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Abstract: American oystercatchers (Haematopus palliatus) responded to declines in the density of oysters (Crassostrea 
virginica) on a commercial oyster bed examined in 1979 and 1995 by increasing the number of species of prey eaten 
and search times, but not peck rates or handling times. Seasonal changes in foraging behaviour included oystercatchers 
choosing larger oysters with longer handling times in winter than in autumn, but with subsequently greater profitability 
and higher intake rates. Time budgets of foraging birds were similar in the two seasons. Oystercatchers ate fewer mussels 
in winter than in autumn, and fewer mussels than oysters at all times. Search and handling times for mussels were 
similar in autumn of the 2 years. After a commercial harvest of oysters at a second site, handling times for oysters did 
not decline; however, search times were significantly more variable, niche breadth was greater, and there was a trend 
towards longer search times post harvest. The recorded changes in foraging behaviour indicated a close match between 
search and handling times and prey density and size and behavioural flexibility of foraging birds in response to sometimes 
drastic changes in their prey base. 

RCsumC : Les Huitriers d'AmCrique (Haematopus palliatus) ont rCagi a la diminution du nombre d'huitres (Crassostrea 
virginica) dans une huitrikre commerciale examinee en 1989 et en 1995 en consommant un plus grand nombre d'espkces 
de proies et en augmentant la durCe de leur recherche, mais ils n'ont augment6 ni la frCquence de leurs coups de bec, 
ni la durCe de manipulation de leurs proies. Parmi les changements saisonniers observes dans le comportement de 
recherche de nourriture des oiseaux, nous avons constat6 qu'ils choisissaient de plus grosses huitres et les manipulaient 
plus longtemps en hiver qu'h l'automne, mais en tiraient plus de profit et augmentaient leurs taux d'ingestion. Les 
budgets temporels des oiseaux la recherche de nourriture Ctaient semblables au cours des deux saisons. Les huitriers 
consommaient moins de moules en hiver qu'a l'automne, et moins de moules que d'huitres en tout temps. La durCe de 
la recherche et celle de la manipulation de la nourriture se sont avCr6es les mCmes au cours de deux automnes. Aprks la 
rCcolte commerciale des huitres un second site, la durCe de manipulation des huitres n'a pas diminuk, mais la durCe 
de  la recherche des proies est devenue beaucoup plus variable, la largeur de la niche a augment6 et la durCe de la 
recherche avait tendance a augmenter. Les modifications du comportement de recherche de nourriture indiquent une 
paritiC Ctroite entre la durCe des manipulations et la durCe de la recherche des proies, entre la densit6 des proies et leur 
taille, et dkmontrent la flexibilitC des huitriers face a des changements considCrables de leur source de proies. 
[Traduit par la RCdaction] 

Introduction the depletion of prey through behavioural shifts to overcome 

Long-term changes in prey density occurring as a result of 
parasitic disease can alter the foraging behaviour of winter- 
ing shorebirds, through a switch to new feeding sites or new 
prey (Goss-Custard and Durell 1983) or an increase in the 
time devoted to feeding (Boates and Goss-Custard 1992). 
Seasonally, prey behaviour can be affected by temperature 
(Woodin 1974; Conners et al. 1981; Zwarts and Wanink 
1993), so that at lower temperatures, prey decrease in size 
and (or) density or become less available and shorebirds 
become energetically stressed (Dugan 198  1 ; Davidson 198 1 ; 
Davidson and Evans 1983; Hulscher 1989). Shorebirds rely- 
ing on commercially harvested shellfish must also respond to 
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energy deficits. ~ l t e r i n ~  search times (Piersma 
et al. 1995),  handling times (Kaspari and Joern 1993),  and 
intensity of the search (Cayford and Goss-Custard 1990;  
Cresswell 1994) in response to changes in prey populations 
over time leads to alterations in profitability (grams per unit 
handling time; Stephens and Krebs 1986) and overall intake 
rates (grams per unit total foraging time) for particular prey 
species (Cayford and Goss-Custard 1990; Goss-Custard 
et al. 1995a,  1995b). 

American oystercatchers (Haernatopus palliatus) are highly 
visible shorebirds that forage on large, visible prey (No1 
1989). Its European counterpart, H. ostralegus, has been the 
subject of a wide range of papers describing the relationship 
of this bird to its bivalve molluscan prey (see Hulscher and 
Ens 1992; Ens et al. 1992; Goss-Custard et al. 1995a, 1995b). 
By contrast, the feeding ecology of the American oyster- 
catcher is poorly known (Levings et al. 1986; No1 and 
Humphrey 1994). The American oystercatcher winters in 
large flocks comprising both resident and migrant birds along 
the coasts of Virginia and North Carolina (No1 and Humphrey 
1994), where it forages primarily on commercially harvested 
oysters (Crassostrea virginica; Cadman 1980). 
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We report the results of a study designed to examine 
the consequences of changes in prey abundance from three 
sources, long term, seasonal, and preharvest and post har- 
vest, for the foraging behaviour of wintering American 
oystercatchers in Virginia. Commercially seeded oyster 
beds in this region have been devastated by three parasites 
(Haplosporidium nelsoni, H. costale, and Perkinsus marinus) 
and overharvesting since the 1970s (Sindermann 1970; Haskin 
and Andrews 1988; Andrews 1988; Figueras and Fisher 
1988). We use an older study (Cadman 1980) as the basis of 
our long-term comparison. Seasonal declines in oyster abun- 
dance are due primarily to predation by oystercatchers in 
autumn and winter. We also report on changes in the behav- 
iour of foraging oystercatchers on a commercial oyster bed 
following a harvest of oysters in summer 1994. 

