marsh, to preferentia l predation by C. 

saoidus on Geukensia of less than 3 cm SL. Laboratory experiments (Seed 

1982) indicated that large mussels (> 3 cm SL) were generally avoided 

due to th e ir  low p r o f i t a b i l i t y .

Blundon and Kennedy ( 1982a,b) used results from f ie ld  and 

laboratory examinations of prey refuges in shell structure and burial
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depth to explain infaunal bivalve species persistence in the Chesapeake 

Bay. They found that blue crabs ate s ig n if ic a n tly  fewer Mva arenaria  

buried below 10 cm sediment depths compared to those above 10 cm. Mva 

reaches i ts  maximum burial depth (25 cm) and size (40 mm) during August 

following winter and spring settlement pulses (Blundon and Kennedy 

1982b). Burial depth combined with siphon e x te n s ib i l i ty ,  substrate 

type, time of settlement, and growth may explain Mya persistence 

(Blundon and Kennedy 1982b, Lipcius and Hines 1986) despite intense 

predation levels (Lucy 1976, Holland et a l . 1980).

Sim ilar observations have been used to explain the s ig n if ican t  

corre la tion of gaping and non-gaping bivalve species with burial depth 

in nature (Vermeij and Veil 1978, Boulding 1984, Haddon et a l . 1987). 

Boulding (1984) examined the v u ln e ra b il ity  of four burrowing clam morphs 

to shell-breaking predation by the cancrid crab, Cancer productus. She 

concluded that the resistance of bivalves to crabs could best be 

explained as the sum of a number of shell features that greatly  increase 

shell-breaking time rather than the attainment of a size refuge. These 

characteristics  included a large size , a th ick  sh e ll,  an a b i l i t y  to 

close t ig h t ly ,  an in fla ted  shape with a steep ventral margin, and an 

increased depth of burial in the sediment (Boulding, 1984).

Crab feeding rates have been shown to dramatically increase with 

increased water temperatures (Landers 1954, Walne and Dean 1972, Wallace 

1973, Elner 1980, Whetstone and Eversole 1981, Gibbons 1984, Sanchez- 

Salazar et a l . 1987). Consumption rates of C. maenus feeding on

cockels, Cerastoderma edule. increased ca. 1.7 fo ld between 6.0 and 9.5°

C fo r a Q1q of 6 .4 , and ca. 3.5 fold between 9.5 and 15.5° C giving a



Q10 of 5.2 (Sanchez-Salazar et a l . 1987). Elner (1980) indicated that

although temperature greatly  increased C. maenus feeding rates on 

mussels, i t  appeared to have no e ffe c t  on preferred mussel size.

The m ajority of laboratory studies, in which predator sex is 

stated, have used only male crabs in order to avoid potential bias 

associated with sexual differences in feeding behavior and cheliped 

morphology (Elner and Hughes 1978, Seed 1980, Hughes and Seed 1981, 

Blundon and Kennedy 1982b, Seed 1982, Jubb et a l . 1983, Arnold 1984, 

Bisker and Castagna 1986, Lipcius and Hines 1986). In the male shore 

crab, fo r example, the major chelae is larger and more robust and serves 

to crush prey, while the cu tte r , or small pincher chelae is longer, 

thinner and acts to hold and manipulate prey (Elner 1980, apRheinalt and 

Hughes 1985). These differences are much less marked in female shore 

crabs where both chelae are more cutter l ik e  (Elner 1980).

Laboratory examinations of crab feeding rates as a function of 

sexually dimorphic chelae have yielded d if fe re n t  results depending on 

the crab species examined. Elner (1980) found that the prey preference 

pattern in female shore crabs was as well defined as in males, although 

prey sizes preferred by females were smaller than those of equivalent 

males. Female Carcinus have smaller chelae than males, yet when 

preferred prey size was expressed as a function of major chelae height 

there were no s ig n if ican t differences in foraging behavior (Elner 1980).

In contrast, no discernible sexual differences existed in prey size 

selection or mean predation rates, even without chelae height 

adjustments, fo r  the rock crab, Cancer irro ra tus . and the mud crab, 

Neopanope sav i« feeding on attached oysters (Elner and Lavoie 1983).
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Using a s l ig h t ly  d i f fe re n t  approach, Blundon and Kennedy (1982a) found 

th at there were no sexual differences in mechanical advantage of grip  

strength fo r blue crabs, although crusher claws of both sexes had 

s ig n if ic a n t ly  greater mechanical advantage and strength than cutter  

claws.

Early studies implied a re lationship between sediment composition 

and the in tens ity  of predation on hard clam populations (Carriker 1956, 

Walne and Dean 1972). Recent laboratory studies have examined the 

mechanisms responsible fo r such regulation in l ig h t  of both commercial 

enhancement operations (Castagna et a l . 1970, Kraeuter and Castagna 

1977, Arnold 1984) and species persistence in nature (Lipcius and Hines 

1986). Arnold (1984) indicated that hard clams, M. mercenaria. were 

more vulnerable to predation by blue crabs in sand and sand/mud than in 

oyster shell or gravel substrates. He suggested that use of a fine  

gravel substrate would enhance the commercial exp lo ita tion  of hard clams 

by minimzing losses due to blue crab predation (Arnold 1984). Lipcius 

and Hines (1986) demonstrated increased blue crab consumption rates of 

the soft clam, Mva arenaria in mud substrates compared to sand.

The previous examples have described the importance of crab 

predation in regulating bivalve community structure, d is tr ib u tio n  and 

d iv e rs ity ,  and have i l lu s tra te d  p a rt ia l  prey refuges based on prey 

characteristics (eg. shell length, shell morphology, burial depth, e tc .)  

and ab iotic  factors (eg. substrate type and temperature). Despite th is  

extensive l i t e r a tu r e ,  very l i t t l e  is known about the e f fe c t brachyuran 

decapod predators have on the population dynamics of bivalve 

communities. For example, crab predation may drive some communities 

lo c a l ly  ex tin c t,  or allow coexistence. Previous experiments demonstrated
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that blue crabs exh ib it both a th e o re t ic a l ly  s ta b il iz in g  (e g ., type I I I  

response) and destab iliz ing  response (eg ., type I I  response) to low prey 

densities in sand and mud substrates respectively. This lowered r is k  of 

m o rta lity  in sand may help to explain Mya arenaria persistence in the 

upper Chesapeake Bay despite intense blue crab predation levels (Lipcius 

and Hines 1986). With the exception of one previous study (Lipcius and 

Hines 1986), i t  is  not known whether brachyuran predators tend to 

s ta b i l iz e  or destab ilize  bivalve prey dynamics.

Functional response models

The functional response, which describes the short-term dependence 

of the predators feeding rate  on prey density (Solomon 1949, Holling  

1959, 1965), can be used to in fe r  basic mechanisms underlying predator- 

prey dynamics (Hassell 1978). Functional responses have t ra d it io n a l ly  

been c la ss if ied  into four general types (F ig. 1) (Hassell 1978, V a lie la  

1984). The type I response is ch aracteris tic  of aquatic f i l te r - fe e d in g  

invertebrates in which consumption rates increase l in e a r ly  with prey ' 

density un til sa tia tion  is reached (Frost 1972, V a lie la  1984).

Satia tion occurs because the predator cannot handle prey any faster;  

hence ingestion remains constant despite increasing prey density 

(V a lie la  1984).

Consumption rates fo r the type I I  response r ise  at a decelerating  

ra te  with increasing prey density to an upper asymptote, re f le c tin g  

increased costs or constraints associated with increased consumption
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Figure 1. Shape of hypothetical functional response curves (top) and 

the percent m orta lity  expected per predator by each type of functional 

response (bottom). Adapted from V a lie la  (1984).
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rates (V a lie la  1984). The type I I  response is typica l of invertebrates  

due to th e ir  l im ited  learning capacity (Hassell 1978), in which e ither  

the mechanism of prey capture becomes increasingly in e f f ic ie n t  or the 

motivation fo r increased consumption may be reduced, as prey density 

increases (V a lie la  1984).

Parsons et a l . (1967, 1969) demonstrated a "modified" type I I  

response fo r zooplankton feeding on varying concentrations of  

phytoplankton in which a feeding threshold was reached, below which no 

feeding took place. Inclusion of a hypothetical feeding threshold in a 

type I I  response could provide a mechanism for recovery of a depleted 

prey population.

Recently, Hassell et a l . (1977) id en tif ied  several examples of a 

type I I I  response in invertebrates. The type I I I  response is sigmoid, 

demonstrating density-dependent acceleration in consumption rates at low 

prey densities . The acceleration in feeding rates could resu lt  from an 

increase in predator e ff ic iency  in the detection and/or capture of prey 

as prey density increases (Holling 1965, Real 1979). This response is 

most common in vertebrates due to th e ir  a b i l i t y  to "learn" (Hassell 

1978). The in i t i a l  accelerating portion of the type I I I  response has 

considerable theoretical implications because of i ts  possible ro le in 

the maintenance of ecosystem s t a b i l i t y  (Nunney 1980, Abrams and Allison  

1982) and in the regulation of prey populations by predators (Holling  

1959, 1965; Murdoch and Oaten 1975).

The key difference between the type I I  and type I I I  responses is 

that in the type I I  response, the r is k  of m orta lity  increases with 

decreasing prey density, whereas in a type I I I  response, there is a 

change from an increasing to decreasing r is k  of m orta lity  as prey
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density diminishes to a low level (Lipcius and Hines 1986). 

T heo retica lly , a type I I  response is destab iliz ing  to predator-prey 

dynamics (Hassell and May 1973) due to increased m orta lity  with 

decreasing prey density (Holling 1959, Murdoch and Oaten 1975) while a 

type I I I  response imparts s ta b i l i ty  at low prey densities in 

determ inistic  models (Hassell 1978) and l im its  population bounds and 

fluctuations in stochastic models (Murdoch 1979).

These conceptual functional response models can be grouped into  

continuous-time (Holling 1959, Hassell 1978) and discrete-tim e models 

(Royama 1971, Rogers 1972, Hassell et a l . 1977, Hassell 1978).

Contiuous-time models re la te  the number of successful and unsuccessful 

encounters with prey (Ne) as a function of prey density (Hassell 1978). 

Discrete-time models re la te  the number of prey eaten (Na) to prey 

density (Hassell 1978). The most widely discussed and elementary model 

from which more complex models are derived is H o ll ing ’ s (1959) "disc- 

equation":

a> *  t *  Nt
Ne =

1 + ( a* *  Th *  Nt ) (1)

which states that the number of prey encountered (Ne) per predator is 

equal to the product of the instantaneous attack rate (a * ) ,  to ta l time 

availab le  fo r foraging (T ),  and the number of prey available (N t) ,  

divided by 1 + the product of a ’ , Nt, and prey handling time (Th). 

H o ll in g ’ s equation is a determ inistic continuous-time model which 

describes a type I I  response. I t  assumes constant prey handling times 

fo r  a l l  prey items and a fixed probab ility  of prey encounter, thereby
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not allowing fo r  prey depletion. Continuous-time models best describe 

those feeding periods through which density remains nearly constant 

(Hassell 1978). Continous-time type I I I  models account fo r variations  

in search rate  (a ’ ) with density by substituting constants (b ,c) for a’ 

in equation 1 thus, y ie ld ing equation 2 (Hassell 1978):

________ b *  T *  Nt2__________
Ne =

1 + (c *  Nt) + (b *  Th *  Nt2) (2 ) .

Discrete-time models integrate the instantaneous predation rate over the 

duration of the experiment (T ) ,  assuming an exponential decay in prey 

density, and are therefore appropriate fo r long-term "closed-system" 

experiments in which prey are not replaced as eaten. This model, 

commonly known as the "random predator" equation (Royama 1971, Rogers 

1972), describes a type I I  response:

Na = Nt [1 - e' a , (T' Th* Na>] (3)

where, Na is the number of prey eaten. The type I I I  discrete-tim e model 

is obtained by again substituting constants (b ,c) fo r  a* y ie ld ing  

equation 4 (Hassell et a l . 1977):

Nt {1 - eT - b *  Nt (T - Th *  Na)]}
Na =

1 + c *  Nt (4) .

These general models have been developed in order to characterize a 

specific  response as well as estimate b io lo g ica lly  meaningful 

parameters. In order to understand the relationships between 

environmental factors and predator-prey dynamics, the form of the



16

functional response must be specified fo r predator-prey systems (Murdoch 

et a l . 1984, Lipcius and Hines 1986).

Behavioral components: functional response and optimization models

Handling time (Th) and the instantaneous attack rate (a ’ ) are 

central components of both functional response and optimization models, 

and influence the character and in tens ity  of predation. Handling time 

(Th) is  defined as the time from the in i t i a l  encounter of the predator 

with prey, through the capture, ingestion and digestion of the prey, 

u n til  searching resumes (Hassell 1978). The instantaneous attack rate  

(a *) is  a measure of the encounter success of with prey in type I I  

models, and, when b and c are substituted fo r  a ’ in type I I I  models, 

accounts fo r the dependence of search rate upon prey density (Hassell 

1978). Hence, a ’ can be used to determine the comparative vu ln e ra b il ity  

of d i f fe re n t  prey types. A fundamental d ifference between the two 

responses is the tendency fo r  a ’ to increase over an i n i t i a l  range o f  

low prey densities in a type I I I  response, and remain constant at low 

prey densities in a type I I  response (Hassell et a l . 1977).

Optimization models attempt to predict the foraging strategies of 

predators which maximize the energy gained per unit time (Pyke et a l . 

1977, Krebs 1978, Hughes 1980, Pyke 1984). The major underlying 

assumptions are that an animals fitness is a function of foraging 

e ff ic ie n c y , usually measured in terms of energy (Schoener 1971), and 

that natural selection has resulted in animals that forage so as to 

maximize th e ir  net rate of energy intake (Pyke et a l . 1977, Hughes 

1980).
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This energy maximization premise has frequently been used as a 

theoretica l tool in describing the mechanisms underlying potential 

s ta b il iz in g  properties of predator-prey systems. I t  is divided in i ts  

most simple form into foragers of two classes: time minimizers and 

energy maximizers (Hughes 1980). Time minimizers are animals that have 

a fixed energy requirement and require time to perform other a c t iv i t ie s ;  

therefore they should maximize th e ir  fitness by minimizing the time 

spent acquiring energy. In contrast, energy maximizers are lim ited by a 

fixed amount of foraging time and should maximize energy intake in the 

time availab le .

Numerous laboratory investigations on the size selection of 

molluscs by crabs have contributed to the development and empirical 

testing  of predictions based on energy maximization premises (Elner and 

Hughes 1978, Hughes 1979, Hughes and Elner 1979, Hughes and Seed 1981, 

Blundon and Kennedy 1982a, Jubb et a l . 1983, Arnold 1984, Lawton and 

Hughes 1985). I t  s t i l l  remains uncertain, however, whether crabs forage 

optim ally , and i f  so whether they evaluate bivalve mollusc prey by 

measuring some aspect of size and vu ln e ra b il ity  (passive mechanical 

mechanism) or adopt a certa in  persistence time (active behavioral 

mechanism).

Optimization models predict that mean handling time should increase 

with decreasing prey densities (G i l le r  1980), whereas functional 

response models assume a constant Th (Hassell 1978). The handling time 

of individual prey can, however, d i f fe r  substantia lly  with varying 

b io t ic  factors such as prey type, foraging ta c t ic  and predator hunger 

level (V a lie la  1984). Several other b io tic  factors have been shown to 

mediate the instantaneous attack rate (a ’ ):  (1) re la t iv e  m obility of



18

predator and prey, (2) the size of the perceptual f ie ld  of the predator 

re la t iv e  to the density and size o f prey and, (3) the a b i l i t y  of the 

prey to in h ib i t  predation (V a lie la  1984). Abiotic factors such as 

temperature can be important in determining the in ten s ity  of functional 

responses. For example, consumption rates may increase with 

temperature, because warm temperatures allow fas te r  movement of 

invertebrate poikilotherms leading to reduced handling times (V a lie la  

1984). This in turn fa c i l i t a te s  a fast attack rate and concurrent 

increase in the functional response to prey density (V a lie la  1984).

Thus, parameter estimates from functional response models combined with 

em pirically  derived behavioral observations can be a valuable tool in 

the study of complex factor interactions for invertebrate predator-prey 

systems.

Recently, the form of the functional response has been shown to be 

dependent not only on prey density, but also on the re la t iv e  

d is tr ib u tio n  of predator and prey in time (Collins et a l . 1981) and 

space (Kaiser 1983, de Lafontaine and Leggett 1987), habitat 

heterogeneity (Kaiser 1983, Folsom and Collins 1984, Lipcius and Hines 

1986) and learning (Landenberger 1968, Draulans 1987). An understanding 

of how various b io tic  and ab iotic  factors a ffec t a predator’ s functional 

response within a given hab ita t, is of fundamental importance in 

in terpreting  the behavior and ecology of predator and prey (Real 1979).

The main and in terac tive  effec ts  of varying b io t ic  and ab iotic  

factors to density dependent m orta lity  are re la t iv e ly  unexplored with 

respect to crab-bivalve predator-prey dynamics. In p a rt ic u la r ,  only 

three studies (eg ., Walne and Dean 1972, Boulding and Hay 1984, Lipcius 

and Hines 1986) have examined density-dependent m orta lity  processes for
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crab-bivalve systems, and no reasearch has been performed on the effects  

of various factors (eg ., temperature, prey size , predator size and sex) 

upon the functional response of C. sapidus feeding on C. v iro in ic a . In 

addition, the crowding effects  of oyster spat attached to cultch may 

have an important bearing on the rate  of crab predation (McDermott 

1960). Of the re la t iv e ly  few studies that have examined crab predation 

on the oyster, Crassostrea v irq in ic a . under laboratory conditions 

(McDermott 1960, Krantz and Chamberlain 1978, Elner and Lavoie 1983, 

Bisker and Castagna 1987), only one has observed blue crab predation on 

oyster-shell cultch (Krantz and Chamberlain 1978), whereas others have 

used single-spat oysters obtained using hatchery techniques (Krantz and 

Chamberlain 1978, Bisker and Castagna 1987).

Field investigations of crab predation on oysters have assessed 

m orta lity  rates of hatchery-reared cultchless oysters (Krantz and 

Chamberlain 1978), or spat attached to cement p a rt it io n s  (Lunz 1947) 

without taking into account the effects  of varying b io tic  and ab iotic  

factors . Natural w ith in-cultch densities in f ie ld  experiments may also 

a ffe c t juven ile  survivorship in a manner yet to be determined.

In addition, very few studies have s t a t is t ic a l ly  tested the form of 

the functional response, nor the f i t  of continuous or discrete-tim e  

models.

The aim of the present study is to (1) investigate the effects  of 

various b io t ic  and ab iotic  factors on the character and in tens ity  of 

functional responses fo r the blue crab, Callinectes sapidus. feeding on 

the oyster, Crassostrea v irq in ic a . attached to oyster shell cultch under 

laboratory conditions, (2) s t a t is t ic a l ly  tes t the form of the functional 

response and the f i t  of continuous and discrete-tim e models, (3)
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quantify the re la t iv e  influence of crab predation upon seasonal f ie ld  

levels of oyster m orta lity  for a subtidal oyster community and, (4) to 

in fe r  the basic mechanisms underlying predator-prey dynamics of a 

subtidal oyster reef in the lower Chesapeake Bay based on f ie ld  and 

laboratory resu lts . More s p e c if ic a lly  th is  study addresses the 

following objectives:

1. Quantification of the level o f oyster spat m orta lity  due to blue 

crab predation under laboratory conditions.

2. Description of blue crab foraging behavior when preying on 

juven ile  oysters.

3. Measurement of the relationship between prey density, feeding 

rates, and number o f spat consumed (functional response).

4. Determination of the functional response fo r size specific  

predator-prey combinations.

5. Evaluation of the existence of a prey-size refuge within a given 

size range of blue crab.

6. Comparison of the e ffects  of varying crab-size and oyster length 

on functional responses of male and female blue crabs.

7. Evaluation of differences in crusher chelal heights between 

large male and female crabs.

8. Quantification of the seasonal varia tion  in blue crab functional 

responses under laboratory conditions.

9. Measurement of the e ffects  of temperature, prey density, and 

prey size on to ta l and successful encounter rates, prey 

handling times (Tb /Te) fo r successful encounters, persistence
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times (Tp) fo r  unsuccessful encounters, instantaneous attack  

rates (a ’ ) ,  and proportional attack success (S ).

10. Comparison of observed prey specific  Ht and a ’ with estimated 

values from predator equations.

11. Examinations of predictions based on optimal foraging premises 

by determining i f  mean handling times increase with decreasing 

prey densities .

12. Estimation of prey size p r o f i t a b i l i t y  and generation of 

p r o f i t a b i l i t y  curves based on breaking and handling times in 

successful encounters, and mean persistence times in 

unsuccessful encounters, as a function of temperature and 

oyster length.

13. Quantification of seasonal predation rates by xanthid and blue 

crabs on young-of-the-year oysters at VMRC and private s h e ll- 

planting s ites , M ilford Haven, Piankatank River Estuary, 

V irg in i a.

14. Comparison of f ie ld  and laboratory generated feeding rate data 

as a function of prey density, oyster length and water 

temperature.

METHODS AND MATERIALS

Experimental design fo r  functional response model assumptions

The following elements of design, taken from Houck and Strauss 

(1985), are s u ff ic ie n t  to sa tis fy  simultaneously the assumptions of
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H o n ing ’ s model and provide adequate resolution of functional response

curves to allow fo r quantita tive  comparison.

1) Total time of exposure of the predator to the prey should be held 

constant within t r i a ls  and across a l l  experimental densities tested.

The exposure time per t r i a l  must be long enough to te s t fu l ly  the

feeding response of the predator but short enough to preclude the

p o s s ib i l i ty  of s a tia t io n .

2) E ither prey density, the size and shape of the experimental arena, or 

both of these factors should be held constant across a l l  t r i a ls .

3) Careful choice at low prey densities w i l l  allow fo r a more accurate 

d e fin it io n  of the curve because the hyperbolic function has an i n i t i a l l y  

steep r ise  that gradually decreses to near-zero. A few prey densities  

chosen at the higher end of the density scale w i l l  allow an accurate

estimation of the predators maximum feeding ra te .
/

4) A ll predators should be consistently exposed to some standardized set 

of p r e - t r ia l  conditions, and individual predators should be tested only

once to avoid secondary experimental conditioning and allow for

independence of experimental t r i a l s .

5) Appropriate s ta t is t ic a l  procedures re f le c tin g  the design should be 

used to f i t  the model to the data.

6) Parameter values determined em pirically  (eg. observed encounter rates 

and handling times) may subsequently be compared with estimates derived 

from f i t t i n g  the model. Some e f fo r t  should be made to determine whether 

these values d i f f e r  with prey density. I f  so, d iscrete-tim e models may 

provide a better s ta t is t ic a l  f i t  and in terpre ta tion .
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Laboratory experimental animals and procedures

The blue crab, Callinectes saoidus Rathbun (Arthropoda: Crustacea: 

Portunidae) is a large (up to 200 mm carapace width) epibenthic omnivore 

found throughout diverse habitats along the East and Gulf Coasts of 

North America (Van Engel 1958, 1962; Williams 1984). The feeding 

ecology of Callinectes has been the the focus of several recent studies 

(Odum and Heald 1972, Laughlin 1982, Alexander 1986) which indicate a 

va rie ty  of p rinc ip le  food items including bivalve molluscs, f is h , small 

benthic infauna, algae, vascular plants and conspecifics. Bivalve 

molluscs have been shown to form a major component of the d ie t  (Laughlin 

1982, Alexander 1986). In the Chesapeake Bay, Cal1inectes is abundant 

and ac tive ly  forages from la te  spring through autumn, a f te r  which i t  

overwinters buried in subtidal areas (Van Engel 1958, Hines et a l .

1986).

The oyster, Crassostrea v irq in ica  Gmelin (Mollusca: Pelecypoda: 

Ostreidae), is an epibenthic suspension feeding bivalve mollusc of 

considerable commercial importance along the A tla n tic  and Gulf Coasts of 

North America. In Chesapeake Bay, Crassostrea may grow up to 18 cm in 

length and is found prim arily  on subtidal (1 .5 -7  m) bars composed of 

shelly mud (Haven et a l . 1981). Spawning usually occurs from la te  June 

to October. A fte r  larva l attachment on suitable cultch materials (eg., 

oyster sh e ll)  oysters may a tta in  a length of 40 mm SL before the end of 

autumn (Kennedy and Briesch 1981, personal observation). Density of 

spat may range from 1 to 30 spat per 10 cm oyster shell at th is  time 

(Kennedy and Briesch 1981, personal observation).

Laboratory feeding studies were performed at the V irg in ia  In s t itu te  

of Marine Science (VIMS), Gloucester Point, V irg in ia , from July-December
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1986 and April-October 1987. Experiments used crabs captured with 

e ith e r  pots suspended from the "oyster pier" at VIMS or by o t te r  trawl 

in seagrass beds in the lower York River Estuary, V irg in ia .  Only 

intermolt crabs that ac tive ly  fed were used in feeding t r i a l s .  Crabs 

appeared to go through a learning process (preliminary observations) and 

were therefore fed oyster spat ad lib itum  fo r  one week p r io r  to feeding 

t r i a l s .  Size ranges, grouped by maximum carapace width (between the 

prominent spines) were assigned as follows: small (60-85 mm), medium 

(100-125 mm), and large (135-165 mm).

Juvenile oysters, which ranged from 5-45 mm SL, were collected by 

SCUBA divers from V irg in ia  Marine Resource Commission (VMRC) and private  

shell planting s ite s , M ilford Haven, Piankatank River Estuary, V irg in ia .  

Oyster spat attached to cultch as collected in the f ie ld  were c lass if ied

as e ith e r  medium (x = 2 5 .0  ± 2 mm SL) or large (x = 35.0 + 2 mm SL). A

th ird  small size-class (x = 15.0 + 2 mm SL) was collected from remote 

setting operations in the East River, V irg in ia . These spat were 

attached to oyster shell cultch and demonstrated the same w ithin-cultch  

densities observed on Milford Haven cultch (4-30 oysters/cultch) (Bohn, 

personal communication; personal observation). The increased growth 

ra te  of small oysters re la t iv e  to large individuals did not f a c i l i t a t e  

th e ir  use in laboratory experiments. The use of remotely set oysters, 

however, allowed an adequate supply of small oysters fo r  completion of 

the study objectives.

A flow-through seawater system was used in which the seasonal 

changes in temperature was the physical variable influencing predation 

rates. Three water temperatures were chosen which approximated early
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spring and la te  f a l l  (13-14° C), early  summer and f a l l  (19-20° C), and

summer (26-27° C) and were termed low, medium, and high respectively.  

Ambient s a l in i ty  of York River water ranged from 16-23 ppt.

There were two water tables, each containing six opaque 

experimental tanks measuring 60cm X 55cm X 25cm (72 l i t e r s ) .  Each tank 

was f i l l e d  with ground oyster shell to a level 8cm above the tank 

bottom. One water table was used fo r  feeding t r i a ls  and the second for  

holding crabs. This layout allowed six concurrent feeding t r i a ls  and 

randomized interspersion of oyster density treatments (Underwood 1981, 

Hurlbert 1984) such that each crab was exposed to a specific  density 

only once.

In fluent water was f i l t e r e d  to 50 microns in order to minimize the 

accumulation of fouling organisms. During periods of high plankton 

density and p a rt icu la te  concentrations (summer months) f i l t e r s  were 

changed every 8-12 hours in order to maintain adequate f i l t r a t i o n .  

In fluen t flowed to a 200 1 header tank where i t  was heated, as desired, 

by two 2,000 watt Vycor immersion heaters. Crabs were gradually  

acclimated to experimental temperatures. Twenty-four de livery  tubes (2 

per aquaria) with a flow rate of 0.5 1 ite r/m in /tube provided 90% 

flushing every 2.5 hours according to Rainey’ s (1967) guidelines.

A r t i f i c ia l  l ig h ts  were regulated to seasonal photoperiod: 26-27° C, 14L-

10D; 19-20° C, 13L-11D; and 13-14° C, 12L-12D.

