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Abstract. The data from a series of patch-choice experiments with bluegill sunfish, Lepomis mucrochirus, 

were analysed within feeding periods to describe the proximal leaving strategy bluegills use when choosing 
between food patches. The following hypotheses regarding strategies by which these choices are made are 
considered: (I) a fixed giving-up time; (2) a fixed residence time; (3) a linearly increasing giving-up time; 
and (4) a linearly increasing residence time. Five experiments, in which the difference in food availability 
between patches (tank sides) decreased from experiment to experiment, were run with eight different 
bluegills in each experiment. The bluegills tested did not use the fixed giving-up time rule or the fixed 
residence time rule to decide when to leave a patch, but did have both a longer average residence time and a 
longer average giving-up time in poorer environments. Within an environment, both patch residence times 
and giving-up times increased linearly with increasing prey encounter; the linear giving-up time rule better. 
described bluegill behaviour than the linear residence time rule, however. This giving-up time strategy 
varies among individuals and yet is still robust enough to allow each individual to effectively sample and 

use variable food resources 

Over 25 years ago, MacArthur & Pianka (1966) 
suggested strategies animals may use when exploit
ing prey in patchy environments. Since that time, 
many new and more complex theories related to 
optimal foraging have been described (for recent 
reviews see Pyke 1984; Stephens & Krebs 1986). 
More recently, theoretical ecologists have described 
the more proximal mechanisms animals might use 
to decide when to leave a patch (e.g. Krebs 
et al. 1974; Charnov 1976; Oaten 1977; Green 
1980, 1984; Iwasa et al. 1981,; McNair 1982; 
McNamara 1982; Lima 1984; Kamil et al. 1987). 

Unfortunately, many of these theories still have not 
been tested or compared with each other; which is 
our intent in this paper. 

Charnov’s (1976) marginal value theorem has 
been one of the more widely debated of the patch 
leaving theories. The assumptions of his model are 
that the animal knows the average value of patches 
in the environment and that individual patch values 

-	 remain constant. Charnov made two major predic
tions about the optimal foraging strategy an animal 
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should use in a patchy environment. The first 
prediction is that with decelerating energy intake 
(i.e. patch depletion) the optimal strategy is to 
leave a patch when the rate of food intake falls to 
the mean rate for the environment as a whole. The 
second prediction is a lower overall giving-up 
time, which is the time an animal spends in a patch 
without encountering a prey item before leaving, 
in a higher quality environment (i.e. when the 
average food intake rate per patch within the 
environment as a whole is higher). If the mean rate 
of food intake is higher in a richer environment, 

then the expected time between prey encounters 
would decrease resulting in a decreased giving-up 
time. 

Both of these predictions are based on a model 
for continuous food intake, but a discrete case 
approximation can be made. In the discrete case, 
there would be one fixed giving-up time for all 
patches within an environment and it would be 
shorter in a richer environment (Charnov 1976). 
Both predictions have generally held for birds (e.g. 
titmice, Parus spp.: Krebs et al. 1974; and downy 
woodpeckers, Picoidespubescens: Lima 1983, 1984) 
which often feed on relatively sedentary prey that 
have seasonally stable distributions (Gibb 1966; 
Simms 1983). 
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McNair (1982) developed an alternative to 
Charnov’s (1976) marginal value theorem. Instead 
of one fixed giving-up time for an environment, 
as predicted by Charnov’s model, McNair’s model 
predicts longer fixed giving-up times in better qual
ity patches within an environment. Both Charnov’s 
(1976) and McNair’s (1982) giving-up time models 
have limited applicability to real systems because 
they assume the forager has perfect knowledge of 
the quality of patches within its environment. 

Oaten (1977) incorporated the organism’s lack of 
perfect knowledge into a stochastic foraging model 

that can be used to predict giving-up times. In 
Oaten’s model, an organism uses its foraging 
experience in a patch to decide when to leave. From 
Oaten’s model, an organism is predicted to have a 
longer giving-up time in a better quality patch. An 
organism should increase its giving-up time for the 
patch currently occupied if its experience suggests 
that the patch is of better quality than initially 
perceived. 

Two simple applications of Oaten’s (1977) 
model are that foragers may use a linear giving-up 
time rule (offered hem as a possible alternative 
patch-leaving mechanism) or a linear residence 
time rule (residence time is the time an animal will 
spend in a patch during a visit to that patch, Green 
1980). The difference between these rules is that 
giving-up time is based only on the time spent in a 
patch after the last prey encounter during a patch 
visit, whereas residence time is independent of 
when the last prey was encountered and is based 
on the entire time spent in a patch during a patch 
visit. For both the linear giving-up time rule and 
the linear residence time rule, the forager’s de
cision whether or not to leave a patch depends on 
how many prey are found and on when prey are 
found. For both rules, the optimal time (giving-up 
time or residence time, respectively) the forager uses 
to decide when to leave a patch takes the approxi
mate form: leave a patch at time t(k)=a+ hk, if 
exactly k prey have been found by that time. For 
our study, a and bare the fitted intercept and slope, 
respectively, of the relation between the measured 
patch-leaving times and the number of prey 
encountered. 