Specific predictions about changes in foraging behaviour 
include an increase in search time in all three comparisons 
for birds that continue to forage on oysters after the decline, 
a decrease in handling time in rgsponse to a decline in prey 
size (Holling 1959; Piersma et al. 1995), and changes in 
peck rate that reflect changes in the distribution and abun- 
dance of alternative prey. We also predicted that oyster- 
catchers would spend more time foraging overall when prey 
densities were lower (Maron and Myers 1985; Martin 1986), 
or switch to alternative prey (Frank 1982). For the seasonal 
and pre- and post-harvest comparisons we also examined 
he consequences of changes in prey abundance and preda- 
tor behaviour or intake rates and profitability of prey of 
foraging oystercatchers. 

Study areas and methods 

Study areas 
This study was conducted during three time periods: October- 
December 1993, October - December 1994, and 7 - 15 February 
1995. Most observations were made in one of three locations, with 
short trips made on a regular basis to locate oystercatchers foraging 
or roosting elsewhere in the region. The main study area, Queen 
Sound (Fig. I),  is located 5 km west of the island of Chincoteague, 
Virginia (37"56'N, 75'28'W). Salt marshes, channels, bays, mud 
flats, sand flats, and oyster beds characterize the area. The domi- 
nant vegetation of the salt marshes consists of salt hay (Spartina 
patens), smooth cordgrass (Spartina alterniflora) , and saltwort 
(Salicornia sp.). The Queen Sound oyster bed is manmade, and 
consists of American oysters that were last seeded in the summer 
of 1993 and ribbed mussels (Geukensia demissa) that grow wild and 
are considered a nuisance by the local oyster harvesters (D. Thornton, 
personal communication). The bed is located in the intertidal zone 
at the north end of a large shallow bay and is exposed by the tide 
twice each day, the exposure time depending on moon phase and 
wind speed and direction (range 0 -  12 h). 

The secondary study site (hereafter referred to as the sand flat) 
is a sand flat approximately 3 km south of the Queen Sound oyster 
bed (Fig. 1). It was accessible by boat during the autumn months 
(November and December) and was chosen as a study site because 
of the large numbers of oystercatchers seen there daily. Possible 
prey types found in the sandy mud were common razor clams (Ensis 
directus), stout razor clams (Tagelus plebeius), northern quahog 
(Mercenaria mercenaria), and various worms (Clymenella torquata 
and Glycera spp.). 

A third study site was located off the coast of Wachapreague, 
Virginia (37"36'N, 75'41 'W), 70 km south of Chincoteague. This 
site was chosen because in autumn 1994 it was thought that it would 
provide temporal control for the historical comparison, as it was con- 

sidered to be a site with a healthy oyster population (M. Luckenbach, 
Virginia Institute of Marine Sciences, personal communication). 
It consists of a commercial oyster bed located at the tip of a large 
sand flat containing common razor clams, stout razor clams, north- 
ern quahog, and worms. The oyster bed, accessible only by boat 
during low autumn tides, is composed of American oysters, ribbed 
mussels, and worms in the mud surrounding the bivalves. This 
bed was harvested in summer 1994, leaving fewer oysters for the 
second autumn field season. Therefore, we use it as an example 
of the response of oystercatchers to a rapid decline in preferred 
prey availability. 

The average temperature during autumn 1993 was 10.1 "C, the 
minimum temperature being - 1.7 "C and the maximum 27.8"C. 
The average temperature during autumn 1994 was 12.2"C, with a 
minimum of -3.3"C and a maximum of 25.0°C. The average for 
February 1995 was - 1.2"C, with a minimum of - 10.O°C and a 
maximum of 11.1 "C. 

Observation periods 
Boat trips to the sand flat were made whenever wind and weather 
permitted in the autumn. In total, 16 trips were made, 6 in 1993 and 
10 in 1994. Only one trip was made to the sand flat in winter 1995. 
On each trip other sites were also visited in an attempt to locate 
oystercatchers foraging or roosting elsewhere. We made a total of 
10 trips to the Wachapreague site, 4 in 1993 and 6 in 1994. The 
remainder of the study period was spent at the Queen Sound oyster 
bed. Whenever possible (e.g., no heavy rains) we visited the sites 
for the entire daylight period. Five nightly trips, each 1 h in dura- 
tion, were made each season, during clear nights, sometimes with 
a full moon, to determine if nocturnal foraging was taking place at 
the Queen Sound oyster bed. 

Prey characteristics 
Oyster density and size were measured at the Queen Sound oyster 
bed to determine how oyster populations had changed seasonally 
and historically, and at the Wachapreague bed to determine how 
the oyster population had changed after the harvest in summer 
1994. We sampled the Queen Sound oyster bed each year and the 
Wachapreague oyster bed in 1993 and 1994, by randomly placing 
25-70 quadrats measuring 25 x 25 cm on the bed, counting the 
bivalves in each quadrat, and measuring each bivalve. This quadrat 
size was chosen because it was also used by Cadman (1980), and 
the oysters, because they were seeded, were distributed relatively 
evenly over the bed. Shell heights of mussels and oysters were 
measured to f 0.01 mm using calipers. The flesh was extracted 
from all oysters and mussels in the quadrats and the volume of this 
flesh was measured by water displacement to the nearest 0.5 mL. 
At the Wachapreague site, five core samples (diameter 30 cm; 
depth 1.0 m) of mud surrounding the oyster bed were extracted for 
the purpose of identifying the invertebrate species present. No 
estimations of prey density were made at the sand flat location near 
Queen Sound. 