Crabs were starved for 24 hours before each rep lica te  t r i a l  in 

order to standardize hunger lev e ls . Cultch and/or oysters were 

scattered onto the bottom of the tank and the overall spatial 

arrangement noted. Oysters and/or cultch were cleaned by "dipping" in a
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concentrated s a lt  solution (Provenzano 1959) in order to eliminate  

additional prey items. Feeding t r i a ls  were ty p ic a l ly  in i t ia te d  at 1300 

hours when a single Callinectes was introduced into a tank, and ended 

upon removal o f the crab 24 h la te r .  Six to eighteen rep licates at 

densities of 5, 10, 20, 30, 40, and 50 oysters/tank were taken for  

medium and large oyster lengths. Due to increased feeding rates at 

small oyster lengths, 6-10 replicates at 10, 20, 40, 80, 120, 250 and 

350 oysters/tank were required in order to assess the functional 

response. Temperature was recorded at the in i t ia t io n  and termination of 

each 24 h experimental period. Following each experimental t r i a l  the 

numbers eaten were recorded.

The significance of addressing the complexities of b io tic  and 

ab io tic  interactions within multi fa c to r ia l laboratory and f ie ld  

experiments of predation has been described by numerous experimental 

marine ecologists (Menge and Lubchenco 1981, Underwood 1981, Choat 1982, 

Peterson 1982, Menge 1983). Due to lo g is t ic a l constraints, however, the 

use of a fu l l  fa c to r ia l  design in th is  study was not permitted. Hence, 

the re la t iv e  e f fe c t  o f a single factor (eg ., temperature) on the 

functional response was assessed within separate density experiments. 

Therefore, I have refrained from d irec t s ta t is t ic a l  comparisons of the 

various factor interactions in order to avoid "simple pseudoreplication" 

(sensu Hurlbert 1984).

A summary matrix of b io tic  and ab iotic  factors examined in the 

laboratory is shown by Table 1. In order to examine the re la t iv e  

effec ts  of each factor on the functional response, density experiments 

were compared by:
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Table 1. Summary Matrix Of Laboratory Experiments Performed

Temp. Low Temp. Med Temp. High

Spat Size______________ Med____________ Med____________ Lg Med Smal 1

Crab Sex Crab Size J 1 i i i i
Large 1 1 i i i i

Male i i i i

Medium J_ _ _ _ _ _ _ 1_ _ _ _ _ 1_ _ _ _ L

Small

1 I I I  
1 1 I I

Female Large

Medium

1 1 1
J_ _ _ _ _ _ _ 1_ _ _ _ _ L
1 1
1 1
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(1) Temperature - large male crabs feeding on medium length oysters at 

low, medium and high temperatures.

(2) Oyster length - large male crabs feeding on small, medium and large 

oysters.

(3) Crab size - large, medium and small male crabs exposed to small, 

medium and large oysters.

(4) Crab sex - large male and female crabs exposed to large and medium 

oysters. Medium male and female crabs exposed to large oysters.

General analysis of functional responses

Two independent variables were quantified:

(1) Consumption rate  - the number of oysters consumed *  crab”* *  [24

hr1.
(2) Proportional m orta lity  rate - the proportion of oysters consumed *  

crab *  [24 h ]"1 .

All dependent variables in th is  study were examined for normality 

with normal and stem-1eaf p lots , and tested for equality  of variances 

with Cochran’ s C-Test (Zar 1984, SPSSX 1986). Proportions were used to 

allow fo r a more accurate d e f in it io n  of the shape (type) of the 

functional response curve at low prey densities (Lipcius and Hines 

1986). When appropriate, a oneway ANOVA (Zar 1984) with density as the 

independent variable  was used. When transformations were unsuccessful, 

a non-parametric Kruskal-Wallis ANOVA was employed (Zar 1984). Multiple  

comparisons were performed by using an a p r io r i  Student-Newman-Kuels 

Test (SNK) or non-parametric Mann-Whitney Test (M-W) set at an 

experiment-wise error rate  (EWER) of 0.05 (Zar 1984). For a l l
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s ta t is t ic a l  tes ts , the null hypothesis of no e f fe c t  was rejected at 

P<0.05.

Individual crab functional responses within each density experiment 

were tested with a non-parametric log like lihood ra t io ,  G, applying 

Williams (1976) correction fo r  continuity . A H ilog linear model (SPSSX 

1986) was used to generate expected d is tr ibutions and to provide the 

appropriate contrasts.

Analysis of general functional response models

In order to s t a t is t ic a l ly  te s t the form of the functional response, 

free from the potential problems associated with analysis of specific  

functional response models (Eqs. 1-4) (Hassell 1978, Livdahl and Stiven 

1983, Lipcius and Hines 1986), I used the general functional response 

model derived by Real (1977, 1979):

kfln
F =

X + An (5 ) ,

where F = the feeding ra te , k = the maximum feeding rate (sa tu ra tion ), A 

= the density of food items, X = the density of food items that generate 

half-maximal feeding, and n = the parameter associated with the amount 

of increase in the rate of detection of a prey item with an increase in 

prey density. Thus, n is roughly equivalent to the amount of "learning"

exhibited by the predator (Real 1979, Emlen 1984). When n = 0, the
A

functional response curve becomes lin e a r  (eg ., type I ) .  When n = 1, the 

rate  of detection is constant producing a type I I  hyperbolic functional
A

response (Real 1979). The degree to which n > 1 re f le c ts  the rate  that
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detection is influenced by increasing prey density (Real 1979). 

Therefore, when n > 1 the curve is type I I I  (sigmoid) (Real 1979). In 

order to s t a t is t ic a l ly  tes t the form of functional response, estimates
A

of n were tested against the following null hypotheses with standard t -
A  A  A

Tests (Neter and Wasserman 1974): Ho: n = 0 ,  n = 1, n = 2.

The general functional response models were analyzed by l in e a r  

regressions of the log-transformation of Eq. 5 (Real 1979, Lipcius and 

Hines 1986), and tested fo r  appropriate f i t  as determined by the 

following c r ite re a : (1) the F-value of the regression had to be 

s ig n if ic a n t at the 0.05 level and, (2) the residuals about the predicted 

values had to be d istr ibuted  randomly, as determined by binomial Z-Tests 

(Zar 1984) o f the p a rt ia l and complete data sets. P artia l binomial 

tests were performed in order to avoid the effects  of systematic end 

d is tr ibu tions  cancelling each other out in the complete te s t (Lipcius 

and Hines 1986). H artley ’ s F-Max procedure (Neter and Wasserman 1974) 

assessed the v a l id i ty  of l in e a r iza t io n  by testing the assumption of 

homogeneity o f variance of the transformed dependent variab le .

Determination of the type of functional response (eg ., type I I  or

I I I )  was based on (1) results from the ANOVA of proportional m orta lity

rates, followed in decreasing p r io r i ty  by (2) results from general 

functional response model f i t t i n g  procedures.

Analysis of conceptual functional response models

P artia l consumption of oysters was not observed in any experiment, 

thereby precluding the need fo r  nontraditional functional response
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models (Abrams 1982) developed to account fo r "wasteful k i l l in g "

(Johnson et a l . 1975).

In order to estimate a ’ and Ht, and f i t  the data to the appropriate 

functional response model (Eqs. 1 -4 ) ,  non-linear least squares analysis 

(SAS In s t i tu te ,  1982) was employed. The use of lin earized  functional 

response models has been shown to y ie ld  biased and s t a t is t ic a l ly  invalid  

parameter estimates (Zar 1968, Hassell 1978, Williams and Juliano 1985). 

Marquart’ s (1963) algorithm method, with specified p a rt ia l derivatives , 

allows estimation of asymptotic standard errors and correlations of 

parameters, and was thereby used to analyze continous-time models 

(Williams and Juliano 1985). Analysis of discrete-tim e models used the 

d e riv a tiv e -fre e  m ultivaria te  secant method (Ralston and Jennrich 1979, 

SAS In s t i tu te  1982) because of the problem of deriving p a rt ia l  

derivatives of a function with the dependent variable (Na) on both sides 

of the equation (Eqs. 3, 4 ) .

To provide a s ta t is t ic a l  tes t of the f i t  of continuous and 

discrete-tim e models in describing the functional response, an F-Test 

employing the ra t io  of the " la c k -o f - f i t "  mean square to the "pure error" 

mean square was used (Draper and Smith 1966, Neter and Wassermen 1974, 

Colton 1987). The "pure error" term is an unbiased estimator of the 

error variance and does not re ly  on assumptions regarding the regression 

re la t io n  (Neter and Wassermen 1974). The " la c k -o f - f i t "  and "pure error" 

sums of squares were calculated by comparing predicted responses with 

observed ce ll means obtained from nonlinear regression analysis 

described above. A s ig n if ican t F -ra t io  indicated a s ta t is t ic a l ly  

inadequate f i t  to the data and therefore inappropriate model.
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The c r i t e r ia  for determining the most appropriate and s t a t is t ic a l ly  

va lid  conceptual functional response model, l is te d  in decreasing 

p r io r i ty ,  were as follows:

(1) The F-value o f the regression had to be s ig n if ican t at the 0.05 

le v e l .

(2) The " la c k -o f - f i t "  error could not be s ig n if ic a n t at the 0.05 le v e l.

(3) The residual sums of squares had to be the lowest of the possible 

model s.

(4) The residuals about the predicted values had to be d istributed  

randomly fo r p a rt ia l  and complete data sets.

To compare instantaneous attack rates (a ’ ) between type I I  and type 

I I I  models, I approximated a ’ from an equation derived by Hassell et a l . 

(1977):

bNt
a’ =

1 + cNt (6)

where b and c are constants and Nt = prey density. To calculate the way 

in which the attack rate (a ’ ) was related to prey density, I inserted 

the predicted Th, Na and/or Ne from nonlinear regression analysis, along 

with the specific  Nt, and solved fo r a ’ using the appropriate model 

(Eqs. 1 -4 ) .

Behavioral observations

Behavioral observations were made during the f i r s t  hour of each 

feeding t r i a l  by viewing crabs through portholes in an opaque p lastic  

canopy surrounding the water tab le . Crabs were viewed during the f i r s t  

hour of each feeding t r i a l  in order to avoid possible satia tion  effects
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which can reduce success rates and increase handling times (Bence and 

Murdoch 1986). Optimal d ie t  theory assumes that the predator is 

maximizing i ts  food intake, and starved crabs most closely match th is  

assumption. Observations were performed on two adjacent tanks during 

concurrent feeding t r i a ls  and were recorded with a hand held audio 

cassette recorder.
i

The following independent variables were quantified: (1) breaking 

time (Tb), which is the time from the crab’ s f i r s t  physical contact with 

the oyster, through the period of recognition and shell crushing, to the 

f i r s t  b ite  of exposed flesh; (2) eating time (Te), which is defined as 

the period from the end of Tb to the completion of the meal and 

abandonment of the empty sh e ll ,  including in term itten t periods of shell 

breakage and inspection of shell debris towards the end of the meal; (3) 

handling time (Th), which is the sum of Tb and Te; (4) persistence time 

(Tp), which is the time from the moment the crab ac tive ly  encounters the 

prey (eg. manipulation of the prey with the chelae) un til  re jec tion ,

(5) to ta l encounter ra te , which is the number of active encounters, (6) 

successful encounter ra te , which is the to ta l number of encounters that 

resulted in feeding and, (7) attack success (S ), which is the proportion 

of active encounters resulting in consumption. All behavioral 

components were matched with the appropriate oyster length, except for  

to ta l and successful encounter rates. The short duration (1-2 s) of 

numerous encounters did not allow adequate determination of prey- 

specific  length.

Q ualita tive  observations recorded the following behaviors: a) 

in i t ia t io n  of foraging, b) oyster breaking methods and, c) eating  

techniques. Behavioral observations were only quantified fo r large male
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Callinectes within temperature and oyster length treatments at densities  

of 5, 20, and 50 oysters/tank fo r medium and large oysters, and at 20, 

40, 120 and 250 oysters/tank fo r  small oysters. The overall spatial 

arrangement of the cultch was noted upon termination of the t r i a l .

General analysis of behavioral observations

Total and successful encounter rates fo r  each density experiment 

were analyzed using a oneway ANOVA (Zar 1984) with density as the 

independent variable (SPSSX 1986). Breaking (Tb), eating (Te) and 

handling times (Th) in successful encounters, and persistence times (Tp) 

in unsuccessful encounters were analyzed by an analysis o f covariance 

(ANCOVA) with oyster length as the covariate and oyster density as the 

independent variab le . The assumption of equal slopes (Underwood 1981) 

was met i f  the density X oyster length interaction was not s ign if ican t  

(SPSSX 1986). In instances where there was a nonlinear relationship  

between oyster length and density, a oneway ANOVA was employed 

(Underwood 1981, SPSSX 1986).

Tb, Te and Th were normally d istr ibuted  and homoscedastic for the 

en tire  data set (normal p lo t and Cochran’ s C-Test, SPSSX 1986). 

A dd itiona lly , the density X oyster length in teraction  was not 

s ig n if ican t for the en tire  data set, thus the assumption of equal slopes 

was met.

Prev p r o f i t a b i l i t y

Prey value was estimated by drying oyster spat o f known length (5-

45 mm SL) to a constant weight at 60° C for 24 h, enabling a regression
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equation of dry flesh weight (mg) on shell length (mm SL) to be 

calculated. Yield of flesh was re la ted  to C. v irq in ica  length by the

2regression equation Y = 2.27 x - 3 .02, n = 67, r  = 0.82, where y = 

log (dry flesh weight, mg) and x = loge (shell length, mm). Prey

p r o f i t a b i l i t y  was then calculated in two ways. F i rs t ,  the 

p r o f i t a b i l i t i e s  fo r  each of three oyster size classes were estimated as 

dry weight (mg)/breaking time (sec) and dry weight (mg)/handling time 

(sec) fo r  successful encounters (a * ) .  The second method incorporated 

persistence times in unsuccessful encounters by the following equation:

M
P =

f  Tp + Th (7)

where M = dry weight (mg) per individual prey item, f  = proportion of 

unsuccessful encounters (eg ., 1-S), Tp = average persistence time per 

fa i le d  attack, and Th = average handling time per successful attack. 

Thus, p r o f i t a b i l i t y  estimated by th is  second method is a more re l ia b le  

estimator of the to ta l energetic cost associated with a specific  oyster 

length because i t  depends upon success rates (S ), handling times for  

successful and unsuccessful encounters, and the biomass of the prey.

To determine the best f i t  to Tb, Te and Th data fo r subsequent 

p r o f i t a b i l i t y  computations, i n i t i a l  regression analysis involved 

determining the f i t  of l in e a r ,  exponential and power functions to 

observations from each temperature and oyster length treatment. 

Differences between the corre la tion co effic ients  of these functions were 

compared using Fisher’ s transformation (Zar 1984). F isher’ s 

transformation indicated that exponential and power functions did not 

s ig n if ic a n t ly  improve the f i t  to e ith e r  Tb, Te, or Th data over l in ear
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functions fo r  both temperature (a l l  P>0.25) and oyster length (a l l  

P>0.19) treatments. Hence, p r o f i t a b i l i t y  curves were derived by 

divid ing the regression equation fo r  dry flesh weight on shell length by

l in e a r  regression functions fo r  each dependent variable (Tb, Te, Th).

To determine i f  l in e a r  regression functions used in p r o f i t a b i l i t y  

estimates (eg ., Tb, Te, Th) varied s ig n if ic a n t ly  as a function of 

temperature and oyster length, slopes and elevations were compared using 

standard t-Tests (temperature e ffec ts ) and an ANCOVA (oyster length 

e ffe c ts )  (Zar, 1984).

S ta t is t ic a l  analysis within specific  factors:

Temperature

At 26-27° C, logarithm ically  (log) transformed consumption rates, 

arcsine transformed proportions, and log-transformed persistence times

(Tp) were homoscedastic. At 19-20° C, consumption rates, arcsine 

transformed proportions and log transformed Tp resulted in

homoscedasticity. Consumption rates at 13-14° C were also

homoscedastic. Despite the use of several common transformations ( In ,

log, sqrt, arcsine), proportional m orta lity  rates at 13-14° C remained

heteroscedistie. Log transformation of Tp at 13-14° C resulted in 

homoscedasticity.

Oyster length

Consumption rates, arcsine transformed proportions, and log 

transformed Tp fo r  large oysters were homoscedastic. For medium
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oysters, log-transformed consumption rates and Tp, as well as the 

arcsine transformed proportions were homoscedastic. For small oysters, 

proportions, Tp and log transformed consumption rates were 

homoscedastic.

Crab size

Consumption rates and arcsine-transformed proportions fo r  large  

crabs feeding on large oysters were homoscedastic. For medium crabs 

feeding on large oysters, log transformed consumption rates and arcsine 

transformed proportions were homoscedastic.

Log transformations of consumption rates of large, medium and small 

crabs feeding on medium oysters resulted in homoscedasticity. For large 

and medium crabs, the arcsine transformed proportions were 

homoscedastic.

Log transformation of consumption rates fo r large, medium and small 

crabs feeding on small oysters resulted in homoscedasticity. Arcsine 

transformation of proportional m orta lity  rates fo r  small crabs, and the 

raw proportions fo r  medium and large crabs feeding on small oysters were 

homoscedastic.

Crab sex

For large male and female crabs feeding on large oysters, 

consumption rate  and log-transformed consumption rate  variances were 

homogeneous, respective ly . The arcsine-transformed proportions were 

homoscedastic fo r  both sexes.

For large male and female crabs feeding on medium oysters, log 

transformed consumption rates as well as the raw numbers were
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homoscedastic, respectively. Arcsine transformed proportions were 

homoscedastic fo r both sexes.

For medium male and female crabs feeding on large oysters, log 

transformed consumption rates and arcsine transformed proportions were 

homoscedastic.

To determine i f  any sexual differences in cheliped morphology 

existed between large adult male and female crabs, crusher chela heights 

(mm) of 30 male and 37 female crabs were regressed against carapace 

width, with the resu lting  slopes compared by standard t-Tests (Zar 

1984). The crusher chelae was assumed to be the more bluntly  toothed 

and larger of the two chelipeds. Chelal height was measured in a 

s tra igh t l in e  from the dorsal propodus next to the dactyl us, to the 

ventral propodus.

Field S ite

M ilford Haven is part of the Piankatank River Estuary located on 

the western shore of the Chesapeake Bay ju s t below Gwynn’ s Island, VA 

(F ig . 2 ) .  The Piankatank River is rural with forests , wetlands, or

2farms occupying most o f i ts  watershed of 466 km (Chen et a l . 1977).

The waters of th is  system are considered to be the least modified of 

V irg in ia ’ s oyster growing areas and has been, and s t i l l  is highly 

productive fo r seed and market oysters (Haven et a l . 1981). Milford  

Haven has a to ta l acreage of 509 acres of which 2.6% is oyster rock, 

65.6% soft mud, and the remainder prim arily  shelly mud. This area has 

been shelled extensively by the V irg in ia  Marine Resources Commission 

(VMRC) with oyster setting rates ranging from moderate to heavy over the
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past 40 years (Haven et a l . 1981). A ll bottoms in th is  area are in less 

than 5.5 m depth of water. S a l in ity  averages 15 ppt (Chen et a l . 1977) 

and oyster growth is classed as normal (Haven et a l . 1981). The primary 

crab species found in th is  system are Panopeus herbstii Milne-Edwards, 

Hexapanopeus anqustifrons Benedict and Rathbun, Neopanopeus texana savi 

Smith, Eurvpanopeus depressus Smith, and Callinectes sapidus Rathbun 

(Ryan 1956, Wass et a l .  1972).

Field study

The f ie ld  component of th is  study used a mark and recapture method 

to quantify seasonal levels of crab predation at both the 1985 Milford  

Haven "Hole in the Wall" VMRC shell plant area and an adjacent 1986 

private  shell p lant. The 1985 sh e ll-p ian t s ite  was sampled from April 

30 to October 7, 1986 in order to assess temporal survivorship of the 

1985 oyster year-class. Sampling was transferred to the 1986 s ite  on 

October 7 because the 1985 cohorts began to reach lengths > 45 mm SL, 

and thus achieved a re la t iv e  prey-size refuge from crab predation. 

Sampling of the 1986 cohorts began on October 7 when oysters averaged 15 

mm SL, and was terminated on December 9 when water temperatures

s u ff ic ie n t ly  reduced crab a c t iv i ty  levels (13° C).

Spat and cultch materials were obtained by haphazardly placing a 

2
square 0.25 m grid d ire c t ly  on the bottom with subsequent co llection by 

two SCUBA divers. This haphazard approach was chosen over a randomized 

design because of the heterogenous nature of the bottom. Both the 1985 

and 1986 shell planting bottoms were found to have clumped and patchy
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Figure 2. Location of f ie ld  study. M ilford Haven, Piankatank River 

Estuary, V irg in ia .
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d is tr ibu tion s  of shells as a consequence of the planting technique; 

therefore only clumps of shells were sampled.

2Each sample was placed on a p las tic  tray  (0.25 m ) and covered.

This procedure was performed three times while temperature and s a l in i ty  

were recorded. The cultch with attached oysters from each quadrat were 

marked with marine epoxy and numbered. The maximum length of the r igh t  

valve of each spat was measured to the nearest 0.1 mm. The number of 

spat and th e ir  corresponding sizes were then recorded. In addition to 

oyster spat, potential prey items found in the oyster fouling community 

as well as oysters larger than 45.0 mm were maintained in the laboratory  

(same approximate ambient temperature and s a l in i ty  as the f ie ld  s ite )  

during the three week marking period. By replacing the marked sample on 

the bottom with the orig inal density of potential epifaunal prey items, 

the approximation of natural levels of spat m orta lity  in the f ie ld  

should be enhanced.

Before replacement of the marked sample on the bottom two SCUBA

2divers collected a 0.25 m sample fo r the next treatment as described 

above. The marked sample was then placed on the cleared bottom and 

relocated by a f lo a t  attached to a reinforcing rod driven into the 

substrate. The marked spat were l e f t  on the bottom for three weeks. I 

used th is  technique successfully in preliminary t r i a ls  during the summer 

of 1985. During those t r i a ls  i t  was observed that the marked sample 

resembled very closely that of the surrounding oyster community a f te r  a 

two week replacement period, in terms of algal coverage and 

sedimentation, therefore I chose a three week sampling regime in order
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to allow fo r  "reestablishment" and yet s t i l l  account fo r  any temporal 

changes in m o rta lity .

Predation due to crabs was then quantified by recording the number 

of m o rta lit ies  demonstrating any of the following features: chipped or 

cracked valve margins, puncture holes within the umbo region, crushing 

of the umbo region, and complete crushing of the valves themselves.

These "signatures" are representative of both blue crab and mud crab 

predation, thus the two are indistinguishable. M o rta lity  that cannot be 

attr ibu ted  to crabs was quantified as w e ll.  In many instances I have 

observed laboratory m o rta lit ies  in which the r ig h t  valve was completely 

removed, therefore th is  approach most l ik e ly  underestimates crab 

a ttr ib u ta b le  m o rta lity . In addition, preliminary laboratory  

observations indicated that the r ig h t valves of oysters < 10 mm SL were 

completely crushed, without exception, by both P. herbstii and C. 

sapidus. Therefore, oysters < 10.0 mm SL were excluded from th is  study. 

With the exception of the f i r s t  sample (May 13 A), which was on the 

bottom fo r  only two weeks, th is  mark-recapture procedure was performed 

every three weeks from April through December, 1986,

Analysis of f ie ld  data

The following dependent variables were quantified:

(1) Oyster m orta lity  due to crabs - number of oyster m o rta lit ies

displaying a d is t in c t  crab signature 21 d~*.

(2) Proportional m orta lity  due to crabs - proportion of oyster

m ortalites displaying a d is t in c t  crab signature 21 d~*.
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(3) Proportional m orta lity  due to unknown causes - proportion of oyster

m o rta lit ies  not displaying a d is t in c t  crab signature 21 d"1.

(4) Oyster density before and a f te r  recapture - oysters (5-45 mm SL) *

[0 .25 m2] " 1.

(5) Oyster length - shell length (mm) before replacement.

(6) Temperature ( °  C ).

Descriptive s ta t is t ic s  (eg ., mean, S .E .) were calculated for oyster 

m orta lity  and proportional m orta lity  due to crabs, proportional 

m orta lity  due to unknown causes, oyster density before and a f te r  

recapture, and oyster length. In addition, m orta lity  due to crabs, 

recapture density, oyster length and arcsine transformed proportions for  

both sample s ite s , were each appropriate fo r  oneway ANOVA (Zar 1984) 

with sample date as the independent variable .

RESULTS

General foraging behavior

Foraging behavior of large male C. sapidus was generally prefaced 

by increased antennule f l ic k in g  and g i l l  ba iling  rates, followed by 

vigorous movements of the mouthparts. The dactyls o f the f i r s t  and 

second anterior walking legs, and the chelipeds, were used to probe for  

and manipulate oyster spat attached to cultch. The setae on the inner 

edges of the walking legs or periopods are especially sensitive to 

t a c t i le  stimulus (Shepheard 1974). When these came into contact with a 

suitable prey item an active encounter did not always re s u lt .  In some
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instances, contact with the cultch i t s e l f  i l l i c i t e d  an attack response 

in which the crab crushed areas of the shell devoid of oysters.

Although not markedly heterochelous, each cheliped serves as e ither  

a crusher or cu tte r . In th is  instance, an overwhelming m ajority (97%, n 

= 35) of observed crabs used the r ig h t chelae as the crusher.

Prey handling by C. sapidus usually began with an attempt to crush 

the oyster with the crusher cheliped, regardless of oyster length or 

temperature. During th is  process the prey was held by one cheliped 

while force was applied, usually to the umbone region, by tfie other 

cheliped. The umbone or posterior end of the oyster affords a higher 

mechanical advantage to the cheliped. A fter a series of force 

applications the prey was reoriented using the chelae and maxillipedsj 

and d if fe re n t  techniques were employed. The type of handling technique 

used appeared to be a function of oyster length and thickness, and the 

geometry of oyster attachment. Attachment geometry l im its  the poitions 

availab le fo r crabs to exert s u ff ic ie n t  force without the chelae 

siipping.

Crabs used two major techniques to open large oysters (x = 3 5 + 2  

mm SL). In the f i r s t  technique, the dactyl teeth of the crusher chelae 

were scraped back and forth  along the umbone region shearing o f f  small 

flakes of sh e ll .  The cutter chelae was then used as a "punch" in an 

attempt to puncture the weakened area. This sequence was repeated until 

the cu tter  chelae punctured the weaker area and the adductor muscle was 

severed such that the valves could be pulled apart. This technique was 

usually employed when oyster attachment geometry caused the chelae to 

s lip  during i n i t i a l  crushing attempts. In instances where attachment
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geometry fa c i l i t a te d  an adequate g r ip , a second technique was employed. 

Crabs using th is  second technique attempted to remove the oyster from 

the cultch by prying i t  o f f  with the crusher chelae while the cutter  

chelae gripped the cultch. Upon removal from the cultch, the posterior  

edges of the oyster were gradually chipped un til  the cu tte r  chelae could 

be forced between the valves, tearing the adductor muscle. The valves 

were then grasped by the chelae and pulled apart in order to expose the 

f lesh .

Crabs feeding on medium-1ength oysters (x = 25 + 2 mm SL) were 

usually successful a f te r  a series of force applications and 

reorien ta tions . I f  th is  method fa i le d ,  crabs attempted to remove the 

oyster from the cultch as described above for large oyster lengths.

Once the valves of large and medium-1ength oysters were opened, the 

flesh of the l e f t  valve was torn away by the th ird  or outer maxillipeds  

while the cultch was steadied with the chelipeds and an terio r walking 

legs. The valves were discarded only a f te r  they had been thoroughly 

gleaned, a f te r  which the chelae would sweep the f lo o r  of the tank 

searching fo r  any shell fragments that may have been missed.

Small-length oysters (x = 15 ± 2 mm SL) were easily  opened by 

simple crushing attempts directed at individual oysters, or by randomly 

crushing the cd ltth  i t s e l f .  This la t t e r  technique was prim arily  

employed at low densities (eg ., 10 oyste rs /tan k). A small proportion of 

Small oysters were located w ith in depressions on the surface of the 

Cultch achieving a potential arch itectural refuge from crab predation.

As a consequence of th is  random crushing technique, these architectural 

refuges became vulnerable to crab predation. During these directed and
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random opening attempts, crabs would lower themselves on top of the 

cultch and use th e ir  th ird  maxillipeds to feed on the crushed aggregate 

o f shell and oyster tissue, while the periopods continued probing the 

substrate and cultch m ateria ls. Once feeding was in i t ia te d ,  crabs 

became less sensitive to visual stimulus, regardless of oyster length, 

density, or temperature.