A rule like the linear residence time rule has 
already been well developed and studied (e.g. 
Green 1980, 1984, 1987). We are suggesting a linear 
giving-up time rule based on logic and previous 
research (e.g. Krebs et al. 1974; Charnov 1976; 
McNair 1982) which suggests that prey encounter 

rate may influence the giving-up times used in 
patch-leaving decisions of animals. 

Form of the Foraging Rules Tested 

The foraging rules, such as those evaluated in this 
paper, proposed by optimal foraging theorists are 
precise, but the behaviour shown by real animals _ 
is variable. For example, in an experiment on 
downy woodpeckers, Lima (1984) offered the birds 
a number of artificial trees, each having either no 
prey or a fixed number of prey. Based on the theor
etical optimal foraging strategy, it was predicted 
that the birds would search the same number of 
sites within each tree; if any prey were found in a 
tree during this initial search, the birds were 
expected to remain in the tree, otherwise the birds 
were expected to Icave. To test whether downy 
woodpeckers used this strategy, Lima (I 984) looked 
at thenumberofemptysitessearchedina tree before 
the birds decided to leave. For optimal foragers, this 
number was expected to have a particular fixed 
value, but Lima found that there was moderate 
variation from tree to tree in the number of empty 
sites examined before individual birds decided to 
leave. However, the average number was close to 
the particular optimal value. Lima (1984) took the 
observed variability as evidence that foraging was 
suboptimal. 

Green (1990) interpreted Lima’s (1984) obser
vations for downy woodpeckers as a mixture of 
pure strategies. One can evaluate the performance 
of real, variable behaviour in terms of an average of 
the performance of certain pure strategies (leave a 
tree after searching three empty sites, leave only 
after searching four empty sites, etc.). When the 
variable behaviour seen by Lima is treated as a 
mixture of simple, pure strategies, the overall 
performance of the observed behaviour closely 
approximates the best pure strategy (Green 1980). 

In this paper, we consider these foraging rules to 
be mixed versions of pure strategies. For example, a 
giving-up time rule is one in which the decision to 
leave a patch is based on the time since the last prey / 
was found. For a linear giving-up time rule the 
decision to leave a patch depends on the number of 
prey found. One way to visualize such a rule is to , 
imagine an animal that chooses at random a time to 
remain in the present patch without finding a prey. 
Each time that another prey is found the animal 
chooses another waiting time at random. For a 
linear giving-up time rule, the average of these 
randomly chosen times increases linearly with the 
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number of prey found in the present patch. For 
such a rule, the distribution of the giving-up times 
would depend on the number of prey found in the 
patch, but it would not depend on the specific times 
at which prey were found. On the other hand, if an 
animal uses a residence time rule, then its decision 
to leave a patch would depend on the number of 
prey found in the patch and on the total time spent 
in a patch, and not when the last prey was found. 
The question is, what variables are involved in an 
animal’s decision to leave a patch? 

The purpose of this paper was to study the proxi
mal patch-leaving rules of the bluegills used by 

Wildhaber & Crowder (1991) by comparing the 
observed behaviour of bluegills with the predictions 
of the numerous patch-leaving rules. 

Before presenting these predictions, it is import-
ant to note that in all of these patch-leaving rules, 
except that given by McNair (1982) the forager is 
assumed to have no knowledge of individual patch 
qualities within an environment. Also, in this 
paper, our predictions are based on the assumption 
of systematic foraging within a patch; the same 
assumption made by Green (1980) in his study of 
the linear residence time rule. Systematic foraging is 
a directed behaviour where the forager, upon enter
ing a patch, begins foraging at one end of a patch 
and searches its way through a patch without ever 
re-searching any of the patch. 

Systematic foraging may be a good assumption 
for many animals (Baum 1987) but it is not necess
arily appropriate for bluegills (DeVries et al. 1989; 
Marschall et al. 1989). Even so, in our exper
iments, there was no patch depletion (see General 
Materials and Methods), systematic foraging pro
duces a similar effect (i.e. constant food avail-
ability). In a natural system, short-term (on the 

scale of minutes) prey depletion while in a patch 
may be so small that it is imperceptible to bluegills 
because of the large number of prey items bluegills 
often encounter within a patch (Keast 1978). Food 
availability while in a patch, then, becomes nearly 
constant. Consequently, even though a constant 
prey encounter rate was characteristic of our exper
imental design, our results can still be compared 
with the predictions of Charnov (1976) and 
McNair (1982) whose models include patch 
depletion while foraging in a patch. 

Model Predictions 

Within an environment of patches, the predic
tions of these patch-leaving rules are: (I) one fixed 

giving-up time for all patches within an environ
ment (prediction similar to that of Charnov 1976); 
(2) a fixed but higher giving-up time in better qual
ity patches (prediction similar to that of McNair 
1982); (3) linearly increasing giving-up time in a 
patch with increased prey encounter within that 
patch (our linear giving-up time rule); (4) fixed 
residence time [i.e. residence time is the same for all 
patches, giving-up time is unimportant (Marschall 
et al. 1989)]; (5) linearly increasing residence time 
with increased prey encounter within that patch 
(i.e. giving-up time is unimportant, as described by 
Green 1984). 