Time budgets 
The amount of time spent foraging, roosting, flying, or preening 
each day was calculated at the Queen Sound oyster bed each season. 
The time budget of all oystercatchers within view, during times 
when the beds were exposed at each location, was recorded once 
every 10 min (i.e., instantaneous scan samples) at the Queen Sound 
oyster bed for 1 week in 1993, 2 weeks in 1994, and 9 days in 
winter 1995, and for 11 days in autumn of both years (1993 and 
1994) at the sand flat. The daily percentages of birds foraging, 
roosting, preening, and flying were averaged for each location and 
considered to be representative of the time each activity was per- 
formed each day. 

O 1997 NRC Canada 



172 Can. J. Zool. Vol. 75, 1997 

Fig. 1. The eastern shore of Virginia, indicating the location of Chincoteague Island. Inset: Map of the study area surrounding 
Chincoteague. 1, Queen Sound oyster bed; 2, high-water roost; 3, Chincoteague Island. 
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Table 1. Historical, yearly, and seasonal changes in oyster density at the Queen 
Sound oyster bed and post-harvest changes at Wachapreague. 

Mean no. of 
Comparison N oystersl0.0625 m2 4 * P 

Queen Sound 
Historical 

Winter 1979+ 64 47.54 (4.79) 9.09 <0.0001 
Winter 1995 30 3.73 (0.52) 

Yearly 
Autumn 1993 50 7.12 (0.64) 1.08 0.28 
Autumn 1994 50 9.04 (1.05) 

Seasonal 
Autumn (2 years) 100 8.08 (0.62) 4.05 0.0001 
Winter 1995 30 3.73 (0.52) 

Wachapreague 

Preharvest (autumn 1993) 16 10.81 (1.52) 2.98 0.003 
Post harvest (autumn 1994) 25 3.24 (0.67) 

Note: Numbers in parentheses are standard errors. N is the number of quadrats. 
*Significance was tested using Wilcoxon's rank-sum test. 
'From Cadman (1980). 

Foraging parameters and prey choices We estimated the total volume of the oyster or mussel eaten by each 
We arbitrarily chose and observed a foraging oystercatcher until oystercatcher by summing the midpoint estimates of the individual 
three successful foraging bouts were completed. During this period bite size classes. 
one of us (J.T.) noted the prey type and determined search and Caloric values were obtained from the literature as follows: 
handling times and peck rate for each prey item, using a stopwatch. Mytilidae (128.8 kJ . g- dry mass; Cummins and Wuycheck 197 1); 
Prey consisted primarily of mussels or oysters, which were easily American oysters (141.8 kJ . g-I dry mass; l h m e  1972); and 
identifiable. The number of oystercatchers foraging and the state of Annelids (109.5 kJ . g-I mass; C ~ m m i n s  and Wu~check  1971). 
the tide (rising or falling) were recorded at the beginning of each 
new observation. 

Search time was defined as the time taken from the completed 
consumption of one prey item to the successful search for another 
(Cadman 1980). Handling time was recorded from the initial dart- 
probe action of the oystercatcher until the beginning of another 
search time. Bivalve flesh was often loose in an already opened 
shell and the bird could extract it in less than 3 s,  in which case we 
recorded it as scavenging and not as a successful foraging bout. 
We defined a peck as the touching of the substrate with the tip of 
the bill. The peck rate was the number of pecks made during a 
10-s period. 

An oyster or mussel was usually extracted in more than one 
piece, and we refer to each piece as a bite. Using the dimensions 
of the oystercatcher's bill we estimated the size of each bite and 
allocated it to one of three size classes. The largest, class 3 (oysters 
> 6.0 mL (midpoint 6.0 mL); mussels > 10 mL (midpoint 10.0 mL)), 
for both bivalves was usually hard to swallow and the meat was as 
long as the bill (about 86 mm; No1 and Humphrey 1994). When an 
oystercatcher swallowed a bite smaller than one-quarter of the bill 
length, we considered it to be a class 1 bite (oysters <0.99 mL 
(midpoint 0.5 mL); mussels < 1.99 mL (midpoint 1.0 mL)). A 
class 2 bite (oysters 1 -5.99 mL (midpoint 3.5 mL); mussels 
2-9.99 mL (midpoint 6.0 mL)) was somewhere in between; we 
based this class on relative bill dimensions. Pieces of flesh of vari- 
ous sizes, from very small to very large, were cut by an assistant 
and their volumes were measured by water displacement to the 
nearest 0.5 mL. The accuracy of judging bite size was determined 
by having the assistant hold up these pieces of flesh to a model 
oystercatcher placed on the Queen Sound oyster bed (Goss-Custard 
et al. 1987). While sitting at the usual observation point in a car, 
we assigned each piece of flesh to the size class we thought correct. 
Accuracy was determined to be 100% when estimations of size 
class were compared with the actual volume of each piece of flesh. 

Statistical analysis 
All data were tested for normality, and if they were not normal, 
then nonparametric statistics were used. Arcsine transformations 
were performed on time-budget data. As a long-term comparison, 
winter 1995 foraging behaviour data and oyster densities were 
compared with these variables provided by Cadman (1980), as his 
study was also done during the winter, from 7 January to 8 March 
1979. Direct comparisons with volumes and the variables that 
depend on volume (intake rates and profitability) found by Cadman 
(1980) were not made because the class sizes used to estimate 
bite size differed. We also did not compare statistically the numbers 
of birds foraging in winter 1995 with the numbers in 1979 because 
of the absence of standard errors in Cadman (1980). The even- 
ness measure of the Shannon-Wiener function (Krebs 1989) was 
used to compare diet breadths in the long-term comparison and 
seasonally. 