Complete spatial rearrangement of the cultch was generally observed 

upon termination of feeding t r i a l s .

Temperature e f fe c ts : functional responses

Consumption rates of G. sapidus within each of three temperature

treatments increased s ig n if ic a n t ly  with oyster density (ANOVA; 26-27° C:

F = 32.9, d f = S,45, N§.O0O1; 19-20° C: F = 12.3, d f = 5,35, PcO.OOOl;

13-14° C: F = 6 .0 , df = 5,35, P<0.0006), and with temperature (F ig. 3 ) .  

S ig n if ic a n tly  more oystirs  were consumed at the upper 5 densities  

(10,20 ,30 ,40 and 50 bysters/tank) re la t iv e  to the lowest prey density (5 

oysters/tank) r ig a r d l is !  o f temperature (SNK: EWER = 0.05) (Fig. 3 ) .

Consumption rates decreased greatly  at 13-14 ° C fo r  a l l  prey densities,

with no m orta lit ies  in the lowest prey density treatment at 13-14° C 

(F ig . 3 ) .

D ifference! in the functional responses at d i f fe re n t  temperatures 

were determined by analyzing proportional m orta lity  rates as a function 

of oyster dehsity (F ig. 4 ) .  Proportional m orta lity  rates of C. 

v ira in ic a  w ithin the high and intermediate temperature experiments

d iffe red  s ig n if ic a n tly  with oyster density (ANOVA; 26-27° C: F = 3 .0 , df
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= 5 ,45, P<0.02; 19-20° C: F = 3 .6 , d f  = 5,35, P<0.01). At 26-27° C, 

proportional m orta lity  was s ig n if ic a n tly  higher at the lowest prey

density (x -  80%) re la t iv e  to increased densities (x = 62-52%) (SNK:

EWER = 0.05) (F ig . 4 ) .  This pattern ty p if ie s  an inversely density- 

dependent re lationship  between predation rate  and prey density (eg ., a

type I I  functional response; Hassell 1978). In contrast, at 19-20° C, 

proportional m orta lity  was s ig n if ic a n tly  higher at intermediate

densities of 10 and 20 oysters/tank (both x = 58%) re la t iv e  to lower and

higher densities (x =23-43%) (SNK: EWER = 0.05) (F ig. 4 ) .  The 

reduction in proportional m orta lity  at the lowest prey density implies a 

density-dependent sigmoid re lationship  between predation rate  and prey 

density (eg ., a type I I I  or modified type I I  functional response).

Hence, the existence of a p a rt ia l prey refuge from predation below

densities of approximately 5 oysters/tank or 15.2 oysters/m^at 19-20° C. 

S im ila r ly , existence of a prey refuge below a density of 5 oysters/tank

was evident at 13-14° C in which no oysters were eaten (F ig. 4 ) .  At 13-

14° C, proportional m orta lity  rates d iffered  s ig n if ic a n t ly  with oyster

density (K-W Test; X^= 21.98, df = 35, P<0.0005), with highest 

proportional m orta lity  rates at intermediate densities of 10 and 20

oysters/tank (x = 15%) (M-W Test: EWER = 0.05) (F ig . 4 ) .  The pattern of 

proportional m orta lity  rates as a function of density resembles a 

displaced, inversely density-dependent, modified type I I  functional 

response rather than a density-dependent, sigmoid, type I I I  response 

(Figs. 1 and 4 ) .
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Figure 3. Functional responses o f C. sapidus at d i f fe re n t  temperatures. 

Each point represents the mean feeding rate over 24h. V ertica l bars 

equal 1 S.E. N = 6 -1 0  rep licates per prey density.
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Figure 4. Proportional m orta lity  of C. v irg in ica  at six densities as a 

function of temperature. Each point represents the mean proportional 

m orta lity  over 24h. Vertical bars equal 1 S.E. N = 6-10 replicates per 

prey density.
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Although a displaced type I I  response (Parsons et a l . 1967, 1969) 

provides the same re la t iv e  prey refuge at low prey densities as a type 

I I I  response, there is a decreasing r is k  of m orta lity  at intermediate 

densities (eg ., 20 spat/tank) rather than the increased r is k  associated 

with a type I I  response (Figs. 1 and 4 ) .

Individual crabs at 26-27° C and 13-14° C did not d i f f e r  

s ig n if ic a n t ly  from each other in th e ir  functional responses

(Heterogeneity G-Test; 26-27° C: G = 18.5, d f  = 20, P = 0.55; 13-14° G:

G = 18.9, d f  = 20, P -  0 .5 3 ) ,  whereas at 19-20° C, individual crab 

responses were not a l l  s im ilar (G = 45.2, d f = 25, P<0.008).

Temperature e f fe c ts : functional response models 

General Model

Consumption rates of C. saoidus within each temperature treatment 

were f i t t e d  to a general functional response model (Eq. 5) (Real 1977,

1979). At 26-27° C, the residuals about the f i t t e d  model were 

d istr ibu ted  randomly and non-randomly fo r p a rt ia l and complete data 

sets, and sample variances fo r the transformed dependent variable were 

unequal (Table 2 ) .  Despite th is ,  the model corroborated the results  

from the ANOVA of proportional m orta lity  indicating a hyperbolic, type
A  A

I I  response with n not s ig n if ic a n t ly  d i f fe re n t  from 1 (n = 0.90) (Table

2 ) .  At 13-14° C, the model again corroborated the results  from the
A

ANOVA of proportional m orta lity , indicating a type I I  response with n

not s ig n if ic a n t ly  d i f fe re n t  from 1 (n = 0.96) (F ig. 1 ). In th is  

experiment the residuals were d is tr ibuted  randomly and variances were
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equal (Table 2 ) .  At 19-20° C; however, the model indicated a type I I
A  A

response with n not s ig n if ic a n tly  d i f fe re n t  from 1 (n = 1.0) (Table 2 ) ,  

whereas the ANOVA of proportional m orta lity  rates determined a type I I I  

response (F ig. 4 ) .  Since the residuals were d istr ibu ted  randomly and 

the variances were equal (Table 2 ) , th is  discrepancy is probably due to 

mathematical constraints of the functional response model; i t  is unable 

to accomodate the e f fe c t  a single point (eg ., the low proportional 

m orta lity  at an oyster density of 5 (F ig. 4 ) .  Examination of the 

residuals at the lowest prey density indicated a consistent d is tr ibu tio n

above the predicted value. Thus, at 19-20° C, a s ig n if ican t decrease in 

proportional m orta lity  at 5 oysters/tank, and increases at intermediate 

densities of 10 and 20 oysters/tank (F ig. 4) appear to be responsible 

fo r  the type I I I  response.

Conceptual models
!

The f i t  of continuous and discrete-tim e conceptual models varied

with temperature (Table 3 ) .  At 26-27° C, the functional response (Fig. 

3) was best described by a type I I  discrete time model:

Na -  N t [ l - e - - 04<24- ° - 1Na) ]

as indicated by the (1) nonsignificant "1a c k -o f - f i t "  e rro r , (2) low 

residual sums of squares re la t iv e  to the continuous-time model, and (3) 

biological relavance of a model which accounts fo r  decreases in prey

density as crabs consume prey (Table 3 ) .  At 19-20° C, the functional
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response o f C. sapidus was sigmoid type I I I  (F ig . 3 ) .  Partia l  

examination of the residuals fo r both continuous and discrete time 

models indicated a systematic d is tr ibu tio n  above and below the predicted 

values at prey densities of 10 and 30 oysters/tank, respectively (Table

3 ) .  Both models provided a s t a t is t ic a l ly  adequate f i t  as indicated by 

the nonsignificant " la c k -o f - f i t "  error (Table 3 ) .  However, the 

discrete-tim e type I I I  model explained more (95%) of the variance in 

consumption and was characterized by lower residual sums of squares

(Table 3 ) .  Therefore, the functional response at 19-20° C is best 

described by a d iscrete-tim e type I I I  model:

N t{ l -e [  - .04Nt (2 4 -0 . IN a)]}
Na =

1+2.ONt.

At 13-14° C neither model adequately described the data. The 

continuous-time type I I  model explained only 50% of the variance, and 

was characterized by a systematic d is tr ibu tio n  of residuals below the 

predicted values (Table 3 ) .  The discrete-tim e type I I  model indicated a 

s ig n if ican t " la c k -o f - f i t "  error and systematic d is tr ib u tio n  of residuals 

above the predicted values (Table 3 ) ,  though i t  described 84% of the 

variance in consumption rates and displayed the lower residual sums of

squares of the two models. Hence, the functional response at 13-14° C 

is best described by a continuous-time type I I  model:

0 . 12Nt
Na =

1 + 0.027Nt.
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Nonlinear regressions with functional response models (Table 3) 

estimated mean handling time per oyster by C. saoidus to be 0.1 hour at

26-27° C and 19-20° C, and 5.4 hours at 13-14° C (Table 4 ) .  Observed 

mean handling times were 12-31% less than estimated values, and

increased as temperature decreased (Table 4 ) .  Attack rate (a ’ )

estimates ranged from 0.037 (26-27°C) to 0.005 (13-14°C) fo r type I I  

models; a ’ computed from eqn (6) with nonlinear regression estimates of

b and c, equaled 0.043 (19-20°C) fo r  the type I I I  model. The estimated

attack rate  (a ’ ) was highest at 19-20° C; however, when a* was related

to prey density, i t  was higher at 26-27°C at the lowest prey density 

(F ig . 5a). The tendency fo r a ’ to increase over an in i t i a l  range of iow

prey densities at 19-20° C, but remain constant at low prey densities at

26-27° C and 13-14° C, i l lu s t ra te s  the fundamental d ifference between 

the type I I I  and type I I  responses (F ig. 5a).

Encounter rates ( to ta l )  were increasing functions of prey density

(F ig. 5b); however, the trends were only s ig n if ican t at 13-14° C (ANOVA;

26-27° C: F = 3 . 1 ,  d f = 2, 17, P = 0.07; 19-20° C: F = 2 .5 , d f = 2, 19,

P = 0.11; 13-14° C; F = 74.8, df = 2, 10, P<0.001). At 13-14° C, 

highest s ig n if ican t encounter rates occurred at prey densities of 20 and 

50 oysters/tank (SNK: EWER = 0.05) (F ig. 5b). The trend in observed 

encounter rates at 5 oysters/tank was s im ilar to that estimated from 

nonlinear model f i t t in g  procedures because (1) high encounter rates at

19-20° C were consistent with model predictions of an increased a*
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r e la t iv e  to the remaining temperatures, and (2) encounter rates

decreased at 26-27° C and 13-14° C in the same order as predicted by the

models (F ig . 5b). In contrast, at 19-20° C encounter rates increased 

with prey density as in a type I I  response, rather than decreasing as 

predicted (F ig. 3b). The s ig n if ican t increase in a* with density at 13-

14° C, is contrary to model predictions of a constant a ’ (Hassell 1976, 

1977). This is not suprising given that no successful encounters were 

observed within th is  temperature, hence more time was available for non

feeding a c t iv i t ie s  (eg ., searching fo r and encountering prey).

I examined proportional attack success and successful encounter 

rates as a function of prey density to determine how a p a rt ia l  prey 

refuge from predation could be achieved (eg ., type I I I  response), 

despite an increased encounter rate at 5 oysters/tank. Attack success

rates decreased with increasing prey density at 26-27° C and 19-20° C

(F ig . 6a). At 13-14° C there were no observed successful encounters. 

Successful encounter rates did not vary s ig n if ic a n t ly  with oyster

density at 19-20° C and 26-27° C (ANOVA; 26-27° C: F = 0 .7 , d f = 2,17, P

= 0 .5 3 ;  19-20° C: F = 1.2, d f = 2,19, P = 0 .3 5 ).  Although to ta l

encounter rates at 5 oysters/tank were higher at 19-20° C versus 26-27°

C, the attack success rate at 26-27° C was more than twice that at 19-

20° C (F ig . 6a). In addition, the successful encounter rate  at 26-27° C

was nearly twice that of 19-20° C (F ig. 6b). At 5 oysters/tank and 19-
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Figure 5. (A) Proportional instantaneous attack (a ’ ) rates re lated to 

oyster density at three temperatures. Rates are estimates from 

nonlinear functional response models. (B) Mean number of oyster 

encounters ( to ta l )  per 1 hr observation at three d if fe re n t  temperatures. 

Vertica l bars equal 1 S.E.
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Figure 6. (A) Proportion of successful encounters per 1 h observation 

period re lated to oyster density at three temperatures. (B) Mean 

number of successful oyster encounters at three d if fe re n t  temperatures 

per 1 h observation period. Vertica l bars equal 1 S.E.
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20° C, decreases in the attack success rate and mean successful 

encounter ra te ,  overcome the e f fe c t  on an increased to ta l encounter rate  

and provide a p a rt ia l  prey refuge (type I I I  response) re la t iv e  to that

at 26-27° C (type I I  response). At an intermediate density of 20

oysters/tank, mean successful encounter rates at 26-27° C were

approximately twice that a t #19-20° C, whereas at 50 oysters/tank, they 

were approximately equal (F ig. 6b). These results suggest the maximum

feeding rate  fo r  C. sapidus to be between 2 and 3 oysters (x = 25 mm 

SL)/hour (F ig. 6b).

Examination of persistence times in unsuccessful encounters, as a 

function of density and temperature, with oyster length as a covariate, 

provides insight into the behavioral mechanisms affecting  successful

encounter rates. At 13-14°C, persistence time indicated a positive  

l in e a r  re lationship  with oyster length, but the trend was not

s t a t is t ic a l ly  s ig n if ican t (Table 5 ) .  Persistence time at 26-27° C 

varied s ig n if ic a n t ly  with oyster density (Table 5 ) .  At 5 and 20 

oysters/tank, persistence times decreased with temperature (SNK: EWER = 

0.05) (F ig . 7 ) .  There was a positive re lationship  between persistence 

time and successful encounters (compare Figs. 6b and 7 ) .

Breaking (Tb), eating (Te) and handling times (Th) of oysters

increased s ig n if ic a n t ly  with oyster length, except fo r Tb at 19-20° C 

(Table 5, Fig. 8 ) .  This re lationship  is most apparent fo r Te (Fig. 8b), 

and probably re f le c ts  the volume of flesh ingested or the surface area 

of shell gleaned. Oyster density did not s ig n if ic a n t ly  a ffe c t any
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Figure 7. Mean persistence times of C. sapidus in unsuccessful 

encounters with C. v irq in ica  related to oyster density at three  

temperatures per 1 h observation period. Vertica l bars equal 1 S.E.
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Figure 8. Handling time components of successful encounters per 1 h 

observation period, compared against oyster length at two temperatures.

(A) Breaking time (secs):

26-27° C: y -  -69.5+6.9X ( r 2= .29 ,  n = 2 6 )

19-20° C: y = 33.5+3.2x ( r 2=.03, n = 28)

(B) Eating time (secs):

26-27° C: y = -124.1+12 .8x ( r 2= .44 ,  n = 26)

19-20° C: y = -30 .6+9 .Ox ( r 2=.23, n = 28)

(C) Handling time (secs):

26-27° C: y = -170.1+18.5x ( r 2=.52, n = 26)

19-20° C: y = 16.9+11.6x ( r 2=.17, n = 28)

See Table 5 fo r significance levels .
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behavioral component (Table 5 ) .  Below an oyster length of approximately 

25-26 mm, behavioral components tend to decrease with increasing 

temperature, above 27 mm they were approximately equal (F ig . 8 ) .  Linear 

regression coeff ic ien ts  of breaking times d iffe red  s ig n if ic a n t ly  with 

temperature (slopes; t  = 2 .2 , d f = 2,50, P<0.05) (F ig . 8a ). In 

contrast, the slopes of eating times did not d i f f e r  s ig n if ic a n t ly  with 

temperature ( t  = 0.02, d f = 2,50, P>0.95 ),  but elevations did ( t  = 0.09, 

df = 2,50, P<0.0001) (F ig . 8b). Handling times were equal regardless of 

temperature (slopes; t  = 0.09, d f = 2,50, P>0.95; elevations; t  = 0.96, 

df = 2,51, P>0.95) (Fig. 8c).

Inclusion of p r o f i t a b i l i t y  estimates i l lu s t r a t e  the potential 

effec ts  o f temperature on p r o f i t a b i l i t y ,  and thus the e f fe c t  on 

preferred oyster size within the context of optimal foraging ta c tic s .  

When calculated with breaking time, prey p r o f i t a b i l i t y  appeared to be

increasing asymptotic and l in e a r  functions of oyster length at 26-27° C

and 19-20° C, respectively (F ig . 9a). At 26-27° C and 19-20° C, 

observed p r o f i ta b i l ty  peaked at approximately 30 mm SL and 33 mm SL, 

respectively (F ig . 9a). Incorporation of eating time in p r o f i ta b i l i t y  

estimates reduced the optima by a factor of approximately 4.2 fo r each 

temperature, and tended to dampen the tran s it io n  between the two 

temperatures (F ig . 9b). This suggests that digestion is a major

component in oyster handling times, and does not vary from 26^ C to 20° 

C. Adjustments for persistence times in the proportion of unsuccessful 

encounters did not g rea tly  decrease p r o f i t a b i l i t y  estimates at e ither
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Figure 9. P r o f i ta b i l i t y  of C. v iro in ica  calculated as the ra t io  of 

predicted y ie ld  (mg dry weight) to observed handling time components 

(secs) at two temperatures. Curves were derived from regressions of 

y ie ld  on oyster length. Ratios of predicted y ie ld  to observed (A) 

breaking times, (B) handling times, and (C) handling times 

incorporating mean persistence times in unsuccessful encounters.
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temperature (F ig . 9c). Incorporation of Tp in unsuccessful encounters 

had the same net e f fe c t on p r o f i t a b i l i t y  estimates at each temperature.

At 26-27° C, the proportion of unsuccessful encounters was low re la t iv e

to 19-20° C, but increased Tp and therefore energetic expense was

higher. In comparison, at 19-20° C, the energetic expense associated

with Tp was low re la t iv e  to 26-27° C, but the proportion of unsuccessful 

encounters was higher.

Oyster length e f fe c ts : functional responses

Blue crab consumption rates per 24-h generally increased with prey

density and decreasing shell length (F ig. 10). At 26-27° C, consumption 

rates of C. sapidus within each of three oyster size classes d iffered

s ig n if ic a n t ly  with oyster density (ANOVA; x ± 15 mm SL: F = 221.6, d f =

6,42, P<0.0001; x + 25 mm SL: F = 32.9, d f = 5,45, P<0.0001; x + 35 mm 

SL: F = 5 .0 , d f = 5,89, P<0.0005). At an oyster size class of 15 mm SL, 

consumption rates g rea tly  increased re la t iv e  to 25 and 35 mm SL oysters,

reaching an asymptote at approximately 142 oysters *  crab"** [24

h ]" * (F ig . 10). Within th is  size class s ig n if ic a n t ly  more oysters were 

consumed at the upper 6 densities (20, 40, 80, 120, 250, 350 

oysters/tank) than at the lowest (SNK: EWER = 0 .0 5 ).  At shell lengths 

of 25 and 35 mm, highest consumption rates were approximately 27 and 7

oysters *  crab"** [24 h]~*, respectively (F ig. 10). In addition, 

s ig n if ic a n t ly  more oysters were consumed at the upper 4 densities (20,
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30, 40, 50 oysters/tank) re la t iv e  to the lowest two (5 and 10 

oysters/tank) fo r  both size classes (SNK: EWER = 0.05) (F ig . 10).

The trends in proportional m orta lity  rates o f C. v ira in ic a  as a

function of prey density were analagous fo r  a l l  three oyster size

classes. Proportional m orta lity  rates increased s ig n if ic a n t ly  with

decreasing oyster density (AN0VA; x = 15 mm SL: F = 6.67, d f -  6,42,

P<0.0001; x = 25 mm SL: F = 3 .0 , d f = 5,45, P<0.02; x = 35 mm SL: F =

4 .9 , d f = 5,89, P<0.0005). At a mean shell length of 15 mm,

proportional m orta lity  rates were s ig n if ic a n tly  higher at the lowest two

prey densities (x -  82 and 81%, respective ly), and at 120 oysters/tank

(x =81%) compared to the remaining densities (x = 41-66%) (SNK: EWER = 

0.05) (F ig. 11). This pattern in proportional m orta lity  rates appears 

to be atypical of the tra d it io n a l type I I  or I I I  typology; there is an 

increasing r is k  of m orta lity  at the two lowest prey densities, a 

decreased r is k  at intermediate densities of 40 and 80 oysters/tank, an 

increased r is k  at 120 oysters/tank, and a decreasing r is k  as prey 

density is increased (F ig. 11). Therefore, these results  support the 

possible use of nontraditional functional response models which account 

fo r  "foraging time adjustments" as a function of d i f fe re n t  environmental 

c o s t /b e n if i t  ra tio s  (Abrams 1982).

At a mean shell length of 25 mm, proportional m orta lity  rates were

s ig n if ic a n t ly  higher at the lowest prey density (x = 80%) than at higher

densities (x = 52-62%) (SNK: EWER = 0 .0 5 ),  and is characteris tic  of a 

type I I  response. Consistent with results from the 25 mm SL size
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Figure 10. Functional responses of C. sapidus at three oyster size-  

classes. Each point represents the mean feeding rate  over 24h.

V ertica l bars equal 1 S.E. N = 6-18 replicates per prey density. Note

the d ifference in X- and Y-values at 15 mm SL re la t iv e  to other size 

classes.
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Figure 11. Proportional m orta lity  of C. v ira in ic a  at six densities  

a function of oyster s ize-c lass. Each point represents the mean 

proportional m orta lity  over 24h. Vertica l bars equal 1 S.E. N = 6- 

rep licates  per prey density.
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class experiment, the pattern of proportional m orta lity  at 35 mm SL was 

typica l of a type I I  response (F ig. 11). In th is  case, s ig n if ic a n tly  

higher proportional m orta lity  rates occurred at the two lowest densities

of 5 and 10 oysters/tank (x = 38 and 32%, respectively) re la t iv e  to 

remaining densities (12-27%) (SNK: EWER = 0 .0 5 )  (F ig . 11).

Individual crabs at 35 mm and 15 mm SL d iffe red  s ig n if ic a n t ly  from 

each other in th e ir  functional responses (Heterogeneity G-Test; 35 mm 

SL: G = 55.5, d f = 25, P<0.0004; 15 mm SL: G = 143.0, df = 30,

P<0.0001), whereas individual crab responses were s im ila r  at 25 mm SL (G 

= 18.5, d f  = 20, P = 0 .5 5 ) .

Oyster length e f fe c ts : funttional response models 

General model

Analysis according to the general functional response model (Eq. 5) 

(Real 1977, 1979) corroborated the results from the AN0VA of 

proportional m orta lity  fo r both the 15 mm and 25 mm SL size classes, 

indicating a hyperbolic type I I  response. At a size class of 15 mm SL, 

the residuals about the f i t t e d  model were d is tr ibu ted  randomly for both 

p a rt ia l  and complete data sets (Table 6 ); however, variances fo r the 

transformed dependent variable  were unequal (H art le y ’ s F-Max Test). 

Despite unequal sample variances and supportive evidence fo r a 

nontraditional functional response model at th is  size class, the general 

functional response model (Real 1977, 1979) explained 95.5% of the to ta l
A

variance and indicated a type I I  response with n not s ig n if ic a n tly

d i f fe re n t  from 1 (n = 0.99) (Table 6 ) .  At a size class of 25 mm SL, the 

residuals about the f i t t e d  model were d istr ibuted  randomly and
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nonrandomly fo r p a r t ia l  and complete data sets, respectively (Table 6 ) .  

In addition, unequal sample variances were found fo r  the transformed 

dependent variable  (H art le y ’ s F-Max Test). The model however v e r if ie d  a
A

type I I  reponse fo r the 25 mm size class with n not s ig n if ic a n t ly
A

d if fe re n t  from 1 (n = 0.89) (Table 6 ) .  In contrast, fo r  the 35 mm size 

class, the model explained only 22.7% of the to ta l variance and was
A

unable to adequately predict a response type as indicated by n being
A

s ig n if ic a n t ly  d i f fe re n t  from 0, 1 and 2 (n = 0.58) (Table 6 ) .  This is 

somewhat surprising given that the residuals fo r both p a rt ia l  and 

complete data sets were d is tr ibuted  randomly (Table 6 ) ,  and sample 

variances were equal (H artle y ’ s F-Max Test). Therefore, in terpreta tion  

of a type I I  response at th is  prey size class is based solely  on the 

resu lts  from the ANOVA of proportional m orta lity  rates.

Conceptual models

The f i t  of continuous and discrete-tim e conceptual models varied 

with oyster length (Table 7 ) .  For the 15 mm size class, the functional 

response was best described by a type I I  continuous-time model:

0.919 Nt
Na =

1 + (0.0038) Nt

as indicated by the (1) low residual sums of squares and (2) random 

d is tr ib u tio n  of residuals about the predicted values, r e la t iv e  to the 

discrete-tim e model (Table 7 ) .  This tra d it io n a l type I I  model described 

96.4% of the to ta l variance at th is  prey size class, despite supportive 

evidence fo r  a more nontraditional model. Although both continuous and 

discrete-tim e models adequately described the functional response for
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the 25 mm size class experiment (F ig . 10), the discrete-tim e model was 

chosen:

Na = N t [ l - e ' - 04( 24~ ° -1Na)]

because of the s l ig h t ly  lower residual sums of squares compared to the 

continuous time-model. For the 35 mm size class, the functional 

response of C. sapidus displayed a hyperbolic (d estab il iz in g ) type I I  

response (F ig . 10). Complete examination of the residuals fo r  both 

contiuous- and discrete-tim e models indicated a systematic d is tr ibu tion  

below the predicted values (Table 7 ) .  For the discrete-tim e model, 

p a rt ia l  examination of residuals indicated a systematic d is tr ib u tion  

below the predicted values (Table 7 ) .  Both models, however, provided a 

s t a t is t ic a l ly  adequate f i t  to the data as indicated by the 

nonsignificant " la c k -o f - f i t "  error (Table 7 ) .  When compared to the 

continuous-time model, the discrete-tim e model explained 85.5% of the 

variance in consumption rates and was characterized by the lower 

residual sums of squares (Table 7 ) .  Hence, the functional response of 

C. sapidus within the 35 mm size class experiment is best described by a 

discrete-tim e type I I  model:

Na = N tn .e -O O S ^ -O . lN a J j

Oyster length e f fe c ts : behavioral components

Nonlinear regressions with functional response models (Table 7) 

estimated the mean handling time per oyster by C. sapidus to be 0.1 

hour, regardless of prey length (Table 8 ) .  Estimated instantaneous
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attack rates (a ’ ) were equal fo r  size classes of 15 and 25 mm SL but 

decreased, with increasing oyster length (Table 8 ) .  Figure 12a

i l lu s t ra te s  the substantial decrease in a* with increasing prey length,

and consistent a ’ as a function of prey density (e g ., type I I  response).

Handling time estimates decreased with decreasing oyster length 

(Table 8 ) .  Handling times were 97 and 31% lower than model estimates at 

size classes of 15 and 25 mm SL respectively, whereas mean handling 

times fo r  the 35 mm SL were approximately three times higher (Table 8 ) .  

Total and successful observed encounter rates were decreasing functions 

of increasing oyster length (Table 8 ) .  While th is  trend is s im ilar to 

that estimated from nonlinear regression analysis, the tran s it io n  in 

encounter rates between 25 mm and 35 mm is not as marked (Fig. 12b).

When re lated to prey density, to ta l encounter rates within the 15 mm 

size class experiment were s ig n if ic a n tly  d i f fe re n t;  at 25 mm and 35 mm 

SL they were not (ANOVA; 15 mm SL; F = 8.73, df = 3,19, P<0.001; 25 mm

SL: F = 3 .1 , d f = 2,17, P = 0.07; 35 mm SL: F = 0.66, d f = 2,19, P =

0 .5 3 ) .  At 15 mm SL, highest encounter rates occurred at a prey density 

of 40 oysters/tank followed by 250, 20 and 120 (SNK: EWER = 0 .0 5 ).  The 

s ig n if ican t varia tion  in encounter rates with density at 15 mm, is 

contrary to model predictions of a constant a ’ (Hassell 1976, Hassell et 

a l .  1977).