Among environments with different average 
food-intake rates among patches, the predictions of 
these patch-leaving rules are: (I) lower giving-up 
times in higher quality environments (Charnov 
1976; McNair 1982; our linear giving-up time rule); 
(2) shorter residence time in higher quality environ
ments (i.e. giving-up time is unimportant, Green 
1984); (3) equal residence time in all environments 
(i.e. giving-up time is unimportant, Marschall et al. 
1989). 

GENERAL MATERIALS AND 
METHODS 

Experimental System 

We ran our experiments in an isolation room 
equipped with fluorescent 
light:dark cycle (lights on 
Eight shuttle tanks, built 
Neil1 et al. (1972) were 
room. Each shuttle tank 
aquarium divided in half 

lights set on a 12:12 h 
from 0700 to 1900 hours). 
with a design similar to 
placed in the isolation 
consisted of a 76-litre 

by an opaque Plexiglas 
partition (Figure I in Wildhaber & Crowder 1991) 
creating two ‘patches’. Each side of a shuttle tank 
was equipped with a computer-operated feeder 
(Gerbrands model G51 IO) which delivered 20-mg 
fish pellets (P. J. Noyes Inc.). The fish had about 3 s 
in which to capture a pellet as it dropped through 
the water column before it entered a collecting 
funnel and bottle. Temperature in each patch was 
measured by a thermistor (YSI 44034) and regu
lated by a submersible heater. The water in each 
side of the tank was mixed and oxygenated by an 
airstone. Cover was supplied by an overturned clay 
pot with a small entrance hole near the top. The 
entire system was continuously controlled and 
monitored by computers (Cyborg ISAAC 2000 
linked to an IBM PC). This allowed us to collect a 
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Table 1. Treatment for each patch choice experiment 

Experiment 
number Treatment* 

I IO0versus 12.5% C,,, 
2 100 versus 50% C,,, 
3 75 versus 50% C,,, 

4andS 62.5 versus 50% C,,, 

*The percentages represent the portion ofmaximum daily 
ration (C,,,) that was delivered on opposite tank sides 
during an experiment. 

continuous record of fish location and temperature 
data for all the shuttle tanks simultaneously. 
Additional details of the experimental systems are 
available in Wildhaber & Crowder (1991). 

Experimental Protocol 

Bluegill sunfish were seined from local ponds and 
held in the laboratory on pelleted food for at least 2 
weeks at 30°C prior to use in any experiments. 
Before we began any experimental runs, we esti
mated maximum daily ration (C,,,) of a IO g 
bluegill feeding on 20-mg pellets so that we could 
calibrate the food treatments. The result was a C,,, 
of approximately 24, 20-mg pellets (Wildhaber & 
Crowder 1991). The experimental design used in 
the experiments was a crossover (Gill 1978) with 
treatments (feeding levels on each side of a tank) 
continued for 7 days and then reversed relative 
to the two tank sides for another 7 days. A main 
assumption of the crossover design is that residual 
effects from the tirst period to the second are 
minimal. Residual effects were minimized (see 
Wildhaber & Crowder 1991) by analysing only the 
data from the last 3 days of each week. The results 
are from analysis of five experiments (Table I) that 
were conducted to assess mechanisms underlying 
overall patch choice behaviour in bluegills (see 
Wildhaber & Crowder I99 I for general results). 

For each experiment, we haphazardly chose 
eight naive bluegills, ranging in size from 8812 g 
(75595mm total length), and placed them in an 
unpartitioned 76-litre aquarium within the iso
lation room. We fed them ad libitum rations over 
a 10-h period (0800-1800 hours) for 2 days to 
familiarize them with the pellet delivery system. 
Each fish was then deprived of food for 24 h, 
weighed and placed in a separate shuttle tank; only 
one fish was used in each tank to control for the 

effects of agonistic social behaviour. Thus, these 
five experiments represent the results from 40 indi
vidual fish (i.e. no fish was used in more than one 
experiment). We then gave each fish free access to 
both sides of the shuttle tank for 48 h without feed
ing (i.e. a total of 72 h of food deprivation before the 
food treatments began). During each experiment 
the sides of each tank were kept within k 0. I ‘-C of 
30.2”C (optimal temperature for growth 3O”C, 
Coutant 1977). 

The computerized pellet delivery system made 
food available from 0800 to 1000 hours each morn

ing; actual pellet delivery times were randomly 
selected from a uniform distribution each day. The 
isolation room was opened after II00 hours and 
closed by 1400 hours daily to allow for tank 
cleaning. Except for this maintenance period, 
we continuously monitored fish activity and side 
preference. After each l4-day experiment, we again 
deprived the fish of food for 24 h before taking their 
tinal weight. 

Variables Under Consideration 

In this paper, we refer only to the data from the 
feeding period (OSOCrlOOOhours) because only 
giving-up times (in seconds, spent in a patch after 
the last pellet experienced) and residence times (in 
seconds, spent in a patch per visit) during the feed
ing period are appropriate for our purposes. A 
patch visit was defined as the time the fish entered a 
tank side to the time it left. Thus, as soon as the fish 
left a tank side that patch visit ended and a new 
patch visit began on the opposite tank side. Blue-
gills spent less than 5% of the total time in the 
tunnel between patches and this was simply 
deducted from the total time spent foraging. 