Prior to any statistical analyses, search times, handling times, 
and peck rates were averaged according to prey type (oyster or 
mussel) for each bird observed, to avoid pseudoreplication (Hurlbert 
1978; Heijl et al. 1990). Means are given plus or minus 1 standard 
error and probabilities less than 5 %  ( P  < 0.05) are considered 
significant, although exact probabilities are reported. 

Results 

Prey characteristics 
Oyster densities at the Queen Sound oyster bed in autumn of 
1993 and 1994 were not significantly different and these data 
were pooled (Table 1). The oyster density at this bed was 
significantly lower in winter 1995 than in autumn 1995 
and in 1979 (Cadman 1980). The density of oysters at the 
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Fig. 2. Time budgets for oystercatchers at the Queen Sound oyster bed in autumn 1994 and winter 1995, and at the sand flat in autumn 
1994. Vertical bars represent + 1 SE. The numbers above the bars represent the number of days on which the activity was recorded. 

winter, Queen Sound 

autumn, sand flat 

forage roost preen f 'Y 
Activity 

Wachapreague oyster bed was also significantly lower post 
harvest than preharvest. 

Mussel densities (number/0.0625 m2) also did not differ 
significantly between autumn field seasons (1993 (F + SE): 
4.28 + 0.63, n = 70 quadrats; 1994: 5.10 f 0.70, n = 50; 
t = 1.2 1, P = 0.23). The density of mussels was significantly 
higher in autumn than in winter (autumn (2 years): 4.62 f 
0.47, n = 120; winter 1995: 0.20 + 0.15, n = 30; t = 7.82, 
P < 0.0001). No mussels were counted or noted on the 
Queen Sound bed in 1979 (Cadman 1980). 

On the Queen Sound bed, oysters had a significantly 
greater height in autumn 1993 than in winter 1995 (autumn 
(Ff SE): 62.5 + 1.88 mm, n = 83; winter: 47.7 + 1.46 mm, 
n = 69; t = 6.24, P < 0.0001). The winter value could not 
be compared statistically with the height of oysters found in 
1979 (F = 41.32 mm) because no standard errors were 
provided, but the means are quite similar for the two winter 
field seasons. We were not able to measure the sizes of 
oysters at Wachapreague. 

At the sand flat study area, oystercatchers were seen eating 
small jackknife clams (Solen viridis), common razor clams, 
stout razor clams, and small worms that could not be identified 
by sight. At the Wachapreague oyster bed, core samples con- 
tained worms buried in the mud surrounding the oysters, 
including bamboo worms (Clyrnenella torquata), large fringed 
worms (Cirriformia grandis), and blood worms (Glycera spp. ). 

Time budgets 
The average maximum numbers of birds foraging per day at 
the Queen Sound oyster bed in 1993 and 1994 did not differ 
significantly (autumn 1993 (T f SE): 10.7 + 1.27, n = 

24 days; autumn 1994: 14.8 + 1.33, n = 28 days; t, = 1.73, 
P = 0.083). The combined numbers were significantly lower 
than the number of birds foraging on the Queen Sound bed 
in winter (combined autumn seasons: 12.9 + 0.96, n = 52; 
winter 1995: 44.2 f 8.86, n = 9; t, = 2.61, P = 0.009). 
In winter 1979 the average daily maximum number of oyster- 
catchers on the Queen Sound bed was 47, and the largest 
number of birds foraging at one time was 115. In 1995 these 
numbers were 44 and 74, respectively. The numbers could not 
be compared statistically. 

More oystercatchers (minimum 4, maximum 53, 16 trips) 
in the Chincoteague area appeared to forage on the sand flat 
during autumn than during winter, when only 5 individuals 
were found foraging on the sand flat (1 trip). 

Oystercatchers foraging at the Queen Sound oyster bed 
during autumn and winter had similar time budgets (Fig. 2). 
Birds at the sand flat spent significantly more of their day 
roosting and significantly less time foraging than those at 
the Queen Sound oyster bed (Tukey -Kramer multiple com- 
parison test, P < 0.05). Birds on the oyster bed spent sig- 
nificantly more time flying during winter than in autumn 
(P < 0.05). During 2 days of extremely low temperatures 
(-3.9 and -4.4"C) and strong northwest winds in the 
winter of 1995, oystercatchers remained on the roost even 
when the Queen Sound oyster bed was exposed. During 15 h 
of night observations we never observed foraging, although 
tides were low, light levels were generally high (from a full 
moon), and skies were clear. 

Diet breadth and prey volume 
Oystercatchers ate both mussels and oysters in autumn, but 
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Fig. 3. Oystercatcher diet breadth in the Chincoteague area in winter 1979 (Cadman 1980), autumn 1993 and autumn 1994 combined, 
and winter 1995 (a), and at Wachapreague in autumn 1993 and autumn 1994 (6). Numbers above the bars represent the number of 
observations. 