Attack success rates and successful encounter rates varied as 

function of oyster length and density (Fig. 13). The highest proportion 

of successful attacks occurred at the smallest prey size class, which
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Figure 12. (A) Proportional instantaneous attack rates (a*) related to 

oyster density at three oyster size-classes. Rates were estimates from 

nonlinear functional response models. (B) Mean number of encounters 

( to ta l )  per lh observation period at three oyster size-classes.

Vertica l bars equal 1 S.E.
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ranged from 80 to 54% (F ig . 13a). At 25mm and 35 mm SL, attack success 

rates declined steeply with increasing prey density ranging from 58 to 

27% and 31 to 14%, respectively (F ig. 13a). At 25 mm and 35 mm SL, the 

trend in attack success rates and proportional m orta lity  rates, as a 

function of increasing prey density were very s im ilar  (compare Figs. 11 

and 13a). In th is  instance, increased proportional m orta lity  rates  

correspond to an increase in the proportion of successful 

attacks/encounters (F ig. 13). In contrast, at 15 mm SL the pattern  

appears to be reversed. These results  suggests that the 1-hr 

observation period during the 15 mm size class experiment, may not be 

adequate to quantify behaviors ind icative  of the to ta l successful 

encounter ra te  response over a 24-h period.

Successful encounter rates within the 15 mm SL experiment d iffe red  

s ig n if ic a n t ly  by density, but not at 25 mm and 35 mm SL (ANOVA; 15 mm 

SL: F = 31.16, d f = 3,19, P<0.0001; 25 mm SL: F -  0 .67, df = 2 ,1 7 ,  P = 

0.53; 35 mm SL: F = 1.10, df = 2,19, P = 0 .3 6 ) .  At 15 mm SL, highest 

successful encounter rates occurred at a prey density of 20 oysters/tank  

followed in decreasing order by densities of 40, 250 and 120 

oysters/tank (SNK: EWER = 0 .0 5 ) .  At 25 mm SL, an apparent prey size 

threshold was reached, below which successful encounter rates  

s ig n if ic a n t ly  increased (F ig. 13b).

To evaluate any potential behavioral mechanisms regulating  

proportional attack success or successful encounter rates, I compared 

persistence times in unsuccessful encounters as a function of oyster 

length and density. The 15 mm size class experiment had a s ig n if ican t  

l in e a r  re la tionship  with oyster length, and only persistence times at 25
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Figure 13. (A) Proportion of successful encounters per lh observation

period re lated to oyster density at three oyster size-classes. (B) Mean 

number o f successful encounters at three oyster size-classes per lh 

observation period. Vertica l bars equal 1 S.E.
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Figure 14. (A) Persistence times of C. sapidus in unsuccessful

encounters with small (15 mm SL) C. v iro in ica  compared against oyster 

length. (B) Mean persistence times of C. sapidus in unsuccessful 

encounters with C. v iro in ica  at two oyster size-classes per lh 

observation period. Vertica l bares equal 1 S.E.
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mm SL demonstrated s ig n if ican t varia tion  with respect to density (Table 

9, Fig. 14). At 25 mm SL, Tp was s ig n if ic a n tly  lower at a density of 50 

oysters/tank followed in increasing order by densities of 5 and 20 (SNK: 

EWER -  0.05) (F ig . 14b).

Handling time components in successful encounters generally  

increased with increasing oyster length, with no s ig n if ican t e f fe c t  of 

prey density manipulations (Table 9 ) .  Breaking times (Fig. 12) of large 

oysters were s ig n if ic a n t ly  higher than small and medium oysters (slopes; 

F = 40.3, d f = 2 ,1 2 9 ,  PcO.0001; Tukey-Test EWER = 0 .0 5 ) .  Although 

slopes fo r  breaking times of 15 mm and 25 mm SL oysters were equal, 

elevations were not ( t  = 24.0, df = 2,100, P<0.0001) (F ig . 15a). At 15 

mm and 25 mm SL, Tb averaged 35.5 and 116.0 seconds respectively, and 

displayed a s ig n if ican t positive l in e a r  re lationship  with oyster length 

(Fig*. 15a, Table 9 ) .  At 35 mm SL, Tb averaged 709 seconds and was 

extremely variable  resulting in a nonsignificant l in e a r  relationship  

with oyster length (F ig. 15a, Table 9 ) .  This lack of l in e a r i ty  fo r  Tb 

of large oysters corresponds well with the nonsignificance in observed 

persistence times as a function of oyster length and density at 35 mm SL 

(Table 9 ) .  Eating times (Te) displayed a s ig n if ican t positive lin e a r  

re la tionship  with oyster length at a l l  three prey size classes and 

averaged 69.0 secs (15 mm SL), 201.1 secs (25 mm SL), and 427.3 secs (35 

mm SL) (F ig . 15b, Table 9 ) .  Linear regression coeffic ien ts  of eating 

times (F ig. 15) increased s ig n if ic a n t ly  fo r  large oysters re la t iv e  to 

small and medium oysters (ANCOVA; F = 82.6, df = 2,129, PcO.0001; Tukey- 

Test: EWER = 0 .0 5 ) .  Although slopes for eating times of 15 mm and 25 mm 

SL oysters were equal, the elevations were not (T-Test; t  = 2 .6 , df =
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Figure 15. Handling time components o f successful encounters per 1 h 

observation period, compared against oyster length within three oyster

size classes (x + 2 mm SL).

(A) Breaking time (secs):

15: y = -94.9+7.9X

25: y = -69.5+6.9x

35: y = -1131.6+53.6x ( r c= . l l ,  n = 28)

(B) Eating time (secs):

( r  =.42, n = 81)

( r 2=.29, n = 26) 

2

15

25

35

y = -107 .8+10 .8x ( r  = .40 ,  n = 81)

y = -124 .1+12 .8x ( r 2=.44 ,  n = 26)

y = -598 .0+29 .9x ( r 2= .47, n = 28)

(C) Handling time (secs):

15

25

35

y = -202.6+18.7X ( r * = .5 2 ,  n = 80)

y = -170 .1+ 18 .5x ( r 2= . 52, n = 26)

y = -1803.05+85.7x ( r  =.21,  n = 28)

See Table 9 fo f  significance leve ls .
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2,100, P<0.005) (F ig . 15b). V a r ia b i l i ty  in Te at oyster lengths greater 

than 25 mm was grea tly  reduced re la t iv e  to Tb (F ig . 15b). The reduced 

v a r ia b i l i t y  in Te probably re f le c ts  the volume of flesh ingested or 

surface area of shell gleaned rather than differences in shell thickness 

or oyster attachment geometry. Comparison of Tb and Te ra tio s  fo r each 

size class indicated that Tb was approximately twice that o f Te at 35 mm 

SL, while at 15 mm and 25 mm they were approximately h a lf .  This 

suggests that Tb is a major component in oyster handling times above 25 

mm SL and should decrease prey p r o f i t a b i l i t y  estimates compared to 

smaller (eg. < 15 mm) oyster lengths. Handling times (Th) generally  

increased asymptotically with oyster length (F ig. 15c). Size classes of 

15 mm and 25 mm SL demonstrated a s ig n if ican t positive l in e a r  

re la tionship  with oyster length, while 35 mm SL did not (Table 9 ) .

Linear regression coeff ic ien ts  of handling times (F ig. 15) increased 

s ig n if ic a n t ly  fo r large oysters re la t iv e  to small and medium oysters 

(ANCOVA; F = 17.9, d f = 2,129, P<0.0001; Tukey-Test: EWER = 0 .0 5 ).  

Although slopes fo r  eating times of 15 mm and 25 mm SL oysters were 

equal, elevations were not (T-Test; t  = 3 .6 , d f = 2,100, P<0.0001) (Fig. 

15c).

P r o f i ta b i l i t y  curves derived from single regressions of y ie ld  and 

breaking time of C. v iro in ica  peaked at approximately 12 mm SL and 

decreased greatly  with increasing oyster length (F ig . 16a). For 25 mm 

and 35 mm SL oysters, estimated p r o f i t a b i l i t y  was highest at 

approximately 30 mm and 26 mm SL, respectively (F ig . 16b).

Incorporation of eating time into p r o f i t a b i l i t y  estimates did not change 

the previously indicated size optima fo r each size class, but greatly
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Figure 16. P r o f i ta b i l i t y  of C. v irg in ica  calculated as the ra t io  of

predicted y ie ld  (mg dry weight) to observed breaking time (secs).

Curves were derived from regressions of y ie ld  on oyster length at three

oyster size-classes: (A) 15 mm SL and (B) 25 and 35 mm SL.
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Figure 17. P r o f i ta b i l i t y  of C. v iro in ica  calculated as the ra t io  of

predicted y ie ld  (mg dry weight) to observed handling time (secs).

Curves were derived from regressions of y ie ld  on oyster length at three

oyster size-classes: (A) 15 mm SL and (B) 25 and 35 mm SL.



PR
OF

IT
AB

IL
IT

Y 
(m

fl 
* 

se
c'

)

B

006£50

005

25 mm SL

004

£35
003

35 mm SL£30

002£25

001
\
\

£15
\  000 -r
\ 8£10

15 mm SL
£05

£00
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

OYSTER LENGTH (mm SL)



79

Figure 18. P r o f i t a b i l i t y  of C. v iro in ica  calculated as the ra t io  of 

predicted y ie ld  (mg dry weight) to observed handling time incorporating 

mean persistence time in unsuccessful encounters (secs). Curves were 

derived from regressions of y ie ld  on oyster length at three oyster size- 

classes: (A) 15 mm SL and (B) 25 and 35 mm SL.
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reduced p r o f i t a b i l i t y  estimates. At 15 mm SL, p r o f i t a b i l i t y  was reduced 

nearly 13 times, while estimates at 25 mm and 35 mm SL decreased 

approximately 3 and 2 times, respectively (Figs. 17a,b). When adjusted 

fo r  the persistence times in proportional unsuccessful encounters, 

p r o f i t a b i l i t y  estimates at 15 mm SL peaked at an oyster length of 

approximately 11 mm SL. P r o f i t a b i l i t y  declined steeply beyond 10 mm and 

leveled o f f  at approximately 14 mm SL (F ig. 18a). P r o f i t a b i l i t y  at 25 

mm displayed a more l in e a r  re lationship  with oyster length compared to 

unadjusted estimates (Fig. 18b). Estimates at 35 mm SL were re la t iv e ly  

unaffected by incorporation of Tp in p r o f i t a b i l i t y  estimates (Fig. 18b).

Crab size e f fe c ts : functional responses 

Large ovsters

Crab consumption rates of large oysters (x = 35 + 2 mm SL) within  

two crab size classes increased s ig n if ic a n tly  with oyster density  

(ANOVA; 135-165 mm CW: F -  5 .0 , df = 5,89, P<0.0005; 100-125 mm CW: F = 

6 .2 , d f = 5,45, P<0.0002) and increasing carapace widths above 80 mm 

(F ig . 19). Of the six small crabs (60-80 mm CW) exposed to large  

oysters, none were capable of a successful encounter. This experiment 

was terminated a f te r  4 rep licates (24 individual feeding t r i a ls )  in 

which numerous unsuccessful opening techniques were attempted. To 

v e r i fy  that these crabs could ac tive ly  feed they were systematically  

exposed to smaller length oysters u n til  a successful encounter was 

observed fo r  each ind iv idua l. This occurred at an oyster length of  

approximately 29 mm. For medium crabs, consumption rates were
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Figure 19. Functional responses of two C. sapidus size-classes feeding

on large oysters (x = 35 mm SL). Each point respresents the mean 

feeding rate  over 24h. Vertical bars equal 1 S.E. N = 6-10 replicates  

per prey density.
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Figure 20. Proportional m orta lity  of large (x = 35 mm SL) C. v iro in ica  

at six densities as a function of crab carapace width. Each point 

represents the mean proportional m orta lity  over 24h. Vertica l bars 

equal 1 S.E. N = 6-10 replicates per prey density.
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s ig n if ic a n t ly  lower at 5 oysters/tank compared to higher densities (SNK: 

EWER = 0.05) (Fig. 19). Consumption rates fo r  large crabs were 

s ig n if ic a n t ly  lower at 5 and 10 oysters/tank re la t iv e  to increased 

densities (SNK: EWER = 0.05) (F ig. 19).

Differences in functional responses at two d if fe re n t  crab size-  

classes were determined by analyzing proportional m orta lity  rates as a 

function of oyster density (F ig . 20). Proportional m orta lity  rates of 

C. v irg in ic a  fo r large and medium size-class crabs d iffe red  

s ig n if ic a n t ly  with oyster density (AN0VA; 135-165 mm CW: F = 4 .9 , df = 

5,89, P<0.0005; 100-125 mm CW: F = 0 .06, df = 5,45, P<0.031). For 135- 

165 mm CW crabs, s ig n if ic a n tly  higher proportional m orta lity  rates

occurred at the lowest densities of 5 and 10 oysters/tank (x = 38 and

32%, respectively) than at increased densities (x = 12-27%) (SNK: EWER 

= 0.05) (F ig . 20). This pattern ty p if ie s  an inversely density-dependent 

re la tionship  characterized by a type I I  functional response. For 100- 

125 mm CW crabs, proportional m orta lity  rates were s ig n if ic a n t ly  higher

at an intermediate density o f 10 oysters/tank (x = 30%) than at lower

and higher densities (x = 7-21%) (SNK: EWER = 0.05) (Fig. 20). This 

pattern of decreasing proportional m orta lity  rates at the lowest prey 

density ty p if ie s  a density-dependent sigmoid re lationship  characteris tic  

of a type I I I  response. Hence, the existence of a p a rt ia l prey refuge 

from predation by medium-size crabs below densities of approximately 5

poysters/tank or 15.2 oysters/m .

Individual crabs within large and medium size-classes d iffe red  

s ig n if ic a n t ly  from each other in th e ir  functional responses

i
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(Heterogeneity G-Test; 135-165 mm CW: G = 55.5, d f = 25, P<0.0004; 100- 

125 mm CW: G « 22.2, d f = 12, P<0.034).

Crab size e f fe c ts : functional response models 

General model

The general functional response model (Eq. 5) (Real 1977, 1979) was 

unable to adequately describe response types fo r consumption rates at 

e ith e r  crab size-class treatment. For 135-165 mm CW crabs, the model 

explained only 22.7% of the to ta l variance and was unable to predict a
A

response type as indicated by n being s ig n if ic a n t ly  d i f fe re n t  from 0, 1
A

and 2 (n = 0.58) (Table 10). The ANOVA of proportional m orta lity  rates 

indicated a type I I  response (F ig. 20). For 100-125 mm CW crabs, the
A

model indicated a type I I  response with n not s ig n if ic a n t ly  d i f fe re n t
A

from 1 (n = 0.81) (Table 10), whereas the ANOVA of proportional 

m orta lity  rates determined a type I I I  response (Fig. 20). For the 

medium-size crabs, the residuals about the predicted values were 

dis tr ibu ted  randomly (Table 10) and variances were equal (H artle y ’ s F- 

Max Test) . S im ilar to results found for general model f i t t i n g

procedures at 19-20° C, the functional response model fo r  medium-size 

crabs does not f i t  the lowered proportional m orta lity  rate  at 5 

oysters/tank (F ig . 20). Examination of the residuals at the lowest prey 

density indicated a consistent d is tr ib u tio n  above the predicted mean. 

Thus, fo r  the 100-125 mm CW treatment, a decrease in proportional 

m orta lity  at 5 oysters/tank, and a s ig n if ican t increase at an 

intermediate density of 10 oysters/tank (F ig. 20) appear to be 

responsible fo r the type I I I  response. For the 135-165 mm CW treatment,
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the s ig n if ic a n t increase in proportional m orta lity  rates at the lowest 

prey density (F ig . 20) appears to be responsible for a type I I  response.

Conceptual models

The type of functional response exhibited by C. sapidus eating 

large oysters varied as function of crab carapace width (F ig. 19), but 

the f i t  o f continuous- and discrete-tim e models was s im ilar  (Table 11). 

For 135-165 mm and 100-125 mm CW crabs, both continuous- and d iscrete 

time nonlinear models provided a s t a t is t ic a l ly  adequate f i t  as indicated 

by the nonsignificant " la c k -o f - f i t "  error (Table 11). The discrete-tim e  

models fo r  both large and medium-size crabs, however explained more 

(85.5 and 88.5%, respectively) of the variance in consumption and were 

characterized by lower residual sums of squares (Table 11). Therefore, 

the functional response fo r  135-165 mm CW crabs is best described by a 

type I I  d iscrete-tim e model:

Na -  N t[ i . e --0 0 5 (2 4 -0 .1 N a )j)

and fo r  100-125 mm CW crabs, is best described by a type I I I  d iscre te 

time model:

-O.OINt
Na =

N t{ l -e  [1+2.ONt (23 .9N a)]} .

Nonlinear regressions with functional response models (Table 11) 

estimated handling times per oyster by C. sapidus to be 0.1 hr, 

irrespective of crab carapace width (Table 12). Attack rate  estimates 

were 0.005 fo r  the type I I  model (135-165 mm CW crabs) and, when a ’ was 

computed from eqn (6 ) ,  with nonlinear regression estimates of b and c,
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equaled 0.005 fo r the type I I I  model as well (100-125 mm CW crabs)

(Table 11).

Crab size e f fe c ts : functional responses 

Medium ovsters

Blue crab consumption rates of medium oysters (x = 25 ± 2 mm SL) 

within three crab-size-classes increased s ig n if ic a n tly  with oyster 

density (ANOVA; 135-165 mm CW: F = 32.9, df = 5,45, P<0.0001; 100-125 mm 

CW: F = 12.3, d f = 5,44, P<0.0001; 60-80 mm CW: F = 40.0, df = 5,41, 

PcO.OOOl). For 135-165 mm CW crabs, consumption rates were 

s ig n if ic a n t ly  highest at 50 oysters/tank (SNK: EWER = 0 .0 5 ),  and

averaged 27 oysters *  crab"** [24 h ]"* , at th is  density (Fig. 21). For 

both 60-80 mm CW and 100-125 mm CW crabs, highest consumption rates were 

reduced re la t iv e  to large crabs, reaching an asymptote at approximately

20 oysters *  crab"** [24 h ] ‘ * (F ig . 21). For small and medium-size 

crabs, consumption rates were s ig n if ic a n t ly  higher at 40 and 50 

oysters/tank, followed in decreasing order by two subgroups comprised of 

30, 20 and 10 oysters/tank, and 5 oysters/tank (SNK: EWER = 0.05) (Fig. 

21) .

The trends in proportional m orta lity  rates of C. v irq in ica  as a 

function of prey density were analogous fo r a l l  three crab size-classes, 

indicating an inversely density-dependent re lationship  between feeding 

rates and prey density (type I I  response) (Fig. 22). Proportional 

m orta lity  rates s ig n if ic a n tly  increased with decreasing oyster density
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Figure 21. Functional responses of three C. sapidus size-classes

feeding on medium oysters (x = 25 mm SL). Each point respresents the 

mean feeding rate  over 24h. Vertica l bars equal 1 S.E. N = 6-10 

replicates  per prey density.
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Figure 22. Proportional m orta lity  of medium (x = 25 mm SL) C. v iro in ica  

at six densities as a function of crab carapace width. Each point 

represents the mean proportional m orta lity  over 24h. Vertica l bars 

equal 1 S.E. N = 6-10 replicates per prey density.
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(ANOVA; 135-165 mm CW: F = 3 .0 , d f = 5,45, P<0.02, 100-125 mm CW: F = 

2 .7 , df = 5,44, P<0.034, 60-80 mm CW: F = 3 .0 , d f = 5,41, P<0.023). For 

large crabs (135-165 mm CW), proportional m orta lity  rates were

s ig n if ic a n t ly  higher at 5 oysters/tank (x = 80%) than at increased

densities (x = 52-62%) (SNK: EWER = 0.05) (F ig . 22). For 100-125 mm CW 

crabs, proportional m orta lity  rates were s ig n if ic a n t ly  higher at 5 and

10 oysters/tank (both 68%) compared to increased densities (x = 39-54%) 

(SNK: EWER = 0.05) (F ig . 22). Proportional m orta lity  rates for small 

blue crabs (60-80 mm CW) were s ig n if ic a n t ly  higher at the lowest prey

density (74%) compared to increased densities (x = 41-71%) (SNK: EWER = 

0.05) (F ig . 22).

Individual crabs within the 100-125 mm and 60-80 mm size-class  

treatments d iffe red  s ig n if ic a n t ly  from each other in th e ir  functional
i

responses (Heterogeneity G-Test; 100-125 mm CW: G = 124.5, d f = 35, 

P<0.0001; 60-80 mm CW: G = 101.3, df = 30, P<0.0001), whereas individual 

crab responses within the 135-165 mm CW treatment were s im ilar (G =

18.5, d f = 20, P = 0 .5 5 ).

Crab size e f fe c ts : functional response models 

General model

Analysis according to the general functional response model (Eq 5) 

(Real 1977, 1979) corroborated the results from the ANOVA of 

proportional m orta lity  indicating a hyperbolic, type I I  functional 

response fo r  a l l  three crab size-classes (Table 13). For 135-165 mm CW 

crabs, the residuals about the predicted values were d istr ibuted  

randomly and nonrandomly fo r  p a rt ia l  and complete data sets (Table 13),
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and sample variances fo r  the transformed dependent variable  were unequal 

(H atley ’ s F-Max Test). The model, however, did v e r ify  a type I I
A  A

response with n not s ig n if ic a n t ly  d i f fe re n t  from 1 (n = 0.90) (Table

13). For 100-125 mm CW crabs, the residuals were d is tr ibu ted  randomly 

(Table 13) and variances were equal (H artley ’ s F-Max Test). The general
A

model indicated a type I I  response with n not s ig n if ic a n t ly  d if fe re n t
A

from 1 (n = 0 .9 3 )  (Table 13). For the small s ize-class crabs, the 

residuals were d is tr ibu ted  randomly, but variances fo r  the transformed 

dependent variable  were unequal (Table 13). The general model; however,
A

indicated a type I I  response with n not s ig n if ic a n t ly  d i f fe re n t  from 1 

(n = 0.93) (Table 13).

Conceptual models

For medium size-class oysters, continuous-time conceptual models 

provided the best f i t  to consumption rates, regardless of carapace width 

(Table 14). For 135-165 mm CW crabs, the functional response (F ig. 21) 

was best described by a type I I  continuous-time model:

0.919 Nt
Na =

1 + (0.0038) Nt

as indicated by the (1) low residual sums of squares, and (2) random 

d is tr ib u tio n  of residuals for both p a rt ia l and complete data sets, 

re la t iv e  to the discrete-tim e model (Table 14).

For 100-125 mm CW crabs, the continuous-time type I I  model 

explained 88.2% of the variance, and was characterized by a random 

d is tr ib u tio n  of residuals about the predicted values (Table 14). The
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discrete-tim e type I I  model indicated a s ig n if ican t " la c k - o f - f i t "  error  

and systematic d is tr ib u tio n  of residuals above the predicted values, 

though i t  described 92.2% of the variance in consumption rates and 

displayed the lower residual sums of squares of the two models (Table

14). Hence, the functional response fo r 100-125 mm CW crabs feeding on 

medium-size oysters is best described by a continuous-time type I I  

model:

0.72 Nt
Na =

1 + (0 .015)Nt.

For 60-80 mm CW crabs, the continuous-time type I I  model explained 

82.5% of the variance, and was characterized by a random d is tr ib u tio n  of 

residuals about the predicted values (Table 14). The discrete-tim e type 

I I  model indicated a s ig n if ican t " la c k -o f - f i t "  error and systematic 

d is tr ib u tio n  of residuals above the predicted values, though i t  

described 93.5% of the variance in consumption rates and displayed the 

lower residual sums of squares of the two models (Table 14). Hence, the 

functional response fo r  60-80 mm CW crabs feeding on medium-size oysters 

is best described by a continuous-time type I I  model:

0.72 Nt
Na =

1 + (0 .015 )N t.

Nonlinear regression with functional response models (Table 14) 

estimated handling times per medium oyster by large crabs to be 

approximately 5 times less than fo r  medium and small size crabs (0.53  

and 0.49h, respectively) (Table 15). Attack rate (a ’ ) estimates were 

nearly equal, regardless of carapace width (Table 15).
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Crab size e f fe c ts : functional responses 

Small ovsters

Crab consumption rates of small oysters (x = 15 ± 2 mm SL) within  

three crab size-classes increased s ig n if ic a n tly  with oyster density 

(ANOVA; 135-165 mm CW: F = 221.6, d f = 6,42, P<0.0001; 100-125 mm CW: F 

= 0.022, d f = 6,42, P<0.0001; 60-80 mm CW: F = 0.014, df = 6,42, 

P<0.0001), with no apparent e ffe c t of carapace width (F ig. 23). For 

135-165 mm and 100-125 mm CW crabs, consumption rates were s ig n if ic a n tly  

higher at 350 and 250 oysters/tank, followed in decreasing order by 120, 

80, 40, 20, and 10 oysters/tank (SNK: EWER = 0.05) (Fig 23).

Consumption rates of 60-80 mm CW crabs were s ig n if ic a n t ly  highest at 350 

oysters/tank, followed in decreasing order by a subset comprised of 250 

and 120 oysters/tank, followed by 80, 40, 20, and 10 oysters/tank (SNK: 

EWER = 0.05) (F ig. 23).

Differences in functional responses at three d if fe re n t  crab size- 

classes were determined by analyzing proportional m orta lity  rates as a 

function of oyster density (Fig. 24). Proportional m orta lity  rates of 

C. v iro in ic a  at each of three crab size-class treatments d iffe red  

s ig n if ic a n t ly  with oyster density (ANOVA; 135-165 mm CW: F = 6 .7 , d f = 

6,42, P<0.0001; 100-125 mm CW: F = 8 .1 , df -  6,42, P<0.0001; 60-80 mm

CW: F = 5 .5 , df = 6,42, P<0.0004). For 135-165 mm CW crabs,

proportional m orta lity  rates were s ig n if ic a n t ly  higher at the two lowest

prey densities of 10 and 20 oysters/tank (x = 82 and 81%, respective ly),

and at 120 oysters/tank (x = 81%) versus remaining densities (x = 66-

41%) (SNK: EWER = 0.05) (Fig 24). This response, as previously

described fo r 15 mm SL oysters under the subheading "Oyster length
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e ffec ts :  functional responses", appeared atypical o f the tra d it io n a l  

type I I  and I I I  responses. The pattern of proportional m orta lity  rates 

at low prey densities , inferred a type I I  response (F ig. 24).

Proportional m orta lity  rates fo r  100-125 mm CW crabs were

s ig n if ic a n t ly  higher at intermediate densities of 20 and 40

oysters/tank, followed in decreasing order by two groups comprised of

120, 80, and 10 oysters/tank, and 250 and 350 oysters/tank (SNK: EWER =

0 .0 5 ).  For blue crabs of 60-80 mm CW, proportional m orta lity  rates were

s ig n if ic a n t ly  higher at an intermediate density of 20 oysters/tank

followed in decreasing order by two subgroups comprising 40, 80, 120 and

10 oysters/tank, followed by 350 and 250 oysters/tank (SNK: EWER = 0.05)

(F ig . 24). For both medium and small size-class crabs, the reduction in

proportional m orta lity  at the lowest prey density implies a density-

dependent sigmoid re lationship  between predation rate and prey density

characterized by a type I I I  functional response. These results indicate

a p a rt ia l  prey refuge from predation below densities of approximately 10

o
oysters/tank or 30.3 oysters/m .