We assumed that a fish encountered a pellet if it 
was in a patch when a pellet was delivered to that 
patch based on our computer-based monitoring 
system. Although we did not verify all individual 
pellet encounters, we are confident that the measure 
of pellet experience we used was highly representa
tive of the actual number of pellets experienced. 
From videotapes of individual fish made through-
out the experiments to verify the reliability of 
the computer monitoring system, we observed a 
number of behavioural patterns associated with 

the feeding periods that supported our computer 
estimate of pellet encounter. 

The characteristic behaviour of the fish was to 
orient themselves under the feeding tube. Little, if 
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any, time was spent in or around the cover in the Table II. Significance levels for average giving-up times 

tank. Except for the few seconds it took to pass and residence times from analysis of patch visits where no 
pellets were experienced

through the tunnel, the fish spent little time in the 

any 

tunnel connecting the two tank sides. The time 
spent in the tunnel and the pellets delivered while 
the fish were in the tunnel were not considered in 

Independent 
variable 

P-c value for experiment 

I 2 3 4 

number 

5 4and5 
our measure of pellet experience. Thus, it was 
highly improbable that the fish failed to encounter 

Higher food 
pellet delivered to the patch it was occupying. Left 0.0005 NS NS NS KS NS 

We also examined the effects of both individual Right 0.05 NS NS 0.05 NS 0.05 
patch quality and overall environmental quality 

(mean feeding rate among patches) on giving-up The analysis and results are the same for giving-up time 
times and residence times. We defined patch quality and residence times. The analyses were done on the aver-

as the per cent maximum ration delivered to a patch age value from the last 3 days of each week of an exper

(i.e. patch food availability), and environmental iment, with the right- and left-hand tank sides analysed 
separately. N= I6 for experiment 4 N= 15; for exper

quality as the sum of the per cent maximum ration 
iments 4 and 5 combined N= 31. NS: Not significant at the 

delivered to both patches within a tank (i.e. PCO.05 level. 
environmental food availability). 

experiment I (Table II). This implies that. in our 
PATCHES WITHIN AN 

system whcrc a patch can be revisited, bluegills set 
ENVIRONMENT 

initial giving-up times and/or residence times for 
patch visits based on their perception of patch

Fixed Giving-up Times, Fixed Residence Times and 

Patch Memory 

quality (i.e. memory), at least when differences in 

food availability between patches were large (see 

Methods Wildhaber & Crowder 1991 for more details). 

The purpose of this analysis was to examine Thus, neither one fixed giving-up time (Charnov 

whether previous experience of patch food avail- 1976) nor one fixed residence time (Marschall et al. 

ability (‘memory’) affected the initial giving-up 1989) can be accepted as an explanation for the 


time or residence time (they are equivalent in this bluegill foraging behaviour we observed. 


case) that bluegills used each time they visited a There is other evidence against one fixed giving-


patch. Theory predicts one fixed giving-up time up time and/or one fixed residence time for our 


(Charnov 1976) or as suggested by previous work bluegills. The first is that there were significant dif


(Marschall et al. 1989) one fixed residence time for ferences among giving-up times and residence times 


both patches in a given experiment (i.e. no memory of individual fish (Table III). In addition, the over-


of patch quality from previous visits). Other theory all proportion of time spent in a patch was higher 


predicts a constant giving-up time for each patch for better quality patches (cf. Wildhaber & 


but a larger giving-up time for higher quality Crowder 1991). One fixed residence time would 


patches (McNair 1982). To address this, we first have resulted in no difference in proportional usage 


analysed data from each patch separately; only between patches under any of the treatments. The 


those visits to a patch in which no pellets were longer initial and overall giving-up times (Fig. I) 


experienced were used. These times, then, were in higher quality patches support McNair’s (1982) 


related to pellet experiences during previous visits prediction. 


to each patch since no pellets were experienced 

during the particular patch visits from which these 

Giving-up Time, Residence Time, and Experience

times resulted. 


Methods 

Results Our purpose here was to examine the hypothesis 
Analysis of variance showed a significantly that giving-up times and/or residence times were 

higher initial giving-up time and/or residence time related to pellet experience within a patch. We did 
in the patch with higher food availability only in this by examining the data using crossover design 
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Table III. Significance levels for average giving-up times and residence times from the 
analysis ofcovariance 

Dependent 
variable 

Giving-up time 
Individual 
Pellets 
experienced 

Residence time 
Individual 
Pellets 
experienced 

Independent variable 
Pi value for experiment number 

I 2 3 4 5 4and5 

0,002 NS 0.05 NS NS 

0.0001 NS 0,002 o.% 0.0007 o-000 I 

0.000 I 0.0002 0.009 
0~000 I 0.000I o.oNo I o.zo I 0.oNos0l 0.000 I 

Number of pellets experienced during a patch visit was the covariable. These are the 
results from the analyses done on the average value from the last 3 days ofeach week of 
an experiment with both tank sides pooled. NS: Not significant at thq P-c 0.05 level. 