Oysters 

Worms 

H Razor clams 

Winter Autumn Winter 
1979 1993and1994 1995 

foraged almost completely on oysters during winter. Even- 
ness values calculated using the Shannon - Wiener function 
resulted in a maximum diet breadth for oystercatchers forag- 
ing in the Chincoteague area (Queen Sound plus sand flats) 
in autumn (J '  = 0.677 in autumn 1993; J '  = 0.735 in 
autumn 1994), an intermediate diet breadth in winter 1995 
(J '  = 0.122), and zero in winter 1979, when only oysters 
were consumed (Fig. 3a). The niche breadth for oyster- 
catchers foraging near Wachapreague was higher post harvest 
than preharvest ( J '  = 0.37 and J '  = 0.20, respectively). 
In 1993 at Wachapreague we observed oystercatchers con- 
suming only oysters and worms, but in 1994 their diet also 
consisted of razor clams from the surrounding sand (Fig. 36). 

The average volumes of oysters consumed by oyster- 

catchers at the Queen Sound bed were similar in 1993 and 
1994, but the combined autumn mean was significantly 
smaller than the average volume of oysters consumed in 
winter (Table 2). The average volumes of mussels chosen 
in the two autumn seasons did not differ significantly. 

Foraging behaviour: prey choice as a function of tidal 
state 

In autumn, given a choice, oystercatchers ate more oysters 
than mussels. In autumn of both years, they chose mussels at 
a higher rate during rising tides than during falling tides (1993: 
101 oysters and 38 mussels during rising tides; 324 oysters 
and 41 mussels during falling tides; G = 18.14, P < 0.001 ; 
1994: 68 oysters and 30 mussels during rising tides; 206 oys- 
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Table 2. Yearly and seasonal changes in oyster volume and 
yearly changes in mussel volume chosen by oystercatchers at the 
Queen Sound oyster bed. 

Mean vol. 
Comparison N (mL) t s P 

Oysters 

Yearly 
Autumn 1993 123 2.31 (0.13) 0.48 0.63 
Autumn 1994 119 2.39 (0.13) 

Seasonal 
Autumn (2 years) 242 2.35 (0.09) 7.48 <0.0001 
Winter 1995 159 4.20 (0.51) 

Mussels 

Yearly 
Autumn 1993 53 6.83 (0.60) -0.28 0.78 
Autumn 1994 28 6.41 (0.74) 

Note: Numbers in parentheses are  standard errors.  N is the number 
of individuals. 

ters and 22 mussels during falling tides; G = 20.71, P < 
0.001; the, effect was not significantly different between 
years, G = 1.27, P = 0.74). 

Foraging behaviour: search times, handling times, and 
peck rates 

Search times for oysters on the Queen Sound oyster bed in 
winter 1995 were significantly longer than search times 
recorded in 1979 (Table 3). Neither handling times nor 
peck rates in winter 1979 differed significantly from values 
collected in winter 1995. 

Search times, handling times, and peck rates for oysters 
did not differ significantly between 1993 and 1994 (Table 4). 
Search times and peck rates for oysters were significantly 
greater in autumn than in winter, while handling times were 
significantly shorter in autumn than in winter. 

For mussels, search times were significantly longer in 
1994 than in 1993, but mussel handling times and peck rates 
did not differ between years (Table 5). In autumn, search 
times were marginally longer for mussels than for oysters, 
whereas handling times were much longer (search times: 
t = 1.74, P = 0.084; handling times: t = 10.4, P < 0.0001), 
although peck rates were not significantly different for the 
two prey types (t = 0.1 1, P = 0.91). There were too few 
observations of oystercatchers foraging on mussels in winter 
to allow these values to be compared with those for oyster- 
catchers foraging on oysters in winter. 

The search times for oystercatchers foraging on the 
Wachapreague bed, for all prey items, were significantly 
shorter post harvest than preharvest. However, none of the 
foraging behaviours described specifically for oystercatchers 
foraging on oysters (for our relatively small sample in 1994) 
varied as a result of the harvest (Table 6). Search times were 
more variable in 1994 than in 1993 (F,,,,, = 6.27, P < 
0.05), and appeared to be slightly longer, on average, in 
1994. Handling times for all prey types combined declined 
significantly, presumably because of the change from oyster 
to worm prey. 

Profitability and intake rates 
The mean intake rates (mL . 5 min-I observation time) of 
oysters at the Queen Sound bed did not differ between 1993 
and 1994, but were significantly less in autumn than in 
winter (Table 7). At Wachapreague, intake rates for oyster- 
catchers eating oysters also declined significantly post harvest. 
The intake rate for mussels was significantly higher in autumn 
1993 than in both autumn 1994 and winter 1995. The overall 
intake rate at Queen Sound (including both mussels and oys- 
ters) was over twice as high in winter 1995 than in autumn 
of either year (autumn (2 years combined): 3.61 f 0.26; 
winter 1995: 11.72 + 0.91; t = 9.49, P < 0.0001). 

At Queen Sound the profitability of oysters was signifi- 
cantly greater than that of mussels in autumn of both years 
(oysters (mL - s- '  handling time): 0.12 f 0.004, n = 226; 
mussels: 0.08 + 0.009, n = 68; t = 5.57, P < 0.0001), 
whereas neither oyster nor mussel profitability changed 
between the two autumn seasons (Table 8). We do not have 
the data to permit a comparison of profitability of eating 
mussels and oysters in winter. The profitability of oysters 
was significantly greater in winter 1995 than in the two 
autumn seasons combined. 