Individual crabs within each size class d iffe red  s ig n if ic a n t ly  from 

each other in th e ir  functional response, regardless of carapace width 

(Heterogeneity G-Test; 135-165 mm CW: G = 143.0, df = 30, P,0.0001; 100- 

125 mm CW: G = 109.2, df = 30, P<0.0001; 60-80 mm CW: G = 93.8, df = 30, 

P<0.0001).
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Figure 23. Functional responses of three C. sapidus size-classes

feeding on small (x = 15 mm SL) oysters. Each point respresents the 

mean feeding rate  over 24h. Vertica l bars equal 1 S.E. N = 6-10 

rep licates per prey density.
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Figure 24. Proportional m orta lity  of small (x = 15 mm SL) C. v iro in ica  

at six densities as a function of crab carapace width. Each point 

represents the mean proportional m orta lity  per 24h. Vertica l bars equal 

1 S.E. N = 6-10 replicates per prey density.
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Crab size e f fe c ts : functional response models 

General model

Analysis according to the general functional response model (Eq 5) 

(Real 1977, 1979) corroborated the results from the ANOVA of 

proportional m orta lity  fo r  both the 135-165 mm and 60-80 mm CW crabs, 

indicating a hyperbolic type I I  response. For 135-165 mm CW crabs, the 

residuals about the f i t t e d  model were d istr ibuted  randomly fo r  both 

p a rt ia l  and complete data sets (Table 16); however, variances fo r  the 

transformed dependent variable were unequal (H artle y ’ s F-Max Test).  

Despite unequal sample variances and supportive evidence fo r a 

nontraditional functional response model at th is  size class, the general 

functional response model (Real 1977, 1979) explained 95.5% of the to ta l
A

variance and indicated a type I I  response with n not s ig n if ic a n t ly  

d if fe re n t  from 1 (n = 0.99) (Table 16). For 100-125 mm CW crabs, the
A

general functional response model indicated a type I I  response with n
A

not s ig n if ic a n t ly  d i f fe re n t  from 1 (n = 1.1) (Table 16), whereas the 

ANOVA of proportional m orta lity  rates determined a type I I I  response.

The residuals about the f i t t e d  model were d is tr ibuted  randomly and 

nonrandomly fo r complete and p a rt ia l  data sets, respectively (Table 16). 

A dd itio na lly , unequal sample variances were found fo r  transformed 

dependent variables (H artle y ’ s F-Max Test). Examination of the 

residuals at the lowest prey density indicated a consistent d is tr ibu tio n  

above the predicted value. For small size-class crabs (60-80 mm CW),
A

the model indicated a type I I  response with n not s ig n if ic a n t ly
A

d if fe re n t  from 1 (n = 1.0) (Table 16), whereas the ANOVA of proportional
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m o rta lity  rates indicated a type I I I  response. Complete examination of 

the residuals indicated a sytematic d is tr ib u tio n  above the predicted 

mean, while p a rt ia l  examination indicated a random d is tr ib u t io n . Sample 

variances fo r  the transformed dependent variable  were equal. Thus, for  

the 100-125 mm and 60-80 mm crab-size treatments, a s ig n if ican t decrease 

in proportional m orta lity  at 10 oysters/tank, and increases at 

intermediate densities of 20 and 40 oysters/tank (F ig . 24) appear to be 

responsible fo r  the type I I I  response.

Conceptual models

The type of functional response exhibited by C. sapidus eating 

small C. v irq in ica  varied as function of crab carapace width (F ig. 23); 

however, continuous-time conceptual models provided the best f i t  

regardless of carapace width (Table 17). For 135-165 mm CW crabs, the 

functional response was best described by a type I I  continuous-time 

model:

0.92 Nt
Na =

1 + (0.0038)Nt

as indicated by the (1) low residual sums of squares and (2) random 

d is tib u tio n  of residuals r e la t i v i  to the d iscrete-tim e model (Table 17). 

For 100-125 mm CW crabs, the discrete-tim e type I I I  model was 

characterized by a systematic d is tr ib u tio n  of residuals above the 

predicted mean and indicated a s ig n if ican t " la c k -o f - f i t "  error (Table 

17). Therefore, the functional response fo r medium size-class crabs 

eating small oysters is best described by a type I I I  continuous-time 

model:
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_______ .24 Nt2
Na =

1 + O.lONt + 0.24Nt2 

as indicated by the (1) nonsignificant " la c k -o f - f i t "  error and, (2) 

random d is tr ib u tio n  of residuals re la t iv e  to the discrete-tim e model 

(Table 17). For 60-80 mm CW crabs, the continuous-time type I I I  model 

indicated a systematic d is tr ib u tio n  of residuals below the predicted 

mean (Table 17). Despite th is ,  the continuous-time type I I I  model 

explained more (88.2%) of the variance in consumption and was 

characterized by lower residual sums of squares (Table 17). Therefore, 

the functional response fo r  small s ize-class crabs eating small oysters 

is best described by a continuous-time type I I I  model:

.24 Nt2
Na =

1 + O.lONt + 0.24Nt2 .

Nonlinear regressions with functional response models (Table 17) 

estimated handling times per small oyster by large crabs, to be 200 

times less (O.Olh) than estimates fo r medium and small sized crabs (both 

0.20h) (Table 18). Attack rate  (a ’ ) estimates were 0.038 for 135-165 mm 

CW crabs (Type I I  model); and, when a ’ was computed from eqn (6 ) ,  with 

nonlinear regression estimates of b and c, i t  equaled 0.083 for both 

100-125 mm and 60-80 mm CW crabs (both type I I I  models) (Table 18).

Crab sex e f fe c ts : functional responses 

Large oysters- Large crabs

Consumption rates of large male and female C. saoidus (135-165 mm

CW) feeding on large oysters (x = 35 ± 2 mm SL) increased s ig n if ic a n tly
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with oyster density (ANOVA; Male crabs: F = 5 .0 , d f = 5,89, P<0.0005; 

Female crabs: F = 13.4, df = 5,35, P<0.0001), with no apparent e ffe c t of 

sex, except at 5 oysters/tank in which consumption rates of females were 

lower (F ig . 25). For large male crabs, consumption rates were 

s ig n if ic a n t ly  higher w ithin a subset comprised of ( l is te d  in decreasing 

order) 40, 50, 20 and 30 oysters/tank, followed by 10 and 5 oysters/tank  

(SNK: EWER = 0 .0 5 )  (F ig . 25). Consumption rates of large female crabs 

were s ig n if ic a n t ly  higher at 50 oysters/tank, followed in decreasing 

order by two subgroups comprised of 20, 30, 10 and 40 oysters/tank, and 

50 oysters/tank (SNK: EWER = 0.05) (Fig. 25).

Proportional m orta lity  rates fo r male and female crabs d iffered  

s ig n if ic a n t ly  with oyster density (ANOVA; Male crabs: F = 4 .9 , df =

5,89, P<Q.0005; Female crabs: F = 7 .8 , df = 5,35, PcO.0001). For male 

crabs, s ig n if ic a n tly  higher proportional m orta lity  rates occurred at the

two lowest densities of 5 and 10 oysters/tank (x = 38 and 32%,

respectively) r e la t iv e  to remaining densities (x = 12-27%) (SNK: EWER = 

0.05) (F ig. 26). This pattern ty p if ie s  an inversely density-dependent 

re lationship  (eg ., a type I I  functional response; Hassell 1978). In 

contrast, fo r  female crabs, proportional m orta lity  was s ig n if ic a n t ly

higher at an intermediate density of 10 oysters/tank (x = 47%), followed

in decreasing order by two subgroups comprised of 20 oysters/tank (x = 

33%), and 5, 30, 50 and 40 oysters/tank (30-10%, respectively) (SNK:

EWER = 0.05) (Fig. 26). The reduction in proportional m orta lity  at the
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Figure 25, Functional responses of large (135-165 mm CW) male and

female C. saoidus feeding on large (x = 35 mm SL) oysters. Each point 

respresents the mean feeding rate  over 24h. Vertica l bars equal 1 S.E. 

N = 6-10 rep licates per prey density.
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Figure 26. Proportional m orta lity  of large (x = 35 mm SL) C. v iro in ica  

at seven densities as a function o f  crab sex. Each point represents the 

mean proportional m orta lity  over 24h. Vertica l bars equal 1 S.E. N = 6- 

10 rep licates  per prey density.
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lowest prey density implies a density-dependent sigmoid relationship  

between predation rate  and prey density (eg ., a type I I I  response; 

Hassell 1978). Hence, the existence of a p a rt ia l prey refuge from 

predation by large female crabs below densities of approximately 5

7 'oysters/tank or 15.2 oyste rs /m .

Individual male and female crabs d iffe red  s ig n if ic a n t ly  from each

other in th e ir  functional responses (Heterogeneity G-Test; Males: G =

55.5, d f -  25, P<0.0001; Females: G = 41.1, d f = 25, P<0.022).

Crab sex e f fe c ts : functional response models 

General Model

The general functional response model (Eq. 5) (Real 1977, 1979) was 

unable to adequately describe response types fo r consumption rates for  

e ith e r  crab sex treatment. For male crabs, the model explained only 

22.7% of the to ta l variance and was unable to predict a response type as
A A

indicated by n being s ig n if ic a n tly  d i f fe re n t  from 0, 1 and 2 (n = 0.58) 

(Table 19). In th is  instance, the ANOVA of proportional m orta lity  rates 

indicated a type I I  response (F ig. 26). For female crabs, the model
A

predicted a type I I  response with n not s ig n if ic a n tly  d i f fe re n t  from 1
A

(n = 1.0) (Table 19), whereas the ANOVA of proportional rates determined 

a type I I I  response (F ig. 26). For female crabs, the residuals about 

the predicted values were d is tr ibuted  randomly (Table 19), and variances 

were equal (H art le y ’ s F-Max Test). Thus, for female crabs eating large 

oysters, a s ig n if ican t decrease in proportional m orta lity  at 5 

oysters/tank, and increases at intermediate densities of 10 and 20
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oysters/tank (F ig . 26) appear to be responsible fo r the type I I I  

response.

Conceptual models

The type of functional response exhibited by large C. sapidus 

eating large C. v irg in !ca  varied as a function of crab sex (F ig . 25), 

but d iscrete-tim e conceptual models provided the best f i t  regardless of 

sex (Table 20). For male crabs, the continuous-time type I I  model 

described less (69.3%) of the variance, and was characterized by higher 

residual sums of squares, when compared to a d iscrete-tim e model (Table 

20). Therefore, the functional response fo r  male crabs is best 

described by a discrete-tim e type I I  model:

Na = Nt [ i . e-0-0°5(24-0.1Na)-|

S im ila r ly , fo r  female crabs, the continuous-time type I I I  model 

explained less (65.6%) of the the variance and was characterized by 

higher residual sums of squares re la t iv e  to the continuous-time model 

(Table 20). Hence, the functional response is best described by a 

discrete-tim e type I I I  model:

-0.018Nt
Na =

N t{ l -e  [1 + 2.0Nt (23.9Na)] } .

Nonlinear regressions with functional response models (Table 20) 

estimated handling time per oyster by C. sapidus to be O.Olh and O.lh 

fo r  males and females, respectively (Table 21). Attack rate (a ’ ) 

estimates equaled 0.0005 fo r males (type I I  response); and, when a ’ was
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computed from eqn (6 ) ,  with nonlinear regression estimates of b and c, 

i t  equaled 0.009 fo r  females (type I I I  responses) (Table 21). Thus, 

compared to male crabs, females are spending a greater amount of time,
p

per unit area (0.33 m ) ,  searching fo r prey (0 .0009), and are taking 10 

times as long to handle individual oysters a f te r  the encounter (Table 

21).

Crab sex e f fe c ts : chelae height to carapace width ra tios

Comparison of l in e a r  regression co effic ients  indicated that chelae 

height to carapace width ratios  were s ig n if ic a n tly  higher for males than 

females (slopes; t  = 78.0, df = 2,65, P<0.0001) (Fig. 27).

Crab sex e f fe c ts : functional responses 

Medium ovsters- Large crabs

Consumption rates of large male and female C. sapidus (135-165 mm

CW) feeding on medium oysters (x = 25 + 2 mm SL) increased s ig n if ic a n tly  

with oyster density (ANOVA; Male crabs: F = 32.9, df = 5,45, P<0.0001; 

Female crabs: F = 8 .6 , d f = 5,38, P<0.0001), with no apparent e ffec t of 

sex (F ig. 28). For male crabs, s ig n if ic a n t ly  more oysters were consumed 

at 50 oysters/tank, followed in decreasing order by 40 oysters/tank, and 

two subgroups comprised of 30 and 20 oysters/tank, and 10 and 5 

oysters/tank (SNK: EWER = 0.05) (F ig . 28). For female crabs, 

s ig n if ic a n tly  more oysters were consumed at 40 and 50 oysters/tank,
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Figure 27. Chelae height (mm) compared against carapace width (mm) for  

large (135-165 mm CW) male and female crabs, where x = carapace width 

(mm) and y = chelae height (mm).

Males: y = 0.15x + 0.77 ( r 2=0.63, n = 30, P<0.0001)

Females: y = O . l lx  + 0.80 ( r 2=0.49, n = 37, PcO.OOOl)
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Figure 28. Functional responses of large (135-165 mm CW) male and

female £. sapidus feeding on medium (x = 25 mm SL) oysters. Each point 

respresents the mean feeding rate  over 24h. Vertical bars equal 1 S.E. 

N = 6-10 rep licates  per prey density.
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Figure 29. Proportional m orta lity  of medium (x = 25 mm SL) C. v iro in ica  

at seven densities as a function of crab sex. Each point represents the 

mean proportional m orta lity  over 24h. Vertica l bars equal 1 S.E. N = 6- 

10 rep licates  per prey density.
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followed in decreasing order by two subgroups comprised of 30 and 20 

oysters/tank, and 10 and 5 oysters/tank (SNK: EWER = 0.05) (F ig. 28).

The trend in proportional m orta lity  rates of C. v irg in ica  as a 

function of prey density were s im ilar fo r both crab sexes indicating an 

inversely density-dependent relationship  between feeding rates and prey 

density (type I I  response) (F ig. 29). Proportional m orta lity  rates 

increased s ig n if ic a n t ly  with decreasing oyster density (ANOVA; Males: F 

= 3 .0 ,  d f = 5,45, P<0.02; Females: F = 2 .7 , df = 5,43, P<0.04). 

Proportional m orta lity  rates fo r  male and female crabs were

s ig n if ic a n t ly  higher at the lowest prey density (both x = 80%), re la t iv e

to increased densities (x = 52-62% and 46-61%, respectively) (SNK: EWER 

= 0.05) (Fig. 29).

Individual male and female crabs did not d i f f e r  s ig n if ic a n t ly  from 

each other in th e ir  functional responses (Heterogeneity G-Test; Males: G 

= 18.5, d f = 20, P = 0.55; Females: G = 13.7, d f = 25, P = 0 .8 3 ).

Crab sex e f fe c ts : functional response models 

General model

Analysis according to the general functional response model (Eq. 5) 

(Real 1977, 1979) corroborated the results from the ANOVA of 

proportional m orta lity  fo r  both crab sexes, indicating a hyperbolic type 

I I  response (Table 22). For male crabs, the residuals about the f i t te d  

model were d is tr ibu ted  randomly and nonrandomly fo r p a rt ia l  and complete 

data sets, respectively (Table 22), and unequal sample variances were 

found fo r the transformed dependent variable (H artle y ’ s F-Max Test).
A

The model, however, did v e r ify  a type I I  reponse with n not
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A
s ig n if ic a n t ly  d i f fe re n t  from 1 (n = 0.89) (Table 22). For female crabs, 

the residuals were d istr ibuted  systematically above the predicted values 

(Table 22), and unequal sample variances were indicated fo r  the 

transformed dependent variable (H artley ’ s F-Max Test). The model, again

A
v e r i f ie d  a type I I  response with n not s ig n if ic a n t ly  d i f fe re n t  from 1 (

= 1.0) (tab le  22).

Conceptual models

The f i t  o f continuous and discrete-tim e conceptual models varied 

with crab sex (Table 23). For male crabs, the functional response (Fig. 

28) was best described by a type I I  d iscrete-tim e model:

Na = N t [ l - e - - 04( 24- ° - 1Na>]

as indicated by the ( I )  low residual sums of squares re la t iv e  to the 

continuous-time model (Table 23) and (2) the biological relevance of a 

model which accounts fo r decreases in prey density s crabs consume prey 

without replacement (Table 23). For female crabs, the discrete-tim e  

type I I  model indicated a s ig n if ican t "1a c k -o f - f i t "  error and systematic 

d is tr ib u t io n  of residuals above the predicted values, though i t  

described 93.8% of the variance in consumption rates and displayed the 

lower residual sums of squares of the two models (Table 23). In 

contrast, the continuous-time model provided a s t a t is t ic a l ly  adequate 

f i t  as indicated by the nonsignificant " la c k -o f - f i t "  error (Table 23). 

Thus, the functional response was best described by a type I I  

continuous-time model:

< 
c
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0.552 Nt
Ne =

1 + 0.0023Nt.

Nonlinear regressions with functional response models (Table 23) 

estimated handling time per oyster by C. sapidus to be 0.10 hr 

regardless of sex (Table 24). Attack rate (a ’ ) estimates equaled 0.037 

and 0.023 fo r  males and females respectively (Table 24). Thus prey 

search rates and individual oyster handling times are approximately 

equal fo r  male and female crabs feeding on medium oysters (Table 24).

Crab sex e f fe c ts : functional responses 

Large ovsters- Medium crabs

Consumption rates of medium (100-125 mm CW) male and female C.

sapidus feeding on large oysters (x = 35 mm SL) increased s ig n if ic a n tly  

with oyster density (ANOVA; Males: F = 6 .2 , df = 5,45, P<0.0002;

Females: F = 13.4, d f  -  5,35, P<0.0001), with no apparent e f fe c t  of sex 

(Fig 30 ). For males, consumption rates were s ig n if ic a n t ly  higher at the 

5 highest densities , re la t iv e  to 5 oysters/tank (SNK: EWER = 0.05) (Fig. 

30). Consumption rates of females were s ig n if ic a n t ly  higher at 50 

oysters/tank, followed in decreasing order by two subgroups comprised of 

20, 30, 10 and 40 oysters/tank, and 5 oysters/tank (SNK: EWER = 0.05) 

(F ig . 30).

Proportional m orta lity  rates of C. v irg in ica  as a function of 

oyster density were analogous for both crab sexes indicating a density- 

dependent sigmoid relationship  between predation rate and prey density 

(type I I I  response) (F ig. 31). For male crabs, proportional m orta lity  

rates were s ig n if ic a n t ly  highest at an intermediate density of 10
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Figure 30. Functional responses of medium (100-125 mm CW) male and

female G. sapidus feeding on large (x = 35 mm SL) oysters. Each point 

respresents the mean feeding rate  over 24h. Vertica l bars equal 1 S.E. 

N -  6-10 rep licates  per prey density.
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Figure 31. Proportional m orta lity  of large (x = 35 mm SL) C. v irg in ica  

at seven densities as a function of crab sex. Each point represents the 

mean proportional m orta lity  over 24h. Vertical bars equal 1 S.E. N = 6- 

10 rep licates  per prey density.
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oysters/tank (x = 30%) re la t iv e  to lower and higher densities (x = 7- 

21%) (SNK: EWER = 0.05) (F ig. 31 ). For female crabs, proportional

m orta lity  rates were s ig n if ic a n tly  highest at 10 oysters/tank (x = 47%),

followed by 20 oysters/tank (x = 33%), re la t iv e  to lower and higher

densities (x = 10-30%) (SNK: EWER = 0.05) (F ig . 31 ). Hence, the 

existence of a p a rt ia l prey refuge, fo r  large oysters, from predation by 

medium-size male and female crabs below densities of approximately 5

7oysters/tank or 15.2 oysters/m .

Individual male crabs d iffe red  s ig n if ic a n t ly  from each other in 

th e ir  functional response (Heterogeneity G-Test; G = 22.2, d f = 12, 

P<0.034) whereas females were s im ilar  (G = 12.6, df = 25, P f 0 .9 8 ).

Crab sex e f fe c ts : functional response models 

General model

The general functional response model (Eq. 5) (Real 1977, 1979) was 

unable to adequately describe response types for consumption rates at 

e ith e r  crab size-class treatment. For male crabs, the model indicated a
A  A

type I I  response with n not s ig n if ic a n tly  d i f fe re n t  from 1 (n = 0.81) 

(Table 25), whereas the ANOVA of proportional m orta lity  rates determined 

a type I I I  response (F ig. 24). For the medium-size crabs, the residuals  

about the predicted values were d is tr ibu ted  randomly (Table 25) and 

variances were equal. Despite equal variances for the transformed 

dependent variable (H art le y ’ s F-Max Test), and a random d is tr ib u tion  of 

residuals about the predicted values fo r females (Table 25), the model
A

was unable to predict a response type as indicated by n being
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s ig n if ic a n t ly  d i f fe re n t  from 0, 1 and 2 (n = 0.55) (Table 25). Thus, 

fo r  medium male and female blue crabs eating large oysters, a 

s ig n if ic a n t decrease in proportional m orta lity  at 5 oysters/tank, and 

increases at intermediate densities of 10 and 20 oysters/tank (F ig. 31) 

appear to be responsible fo r the type I I I  response.

Conceptual models

The f i t  of continuous and discrete-tim e conceptual models varied 

with crab sex (Table 26). For male crabs, the discrete-tim e type I I I  

model explained more (88.5%) of the variance in consumption and was 

characterized by lower residual sums of squares, re la t iv e  to the 

continuous-time model. Therefore, the functional response fo r male 

crabs is best described by a type I I I  d iscrete-tim e model:

-O.OINt
Na =

N t{ l -e  [1+2.ONt (23 .9N a)]} .

In contrast, fo r  female crabs, the discrete-tim e type I I I  model 

indicated a systematic d is tr ib u tio n  of residuals below the predicted 

values (p a r t ia l  data s e t) ,  and displayed the higher residual sums of 

squares, though i t  explained more (96.7%) of the variance in consumption 

rates (Table 26). Therefore, the functional response fo r  female crabs 

is best described by a type I I I  continuous-time model:

_______ 24Nt2_______
Ne =

1 + 0.014Nt + 4 .ONt2 .

Nonlinear regression with functional response models (Table 26) 

estimated handling times per oyster by C. sapidus to be 0.1 and 4 .Oh for
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males and females, respectively (Table 27). When attack rate (a ’ ) 

estimates were computed from eqn (6 ) ,  with nonlinear regression 

estimates of b and c, i t  equaled 0.0005 and 0.12, respectively (Table 

27). S im ilar to results fo r  large male and female crabs eating large 

oysters, medium females are spending an estimated 24 times as long to 

search for prey (0 .1 2 ) ,  and taking 40 times as long to handle individual 

oysters a f te r  the encounter, compared to males (Table 27).

Field Study

Percent recapture of marked f ie ld  samples averaged 86.4% and 89.4% 

fo r  the 1985 and 1986 oyster sh e ll-p ian t s ites , respectively (Table 28). 

Losses of marked individuals were most l ik e ly  due to , but not lim ited  

to , the following environmental conditions: (1) recapture by visual 

observation was usually impossible due to low water v i s i b i l i t y  (1 -3 " ) ,  

(2) surface swells associated with high winds impaired e f f ic ie n t  

transport o f recaptured oysters from the water to the boat, and (3) in 

one instance where water c la r i t y  allowed v is ib le  observation, a blue 

crab was observed removing a marked oyster from the p lo t.  With the 

exception of two replicates within the 1985 s i te ,  a l l  samples were 

recovered (Table 29). The two unrecovered rep lica te  samples were not 

found because the location-markers (see methods) were missing and 

v i s i b i l i t y  was reduced.

Field m orta lity  rates of juven ile  C. v iro in ica  due to crab 

predation varied s ig n if ic a n tly  by sample date fo r both the 1985 and 1986 

s h e ll-p lan t sites (ANOVA; 1985 s ite :  F = 10.6, d f = 7,21, P<0.0001; 1986 

s ite :  F = 10.2, d f = 2 ,8 , P<0.012). For the 1985 s i te ,  oyster m ortality  

rates were s ig n if ic a n t ly  higher fo r  the May 13, June 3 and June 24
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sample dates (x = 10.7, 9 .5 and 8.7 oysters eaten/21 days,

resp ective ly ), compared to la te r  dates (x = 1 .3 -3 .7  oysters eaten/21 

days) (SNK: EWER = 0.05) (F ig. 32, Table 28). For the 1986 s i te ,  oyster 

m orta lity  was s ig n if ic a n t ly  higher fo r  the October 28 sample date

(x = 21.3 oysters eaten/21 days), compared to la te r  dates (x = 2 .7 -5 .7  

oysters eaten/21 days) (F ig. 32, Table 28).

Oyster m orta lity  rates generally decreased with increasing water 

temperature fo r the 1985 s i te ,  whereas the converse was true fo r the 

1986 s ite  (compare Figs. 32 and 33). These results i l lu s t r a te  the 

potentia l importance of b io tic  factors (oyster density and size) in 

regulating crab predation in tens ity  from late-spring  through e a r ly - fa l l  

at the 1985 s i te ,  and the effects  of decreasing temperature during the 

f a l l  to winter tran s it io n  period within the 1986 s i te .

Oyster m orta lity  rates demonstrated a positive corre lation with 

density at both sites (Figs. 32 and 34). Oyster density at the 1985 and 

1986 sites varied s ig n if ic a n t ly  with sampling date (ANOVA; 1985 s ite :  F 

= 8 .3 , df = 7,21, P<0.Q005; 1986 s ite :  F = 6 .0 , d f = 2,8 P<0.037). For 

the 1985 s ite ,  Oyster density was s ig n if ic a n tly  highest on May 13 and

2June 3 (x -  133.7 and 132.5 oysters/0.25 m , repectively) compared to

the June 24 to September 16 dates (x = 52-94 oysters/0.25 m )̂ (SNK: EWER 

= 0.05) (F ig. 34, Table 28). For the 1986 s ite  s ig n if ic a n t ly  higher

2densities occurred on October 28 (x = 690 oysters/0.25 m ) compared to

la te r  dates (x = 490-567 oysters/0.25 m2) (SNK: EWER = 0.05) (Fig. 34, 

Table 28).
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Figure 32. Mean f ie ld  m orta lity  rates of juven ile  oysters (10-45 mm SL) 

due to crab predation per 21 days at two sh e ll-p ian t s ite s . Vertica l 

bars equal 1 S.E. Note: M o rta lity  rates fo r  the May 13 sample date 

(quadrat A) are over 14 days.
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Figure 33. Ambient water temperature per sample date at two sh e ll-p ian t  

s ites .
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o
Figure 34. Mean juven ile  oyster (10-45 mm SL) density per 0.25 m at two 

s h e ll-p ia n t s ite s . Broken lin es  and closed c irc les  represent the 

i n i t i a l  marked density, and solid lines and open c irc les  represent the 

recaptured density. Vertica l bars equal 1 S.E.
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Oyster m orta lity  rates at the 1985 and 1986 sites appeared to be a 

decreasing function of increasing oyster length, with the lowest mean

number o f oysters eaten per 21 days (x = 1 .3 -2 ,7  and 2 .7 -5 .7 ,

respectively) corresponding to the largest mean oyster lengths (x = 

33 .0-37 .0  mm and 26.9-27.7 mm SL, respectively) (Figs. 32 and 35).

Oyster length at both sites varied s ig n if ic a n t ly  with sampling date 

(ANOVA; 1985 s ite :  F = 6 .9 , df = 7,21, P<0.0012; 1986 s ite :  F = 18.7, df 

= 2 ,8 , P<0.0026). For the 1985 s i te ,  oyster lengths were s ig n if ic a n tly

higher w ithin two subgroups comprised of September 16 (x = 37 mm SL) and

August 26 and August 6 (x = 3 5 .5  and 33.0, respective ly ), than on

e a r l ie r  dates (x = 24.9-32,5 mm SL) (SNK: EWER = 0.05) (Figs. 32 and 

35). For the 1986 s i te ,  oyster length was s ig n if ic a n tly  higher on

November 18 and December 9 (x = 2 7 .3  and 26.9 mm SL, respectively)

compared to October 28 (x = 20.0 mm SL) (SNK: EWER = 0.05) (F ig. 35). t

From May 13 to August 5, crabs generally fed on oysters that were 

smaller than the sample mean oyster length, whereas on August 26 and 

October 8, consumption lengths and sample lengths were approximately 

equal (Table 28, Fig. 35). On September 16, oysters larger than the 

mean sample length were eaten (Table 28, Fig. 35). For the 1986 s ite ,  

crabs generally fed on the sample mean oyster length (Table 28, Fig.