0.15 - Y12.5% C,,, median (a 
c, 1 
:I (\ 

0.10 $ ‘I 
t1 II 

100% C,,, median 

-2 
s 

‘2 0.15 - (c) 
0 
oa 
& 

50% C,,, median 

(b) 

- 100% C,,, median 

-fe 
0 50 100 150 200 2 5IO 

Giving-up time (s) 

Figure I. Proportional frequency distribution ofgiving-up times per patch quality within a treatment. The four graphs 
represent the four different patch-choice treatments tested: (a) 100 versus 12.5% C,,,. (b) 100 versus 50% C,,,, (c) 75 
versus 50”/0 C,,,, (d) 62.5 versus 50% C,,,. The two patch qualities in a treatment were offered on opposite sides ofa 76-
litrr shuttle tank. Each point on the graphs represents the proportion of the total number of giving-up times observed in 
a treatment that occurred in a given 5-s range (for ease of graphing). 

analysis of covariance for giving-up time and resi- data from the last 3 days of each week during the 

dence time; the number of pellets experienced dur- feeding period. For each fish, the observations for 

ing a patch visit was the covariable. As before this analysis were generated by averaging all giving

(Wildhaber & Crowder 1991), we used only the up times and residence times per number of pellets 
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experienced for each date, and then averaging 
� _ 100% versus 12.5% C,,, 

the daily observations for each number of pellets 
experienced. In order to examine behaviour pat-
terns as a function of overall environmental qual
ity, we combined visits to both tank sides into one 
data set before calculating these average responses. 

Results 

We found significantly longer giving-up times 
and residence times when larger numbers of pellets 
were experienced by a bluegill during a patch visit 
(Table III). The data strongly suggest that pellet 
experience during a patch visit can modify bluegill 
foraging behaviour. Thus, we now have evidence 
against one fixed giving-up time (Charnov 1976) 
one fixed residence time (Marshall et al. l989), and 
one fixed giving-up time for each patch within an 
environment (McNair 1982). 

Linearly Increasing Giving-up Time 

Methods 

We then examined the hypothesis that there is a 
linear relationship between the number of pellets 
experienced during a patch visit and giving-up time 
(our hypothesis). We calculated the average giving-
up time for each level of pellet experience. These 
averages were calculated for all tank side visits from 
the last 3 days of each week. These averages were 
calculated for the number of pellets experienced 
during a patch visit of zero, one, two and three 
pellets. We did not consider patch visits where more 
than three pellets were encountered because the 
number of observations was very low. We then per-
formed a regression analysis of the average giving-
up time versus the number of pellets experienced. 

If a linear relationship was observed between 
giving-up time and the number of pellets ex
perienced during each patch visit, it would be im
portant to know whether giving-up times were 
randomly chosen for each pellet experience level. 
To make this evaluation, we compared our results 
with those of a random-departure time rule 
(Marschall et al. 1989). If our linear giving-up time 
rule was no better than random at predicting 
giving-up times, we would expect to find exponen
tially distributed giving-up times at each level of 
pellet experience (Marschall et al. 1989). We used 
the Kolmogorov type statistic (i.e. II’) to test for 
exponentiality of giving-up times (i.e. Marschall 
ct al. 1989). The details of the calculation of the 

� - - 100%“erSuS50% c,,, 

Pellet experience 

Figure 2. Average giving-up time during 2-h feeding 
periods plotted against the number of pellets experienced 
per patch visit. Each point represents the average giving-
up time/patch for all fish in each treatment during the last 
3 days of each experiment. There is one regression line for 
each treatment and four observations (three for the 62.5 
versus 50% C,,, treatment) on which each regression is 
based. Rcgrcssion equations were: (I) 100 versus 12.5% 

experiment: giving-up time (s) = 64. I + 38.7 x 
of pellets experienced per patch visit), F> 120, 

N =4, rz > 0.98. P < 0,009; (2) 100 versus 50% C,,, exper
iment: giving-up time (s) =43.2 + 29.9 x (number of pel-
lets experienced per patch visit), F> I IX, N = 4, rz > 0.98. 
P<O,OO9; (3) 75 versus 50% C,,, experiment: giving-up 
time (s) = 53.4 + 28.9 x (number of pellets experienced per 
patch visit), F>74, N=4, r2>+97, P<O,Ol4; (4) 62.5 
versus 50% C,,, experiment: giving-up time (s) = 55.8 + 
42.1 x (number of pellets experienced per patch visit), 
F>S2,N=3,rZ>0,98,P<O.O87. 

statistic can be found in Seshadri et al. (1969) 
and Pearson & Stephens (1962). In general, W 
is a measure of the deviation of the observed 
distribution of the data from an exponential 
distribution. The greater the value of W the 
more the observed distribution deviates from the 
exponential distribution. 