Discussion 

Long-term changes 
The long-term decrease in oyster density in coastal Virginia 
from the 1970s through the 1990s resulting from the com- 
bined effects of three parasites has reduced the remaining 
oyster harvest to a fringe economic activity (from > 1 mil- 
lion bushels per year in the 1970s to <60 bushels in 1993 
and 1994; J .  Wesson, personal communication). Coinciding 
with these changes was an increase in the diet breadth of 
wintering oystercatchers. Presumably in response to the 
decline of the oysters, the ribbed mussel, a species not suit- 
able for commercial exploitation, has increased in numbers 
on the mussel beds, and is now consumed, at least part of the 
time, by wintering oystercatchers. The lower profitability of 
this species, caused by a 5-fold increase in handling times, 
is probably why it is chosen less often than oysters. Oyster- 
catchers at some breeding sites in the Chincoteague area feed 
their young almost exclusively on ribbed mussels (No1 1989), 
sa it may be that mussels contain important nutrients that are 
not provided by the flesh of the American oysters. In addi- 
tion, the aerobic respiration of ribbed mussels requires them 
to remain gaping and available for predation during dry 
conditions (Lent 1968), whereas American oysters close up 
tightly to avoid desiccation during dry conditions (Shick 
et al. 1988), and this may explain the consumption of some 
mussels despite their lower profitability. 

A second change in the foraging behaviour of oyster- 
catchers observed from 1979 to 1995 appeared to be an 
increase in the number of locations over which they foraged. 
In 1979, Cadman (1980) did not observe oystercatchers 
foraging anywhere but the Queen Sound oyster bed, and on 
the bed they ate only American oysters. Although densities 
of oystercatchers remained similar on the oyster beds over 
this period, a few oystercatchers foraged on local sand flats 
in winter 1995. Given the disproportionate effect of cold 
in lowering the accessibility of burying bivalves (Drew 1907; 
Kanwisher 1955; Roberts et al. 1988; Zwarts and Wanink 
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Table 3. Historical changes in mean search time, handling time, and peck rate for oysters at 
the Queen Sound oyster bed. 

Comparison Winter 1995 N Winter 1979* N ts P 

Search times (s) 60.87 (5.00) 151 44.35 (2.1) 51 1 2.33 0.02 
Handling times (s) 29.55 (1.55) 150 31.98 (1.93) 1358 0.70 0.48 
Peck rates (no. of pecks110 s) 0.84 (0.04) 141 1.52 (0.40) 221 1.54 0.14 

Note: Numbers in parentheses are standard errors. N is the number of individuals. 
*From Cadman (1980). 

Table 4. Yearly and seasonal changes in search time, handling time, and peck rate 
for oysters at the Queen Sound oyster bed. 

Comparison N Mean t  s P 

Search time (s) 
Yearly . 

Autumn 1993 1 1  1 72.03 (5.03) - 1.47 0.14 
Autumn 1994 11 1 94.78 (9.44) 

Seasonal 
Autumn (1993 and 1994) 222 83.41 (5.39) -4.39 0.0001 
Winter 1995 15 1 60.87 (5.00) 

Handling time (s) 
Yearly 

Autumn 1993 11 1 19.98 (0.86) -0.70 0.48 
Autumn 1994 109 23.51 (1.84) 

Seasonal 
Autumn (1993 and 1994) 220 21.73 (1.02) 5.39 < 0.000 1 
Winter 1995 150 29.55 (1.55) 

Peck rate (no. of pecks110 s) 
Yearly 

Autumn 1993 111 1.25 (0.04) -1.51 0.13 
Autumn 1994 94 1.24 (0.08) 

Seasonal 
Autumn (1993 and 1994) 205 1.24 (0.04) -6.30 < 0.000 1 
Winter 1995 14 1 0.84 (0.04) 

Note: Numbers in parentheses are standard errors. N is the number of individuals. 

Table 5. Yearly changes in mussel search time, handling time, and peck rate at the 
Queen Sound oyster bed. 

1993 1994 

Mean N Mean N t ,  P 

Search time (s) 82.5 (9.21) 48 137.08 (20.13) 32 2.16 0.03 
Handling time (s) 97.67 (6.04) 44 99.67 (11.68) 27 -0.03 0.98 
Peckrate(no.ofpecksllOs) 1.20(0.09) 47 1.36(0.17) 22 0.14 0.89 

Note: Numbers in parentheses are standard errors. N is the number of individuals. 

1993) compared with its effect on emergent, stationary oyster density over the same period. Handling time did not 
bivalves, sand flat habitat would likely be considered sub- decrease over the long term, and this agrees with the expecta- 
optimal. We did not obtain measures of the foraging success tion from Holling's disc equation, that if prey density declines 
of oystercatchers in these habitats, owing to the inaccessibility without changes in prey size, handling time should remain 
of the habitats in winter. constant (Piersma et al. 1995). This result is unlike earlier 

The long-term increase in search times at the Queen results of studies on European oystercatchers, where han- 
Sound oyster bed is most probably due to the decrease in dling time decreased with increase in prey density (Wanink 
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Table 6. Post-harvest changes in search time, handling time, and peck rate for all prey types 
combined and for oysters at Wachapreague. 

1993 1994 

Mean N Mean N ts P 

All prey types combined 
Search time (s) 72.54 (12.25) 13 47.30 (10.73) 30 2.79 0.005 
Handling time (s)* 20.20 (3.36) 12 9.69 (1.53) 29 3.60 0.0003 
Peck rate (pecks/ 10 s) 1.46 (0.25) 12 1.78 (0.16) 30 - 1.88 0.060 

Oysters 
Search time 77.20 (12.32) 12 134.75 (47.81) 5 1.32 0.19 
Handling time (s) 21.13 (3.54) 11 22.14 (5.67) 4 0.20 0.84 
Peck rate (no. of pecks/lO s) 1.23 (0.1 1) 11 1.65 (0.57) 5 0.72 0.53 
- - - - 

Note: Numbers in parentheses are standard errors. N is the number of individuals. 
*In 1993 this handling time was made up primarily of oysters, whereas in 1994 oystercatchers were 

eating primarily yorms. 