35). Average oyster lengths at the 1985 s ite  ranged from 25.3 mm SL on

May 13 to 35.5 mm SL on August 26, demonstrating an average growth rate  

of 0.10 mm SL/day. For the 1986 s i te ,  average oyster lengths ranged 

from 20.2 mm SL on October 28 to 27.3 mm SL on November 18 fo r an
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Figure 35. Mean length of juven ile  oysters (10-45 mm SL) a f te r  marking 

and before exposure (broken l in e  and closed c irc le s ) ,  and eaten by crabs 

(so lid  l in e  and open c irc le )  at two sh e ll-p lan t s ites . Vertica l bars 

equal 1 S.E.
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average growth rate of 0.34 mm SL/day. No measurable growth occurred 

a f te r  November 14 (Table 28, Fig. 35).

Field proportional m orta lity  rates of juven ile  oysters due to crab 

predation varied s ig n if ic a n t ly  by sample date fo r  both the 1985 and 1986 

s h e ll-p la n t  s ites (ANOVA; 1985 s ite :  F = 4 .8 , d f = 7,21, P<0.006; 1986 

s ite :  F = 8 .7 , d f = 2 , 8 ,  P<0.017). For the 1985 s i te ,  proportional

m o rta lity  was s ig n if ic a n tly  higher on June 24 (x = 11.3) than on e a r l ie r

and la te r  sample dates (x = 2 .8 -8 .5 )  (SNK: EWER = 0.05) (F ig . 36).

During th is  time oyster length did not s ig n if ic a n tly  vary and oyster 

density s ig n if ic a n t ly  decreased (Figs. 34 and 35), but temperature

increased 6 .4 °  C (F ig. 33 ). These results  suggest that from May 13 to 

June 24, predation rates were inversely density-dependent (type I I
c

response) and that predation in tens ity  was regulated prim arily  by 

temperature, with r e la t iv e ly  l i t t l e  influence of oyster length. From 

June 24 to July 15 there was a s ig n if ican t decline in proportional 

m o rta lity  rates (F ig. 36). During th is  time there was a small increase

in temperature (1° C) (F ig. 33) and no s ig n if ican t change in oyster 

density and size (Figs. 34 and 35). During th is  period, however, there 

was a massive set of sessile tunicates, Moloula manhattensis covering 

90-100% of cultch materials and oysters. I have observed both C. 

sapidus and P. herbstii feeding on M. manhattensis in the laboratory. 

Therefore, I suggest that the s ig n if ican t decline in proportional 

m orta lity  during th is  period is due e ith er  to crabs exhib iting a prey 

switching behavior (eg ., Murdoch and Oaten 1975) from oysters to
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Figure 36. Mean proportional m orta lity  of juven ile  oysters per 21 days 

due to crab predation (solid  Tine and solid c irc le )  and due to unknown 

causes (broken l in e  and open c irc le s ) .  Vertica l bars equal 1 S.E.

Note: Proportional m orta lity  rates fo r the May 13 sample date (quadrat 

A) are over 14 days.
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tunicates or the crabs were unable to encounter oysters due to the 

physical b a rr ie r  created by the tunicate mat. For the 1986 s ite ,

proportional m orta lity  rates were s ig n if ic a n tly  higher on October 28 (x 

= 2 .8 ) than on la te r  sample dates (SNK: EWER = 0.05) (F ig . 36). On

October 28, water temperature was 3 .5  to 8 .0 °  C higher, oyster density 

was s ig n if ic a n t ly  higher and, oyster length was s ig n if ic a n t ly  smaller 

(F ig . 35 ), re la t iv e  to la te r  dates. These results suggest that from 

October 28 to December 9, predation rates were density-dependent (type 

I I I  response), and that predation in ten s ity  was reduced as a function of 

decreasing temperature and increasing oyster lengths.

Field proportional m orta lity  rates of juven ile  oysters due to 

unknown causes appeared to mirror that due to crabs (with the exception 

of the August 5 sample date) (F ig. 36), but the trend over time for both 

sites was not s ig n if ican t (ANOVA; 1985 s ite :  F = 2 .5 , df = 7,21, P<0.06; 

1986 s ite :  F = 2 .3 , df = 2 ,8 , P<0.19 ). On August 5, proportional 

m orta lity  rates due to unknown causes appeared to be s ig n if ic a n t ly  

higher than proportional m orta lity  rates due to crabs (Fig. 36).

DISCUSSION

The s ig n if ican t finding in th is  thesis , with respect to predator- 

prey dynamics, is that the functional response of an invertebrate  

predator can exh ib it  both s ta b il iz in g  and destab iliz ing  features as a 

consequence of d i f fe re n t  temperatures, predator-prey size combinations, 

complex microhabitat features, and sex-related morphologies. For th is
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re la t iv e ly  "simple" single predator-single prey system, free from the 

effec ts  of a mobile prey escape response, i t  is apparent that a high 

degree of complexity exists when r e a l is t ic  b io t ic  and ab io tic  factors  

are superimposed onto blue crab foraging behaviors. The key finding in 

re la t io n  to general foraging behavior, was that the type of opening 

technique used appeared to be a function of oyster length and thickness, 

and the geometry of oyster attachment.

Foraging behavior

Increased antennule f l ic k in g  and g i l l  ba iling  rates were observed 

at the in i t ia t io n  of foraging, in th is  study. The use of the dactyls 

and antennae as chemoreceptors in C. sapidus has been described by 

H azlett (1971) and Pearson and 011a (1977). Shepheard (1974) suggested
i

that among decapods, the dactyls have lower chemosensitivity and 

function as local contact chemoreceptors, while the more sensitive  

antennules are the s ite  of distance chemoreception.

The e ff ic iency  with which the dactyls served as local t a c t i le  and 

chemoreceptors warrants fu rther investigation . In many instances crabs 

encountered a rc h ite c tu ra lly  vulnerable oysters with the dactyls of the 

walking legs, without e l ic i t in g  an opening attempt. Conversely, crabs 

sometimes probed cultch devoid of oysters, followed by several crushing 

attempts. Thus, the s e n s it iv ity  and/or e ff ic iency  of the dactyls in 

foraging may be a function of complex interactions involving such 

factors as (1) hunger le v e l,  (2) the density of prey availab le  to 

simultaneous probing by a l l  dactyls, and (3) the e f fe c t  of varying flow 

rates in mediating the chemical stimulus of oysters both before and 

a f te r  opening by the crab.
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The degree of cheliped la t e r a l i t y  (sensu Hamilton et a l . 1976) 

observed in th is  study (95%) is high compared to previous work.

Hamilton et a l . (1976) found that 74% of the largest blue crabs examined

possessed a crusher cheliped on the r ig h t .  The increased degree of

cheliped l a t e r a l i t y  observed in th is  study may be a function of the low

sample size (n = 35) compared to that of Hamilton et a l . (1976) (n =

60).

Increasing varia tion  in oyster attachment geometry with length in 

appeared to be the key factor in determining both the type of opening 

method used and the potential fo r  success. I f  i n i t i a l  crushing attempts 

were unsuccessful, crabs usually attempted to remove the oyster from the 

cultch. The increased energy and time expenditure associated with the 

predators’ removal of the oyster from the cultch before repeated 

breaking, attempts supports the use of cultch in oyster seed planting  

operations.

Once the oysters were removed from the cultch, the prey handling 

methods and shell breaking "signatures" were s im ilar  to those displayed 

by C. saoidus feeding on cultchless oyster spat (Krantz and Chamberlain 

1978, Elner and Lavoie 1983, Bisker and Castagna 1987), and those 

displayed by lobsters and rock crabs feeding on A tla n tic  deep-sea 

scallops. Pacopecten mage!1anicus (Gmelin) (Elner and Jamieson 1979).

For small oysters (x = 15 mm SL) at low densities (eg ., 10 

oysters /tank), blue crabs displayed a unique random crushing technique 

in order to feed on oysters within depressions of the cultch. This 

technique allowed crabs to feed on otherwise invulnerable oysters.
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Crabs in th is  study became less sensitive to visual stimuli once 

feeding was in i t ia te d .  This was previously reported fo r C. sapidus 

feeding on the ribbed mussel, Geukensia demissa (Hughes and Seed 1983). 

Hughes and Seed (1983) suggested th a t, because of reduced visual 

s e n s it iv i ty  during feeding, i t  may be more important to minimize prey 

handling time by feeding on small mussels rather than to maximize the 

net ra te  o f energy intake; C. sapidus feeding on mussels at high tide  

may be more vulnerable to predation by herons and egrets and to prey- 

robbing by conspecifics.

Temperature e f fe c ts : functional responses

Before discussion of the various factor effec ts  on the functional 

response of C. sapidus feeding on juven ile  oysters, a cautionary note 

must be made regarding the re la t iv e  comparisons of d i f fe re n t  factors  

(e g . , temperature, oyster length, crab size and sex) incorporated into  

each density experiment. Because each experiment was performed at a 

d if fe re n t  time, temporal varia tion  and inherent v a r ia b i l i ty  among 

experimental units (sensu Hurlbert 1984) may have d iffe red  over the 

course of the study, and may lead to erroneous conclusions i f  these 

varia tions are not considered. However, meaningful comparisons can be 

made since the techniques in observation and measurement were 

standardized. This should eliminate both experimental bias and 

experimentally-generated v a r ia b i l i t y ,  which have been implicated as a 

major source of confusion in previous ecological studies (Hurlbert 

1984).
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Blue crab consumption rates were po s it ive ly  correlated with oyster

density and temperature, with 14° C being the c r i t ic a l  temperature below 

which consumption rates were markedly reduced. Whetstone and Eversole 

(1981) also demonstrated that percent m orta lity  of juven ile  hard clams,

Mercenaria mercenaria (x = 20 mm) due to P. herbstii predation decreased

from 12.7% at 24° C and 17°C, to 3.7% at 10°C. S im ila r ly , Elner (1980) 

found that the foraging rate  of C. maenus. both in terms of mussels

eaten per day and energy intake per day, was higher at 17° C than at 10° 

C.

The functional response of C. sapidus was shown to vary 

s ig n if ic a n t ly  in form as a function of temperature. Analysis of 

proportional m orta lity  rates at the lowest prey density (5 oysters/tank) 

indicated that medium length oysters obtained a p a rt ia l  prey refuge from

from crab predation below 20° C and a to ta l refuge below 14° C.

Previous experiments have demonstrated variations in the in tensity  of 

the functional response as a consequence of temperature (Fedorenko 1975, 

Thompson 1978, Chow et a l . 1983, Cockrell 1984, Murdoch et a l . 1984, 

Spitze 1985, Persson 1986), but not the form of the response. Thus, 

temperature not only affects  consumption rates of aquatic poikilotherms, 

but has the potential to s ta b i l iz e  predator-prey dynamics as well (th is  

study).

Differences in individual crab functional responses at 19-20° C 

suggest that th is  temperature range may represent a tran s it io n  in blue 

crab feeding responses such that individual crabs may exhib it e ither a
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type I I  or type I I I  response, th is  notion is consistent with the high 

v a r ia b i l i t y  in consumption rates at th is  temperature range (F ig. 3 ) .

Temperature e f fe c ts : modelina

The general functional response model (Real 1977, 1979) was used as 

a s ta t is t ic a l  tes t of the form of the functional response. This 

technique has been used successfully to d i f fe re n t ia te  type I I  and I I I  

responses fo r both mammalian (Real 1979) and invertebrate (Lipcius and 

Hines 1986) predators. Lipcius and Hines (1986) found that consumption 

rates of C. sapidus feeding on M. arenaria were s ig n if ic a n t ly  lower at 

the two lowest prey densities, regardless of sediment type. Thus, model 

predictions were based on differences in consumption rates between mud 

and sand at the two lowest prey densities (Lipcius and Hines 1986). In 

th is  study, model predictions were based on differences in consumption 

rates at the lowest prey density, and did not corroborate the type I I I  

response indicated by the ANOVA of proportional m orta lity  rates at 

medium temperatures. The model corroborated the ANOVA results  of 

proportional m orta lity  rates indicating a type I I  response at both high

and low temperatures despite unequal sample variances at 26-27° C. 

Therefore, these results (a) add evidence to the supposition that the 

general functional response model is constrained in testing the form of 

a sigmoid type I I I  response based on consumption rate  differences at a 

single density, and (b) suggest that the general model is re la t iv e ly  

insensitive to unequal sample variances. Results from Real’ s (1979) 

study did not allow assessment of consumption rate  differences per prey 

density.
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The s u i ta b i l i ty  of d iscrete-tim e conceptual models in describing 

the functional response, in which prey were not replaced as eaten, was

rea lized  at both 26-27° C and 19-20° C. At 13-14° C, a s ig n if ican t  

" la c k -o f - f i t "  error indicated the discrete-tim e model to be 

inappropriate. This resu lt  is important in that the discrete-tim e model 

described more (84%) of the variance in consumption rates and displayed 

the lower residual sums of squares of the two models. Previous studies 

(Lipcius and Hines 1986) have used the lower residual sums of squares as 

the primary c r ite r io n  in choosing the most appropriate model. These 

results  suggest that an F-Test, employing the ra t io  of the " la c k -o f - f i t "  

mean square to the "pure error" mean square (Draper and Smith 1966,

Neter and Wasserman 1974), be incorporated into c r i t e r ia  fo r  determining 

the best f i t  of continuous and discrete-tim e models. The use of a 

continuous-time conceptual model (which assumes a constant prey density)

in describing the functional response at 13-14° C, rather than a 

discrete-tim e model, may be due to the mathematical structure o f  the

model when f i t  to extremely low consumption rates , as observed at 13-14° 

C.

Density and temperature e ffec ts : behavioral components

Increased temperature ty p ic a l ly  accelerates metabolic a c t iv i ty .  

Assuming capture e ff ic iency  remains nearly constant or increases, blue 

crab attack (a ’ )/encounter rates with stationary oysters should increase 

with temperature. Handling time (Th) and i ts  components, breaking time 

(Tb) and eating time (Te), should decrease as temperature increases.

The trend in functional response model parameter estimates reflected
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these predictions and indicated a temperature threshold above which, a ’ 

and Th were re la t iv e ly  unaffected.

Nonlinear regressions estimated a constant handling time between

temperatures of 19 and 27° C, suggesting that crabs at these 

temperatures were able to feed at th e ir  maximum rates at high prey 

densities . Hence, d irec t handling time of oysters (eg ., breaking time,

consumption, and gut clearance) was not increased above 19° C. The c a .-

54 fo ld  increase in Th at 13-14° C c le ar ly  i l lu s tra te s  the exponential 

increase in handling time components o f  individual oysters with

decreasing temperature below 19° C. Thompson (1978) indicated that 

handling times per Daphnia maona by larvae of the damselfly Ischnura

eleoans remained constant between 16 and 27.5° C, and greatly  increased

below 8° C. Thompson (1978) suggested that absence of growth for

Ischnura below 8° C may be due to the s ig n if ican t decrease in a’ 

observed at th is  temperature.

S im ila r ly , the attack co e ff ic ie n t shows re la t iv e ly  l i t t l e  change

between 19 and 27° C, but decreases dramatically below 19° C. The

marked decrease in a ’ below 19° C corresponds well with f ie ld  evidence

of reduced blue crab a c t iv i ty  levels below 16° C (Van Engel 1958).

Before discussing results pertaining to the various observed 

behavioral components, a cautionary note must be made regarding the 

comparison of d ire c t ly  measured predation parameters with those 

estimated from nonlinear regressions. Estimates of a ’ represent a 

maximum theoretical rate of attack and are separate from the effects  of
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feeding history (Hassell 1978). I t  is therefore not equivalent to 

q uan tifica tion  of a f in i t e  feeding ra te , which includes pretreatment 

effec ts  and the e f fe c t of prey handling during the experimental period 

(Spitze 1985). Estimates of Th are l ik e ly  to y ie ld  values that do not 

conform well to d irec t observation (Hassell 1978). This is because the 

estimated Th also includes periods of non-searching a c t iv i ty  induced, 

fo r  example, by sa tia t ion  of the predator (Hassell 1978). Incorporation 

of a l l  subcomponents of prey handling time (eg ., Tb, Te, Tp) in 

assessment of the relationship  between prey capture and reduction in 

fu ture foraging a b i l i t y ,  however, should be appropriate when to ta l cost 

is desired fo r  p r o f i t a b i l i t y  analysis and optimal foraging predictions.

Despite standardization of hunger leve ls , the observed behavioral 

components within crabs were quite variab le , regardless of temperature. 

The high v a r ia b i l i t y  within the data points is consistent with previous 

laboratory observations of crab foraging behavior (Elner 1980, Hughes 

and Seed 1981, Lawton and Hughes 1985), and may be due to differences in 

shell strength, crab strength, chela! morphology, oyster attachment 

geometry, or variations in individual crab attack methods.

D irect observations indicated that the to ta l encounter rate was an 

increasing function of oyster density, regardless of temperature. 

Density-dependent increases in a* have been shown for several predators 

and parasitoids exhib iting a type I I I  response (Hassell 1978). In th is  

study, blue crabs appeared to search more ac tive ly  as oyster density 

increased, despite functional response model assumptions of a constant 

a ’ with density.
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The decrease in the to ta l encounter rate  at 26-27° C is probably a 

consequence of the increased proportion of successful attacks observed 

at th is  temperature. The reduction in attack success with decreasing 

temperature may be due to one or more of the following functions 

decreasing with temperature: (1) number of crushing attempts, (2)

muscular e ff ic ie n c y  and/or (3) muscular strength. At 26-27° C, the 

reduction in attack success rates with increasing prey density may 

r e f le c t  increased oyster encounters by the crabs pereiopods as prey 

density and metabolic (a c t iv i ty )  levels increased. This is not unlike 

the re la t iv e  stimulus hypothesis postulated by Jubb et a l . (1983).

The positive corre la tion between Tp and probab ility  of a successful 

encounter provides strong evidence for a behavioral mechanism that would 

mediate temperature-dependent attack success at low prey densities, and 

therefore would explain the marked differences in the form of the 

functional response at each temperature. Thus incorporation of Tp into  

subcomponents of the functional response (eg ., a ’ and Th) fa c i l i t a te s  a 

mechanistic view of the variable functional response observed in th is  

study, and demonstrates the need fo r concurrent behavioral observations 

in functional response experiments.

Within the context of optimization models, the density and 

temperature dependence of Tp in teract to produce a much more complex 

picture of crab acceptance/rejection sequences of bivalve prey than has 

previously been put fo rth . Hughes and Seed (1981) discussed the 

problems inherent in distinguishing between active d ie t  selection and 

passive selection resulting from mechanical properties of the predator 

and prey, and suggested that crabs evaluate mussels by (1) measuring
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some aspect of size and v u ln e ra b il i ty ,  or (2) adopt a certain  

persistence time that is perhaps a function of hunger le v e l .  Results 

from th is  study indicate that within a single oyster s ize-c lass,  

persistence times were not constant but extremely variab le , and may be a

function of prey density and temperature as w e ll.  At 26-27° C, the 

decrease in persistence time at high prey densities accounts fo r the 

reduction in attack success rate and adds fu rther support fo r the 

re la t iv e  stimulus hypothesis (Jubb et a l . 1983) at th is  temperature and 

density. However, increasing Tp with density from 5 to 20 oysters/tank 

suggest that there is a prey density threshold below which prey 

evaluation may be more important. Thus, crab evaluation of bivalve prey 

may involve a complex series of prey evaluation at low prey densities  

and re la t iv e  stimulus at higher densities, with prey evaluation 

behaviors moving towards a re la t iv e  stimulus response, as temperature 

(a c t iv i ty  le v e l)  increases.

Breaking and eating times decreased with increasing temperature as 

predicted, but handling times did not. Observed handling times were 

s l ig h t ly  less than nonlinear regression estimates, which was probably 

due to incorporation of non-searching a c t iv i ty  in model estimates (sensu 

Hassell 1978). Observed handling times did not vary with prey density 

as predicted by optimization models (G i l le r  1980), but did support 

functional response model assumptions of a constant Th. In contrast, 

Collins et a l . (1981) found that observed mean handling times of 

Aohelinus thomsoni. a predator and parasite of the aphid Drepansiphium 

pla tan o id is , decreased with prey density due to a decrease in feeding 

attacks. Although they concluded that the decreased handling time
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contributed to the density-dependent sigmoid functional response of A. 

thomspnl, they did not equate th is  phenomenon with predictions based on 

optimization models. These results fu rther i l lu s t r a t e  the need for  

concurrent behavioral observations in functional response experiments.

Breaking times of individual oysters were shown to decrease with 

increasing temperature emphasizing the need fo r a deta iled  assessment of 

the e f fe c t  of temperature on the crushing c a p a b il i t ie s  o f C a llinec tes .

As a consequence of the reduced Tb associated with increasing 

temperature, p r o f i t a b i l i t y  of medium oysters was markedly higher at 26-

27° C than at 19-20° C. P r o f i ta b i l i t y  was highest at an oyster length 

of approximately 31 mm SL at both temperatures. These results are 

s im ila r  to those reported fo r C. sapidus feeding on mussels, G. demissa. 

in which p r o f i t a b i l i t y  peaked at approximately 25 mm SL (Hughes and Seed 

1981, Seed 1982). Inclusion of eating time into p r o f i t a b i l i t y  estimates 

greatly  reduced p r o f i t a b i l i t y  and yielded handling times that did not 

vary s ig n if ic a n tly  with temperature. Thus, at medium and high 

temperatures, p r o f i t a b i l i t y  estimates based on oyster dry weight to 

handling time ra tio s  were equal.

Incorporation of persistence time in unsuccessful encounters had 

the same net e f fe c t on p r o f i t a b i l i t y  estimates at each temperature, but 

fo r  d i f fe re n t  reasons (see Results). These results suggest that 

p r o f i t a b i l i t y  estimates that incorporate the to ta l energetic cost for  

consumming an oyster of specific  shell length is a more re l ia b le

estimator of p r o f i t a b i l i t y  and does not read ily  vary between 20 and 26° 

C. Despite the importance of temperature e ffects  on predation and 

parasitism (Fedorenko 1975, Thompson 1978, Elner 1980, Spitze 1985,
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Persson 1986), there is l i t t l e  data in the l i te ra tu r e  with which to 

compare changes in p r o f i t a b i l i t y  as a function of temperature. Elner 

(1980) examined the foraging strategy of C. maenas feeding on mussels,

Mvtilus edulis at two temperatures, 10 and 17° C and concluded that  

temperature had no e f fe c t on preferred mussel s ize . Whereas th is  study 

examined p r o f i t a b i l i t y  based on individual foraging behavioral 

components, Elner (1980) examined crab prey-size s e le c t iv ity  assuming a 

constant optimal size regardless of temperature. Hence, th is  study and 

Elner’ s (1980) have reached the same conclusion using quite d if fe re n t  

approaches.

Oyster 1enoth e f fe c ts : functional responses

Consumption rates fo r large crabs (x = 135-165 mm CW) increased 

with density and decreasing oyster length as expected. An increase in 

predation rates with decreasing size is consistent with results  from 

previous studies (Whetstone and Eversole 1981, Elner and Lavoie 1983, 

Bisker and Castagna 1986, Sanchez-Salazar et a l . 1987); however, the

dramatic increase in consumption rates observed fo r small oysters (x = 

15 mm SL) in th is  study, are the highest documented feeding rates for  

laboratory decapod-bivalve studies. A prey density of 350 oysters/tank  

was required in order to assess the form of the functional response for  

small oysters. Increasing shell length from 15 to 25 mm, and 25 to 35 

mm, reduced consumption rates approximately 4.6 and 3 .9  fo ld ,  

respective ly. Shell lengths of 40-45 mm SL appeared to be the c r i t ic a l  

size fo r  crushing by large C a llin ec tes . Elner and Lavoie (1983) 

indicated that maximum feeding rates by large (94-107 mm) lobsters,
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Homarus americanus and rock crabs, Cancer irrora tus were 28 and 4.5

oysters *  crab"1*  day"1, respectively. The oysters in th e ir  study were 

attached to cement p a rt it io ns  and ranged from 10 to 25 mm SL. Oysters 

of 30-35 mm SL appeared to be the c r i t ic a l  size fo r crushing as very few 

oysters were preyed upon by lobsters and rock crabs (Elner and Lavoie 

1983). Increased consumption rates of Callinectes re la t iv e  to e ith er  H. 

americanus or C. irro ra tus is probably due to differences in cheliped 

morphology. The chelal dactyls of Callinectes are very th in with a fine  

point compared to the broad and blunt dactyls of H. americanus and C. 

i r ro ra tu s . This would provide Callinectes with greater d e xte rity  in 

preying on small attached oysters. In l ig h t  of the reduced handling 

time associated with cultchless oysters reported by Bisker and Castagna

(1987), the increased consumption rates observed fo r Callinectes in th is

study, is probably a consequence of the large size of crabs used (x=135- 

165 versus 85.5 mm CW).

Analysis of proportional m orta lity  rates as function of prey 

density indicated that large Callinectes exhibited a type I I  response, 

regardless of oyster s ize -c lass . Although the i n i t i a l  pattern of 

proportional m orta lity  rates fo r small oysters is typical of a type I I  

response, which is characterized by the greatest m orta lity  r is k  at the 

lowest prey density, th is  response demonstrates how an increase in prey 

density could change the i n i t i a l  decelerating (d estab il iz in g ) functional 

response into an accelerating (s ta b i l iz in g )  one. For instance, there is 

a decreased r is k  in proportional m orta lity  at 40 and 80 oysters/tank  

re la t iv e  to lower and higher densities (F ig. 11). This is probably due 

to differences in oyster spat attachment s ites , such that certain  of
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these microhabitats are less vulnerable to predation by blue crabs than 

others. At the two lowest prey densities (10 and 20 oysters /tank), blue 

crabs usually crushed the cultch into small pieces in order to feed on 

oysters located within these arch itectural refuges. This would account 

fo r  the s ig n if ic a n t ly  higher proportional m orta lity  rates at these two 

densities . As the available space fo r  these refuges becomes saturated 

with increasing densities per cultch, proportional m orta lity  rates begin 

to increase with prey density up to 120 oysters/tank. As prey density 

increases, an increased proportion of foraging time per 24h is probably 

being taken up by prey encounter and handling time a c t iv i t ie s ,  with a 

subsequent reduction in proportional m orta lity  rates.

Individual crab functional responses were s im ilar  fo r  25 mm SL 

oysters suggesting that at th is  prey length, a combination of 

homogeneous microhabitat and prey features (eg ., attachment geometry, 

shell thickness) fa c i l i ta te d  the use of a s im ilar  opening technique, 

irrespective of prey density. Differences in the functional response 

fo r  35 mm SL oysters are probably due to differences in attachment 

geometry and shell thickness, whereas differences for 15 mm SL oysters 

are probably due to differences in opening techniques in which certain  

crabs may not exh ib it the "random" crushing technique at low prey 

densities.

Oyster length e f fe c ts : modelino

Despite unequal sample variances for the transformed dependent 

variable  at 15 and 25 mm SL, the general functional response model (Real 

1977, 1979) corroborated the results from the ANOVA of proportional 

rates indicating a type I I  response. These results  provide additional
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evidence to the supposition that the general model is re la t iv e ly  

insensitive to unequal sample variances. A dd itio na lly , the general 

functional response model (Real 1977, 1979) indicated a type I I  response 

fo r  15 mm SL oysters despite an atypical response at th is  oyster length. 

For 35 mm SL oysters, the general model described only 22.7% of the 

variance in consumption rates and was unable to adequately predict a 

response type. This resu lt  is probably due to the high variance in 

consumption rates fo r th is  oyster size class.

Both continuous and discrete-tim e models provided a s ta t is t ic a l ly  

adequate f i t  to the data, regardless of oyster s ize -c lass . Discrete

time models provided the best f i t  to the data at 25 and 35 mm SL. At 15 

mm SL, a continuous-time model was chosen over the discrete-tim e model, 

despite changes in prey density over 24 h. S im ilar results  were 

obtained by Lipcius and Hines (1986) in which both type I I  and I I I  

continuous-time models best described the functional response of  

C allin ec tes . even though prey were not replaced as eaten.

Ovster length e f fe c ts : behavioral components

Prey size should a ffec t a number of measureable components of 

predation (Thompson 1978). Decreasing prey size ty p ic a l ly  reduces prey 

handling times with a subsequent increase in p r o f i t a b i l i t y  and 

attack/encounter rates. Therefore, decreasing prey size should maximize 

the net rate  of energy intake by minimizing the time spent handling 

prey. The trend in mod§l estimates of a’ c le a r ly  re flec ted  these 

changes, whereas Th did hot.