Results 

Our analyses showed a positive, linear relation-
ship between the number of pellets experienced 
during a patch visit and the average giving-up time 
(Fig. 2). Analysis of the distribution of giving-
up times at the pellet experiences of 1, 2 and 3 
suggest that giving-up times were not exponentially 
distributed, but the results are somewhat equivocal. 
Only four of the 12 tests gave P-values at or less 
than 0.10 (Table IV). The plots in Fig. I suggest 
that giving-up times are concentrated around one 
value, which in the case ofcach treatment, is related 
both to patch and environmental qualities. The 
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Table IV. Test of the exponentiality of giving-up times 
observed during 2-h feeding periods for each level of pellet 
experience 

Pellets experienced/patch visit* 

Treatment I 2 3 

100 versus 12.5% c,,, 
W 0.135 0.790 0.206 
P < value 0.50 0.01 0.30 
N 349 97 31 

100 versus 50% C,,, 
W 0.310 0.142 0.365 
P<value 0.15 0.50 0.10 
N 623 85 23 

75 versus SO% C,,, 
W I.336 0.190 0. I26 
P < value 040 I 0.30 0.50 
N 440 66 I5 

62.5 versus 50% C,,, 
W 2.467 0.233 0.065 
P<value 0.00 I 0.30 ( > )0.50 
N 810 II9 20 

W: Kolmogorov statistic value, P: associated P-value. N: 
number of patch visits analyscd. 
*Each analysis ofpellet-experience level includes all patch 

visits for all fish observed for the last 3 days of both 
weeks of an experiment (62.5 versus 50% C,,,, is the 
combined results ofexperimcnts 4 and 5). 

distributions of giving-up times appear to be only 
slightly skewed. From these results we conclude 
that fish do not use a random-departure time rule 
(Marschall et al. 1989). Thus, we cannot reject 
the linear giving-up time rule as a predictor of 
patch-leaving times for our bluegills. 

Linearly Increasing Residence Time 

Methods 

We next examined the hypothesis that there was 
a linear relationship between the number of pellets 
experienced during a patch visit and residence time 
(Green 1980). WC did this by first calculating the 
average residence time as noted for giving-up times. 
WC then performed a regression analysis ofthc aver-
age residence time versus the number of pellets 
experienced. 

Because pellet delivery times wcrc randomly 
chosen from a uniform distribution, longer resi

dence times would necessarily be associated with 

higher pcllct experiences. If bluegills used a linear 
residence time rule to decide when to end a patch 
visit, their residence time 
not depend on whether 
prey early or late in the 
mine whether the linear 
observed was an artcfact 
or an actual bchavioural 

for that patch visit would 
or not they encountered 
visit. Therefore, to deter-
residence time pattern we 
of the experimental design 
mechanism, we needed to 

test for a negative correlation between the time 
spent in a patch before and after the last prey was 
encountered during a patch visit. 

The actual steps taken to test the linear residence 
time rule for bluegills were as follows. First, we 
obtained the correlation coefficient and associated 
P-value for time spent in a patch before the last 
pellet was experienced and the giving-up time for 
that patch visit. This was done separately for one, 
two, and three pellets experienced during a patch 
visit because each level of experience may have a 
different residence time. Because we would be doing 
multiple tests of correlation significance, we com
bined all the treatment f-values for a given level of 
experience using Fisher’s method (Sokal & Rohlf 
1981) to test for overall negative correlation. 

Re.sult,s 

The higher usage of better quality patches (see 
Wildhaber & Crowder 199 I) alone indicated blue-
gills had longer average residence times in better 
quality patches within an environment as predicted 
by the linear residence time rule (Green 1980). The 
rcgrcssion analysis of residence time versus the 
number of pellets experienced showed a positive, 
linear relationship between the number of pellets 
experienced during a patch visit and the residence 
time (Fig. 3). These results support Green’s (1980) 
linear residence time rule. 

The correlation between the time spent in a patch 
during a visit before the last pellet was experienced 
and the giving-up time was actually positive instead 
of negative in all but one of the I2 tests (Table V). If 
the linear relationship between residence time and 
pellet experience were more than just an artefact of 
thccxperimcntaldesign,weshould havcseenanega
tive correlation. The analyses showed correlations 
that were significantly positive for experience levels 
of one and two pellets and non-significant for both 
positive or negative correlations for the experience 
level of three pellets (Table V). The significant 
positive correlations observed for experience levels 
I and 2 wcrc mainly due to the large number of 
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Table V. Correlation analyses test of linear residence time 
� -100% versus 12.5% C,,, rule 

600 - � - - 100% versus 50% c,,, 
II 

. - - - 75% versus 50% C,,, 

400 -

300 -

/ 
1 2 

Pellet experience 

Figure 3. Average residence time during 2-h feeding 
periods plotted against the number of pellets experienced 
per patch visit. Each point represents the average resi
dence time/patch for all fish in each treatment during the 
last 3 days ofeach experiment. There is one regression line 
for each treatment and four observations (three for the 
62.5 versus 50% C _~~treatment) on which each regression 
is based. Regression equations were: (I) 100 versus 12.5% 
c mar experiment: giving-up time (s) = 5 I ,4+ 138.0 x 
(number of pellets experienced per patch visit), F> 552. 
N=4. r2 >0,99, P<O.O02; (2) 100 versus 50% C,,, exper
iment: giving-up time (s) = 9.3 + 136.5 x (number of pel-
lets experienced per patch visit), F> 28, N=4, r* > 0.93, 
P< 0.034; (3) 75 versus 50% C,,, experiment: giving-up 
time (s) = 8.3 + 176.3 x (number of pellets experienced per 
patch visit), F>47, N=4, rZ>0,95, P<O.O21; (4) 62.5 
versus 50% C,,, experiment: giving-up time (s) = 41.3 + 
145.2 x (number of pellets experienced per patch visit), 
F>22, N=3, ?>0.95, P<O.134. 

observations. The actual ?-values were all less than 
0.20 with eight of the 12 less than 0.05. 