Table 7. Yearly changes in oyster intake rate at Queen Sound and Wachapreague, 
and seasonal changes in oyster intake rate as well as yearly changes in mussel intake 
rate at the Queen Sound oyster bed. 

- - 

Comparison N Mean (mL/5 min) 1, P 

Queen Sound 
Yearly 

Autumn 1993 
Autumn 1994 

Seasonal 
Autumn (1993 and 1994) 
Winter 1995 

Wachapreague 
Preharvest (autumn 1993) 
Post harvest (autumn 1994) 

Queen Sound 
Autumn 1993 
Autumn 1994 
Winter 1995 

Oysters 

Mussels 

- - 

Note: Numbers in parentheses are standard errors. N is the number of individuals. 

and Zwarts 1985) because in that study, at higher prey densi- 
ties, oystercatchers were thought to became more selective, 
choosing easily extracted prey (with shorter handling times; 
Piersma et al. 1995). In our study, oysters remained the pre- 
dominant prey, and the consistent handling times were due 
to the consistent sizes of oysters selected. This lack of change 
in prey size over time is probably due to the fact that in 1979 
the Queen Sound oyster bed was harvested, and the largest 
oysters were removed (D. Thornton, personal communication). 

We did not find any long-term change in peck rate, pos- 
sibly because the total number of possible prey items on 
the oyster bed, including living and dead oysters, did not 
change. If the oystercatchers could not separate living and 
dead bivalves by sight, they might be expected to peck at 
similar rates in 1995 and 1979. 

Seasonal changes 
The density and height of oysters decreased significantly 
from autumn to winter on the Queen Sound oyster bed. 
We attribute this decline primarily to oystercatcher preda- 
tion, as although other potential predators, including the 
channeled whelk (Busycon canaliculatus), blue crab (Cal- 
linectes sapidus), and stone crab (Menippe mercenaria) , 
were observed near the beds, we never observed them eating 
oysters, and their combined effect is probably minor. Euro- 
pean oystercatchers depleted the cockles (Cerastoderma 
edule) and mussels (M. edulis) throughout the winter in 
northwestern Europe (O'Connor and Brown 1977; Goss- 
Custard and Durell 1983, 1987). The black oystercatcher also 
had a major influence on the microdistribution of its limpet 
prey, reducing their numbers significantly (Frank 1982). 
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Table 8. Yearly changes in the profitability of mussels and oysters, and seasonal 
changes in the profitability of oysters consumed at the Queen Sound oyster bed. 

Mean profitability 
Comparison N (mL/s) *, P 

Yearly 
Autumn 1993 
Autumn 1994 

Yearly 
Autumn 1993 
Autumn 1994 

Seasonal 
Autumn (1993 and 1994) 
Winter 1995 

Mussels 

Oysters 

Note: Numbers in parentheses are standard errors. N is the number of birds observed 
consuming each prey type. 

Mussel density decreased seasonally, to virtual elimina- 
tion in winter 1995. The mussel population on the Queen 
Sound bed was small enough in autumn that, again, depletion 
by oystercatchers seems the most probable cause. Disease or 
death due to exposure appears an unlikely cause of the 
decline because populations of mussels were attached to 
nearby cordgrass, where oystercatchers did not generally 
forage. Ribbed mussels are also extremely tolerant of freezing 
temperatures (Kanwisher 1955). 

Densities of mussels and oysters in autumn remained 
approximately equal from 1993 to 1994. These densities 
corresponded to very similar foraging behaviour by oyster- 
catchers in the two autumn seasons, including similar volumes 
of the prey items eaten, similar search and handling times, 
and similar peck rates. This congruence suggests that some 
aspects of predator behaviour can be predicted on the basis 
of prey size and density (O'Connor and Brown 1977; Cayford 
and Goss-Custard 1990; Hutto 1990). However, peck rates 
of oystercatchers within the range of densities of prey found 
here may not indicate much about the distribution of prey, 
because peck rates were similar for both mussels and oysters 
and similar to peck rates of birds foraging on worms in 
Wachapreague, and these three food items have very different 
densities in the study area (see also "Long-term changes"). 

The only change that we observed from one autumn to the 
next was a significant decline in intake rates of mussels. 
As we recorded an effect of the state of the tide on the choice 
of mussels over oysters, we suggest that possible differences 
in the pattern of rising and falling tides, due to changes in 
wind direction and speed, may have resulted in the decline 
in intake rate of mussels in autumn 1994. Although both 
mussels and oysters are filter feeders, mussels can remain 
gaping longer in the absence of water than oysters can 
(Lent 1968). Overall intake rates (for both major prey types) 
were similar in the two autumn seasons despite the lower 
intake rate of mussels in 1994, presumably because mussels 
comprised only about 20% of all prey items. 