Nonlinear regressions estimated a constant handling time of 0.1 h 

per C. v iro in ic a . regardless of prey length. This is in marked contrast
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to results  obtained through d irec t measurement. Fox and Murdoch (1978) 

discuss the potential sources of error in using regression techniques to 

estimate predation co eff ic ie n ts . Therefore, d irec t measurement serves 

as a check on the previous nonlinear regression estimates. The attack  

co e ff ic ie n t  (a ’ ) changed very l i t t l e  from 15 to 25 mm SL, but decreased 

approximately 7.6 times from 25 to 35 mm. Thus, 25 mm SL represents a 

prey size threshold, below which instantaneous attack rates are markedly 

reduced. These results suggest that instantaneous attack rates are an 

increasing function of decreasing prey size , but a concomittant decrease 

in handling times did not occur as predicted. Spitze (1985) found that 

handling times per Daphnia pulex by larvae of Chaoborus americanus 

increased l in e a r ly  with prey size , whereas the attack rate  peaked at 

intermediate sizes. These results indicated that digestion was a major 

component in handling times (Spitze 1985). Cockrell (1974) examined 

predation of four a rb itra ry  prey size classes of Asel1 us aouaticus by 

adult Notonecta qlauca and found that a* declined l in e a r ly  and Th 

increased exponentially as prey size increased. In contrast, Hewett

(1988) examined the effects  of predator and prey size on the behavior of 

the predatory c i l i a t e ,  Didinium nasutum feeding on Paramecium sp. . and 

found that searching times during capture were not s ig n if ic a n t ly  

affected by prey size . A dd itionally , Hewett (1988) contends that  

encounter rates should increase with increasing prey size because larger  

prey represent a large target and swim faste r than small prey. Thompson 

(1975) found that for I .  eleoans feeding on D. maona. a ’ increased with 

increasing prey size . Thus, the e ffe c t  of varying prey size upon 

functional response sub-components appears to be la rge ly  a function of 

the p a rt ic u la r  predator-prey system examined.
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Most models of foraging predict that a predator w i l l  spend more 

time foraging as prey density increases (Hassell and May 1974, Murdoch 

and Oaten 1975). This trend was evident fo r  25 and 35 mm SL oysters, in 

which observed encounter rates increased beyond an in i t i a l  range of low 

prey densities; however, the trend was not s t a t is t ic a l ly  s ig n if ic a n t.  

Direct measurement indicated that to ta l encounter rates were increasing 

functions of decreasing oyster length, which probably re f le c ts  the 

reduction in handling time associated with smaller oysters.

Total encounter rate observations fo r small oysters may be somewhat 

suspect in that encounters not involving active manipulation by the 

chelae were not quantified . Blue crab prey evaluation of small oysters 

might be accomplished through t a c t i le  stimulus by the periopods (eg., 

re la t iv e  stimulus) rather than active manipulation with the chelae (eg., 

prey evaluation). This would help explain the confusing nature of both 

to ta l and successful encounter rates since the two appear to be 

p o s it iv e ly  correlated, rather than inversely related as indicated in the 

temperature resu lts . Film analysis of encounter rates for the 

oystercatcher, Haematoous ostraleous preying on the infaunal bivalve, 

Scrobicularia plana explained the lower than expected encounter rates at 

high densities , showing that a prey can be located and refused too 

quickly to be noticed by an observer (Wanink and Zwartz 1985).

Blue crabs reached maximum encounter rates at an intermediate 

density of 20 oysters/tank, demonstrating an average of 10 and 6 

encounters/h fo r medium and large oysters, respectively. For medium and 

large oysters, attack success was inversely related to to ta l encounter 

rates . The behavioral mechanism most l ik e ly  regulating attack success 

is persistence time, which decreased with increasing prey density.
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Therefore, as a consequence of increasing persistence times with 

decreasing density, crabs were more successful at opening oysters and 

therefore had less available time to encounter new prey.

The key finding in re la t io n  to behavioral components that regulate  

predation in ten s ity  is that persistence time appears to depend upon prey 

density, size and microhabitat, as well as temperature. The addition of 

prey size-dependence in Tp as a subcomponent of the functional response 

adds fu rther complexity to the overall view of crab acceptance/rejection  

sequences of bivalve prey. At 5 oysters/tank, persistence times 

in id icated a s ig n if ican t l in e a r  re lationship  with oyster length. At 25 

mm SL, there was a s ig n if ican t density e f fe c t ,  and at 35 mm SL, there 

was no s ig n if ican t e f fe c t of e ith er  oyster length or density. These 

results  suggest that given a range of oyster lengths and densities, crab 

acceptance/rejection of bivalve prey involves a suite of complex 

foraging ta c tic s  which are regulated by changing oyster length and 

density plus microhabitat features (eg ., attachment geometry, shell 

thickness). For example, at small oyster lengths (eg ., 15 mm SL) with 

concurrent high w ith in -cu ltch  densities , Tp is mainly a function of 

oyster length. Within th is  small size class, oysters are probably more 

homogeneous with respect to shell thickness and a greater proportion of 

spat are located in high v u ln e ra b il i ty  areas, than are larger size  

classes. As oyster length increases up to 25 mm SL, individual shell 

thickness and attachment geometry become increasingly heterogeneous.

This should be especially true at low prey densities where most of the 

vulnerable oysters, in terms of shell thickness and attachment geometry, 

have been eaten, hence the s ig n if ican t decrease in Tp at the highest 

prey density at 25 mm SL. At a mean size of 35 mm SL, the proportion
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of high v u ln e ra b il i ty  sites is at i ts  lowest point, and shell thickness 

and oyster attachment geometry is most variab le , when compared to 

smaller size classes. This corresponds well with the lack of 

s ig n if ic a n t varia tion  in Tp at 35 mm SL, in terms of oyster length and 

density. Previous experiments have demonstrated a positive correlation  

between prey length and persistence time in unsuccessful encounters 

(Hughes and Elner 1979, Lawton and Hughes 1985). Lawton and Hughes 

(1985) found that mean persistence time in unsuccessful attacks by 

Cancer pagurus on the gastropod Nucella la p i l lu s  increased with 

increasing prey size; however, there was much varia tion  about the trend.

Handling time components in successful encounters increased with 

oyster length as expected, with no s ig n if ican t e f fe c t  of prey density. 

The lack of density-dependence disagrees with predictions based on 

optimization models (G i l le r  1980), and supports functional response 

model assumptions of a constant Th. Breaking times increased 

asymptotically with oyster length, and were s ig n if ic a n t ly  higher for  

large oysters than fo r  small and medium length oysters, indicating a 

prey length threshold at 30 mm, above which breaking times greatly  

increased. The increased v a r ia b i l i ty  observed in breaking times above 

30 mm SL reemphasizes the importance of shell thickness and attachment 

geometry in mediating attack methods, and suggests that 30-35 mm SL 

oysters are approaching the c r i t ic a l  size fo r crushing by large 

Call inectes. Previous experiments have demonstrated increased 

v a r ia b i l i t y  in breaking times at larger prey sizes (Elner and Hughes 

1978, Hughes and Elner 1979, Lawton and Hughes 1985). Lawton and Hughes 

(1985) found that C. paaurus exhibited d if fe re n t  opening techniques with
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increasing size o f N. l a p i l lu s . with considerable varia tion  in breaking 

times at large prey sizes.

Eating times displayed a more l in e a r  re lationship  with oyster 

length, re f le c t in g  the volume of flesh ingested or surface area of shell 

gleaned, rather than differences in varying shell thickness or 

attachment geometry. These results are consistent with previous 

studies, which describe a l in e a r  re lationship  between eating times and 

prey size (Elner and Hughes 1978, Lawton and Hughes 1985).

Optimal prey sizes calculated from p r o f i t a b i l i t y  estimates must be 

interpreted with some degree of caution fo r ,  although d if fe re n t  

functions (eg ., power or exponential) can be f i t t e d  equally well to 

handling time prey-size observations, the optimal prey values predicted 

from them can vary substantia lly  (Lawton and Hughes 1985, Sanchez- 

Salazar et a l . 1987). In reviewing the l i t e ra tu r e ,  there does not 

appear to be a consistent re lationship  between prey size and 

p r o f i t a b i l i t y .  Sanchez-Salazar et a l . (1987) found that the time 

required fo r C. maenas to open and consume individual cockles, C. edule. 

increased exponentially with prey size , with small cockles (<15 mm) 

being most p ro f itab le  in terms of E/Th. Optimal size of prey increased 

with predator size (Sanchez-Salazar et a l . 1987). Elner and Hughes 

(1978) found that as mussel, M. edulis . length increased, prey value 

(E/Th) reached a maximum which i t s e l f  increased with crab size. Beyond 

the maximum, prey value declined because of the accelerating increase in 

Th. Spitze (1985) demonstrated that p r o f i t a b i l i t y ,  based on handling 

times of fo u rth - in s ta r  C. americanus preying on D. pulex. increased 

l in e a r ly  with prey size , but concluded that Chaoborus did not 

se lec tive ly  feed as predicted by optimal foraging models. Bence and
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Murdoch (1985) examined prey size selection of Daphnia by the 

mosquitofish, Gambusia a f f in is .  in an attempt to decouple p r o f i t a b i l i t y  

and d e te c ta b i l i ty .  They tested the assumption that prey p r o f i t a b i l i t y  

would decrease with increasing prey size , owing to d i f f ic u l t ie s  in 

capture and handling, whereas d e te c ta b i l i ty  should increase 

monotonically (Bence and Murdoch 1986). Their results  demonstrate that  

p r o f i t a b i l i t y  decreases rather than increases with prey s ize , and tha t̂ 

Gambusia ac tive ly  selected certain  size prey (Bence and Murdoch 1986). 

Sim ilar results  from th is  study indicated p r o f i t a b i l i t y  to be an 

increasing function of decreasing oyster length, with a marked increase 

in p r o f i t a b i l i t y  below an oyster length of 15 mm.

Incorporation of eating time into p r o f i t a b i l i t y  estimates 

dram atically reduced (13 fo ld ) p r o f i t a b i l i t y  of small oysters and 

suggests that feeding, digestion and gut clearance are major components 

of oyster handling times. P ro f i ta b i l i t y  of medium and large oysters 

were r e la t iv e ly  unaffected (3 and 2 fo ld , respectively) a f te r  

incorporation of eating times, suggesting that the e ffec ts  o f  varying 

shell thickness and attachment geometry are more important to handling 

times of large oysters than small oysters. Persistence time adjustments 

in p r o f i t a b i l i t y  did not s ig n if ic a n t ly  a ffec t p r o f i t a b i l i t y  estimates as 

much as incorporation of eating times.

Crab size e f fe c ts : functional responses

Zaret (1980) proposed that an increase in predator size should 

increase the range of prey species available to the predator and enhance 

predator success ra te , encounter ra te ,  and prey handling a b i l i t y .

Hewett (1988), examining predator-prey dynamics of a protozoan system,
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divided th is  generalization into two behavioral hypotheses: "large size" 

and "adaptive s ize". The large size hypothesis states that i t  is always 

advantageous fo r  a predator to be large because they encounter prey more 

frequently , have a higher rate  of capture and, fo r protozoan systems, 

divide more rap id ly  (Hewett 1988). The adaptive size hypothesis states 

that predation success is a d irec t function of the re la t iv e  sizes of 

predator and prey. Under th is  hypothesis, small predators should be 

competitively superior to large predators on small prey and vice versa, 

with a higher ra te  of capture fo r each size of predator feeding on the 

appropriate prey size (Hewett 1988). Due prim arily  to differences in 

the preference of large and small predators on small prey, Hewett (1988) 

concluded that both hypotheses were p a r t ia l ly  supported.

S im ilar complex interactions between factors (s ize of predator and 

prey) were demonstrated fo r  the in te r t id a l  predatory gastropod, Morula 

marginal l a . feeding on barnacles, Tesseropa rosea (Moran 1985). Moran 

(1985) found that 15 mm Morula ate adult Tesseropora fas ter than did 12 

mm Morula. and both sizes of whelks ate juven ile  Tesseropora fas te r  than 

they ate adults. Morula of 15 mm did not eat juven ile  Tesseropora 

s ig n if ic a n t ly  fas te r  than 12 mm Morul a .

In th is  study consumption rates varied as a function of carapace 

width fo r large and medium oysters, but not small oysters. Small crabs 

were unable to feed on large oysters despite persistence times of nearly

20 minutes (personal observation). Thus, large oysters (x = 35 mm SL) 

are invulnerable to predation by blue crabs < 80 mm CW. Although medium 

size crabs were capable of opening large oysters, th e ir  consumption 

rates were lower than those for large crabs. At medium oyster lengths,
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consumption rates were higher fo r large crabs compared to medium and 

small size crabs, whereas there were no apparent carapace width related  

differences in consumption rates of small oysters. These results  

suggest that when foraging on large and medium oysters, the large size 

hypothesis is a plausible explanation for the observed variations in 

feeding rates with carapace width. At small oyster lengths, neither the 

large size nor adaptive size hypothesis adequately described the 

in teraction  e f fe c t  between oyster length and carapace width. The 

a b i l i t y  of large crabs to successfully feed on small and large oysters 

suggests that large crabs are well suited to feed on a wide range of 

ju ven ile  oyster lengths. This success may be due in part to increased 

crushing strength associated with a large chela height and/or use of 

variable  attack methods (eg ., random crushing).

The functional response of C. sapidus feeding on large oysters 

varied s ig n if ic a n t ly  in form due to crab carapace width, suggesting a 

s ig n if ican t in teraction e ffe c t between carapace width, oyster length and 

oyster density. Analysis of proportional m orta lity  rates at the lowest 

prey density (5 oysters/tank) indicated that large oysters achieved a

p a rt ia l  prey refuge from predation by medium size crabs (x = 100-125 mm 

CW). Although the in tens ity  of the functional response of Cal1inectes 

feeding on medium oysters increased with carapace width above 135 mm, 

the form of the response was a destab iliz ing  type I I  response, 

regardless of crab size . For small oysters, analysis of proportional 

m orta lity  rates at the lowest prey densities (eg ., 10 and 20 

oysters/tank) indicated that small oysters achieved a p art ia l prey 

refuge from predation by medium and small size blue crabs. Differences
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in crusher chelae height as a function of carapace width may explain the 

observed d i f fe re n t ia l  s ta b il iz in g -d e s ta b il iz in g  e ffec ts  of various 

predator-prey size combinations. At low prey densities , the range of

large (x *  35 mm SL) oyster lengths is reduced in order to achieve the 

desired mean of 35 mm. As prey density increases, there is a wide range 

in prey sizes with a concomittant increase in attachment geometry 

v a r ia b i l i t y .  Assuming crusher chelae height is a decreasing function of 

carapace width, medium size crabs would be at a mechanical disadvantage 

re la t iv e  to large cr^bs, resulting in a lowered pro b ab ility  o f success. 

Crusher chelae strength, which is d ire c t ly  proportional to chelae size 

in terms of height (Vermeij 1976, Elner 1978), determines the effic iency  

with which a prey item can be opened, and hence determines prey value 

and optimal size (Elner 1980).

Medium oysters were vulnerable to predation regardless of carapace 

width and oyster density. These results are consistent with the

hypothesis that medium length (x = 25 mm SL) oysters represent a 

consistent combination of microhabitat and prey features (eg .,  

attachment geometry, oyster length, shell thickness) that fa c i l i t a te s  

the use of a s im ila r  opening technique, irrespective of oyster density.

S im ila r ly , results  obtained fo r small oysters support the 

hypothesis that small pysters a tta in  an arch itectural refuge from 

predation when attached to depressions on the surface of the cultch, and 

as a consequence, obtain a p a rt ia l  prey refuge (type I I I  response) from 

small and medium size blue crabs that do not display the "random" 

crushing technique.
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Previous experiments demonstrated variations in the in ten s ity  of 

the functional response as a consequence of d i f fe re n t  predator sizes 

(Thompson 1975, Moran 1985), but not the form of the response (th is  

study). Thus, predator size not only affects consumption rates of 

invertebrate predators, but has the potential to s ta b i l iz e  predator-prey 

dynamics as w e ll .

Crab size e f fe c ts : modelino

The in a b i l i ty  of the general functional response model to predict a 

response type for large crabs feeding on large oysters was previously 

discussed under the subheading "oyster length e ffe c ts :  modeling". The 

overall trend in model f i t t in g  procedures for crab-size e ffe c ts , using 

the general functional response model (Real 1977, 1979), was s im ilar to 

previous resu lts; corroboration of the ANOVA results fo r  type I I  

responses, and an in a b i l i ty  to predict a type I I I  response based on 

consumption rate differences at a single prey density. The former was 

the case fo r a l l  three crab size-classes feeding on medium oyster 

lengths, and for large crabs feeding on small oysters, while the la t te r  

occurred with medium crabs eating large oysters, and medium and small 

crabs feeding on small oysters. In numerous instances, where the 

general model corroborated the ANOVA resu lts , variances were equal. 

Therefore, these results fu rther support the supposition that (a) the 

general functional response model is  constrained in describing the form 

of a sigmoid type I I I  response based on consumption rate  differences at 

a single prey density, and (b) the general model is re la t iv e ly  

insensitive to unequal sample variances.
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The s u i ta b i l i ty  of discrete-tim e conceptual models to describe the 

functional response, in which prey were not replaced as eaten, was 

rea lized  fo r large and medium crabs feeding on large oysters; however, 

both continuous and discrete-tim e models provided a s t a t is t ic a l ly  

adequate f i t .  In contrast, continuous-time models best described the 

data fo r  a l l  three size-class crabs feeding on medium and small oysters. 

For medium and small crabs feeding on medium oysters, a s ig n if ican t  

" la c k -o f - f i t * '  error indicated the discrete-tim e model to be

inappropriate. These results are s im ila r  to results at 13-14° C, in 

that the discrete-tim e model described more of the variance (medium 

crabs, 92.2%; small crabs, 93.5%) in consumption rates and displayed the 

lower residual sums of squares of the two models. These results  further  

emphasize the need for incorporating an F-Test employing the ra t io  of 

the " la c k -o f - f i t "  mean square to the "pure error" mean square (Draper 

and Smith 1966, Neter and Wasserman 1974) into c r i t e r ia  fo r  determining 

the best f i t  o f continuous and discrete-tim e models.

For large crabs preying on medium and large oysters, and small 

crabs preying on small oysters, continuous-time models were chosen over 

discrete-tim e models, despite changes in prey density over 24h. These 

results  are s im ilar  to those described by Lipcius and Hines (1986) and 

discussed under the subheading "oyster length effects:modeling". These 

results  suggest that in many instances, models that assume a constant 

density over the experimental period, better  describe the functional 

response in which prey were not replaced as eaten, compared to a 

discrete-tim e model.
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Crab size e f fe c ts : behavioral components

The trends in functional respopse model parameter estimates (a ’ and 

Th) were consistent with the notion that foraging behavior is a complex 

in teraction  of oyster length, carapace width, and oyster density; 

however, the trends do npt correspond well with d i f fe re n t  predator-prey- 

size consumption rates. Nonlinear regressions estimated a constant a ’ 

end Th fo r  large oyster lengths, regardless of carapace width. For 

medium ouster lengths, attack coeffic ients  were approximately equal for  

a l l  three size-class crabs, whereas handling time for large crabs was 

nearly 5 times less. At small oyster lengths, a* and Th were equal for  

small and medium size crabs, with both parameters increasing 

dram atically fo r large crabs. These results suggest that the large size 

hypothesis adequately explains the in teraction of crab size and predator 

success fo r  medium and small oysters, but not large oysters. Thompson 

(1975) examined 1̂ he functional response of f iv e  instars of I .  el eg an s 

each preying on f iv e  sizes of D. maqna. Attack co effic ien ts  increased 

with size of predator and decreased with increasing size of prey; 

handling times varied in an opposite manner to a ’ . S imilar results were 

pepprted by Moran (1985) fo r Morula. Fairweather and Underwood (1983), 

using regression techniques, did not find a s ig n if ican t e f fe c t  of size 

of Morula on handling times with several prey types. The disagreement 

between results from th is  study and those of Thompson (1975) and Moran 

(1985) may be due to the inherent bias associated with using regression 

techniques to estimate predation coeffic ients  (Fox and Murdoch 1978).

Crab sex e f fe c ts : functional responses
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The approach of th is  study was to segregate predators by sex and 

determine whether consumption rates and/or the functional response 

varied as a consequence of various predator-prey size combinations. 

Although potential behavioral differences were not d ire c t ly  measured, 

they can be in ferred , with some degree of caution, from parameter 

estimates derived from nonlinear regressions with functional response 

models.

Crab sex appeared to have re la t iv e ly  l i t t l e  e f fe c t  on consumption 

ra tes , regardless of oyster length and carapace width. In contrast, 

both male and female crabs exhibited much higher consumption rates on 

medium oysters than large oysters. These results are s im ilar  to those 

described by Elner and Lavoie (1983) in which mean predation rates for  

male and female H. amerlcanus and C. irrora tus feeding on C. v iro in ica  

attached to "Chinese hat" co llec tors , were not s ig n if ic a n t ly  d if fe re n t .

The functional response of C. sapidus was shown to vary 

s ig n if ic a n t ly  in form as a function of crab sex and oyster length. 

Analysis of proportional m orta lity  rates at the lowest prey density (5 

oysters/tank) indicated that large oysters achieve a p a rt ia l  prey refuge 

from predation by large and medium female crabs, and medium male crabs. 

These results are consistent with the observed s ta b il iz in g -d e s ta b il iz in g  

effec ts  o f various predator-prey-size combinations discussed under the 

subheading "crab size e ffec ts : functional responses". The s ign if ican t  

difference in the form of functional response for large male and female 

crabs is probably due to the increased mechanical advantage afforded the 

larger chelae heights of males, compared to females. Variations in 

opening techniques fo r  large oysters probably explains the s ign if ican t
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differences in individual functional responses of large male and female 

crabs.

Medium oyster lengths were vulnerable to predation regardless of 

crab sex and thus potential differences in chelal heights. These 

results  are consistent with results observed fo r three crab size classes

feeding on medium oysters, and further suggest that medium oysters (x 

= 25 mm SL) represent a consistent combination of microhabitat and prey 

features (see discussion fo r  "crab size e ffec ts : functional responses"). 

Individual functional responses of male and female crabs at th is  prey 

size class were found to be equal. These results support the 

supposition that medium oysters f a c i l i t a t e  the use of a s im ila r  opening 

technique, irrespective of oyster density and carapace width. The type 

I I I  functional response observed fo r medium male and female Cal1inectes 

preying on large oysters is probably a function of lowered chelal height 

to oyster length ra tios  associated with decreasing carapace widths. 

Hence, the form of the functional response can vary as a consequence of 

sexual differences in cheliped morphology. Previous work has not 

documented a change in the form of the functional response as a function 

of sex-related morphological differences.

Crab sex e f fe c ts : modeling

The overall trend in results from model f i t t in g  procedures for  

crab-sex e ffec ts , using the general functional response model (Real 

1977, 1979), was s im ilar  to previous results; corroboration of the ANOVA 

results  fo r type I I  responses, and an in a b i l i ty  to predict a type I I I  

response based on consumption rate differences at a single prey density.
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The former was the case fo r large crabs feeding on medium oysters, 

whereas the la t t e r  occurred fo r large female and medium male crabs 

feeding on large oysters. The general functional response model was 

unable to adequately predict a response type for large crabs feeding on 

large oysters. Possible reasons fo r the in a b i l i ty  o f the general 

functional response model (Real 1977, 1979) to adequately describe the 

functional response were described above (see "temperature e ffec ts :  

modeling").

Descrete-time conceptual models provided the best f i t  fo r  large 

crabs feeding on large oysters, regardless of crab sex. For large  

female crabs feeding on medium oysters, a s ig n if ican t "1a c k -o f - f i t "  

error indicated the discrete-tim e model to be inappropriate. This

resu lt  is s im ila r  to results at 13-14° C and fo r medium and small crabs 

eating medium oysters in that the discrete-tim e model described more 

(93.8%) of the variance in consumption rates and displayed the lower 

residual sums of squares of the two models. These results  reemphasize 

the need fo r  incorporating an F-Test, employing the ra t io  of the "lack- 

o f - f i t "  mean square to the "pure error" mean square (Draper and Smith 

1966, Neter and Wasserman 1974) into c r i t e r ia  fo r  determining the best 

f i t  of continuous and discrete-tim e models. For medium female crabs 

feeding on large oysters, a continuous-time model best described the 

data despite density depletion over the experimental period.

Crab sex e f fe c ts : behavioral components

Functional response model parameter estimates indicated that  

varia tions in the instantaneous attack rate (a ’ ) and handling time (Th)
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fo r  Cal1inectes were a complex in teraction of oyster length, crab sex 

(chelae height) and carapace width (chelae he ight). Based on nonlinear 

regressions, a’ fo r  large female crabs preying on large oysters was 18 

times greater and Th 10 times higher than those parameters fo r  s im ilar  

size males. These results  suggest that the c r i t ic a l  size fo r  crushing, 

and thus optimal size (Elner 1980), fo r  large females may be reduced 

re la t iv e  to males. Elner (1980) found that the prey preference pattern  

in female C. maenas was as well defined as in males; however, the 

preferred prey sizes for females were smaller than those fo r equivalent 

size males. Female Carcinus have smaller chelae than males and when 

preferred size was expressed as a function of crusher chelae height, 

there were no s ig n if ican t differences in foraging behavior (Elner 1980). 

For large crabs feeding on medium size oysters, a ’ and Th were found to 

be equal regardless of crab sex. These results provide fu rther evidence 

fo r  the role of chelae height in determining c r i t ic a l  crushing size, and 

suggests that the e ff ic ien cy  of female crusher chelae in preying on 

medium size oysters is equivalent to that of the larger crusher chelae 

possessed by males.

For medium size males preying on large oysters, both a ’ and Th were 

markedly reduced compared to equivalent size females, despite no 

apparent differences in consumption rates or the form of the functional 

response. The disagreement between results fo r th is  predator-prey size 

combination (medium crabs-large oysters) and the previous one (large  

crabs-medium oysters), may be due to the inherent bias associated with 

using regression techniques to estimate predation co effic ients  (Fox and 

Murdoch 1978). In th is  instance, the estimated a* fo r  medium crabs 

preying on large oysters was estimated from eqn (6) whereas a ’ fo r  large
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crabs preying on medium oysters was estimated d ire c t ly  from nonlinear 

regressions with type I I  functional response models. Perhaps th is  

indicates that the bias associated with estimating a* from eqn (6 ) ,  and 

type I I I  models in general, is greater re la t iv e  to d ire c t estimation 

from type I I  models.

Overview of complex factor effects  

Temperature

Large blue crabs preying on medium length oysters exhibited a type

I I  response at 26-27° C, a type I I I  response at 19-20° C, and a

"displaced" type I I  response at 13-14° C. The positive correlation  

between Tp and probab ility  of a successful encounter provides strong 

evidence fo r  a behavioral mechanism mediating attack success, and 

indicates that Tp should be incorporated into functional response model 

subcomponents fo r  th is  p a rt icu la r  predator-prey system. Decreasing 

temperature tended to s ta b i l iz e  predator-prey dynamics and is probably a 

consequence of the reduction in Tp with decreasing temperature. These 

results  suggest that Callinectes possesses a f le x ib le  behavioral 

mechanism which rapid ly  adjusts to small scale changes in prey 

a v a i la b i l i t y  and temperature. I f  we assume that Callinectes is foraging 

within energy maximization premises (Pyke et a l . 1977, Hughes 1980), we 

are l e f t  with the question of how a density and temperature dependent 

behavioral mechanism, such as prey persistence time, maximizes 

Callinectes net rate of energy intake. This question can only be 

addressed through deta iled physiological measurements examining the 

energy expenditure of Tp versus the potential energy gain, given a
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specific  temperature, prey density and associated encounter success 

p ro b ab ility .

P r o f i t a b i l i t y  estimates were calculated by incorporating Tp in 

unsuccessful encounters, and did not vary between 20 and 26° C.

Overview: ovster length

Large blue crabs exhibited a type I I  response when preying on small

(x = 15 mm SL), medium (x = 25 mm SL), and large (x = 35 mm SL) oysters. 