These results force us to reject the linear resi
dence time rule as the best descriptor of the 
observed proximal patch-choice behaviour of our 
bluegills. Furthermore, the lack of any strong cor
relation, positive or negative, lends support to the 
linear giving-up time rule. If pellet experience was 
the main factor affecting giving-up times, lack of 
correlation between the time before the last 
pellet delivered and the giving-up time would be 
expected. 

AMONG ENVIRONMENTS 

Giving-up Times 

The prediction of lower giving-up times in 
richer environments made by Charnov (I 976) and 
McNair (1982) is supported by our observed data. 
The average giving-up times decreased with 

Pellets experienced/patch visit 

Treatment I 

100 versus 125% C,,, 
Correlation + 
I.1 0.0273 
P-value 0.0020 
N 349 

100 versus50% C,,, 
Correlation + 
? 0.0138 
P-value 0.0033 
N 623 

75 versus 50% C,,, 
Correlation 
r2 01927 
f-value 0.000 I 
N 440 

62.5 versus 50% C,,, 
Correlation 
rz 0:44* 
P-value 0.000 I 
N 810 

Negative Correlation 
-2In(P) 0.01 
P<value I .o 

Positive Correlation 
-2ln(P) 69.91 
P<value 0.000 I 

The test examines the correlation 

2 3 

_ 
0:202 0.0039 
0. I653 0.7388 

97 31 

+ 
0:426 0. I246 
0.058 I 0.0985 

85 23 

+ 
Oi565 0.0079 
0.0546 0.7527 

66 I5 

+ 
0.0354 o&35 
0.0404 0.8048 

II9 20 

0.68 6.87 
I .o 0.56 

21.52 8.32 
0.0059 0.41 

between the time before 
the last pellet was experienced during a patch visit and the 
giving-up time for that patch visit. using data from the 2-h 
feeding periods for each level of pellet experience. Each 
analysis includes all patch visits observed for all fish in a 
treatment during the last 3 days of each experiment (both 
weeks combined). 

increased quality for the environment (Spearman 
rank correlation P < 0.05, Daniel 1978, experiments 
4 and 5 were combined because they had the same 
treatment; Fig. 4). 

This pattern of decreased giving-up times with 
increased environmental quality also held for 
patches of the same quality among environmental 
qualities. For experiments 2, 3 and 4, where 
the overall environmental quality decreased from 
experiment 2 to experiment 4 (i.e. total C,,, 
delivered to a shuttle tank decreased from 150% to 
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Table VI. Test of differences in regression slopes among 
treatments for giving-up time versus pellet experience 
regression equations 

120 130 140 
% Maximum ration 

Figure 4. Average giving-up time during 2-h feeding 
periods plotted against the overall quality ofan environ
ment. Each point represents the average giving-up time/ 
patch for all fish in each treatment during the last 3 days 
of each week of an experiment (combined) (regresson 
equation: giving-up time (s)= 114.0-0.43 x (total per 
cent C,,, delivered to a tank). r* =0.81, N=4. P<O,IO). 

125% to I 12,5X), the giving-up times for the 50% 
C,,, patch (12, 20-mg pellets) increased from 41.8 
to 51.4 to 58.0 s. respectively. For experiments 1 
and 2, where environmental quality increased from 
experiment I to 2, the giving-up time for the 100% 
C max patch decreased from 100.4 to 60.2 s, 
respectively. 

Also, comparison of the regression lines among 
treatments for the linear giving-up time ruleanalyses 
produced no significantly different slopes between 
any pair of lines (Table VI). This suggests that 
the relationship between giving-up times and pellet 
experience during a patch visit (Fig. 2) could be 
characterized by one set of linear functions. These 
linear functions are characterized by a common 
slope; the intercept decreases with increased 
environmental quality. The difference in intercepts 
is further demonstrated by the fact that at zero 
pellet experience giving-up time decreased with 
increased environmental quality (Fig. 2) as did 
overall giving-up time (Fig. 4). 

Residence Times 

As predicted by the linear residence time rule 
(Green 1980). average residence times for patch 
visits within an environment decreased with 
increased quality of the environment (experiments 
4 and 5 were combined because they had the same 
treatment) (Spearman rank correlation P<O.O5, 
Daniel 1978; Fig. 5). Again, there was no evidence 
of one fixed residence time (Marschall et al. 1989). 

100 75 62.5 
versus versus versus 
50% 50% 50”/0 

Treatment c rlldX C nl‘ix C IndX 

100 versus 12.5% C”_ 
/-value I.95 2.00 -0.52 
(If 4 4 3 
P<value 0. I 3 0.12 0.64 

100 versus 50% C,,, 
/-value 0.23 -2.11 
d/ 4 3 
P< value 0.84 0.13 

75 versus 50% C,,, 
r-value - 2.04 
(I/ 3 
P<value 0.14 

The regression equations tested are those described in 
Fig. 3. 