The general congruence between search times and prey 
densities that we observed between the two autumn seasons, 

and between oysters and mussels in autumn, breaks down 
when we examine the behaviour of oystercatchers at the 
Queen sound oyster bed in winter. Oystercatchers ate larger 
oysters in winter than in autumn, although we found that 
oysters on the beds were significantly larger in autumn than 
in winter. The foraging birds also spent less time searching 
for larger oysters. Therefore, the oystercatchers must have 
been selectively choosing larger oysters over smaller ones in 
winter. European oystercatchers also chose the largest prey 
during the coldest months (Cayford and Goss-Custard 1990), 
presumably because these resulted in a higher intake rate. 
The question, then, is why oystercatchers chose smaller prey 
in autumn even though it apparently took more time to search 
for these prey. 

Our results indicate that although handling times were 
longer for the larger oysters, intake rates were also much 
higher. Profitability of oysters also increased because the 
larger volume of the oysters chosen in winter more than 
compensated for the increase in handling time. As oysters 
grow very little from November to February (Dame 1972), 
we presume that the larger oysters were available on the 
oyster bed in autumn. We suggest that this deviation from 
expectation based on optimal foraging theory (maximizing 
energy intake per unit handling time or profitability) may be 
partly explained by oystercatchers choosing smaller oysters 
with shorter handling times in the autumn, because of the 
action of kleptoparasitic gulls. Gulls' success in stealing prey 
appeared to be related to handling times of prey, and they 
stole prey more actively in autumn than in winter (Tuckwell 
and No1 1997). 

Significantly more oystercatchers foraged on the Queen 
Sound bed during winter than in autumn, and again we think 
that this is because oysters and mussels were much more 
available in sand flat habitats than submergent bivalves, 
which burrow deeply and consequently require much longer 
handling times (Zwarts and Wanink 1993). Diet breadth was 
greater in both autumn seasons than in winter 1995. Oyster- 
catchers may also rely more heavily on alternative prey 
during autumn to avoid intraspecific competition and inter- 
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ference (Goss-Custard and Durrell 1987; Tuckwell and 
No1 1997). 

We found no evidence for an increase in the amount of 
time spent foraging in winter, contrary to our prediction 
(Maron and Myers 1985), at least when we compared the 
time budgets of oystercatchers foraging on the oyster beds in 
the two seasons. When we examined the population overall, 
including the birds that foraged on the sand flats, the oyster- 
catchers spent more time roosting in autumn than in winter. 
We suggest that examining time budgets is misleading as a 
proxy for food availability (Martin 1986) in this species 
because we also found that on two occasions in subzero 
weather, oystercatchers refrained from foraging at all. There- 
fore, more roosting and less foraging can be interpreted as 
evidence for both greater (i.e., satisfied their energy require- 
ments in a shorter period of time) and less availability of food 
(i.e., restricted their activities to save energy for maintenance; 
Evans 1976; Davidson 198 1). 

I 

Preharvest and post harvest 
Oyster density decreased dramatically on the Wachapreague 
bed as a result of the 1994 commercial harvest, but oyster- 
catchers continued to forage there and found a small number 
of remaining oysters. We do not have measurements of the 
remaining oysters, but given that handling times did not 
decline significantly, we suggest that their size did not decline, 
as oyster harvesters often leave large oysters to provide seed 
for future harvests. Not surprisingly, intake rates of oysters 
declined precipitously from autumn 1993 to autumn 1994. 
In response to the harvest, diet breadth increased to include 
a large number of worms, but was still low compared with 
the diet breadth calculated for the Chincoteague area during 
the same time period. As a result of the switch to worms, 
search and handling times declined, because worms were 
numerous and easily swallowed. 

None of the foraging parameters measured specifically for 
oysters altered as a result of the harvest, although there was 
a trend (which we had expected) towards longer search times 
post harvest. The long-term effects on the oystercatchers of 
a sudden 10-fold decline in their prey are predicted to be 
movement to other areas and changes in the distribution of 
the birds. Oysters in Wachapreague contained a higher pro- 
portion of lipids than those in Chincoteague (M. Luckenbach, 
Virginia Institute of Marine Sciences, personal communica- 
tion), and recovery of the bed after the breeding season, 
when only few oystercatchers forage on oysters, may, given 
the rapid growth rate of oysters, mean fidelity to this forag- 
ing location. Only examining a marked population will allow 
us to determine whether this hypothesis is correct. 

Oystercatcher populations appear to have been maintained 
along the Virginia coast, at least since 1968 (No1 and Humphrey 
1994), and in the New England states, breeding populations 
of this species appear to be increasing (Humphrey 1990). 
Behavioural flexibility is a key feature of widespread species 
(Klopfer and MacArthur 1960; Greenberg 1990), and is 
also a feature of the European oystercatcher, which is able 
to forage in both agricultural and coastal environments 
(Heppleston 1972), although in the former environment, 
pairs are not as successful as in the latter (Briggs 1984). 
The behavioural flexibility that we observed in foraging 
American oystercatchers in the face of three sources of prey 

decline indicates that this species will likely be able to main- 
tain its population size, given even relatively unhealthy 
stocks of commercial oysters, by increasing their size selec- 
tivity in winter and concentrating their search on the most 
profitable oysters. Additional study of populations foraging 
solely on noncommercially harvested shellfish, with their 
slower growth rates and greater seasonal variability in avail- 
ability, might indicate lower rates of intake by foraging birds 
and, possibly, starvation (Clark 1993). This would indicate 
the degree to which commercial oyster beds are reducing 
natural over-winter mortality in this species. Further, com- 
paring recruitment into breeding populations of oyster- 
catchers in the 1970s and 1980s with the present level would 
be an additional method of determining whether a declining 
winter prey base has consequences for the population. 
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