The functional response fo r  small oysters appeared atypical of the 

" tra d it io n a l"  type I I  response, indicating how an increase in prey 

density could change the response from a destab iliz ing  to a s ta b il iz in g  

response. This response was l ik e ly  a consequence of the d i f fe re n t ia l  

space a v a i la b i l i t y  fo r  arch itectural refuges as a function of increasing 

with in-cu ltch  densities . These results suggest that future laboratory  

studies of crab-oyster predator-prey dynamics examine not only the 

e ffe c t  of to ta l density (eg ., oysters/tank), but the e f fe c t of w ithin-  

patch (eg ., oysters/cultch) density as w e ll.  Results from such a study 

might indicate that density-dependent foraging responses are operating 

at both meso- and micro-spatial scales. A dd itionally , i t  is important 

to examine the e ffe c t  of interannual differences in crab size-class  

frequencies on oyster juven ile  m orta lity  rates. For instance, in a year 

with many large crabs, oysters would l ik e ly  suffer more than a year with 

many small crabs.

Persistence times were p o s it ive ly  correlated with attack success at 

three oyster size-classes, and appeared to be prey density and prey 

size-dependent. Breaking and handling times of large oysters (>30 mm
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SL) g rea tly  increased and were more variab le , r e la t iv e  to small and 

medium oyster lengths. These results suggest that oysters >30 mm SL are 

approaching the c r i t ic a l  size fo r crushing due to increased v a r ia b i l i ty  

in shell thickness and attachment geometry. P r o f i t a b i l i t y  estimates 

indicated small oysters to be the most p ro f itab le  in terms of E/Th. The 

energy maximization premise requires that the predator is able to rank 

prey types according to th e ir  value defined as E/Th. The question now 

remains: given lim ited  and unlimited a v a i la b i l i t y  o f three oyster size- 

classes, would Cal 1 inectes "choose" the more p ro f itab le  (15 mm SL) size 

class in accordance with energy maximization premises? Active selection  

of small oysters would simultaneously maximize net energy intake and 

minimize handling time. Examination of d ie t  selection alone does not 

allow one to f a ls i f y  optimization premises because of the in a b i l i ty  to 

distinguish between active d ie t selection and passive selection  

resu lting  from mechanical properties of predator and prey (Hughes and 

Seed 1981).

Overview: crab size

Large and medium blue crabs preying on large oysters (x = 35 mm SL) 

exhibited type I I  and type I I I  responses, respectively. The c r i t ic a l  

size fo r crushing by small crabs was approximately 29 mm SL. Decreasing 

chelal height and correspondingly reduced crushing forces l ik e ly  explain 

the pattern with carapace width. All three sizes of crabs exhibited a 

type I I  response with medium oysters, which probably represent the most 

homogeneous size-class with respect to micro-habitat and prey features. 

This oyster size probably fa c i l i t a te d  s im ilar opening techniques
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regardless of prey density and carapace width. Medium and small blue 

crabs exhibited a type I I I  response when preying on small oysters, 

whereas large crabs exhibited a type I I  response. The results  here can 

be explained by d if fe re n t  opening techniques in which large crabs employ 

a "random" cushing technique to feed on small oysters attached to 

depressions on the cultch. These results have important implications  

fo r  both public and private  oyster enhancement operations which might 

u t i l i z e  various substrates fo r setting purposes. For example, use o f a 

smooth-surfaced shell such as the surf clam, Soisulla solidissima. as 

cultch m ateria l, might not provide the stuctural complexity required to 

achieve the arch itectural refuge observed in th is  study. Conversely, 

increased structural complexity, e ith er  through use of "natural" or 

" a r t i f i c i a l "  cultch materials might e f fe c t iv e ly  reduce the loss of small 

oysters (< 1 5  mm SL) to crab predation. Structural complexity mediates 

predator-prey interactions by providing more refuges fo r prey species as 

well as reducing the foraging e ff ic ien cy  of the predator (Rosenzweig and 

MacArthur 1963, Murdoch and Oaten 1975). Future laboratory studies of 

crab-oyster predator-prey dynamics should examine the potentia l effects  

of varying stuctural complexity, associated with d i f fe re n t  cultch 

m ateria ls , in mediating prey dynamics.

Overview: crab sex

Large male and female blue crabs preying on large oysters exhibited  

type I I  and type I I I  responses, respectively. When large male and 

female blue crabs were exposed to medium oysters, both exhibited a type 

I I  response. Medium male and female crabs preying on large oysters 

exhibited a type I I I  response. These results are consistent with the
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observed s ta b il iz in g -d e s ta b il iz in g  effects  of various predator-prey size 

combinations described above, and are probably a consequence of 

d if fe re n t  chelal height to carapace width ra t io s . These results suggest 

that the chelal heights of male and female blue crabs are approximately 

equal u n til  the terminal molt, a f te r  which the chelae height of males is 

s ig n if ic a n t ly  greater, and support standardization by sex as done in 

studies of C. saoidus feeding upon bivalves (Elner and Hughes 1978, Seed 

1980, Hughes and Seed 1981, Blundon and Kennedy 1982b, Seed 1982, Jubb 

et a l . 1983, Arnold 1984, Bisker and Castagna 1986, Lipcius and Hines 

1986).

These experiments provide a basis fo r including prey density and 

size , predator size and sex, and temperature as factors in models of 

foraging behavior of Cal 1 inectes. in modeling survivorship of young-of- 

the-year Crassostrea. and within functional response studies of other 

predator-prey systems.

A p p lic a b il i ty  of general and conceptual functional response models 

• Results from analyses with the general functional response model 

(Real 1977, 1979) suggest that the general model is (a) r e la t iv e ly  

insensitive to unequal sample variances, and (b) constrained in testing  

the form of a sigmoid type I I I  response based on consumption rate  

differences at a single prey density. Since the primary goal of the 

general model was to tes t the form of the functional response, the 

l a t t e r  point indicates that the model does not provide an adequate 

s ta t is t ic a l  tes t in a l l  circumstances. Further, the results promote the 

use of other c r i t e r ia  for detecting the form of the functional response 

based on: (a) results of the ANOVA of proportional m orta lity  rates as a
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function of density, followed in decreasing p r io r i t y  by (b) results from 

general functional response model f i t t in g  procedures. The added 

emphasis on ANOVA in determining the form of the functional response 

combined with the experimental design assumptions (Hoiling 1959, Houck 

and Strauss 1985), which state that individual predators should be 

tested only once to avoid secondary experimental conditioning and allow 

fo r  independence of experimental t r i a l s ,  creates a perplexing situation  

regarding the error term in the ANOVA hypothesis te s t .  When individual 

crabs are constrained to one density t r i a l ,  the w ith in -c e ll  error term 

does not account fo r  variations in individual crab responses, hence the 

F -ra t io  is conservatively biased ( i e . ,  decreased chance of a type I 

error) and may reducte s ta t is t ic a l  power. Use of the Heterogeneity G- 

Test (Sokal and Rohlf 1981) allowed assessment of individual feeding 

responses without rep lica t io n , but the variance could not be 

incorporated into hypothesis tes ts . In order to assess the form of the 

functional response with a more appropriate error term, future studies 

might rep lica te  each predator twice (assuming no secondary experimental 

conditioning) and employ a repeated measures design (Sokal and Rohlf 

1981).

Nonlinear regressions with conceptual functional response models 

(Eqns 1-4) allowed estimation of b io lo g ica lly  meaningful parameters (a 5 

and Th). In several instances, continuous-time models, which assume a 

constant density, f i t  the data better than discrete-tim e models, which 

account fo r prey depletion over the experimental period. A dditionally , 

models which described more of the variance in consumption rates and 

exhibited the lower residual sums of squares of the two models, in some 

instances indicated a s ig n if ican t "1a c k -o f - f i t "  (Draper and Smith 1966,
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Neter and Wasserman 1974). These results  suggest that future studies 

should incorporate an F-Test employing the ra t io  of the " la c k -o f - f i t "  

mean square to the "pure error" mean square (Draper and Smith 1966,

Neter and Wasserman 1974) into c r i t e r ia  fo r  determining the best f i t  of 

continuous and discrete-tim e models.

Field study

To determine the accuracy with which the mark-recapture technique 

assessed temporal survivorship and id e n t ify  any potentia l a r t i fa c ts  

associated with handling and marking of juven ile  oysters, I compared the 

f in a l observed mean density fo r each s ite  with a predicted density based 

on the cumulative proportional m orta lity  rates due to crabs and unknown 

causes. For the 1985 s i te ,  the i n i t i a l  mean density of 133 oysters *

2 -1[0.25m ] (Table 28, quadrat A) was reduced to 54 oysters *

[0.25m^]”*(Table 28, quadrat G) fo r a 59.6% reduction over a 140 day 

experimental period. Due to confounding e ffec ts  of recruitment of the 

1986 year class, the density associated with quadrat H and the 

proportional m orta lity  rates measured for quadrat G were not used in the 

above comparisons. Cumulative proportional m orta lity  rates predicted a 

79.5% reduction over the experimental period fo r  a f in a l density of 27.7

oysters *  [0.25m^]~*. A Student’ s t-Tes t (Zar 1984) indicated that the 

arcsine-transformed predicted (79.5%) and observed (59.6%) proportions 

were not s ig n if ic a n t ly  d i f fe re n t  ( t  = 0 .2 , df = 2, NS).

For the 1986 s i te ,  the in i t i a l  mean density of 690.0 oysters *

[0.25m^]_1(Table 28, quadrat I )  was reduced to 490.3 oysters *
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2 -1[0.25m ] fo r a 28.9% reduction over a 63 day experimental period. 

Cumulative proportional m orta lity  rates predicted a 15.5% reduction over 

the experimental period fo r  a f in a l density of 583.1 oysters *

2 - l[0.25m ] . A Student’ s t-Tes t (Zar 1984) indicated that the arcsine-

transformed predicted (15.5%) and observed (28.9%) proportions were not 

s ig n if ic a n t ly  d i f fe re n t  ( t  = 0.49, df = 2, NS). Results from both sites  

indicate that the m orta lity  rate  of juven ile  oysters was not 

s ig n if ic a n t ly  enhanced due to handling and marking, and suggest that  

th is  mark-recapture technique accurately assessed temporal survivorship 

of juven ile  oysters.

The id e n t if ic a t io n  of crab-related m orta lity  was based upon 

id en tify in g  d is t in c t  crab "signatures" on the shells of eaten oysters. 

Laboratory observations indicated that the frequency with which 

Callinectes and Panopeus completely crushed the r ig h t valve increased 

with decreasing shell length (personal observation). In addition, the 

trend in proportional m orta lity  rates appeared to mirror that due to 

crabs, with the exception of the August 5 sample date. Therefore, I 

suggest that a large proportion of the m orta lity  for smaller oysters 

(eg ., 20-27 mm) due to unknown causes is probably a t tr ib u ta b le  to crabs. 

This would explain the increase in proportional m orta lity  rates due to 

unknown causes fo r smaller oysters (20-27 mm SL) at the 1986 s ite  (Fig. 

36). The s ig n if ican t increase in unknown proportional m orta lity  rates 

on August 5 is probably a consequence of the massive set of Molgula 

manhattensis around July 15. M. manhattensis is an epibenthic 

suspension-feeding ascidian that feeds on the same food items as 

Crassostrea. Molgula ty p ic a l ly  s e tt le  in dense mats on top of the
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oyster reefs and feed through extended siphons. Thus, competition 

between Molgula and Crassostrea may have e f fe c t iv e ly  reduced the 

availab le  food resources and/or smothered oysters tp the point that they 

gaped allowing access to a varie ty  of predators. The decreased growth 

rate  observed between July 15 and August 28 (Table 28) adds fu rther  

evidence to the postulation of lim ited  food during th is  period.

M o rta lity  due to unknown causes may also have been affected by a 

suite of other predators such as the polyclad tu rb e lla r ia n  flatworm, 

Stvlochus el 1ipticus (Landers and Rhodes 1970), oyster d r i l l s ,

Urosaloinx cinerea and Eupleura caudata (Mackenzie 1961), and the 

cownose ray, Rhinoptera bonansus (Smith and Merriner 1978). Other 

gastropod predators/parasites such as Odostomia imoressa prefer older, 

la rger oysters as prey rather than spat or small oysters (Loosanoff 

1956). Although the oyster toadfish, Qpsanus tau. is a probable 

predator, i t  also preys to a greater extent on mud crabs (McDermott 

1964) and may be more of an oyster benefactor than predator (Gibbons and 

Castagna 1985).

Oyster diseases and anoxia/hypoxia were probably not s ig n if ican t  

m o rta lity  factors in th is  study. The shallow depth (3-4m) of Milford  

Haven probably fa c i l i t a te s  wind-driven mixing of the water column such 

that low DO levels are seldom encountered by oysters. Should conditions 

become hypoxic, oysters can survive up to 5 days at 1.0 ppm oxygen 

(Sparks et a l . 1958). Oyster diseases such as Michinia nelsoni (MSX) 

and Perkinsus marinus (Dermo) are usually not fa ta l until oysters are 2 

to 3 years old (Sprague 1971).

Predation dynamics of blue crabs varied as a function of ab iotic  

and b io t ic  factors . Laboratory results  suggested that prey persistence
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times and thus successful encounter rates varied according to 

temperature and oyster length and were both correlated with oyster 

density. Field results  suggest that temperature, oyster length and 

density-dependent m orta lity  mechanisms were operating fo r th is  subtidal 

oyster ree f .  M o rta lity  rates appeared to be decreasing functions of 

increasing oyster length, and were p o s it ive ly  correlated with density at 

both s ite s . At the 1985 s i te ,  the confounding nature of m orta lity  rates 

as a function of temperature suggests that oyster density and length 

mediated crab predation in ten s ity  from la te-spring  through late-summer 

as 0+ oysters reached 1 year old. Local patterns in prey abundance and 

d is tr ib u tio n  determine the d ie t  of individual Cal1inectes such that  

crabs may migrate from low-density to high-density prey patches 

(Laughlin 1982). Boulding and Hay (1984) postulated that crabs are able 

to detect areas of higher prey density from a distance and ac tive ly  

forage there. Pearson et a l . (1979) showed that Cancer magister uses 

i ts  antennules as distance chemoreceptors and has the a b i l i t y  to detect 

extracts of the l i t t l e  neck clam, Protothaca staminea, at a

concentration of 10~^g/L; higher concentrations e l i c i t  foraging 

behaviors (Pearson et a l . 1979). Hence, high clam densities would emit 

a greater concentration of metabolites than would fewer clams in the 

same area, thus more crabs would be attracted leading to higher 

m orta lity  rates (Boulding and Hay 1984). Crabs might also cause 

density-dependent m orta lity  by remaining longer in , or returning more 

often to patches of high density (Boulding and Hay 1984), as predicted 

by optimal foraging premises (Pyke et a l . 1977). In traspec if ic  

competion between large aggregations of crabs within high density



166

patches might also reduce the extent of available feeding areas (Ens and 

Goss-Custard 1984) and the e ff ic ien cy  with which crabs forage.

The f ie ld  results do not allow one to s p e c if ic a l ly  te s t i f  crabs 

s ta b i l iz e  oyster populations in the mathematical sense of establishing  

lo c a l ly  or g lob a lly  stable e q u i l ib r ia ,  or in the sense of the rate of 

return to equilibrium . Therefore, in discussing the f ie ld  data, the 

term destab iliz ing  refers  to a s ituation in which m orta lity  rates  

increase with decreasing prey prey density. Proportional m orta lity  

rates increased from May 13 to dune 24 with a concomittant decrease in 

oyster density and increase in length. These results  suggest that crab 

predation had a p o te n tia lly  destab iliz ing  e ffe c t  on prey dynamics over 

th is  period. Despite th is  destab iliz ing  trend, oysters appear to 

pers ist a f te r  June 24 by atta in ing  a length (>30 mm) beyond which they 

are re la t iv e ly  invulnerable to crab predation. These results  agree with 

laboratory observations of increased handling time and decreasing 

p r o f i t a b i l i t y  fo r oysters > 29 mm SL. The f ie ld  results  from May 13 to 

June 24 are consistent with the destab iliz ing  predation shown by three 

sizes of blue crabs feeding on medium oysters at high temperatures. Due 

to the intense recruitment of Moloula. th is  trend probably began to 

s ta b i l iz e  as a consequence of prey switching and/or increased habitat 

complexity associated with the tunicate mat. However, competition for  

food resources may have enhanced oyster m orta lity  and negated the 

s ta b il iz in g  feature. Decreasing temperature associated with autumn 

appeared to be the key factor in reducing predation in ten s ity  at the 

1986 s i te .  Thus a suite of d irec t and in d irec t m o rta lity  factors  

combined with medium to high annual recruitment levels (Haven et a l . 

1981) probably interacted to enhance local and/or global s t a b i l i t y  of
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th is  oyster community, or cause density-dependent m orta lity  (Murdoch and 

Oaten 1975, Hassell 1978).

Application to ovster enhancement operations

The cumulative laboratory and f ie ld  evidence indicates that an 

outplanting strategy of oysters > 29 mm SL, attached to oyster cultch,

during the f a l l  when water temperatures reach approximately 15° C would 

probably minimize losses due to crab predation. Increasing habitat  

complexity fo r small oysters <29 mm SL via rough-surfaced cultch may 

help mediate predation in tens ity  as w e ll .  A dd itionally , proper 

manipulation of to ta l  and w ith in -cu ltch  densities might reduce losses 

due to density-dependent predation.
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Table 2. Results of l in e a r  regression with the log-transformed general 

functional response model (Real 1977, 1979) at each temperature.

Feature 27-26° C

Temperature 

 20-19° C 14-13° C

Parameter estimates

Intercept

Slope

Slope standard error

-2.65

0.90

0.09

-2.07

1.00

0.18

-2.94

0.96

0.24

Summary S ta t is t ic s

Regression SS(df) 4 .9 (1 )

Residual SS(df) 2.1(44)

F-value 104.6

P-values <0.0001

R2(%) 70.4

Binomial Test (P a r t ia l )  NS

Binomial Test (Complete) P<0.005

4 .4 (1 )

4.6(34)

33.0

<0.0001

49.2

NS

NS

3.7 (1 )

7.7(34)

16.4

<0.0001

32.6

NS

NS

Tests of Hypothesis 

Ho: slope-0 

Ho: slope=l 

Ho: slope=2

P<0.0005

NS

P<0.0005

P<0.0005

NS

P<0.0005

P<0.0005

NS

P<0.0005
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Table 6. Results of l in e a r  regression with the log-transformed general 

functional response model (Real 1977, 1979) at each oyster s ize-c lass.

Oyster size class (x -  2 mm SL)

Feature____________________   15_______ 25_____________ 35

Parameter estimates

Intercept -2.62 -2 .65 -1 .88

Slope 1.00 0.90 0.58

Slope standard error 0.03 0.09 0.12

Summary S ta t is t ic s

Regression SS(df) 11.6(1) 4 .9 (1 ) 3 .8 (1 )

Residual SS(df) 0 .5(41) 2.1(44) 13.0(86)

F-value 867.9 104.6 25.3

P-values <0.0001 <0.0001 <0.0001

R2(%) 95.5 70.4 22.7

Binomial Test (P a r t ia l )  NS NS NS

Binomial Test (Complete) NS P<0.005 NS

Tests of Hypothesis

Ho: siope=0 P<0.0005 P<0.0005 P<0.0005

Ho: slope=l NS NS P<0.0005

Ho: siope=2 P<0.0005 P<0.0005 P<0.0005
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Table 10. Results of l in e a r  regression with the log-transformed

functional response model (Real 1977, 1979) fo r  large oysters at

crab s ize-c lass.

Crab size class (mm CW1

Feature_______________ ,_______ 135-165________ 100-125

Parameter estimates

Intercept -1 .88 -2.31

Slope 0.58 0.81

Slope standard error 0.12 0.17

Summary S ta t is t ics

Regression SS(df) 3 .8 (1 )  3 .8 (1)

Residual SS(df) 13.0(86) 7.3(44)

F-value 25.3 23.2

P-value <0.0001 <0.0001

R2(%) 22.7 34.5

Binomial Test (P a r t ia l )  NS NS

Binomial Test (Complete) NS NS

Tests of Hypothesis

Ho: slope=0 P<0.0005 P<0.0005

Ho: slope=l P<0.0005 NS

Ho: slope=2 P<0.0005 P<0.0005

general

each
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Table 12. Estimated model parameters for conceptual nonlinear

functional response model results for large oysters by crab carapace

width. Values are means + 1 S.E.

Crab size class Model parameters

(mm CW) _____  a* _______  b____________ c____________ TTl ______

135-165 .005 ± .001     0.01 + 0.43

100-125   .010 + .001 2.00 ± 0.0 0.01 ± 0.56

[h]~* *  oyster

a ’ = attack rate = the area a predator searches fo r  prey per unit time. 

Th = the time taken to break open and eat a single prey, and is a 

decimal fraction of 1.0 h. 

b = a constant, 

c = a constant.
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Table 13. Results of l in e a r  regression with the log-transformed general

functional response model (Real 1977, 1979) for medium oysters at each

crab s ize -c lass .

Crab size-class (mm CW)

Feature _________________  135-165__100-125_________ 60-80

Parameter estimates 

Intercept -2.65

Slope 0.90

Slope standard error 0.09

-1.81 -1 .75

0.93 0.93

0.19 0.14

Summary S ta t is t ic s

Regression SS(df) 4 .9 (1)  4 .8 (1)  4 .4 (1)

Residual SS(df) 2.1(44) 3.3(43) 4.0(40)

F-value 104.6 62.1 43.8

P-values <0.0001 <0.0001 <0.0001

R2(%) 70.4 59.1 52.2

Binomial Test (P a r t ia l )  NS NS NS

Binomial Test (Complete) P<0.005 NS NS

Tests of Hypothesis

Ho: slope=0

Ho: slope=l

Ho: slope=2

P<0.0005

NS

P<0.0005

P<0.0005 P<0.0005

NS NS

P<0.0005 P<0.0005
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Table 15. Estimated model parameters fo r conceptual nonlinear

functional response model results fo r medium oysters by crab carapace

width. Values are means + 1 S.E.

Crab size class Model parameters

(mm CVO__________ aT________________Th^______ _____

135-165 0.037 ± 0.005 0.10 + 0.00

100-125 0.029 ± 0.007 0.53 + 0.22

60-80 0.031 ± 0.010 0.49 ± 0.28

*  -1[h] *  oyster

a ’ = attack rate = the area a predator searches for  prey per unit  time. 

Th = the time taken to break open and eat a single prey, and is a 

decimal fraction of 1.0 h.
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Table 16. Results of l in e a r  regression with the log-transformed general

functional response model (Real 1977, 1979) for small oysters at each

crab s ize -c lass .

Crab size^class (mm CW)

Feature____________________  135-165 100-125 60-80

-2.62 -2.71 -2.65

1.00 1.06 1.00

0.03 0.04 0.04

Parameter estimates

Intercept

Slope

Slope standard error

Summary S ta t is t ic s

Regression SS(df) 11.6(1) 13.7(1) 12.3(1)

Residual SS(df) 0.5(41) 0.6(41) 0.8(41)

F-value 867.9 893.1 655.7

P-values <0.0001 <0.0001 <0.0001

R2(%) 95.5 95.6 94.1

Binomial Test (P a r t ia l )  NS P<0.05 NS

Binomial Test (Complete) NS NS P<0.05

Tests of Hypothesis

Ho: slope=0

Ho: slope=l

Ho: slope=2

P<0.0005

NS

P<0.0005

P<0.0005 P<0.0005

NS NS

P<0.0005 P<0.0005
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Table 18. Estimated model parameters for conceptual nonlinear

functional response model results fo r small oysters by crab carapace

width. Values are means + 1 S.E.

Crab size cl^ss Model parameters

(mm CW)   a* b___________ c ________ Th

135-165 .038 ± .005   - - - - -  0.01 ± 0.01

100-125 - - - - -  0.01 ± 0.004 0.10 ± 0.01 0.20 + 0.003

6Q-80   0.01 + 0.004 0.10 ± 0.01 0.20 ± 0.003

* [ h ] _1 *  oyster

a ’ = attack ratq = the area a predator searches for  prey per unit time 

Th -  the time taken to break open and eat a single prey, and is a 

decimal fract ion of 1.0 h. 

b * a constant, 

c = a constant.
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Table 19. Results of l in e a r  regression with the 1og-transformed general

functional response model (Real 1977, 1979) fo r large male and female

crabs eating large oysters.

Crab sex

Feature_____________________  Male__  Female

Parameter estimates

Intercept -1 .88 -2.50

Slope 0.58 1.00

Slope standard error 0.12 0.19

Summary S ta t is t ic s

Regression SS(df) 3 .8 (1)  4 .5 (1 )

Residual SS(df) 13.0(86) 6.0(35)

F-value 25.3 26.7

P-value <0.0001 <0.0001

R2(%) 22.7 43.2

Binomial Test (P a r t ia l )  NS NS

Binomial Test (Complete) NS NS

Tests of Hypothesis

Ho: slope=0

Ho: slope=l

Ho: slope=2

P<0.0005

P<0.0005

P<0.0005

P<0.0005

NS

P<0.0005
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Table 21. Estimated model parameters for conceptual nonlinear

functional response model results fo r  large male and female crabs eating

large oysters. Values are means + 1 S.E.

Model parameters
*

Crab sex___________ a*_____________b__________ _ c _________ Th__________

Male .005 ± .001 - - - - -  - - - - -  0 . 0 1 + 0 . 4 3

Female    0.018 + 0 . 1 1  2.0 ± 12.64 0.01 + 0.21

[h ]_1 *  oyster

a ’ = attack rate -  the area a predator searches for prey per unit time. 

Th = the time taken to break open and eat a single prey, and is a 

decimal fract ion of 1.0 h. 

b = a constant, 

c = a constant.
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Table 22. Results of l in e a r  regression with the log-transformed general

functional response model (Real 1977, 1979) fo r large male and female

crabs eating medium oysters.

Crab sex

Feature_________________________Mai_e__________ Femal e

Parameter estimates 

Intercept  

SI ope

Slope standard error

-2.65 -1.94

0.90 1.04

0.09 0.20

Summary S ta t is t ic s

Regression SS(df) 4 .9 (1)  5.6(1)

Residual SS(df) 2.1(44) 8.5 (42)

F-value 104.6 27.6

P-value <0.0001 <0.0001

R2(%) 70.4 39.7

Binomial Test (P a r t ia l )  NS P<0.005

Binomial Test (Complete) P<0.005 P<0.0001

Tests of Hypothesis

Ho: slope=0

Ho: slope=l

Ho: slope=2

P<0.0005

NS

P<0.0005

P<0.0005

NS

P<0.0005
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Table 24. Estimated model parameters for conceptual nonlinear

functional response model results  fo r large male and female crabs

feeding on medium oysters. Values are means ± 1 S.E.

Model parameters
*

___________________  a’ ____________ Th____________

Male 0.037 ± 0.005 0.10 + 0.00

Female 0.023 ± 0.007 0.10 ± 0.31

*  -1[h] *  oyster

a ’ = attack rate = the area a predator searches for  prey per unit time. 

Th = the time taken to break open and eat a single prey, and is a 

decimal f ract ion of 1.0 h.
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Table 25. Results of l in e a r  regression with the log-transformed general

functional response model (Real 1977, 1979) fo r medium male and female

crabs eating large oysters.

Crab sex

Feature___________________   Mai_e_ Female

Parameter estimates 

Intercept -2.31

Slope 0.81

Slope standard error 0.17

-1.73

0.55

0.11

Summary S ta t is t ic s

Regression SS(df) 3 .8 (1 )  1-3(1)

Residual SS(df) 7.3(44) 1.7(34)

F-value 23.2 26.6

P-value <0.0001 <0.0001

R2(%) 34.5 43.9

Binomial Test (P a r t ia l )  NS NS

Binomial Test (Complete) NS NS

Tests of Hypothesis

Ho: slope=0 P<0.0005 P<0.0005

Ho: slope=l NS P<0.0005

Ho: slope=2 P<0.0005 P<0.0005
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Table 27. Estimated model parameters for conceptual nonlinear

functional response model results  fo r medium male and female crabs

feeding on large oysters. Values are means + 1 S.E.

Model parameters

*
Crab sex________________b ______ c  Th________ ____

0.010 + 0.001 2.00 + 0.0 0.01 ± 0.56

0.007 ± 0.003 0.01 ± 0.002 3.98 ± 0.01

*  -1[h] *  oyster

Th = the time taken to break open and eat a single prey, and is a 

decimal fract ion of 1.0 h. 

b = a constant, 

c = a constant.

135-165

100-125
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