100, I 
95 g 

90 

110 120 130 140 1 
S Maximum ration 

Figure 5. Average residence time during 2-h feeding 
periods plotted against the overall quality of an environ
ment. Each point represents the average residence time/ 
parch visit for all fish in each treatment during the last 3 
days of each week of an experiment (combined) (regression 
equation: residence time (s) = 160.8 -0.69 x (total per 
cent C,,, delivered to a tank), r’=0.63. N=4, P<O.21). 

As was the case for giving-up times, comparison 
of the regression lines among treatments of rcsi
dence times produced no significantly different 
slopes between any pair of lines (Table VII). This 
suggests that the relationship between residence 
times and pellet experience during a patch visit 
(Fig. 3) would be characterized by one set of linear 
functions. These linear functions were characterized 
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Table VII. Test of differences in regression slopes among (Charnov 1976; Green 1980; McNair 1982; 
treatments for residence time versus pellet experience Marschall et al. 1989 and our linear giving-up time 
regression equations 

rule), the one that best describes the observed blue
gill behaviour in our study is the linear giving-

IO0 
versus 

15 
versus 

62.5 
versus 

up time rule. Unlike the Charnov (1976) and 

50% 50% 50% McNair (1982) models, our model incorporates a 

Treatment C In‘lI C,,, C,,, constant prey encounter rate (i.e. the organism does 
not experience patch depletion), and the foraging 

100 versus 125% C,,, organism’s lack of complete knowledge of its 

I-value 0.06 - I .46 -0.31 environment. 
4f 4 4 4 The assumption of complete knowledge of the 
P< value 0.96 0.22 0.78 environment is, perhaps, reasonable for birds, 

100 versus 50% C,,, such as great tits (Krebs et al. 1974) and downy 

/-value - I.10 - 0.20 woodpeckers (Lima 1983). feeding on patches of 
(If 4 3 relatively immobile prey whose distribution is fairly 
P<value 0.34 0.86 stable (Gibb 1966; Simms 1983). Thus. it is not sur-

75 versus 50% C,,, 
l-value 0.70 

prising that the results of such studies have agreed 
with Charnov’s (1976) model. But for generalist 

df 3 foragers such as bluegill sunfish (Carlander 1977) 
P < value 0.54 this assumption may be unreasonable. Studies of 

bluegills and their prey show that bluegills feed on a 

The regression equations tested are those described in large variety of mobile prey which are highly vari-
Fig. 5. able both spatially and temporally (Keast 1978; 

Hall et al. 1979). So the assumption of complete 

by a common slope while the intercept decreased knowledge of patch qualities is inappropriate for 

with increasing environmental quality. The differ- bluegills. 


ence in intercepts is further demonstrated by the The general strategy of increased giving-up time 


fact that at zero pellet experience residence time with increased prey encounter in a patch was 


decreased with decreased environmental quality common throughout our experiments. Even when 


(Fig. 3) as did overall residence time (Fig. 5). environmental quality and patch differences 

changed from experiment to experiment, the gen-

DISCUSSION eral pattern of increasing giving-up time with 
increased prey encounter persisted. The consist-

The bluegills in our experiments continuously ency of this general pattern is supported by the fact 
updated their giving-up times with information that this pattern seems to be accounted for by one 
both from their present experience and from their basic linear relation. 
overall perception of the quality of patches within Some of the conclusions from this study resemble 
their environment. Bluegills tended to decrease those of Haccou et al. (1991), whose descriptive 
their average giving-up times for both patches when study of parasitic wasps starching for hosts in arti
the overall quality of their environment increased. ficial arenas showed that the distribution of giving-
Variation in the ability of individual fish to incor- up times depends on the number of hosts 
porate new infomration into their patch choices encountered in the patch. The foraging behaviour 
does not seem to strongly affect their response. of parasitic wasps is complicated because wasps 

In our experiments, bluegills distributed their may sense the presence of hosts that they have not 
foraging time between two food patches within found, they attack but do not (generally) consume 
their environment. The maximum time bluegills hosts, and they may recognize hosts that have 
would remain in a food patch without prey been attacked and marked. Experiments by Waage 
encounter (i.e. giving-up time) linearly increased (1979) have shown that foraging parasitic wasps are 
with overall prey encounter during a patch visit. affected by the number of hosts they encounter and 
Once time since prey encounter reached the current times at which the hosts are found. Even though the 
maximum limit, bluegills left the patch. Of the five situation seems simpler for bluegills (i.e. bluegills 
models of patch-leaving strategies discussed have fewer variables to confuse them) bluegills still 
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behave in a manner similar to that of parasitic 
wasps. 

The only difference between our observed results 
and predictions of the linear giving-up time rule 
is that of the initial giving-up time for visits to 
particular patches within an environment. Bluegills 
in our experiments seemed to prefer the patch of 
higher quality and they used a longer initial giving-
up time when visiting that patch. Thus, the bluegill’s 
memory of the quality of individual patches seems 
to affect its initial giving-up time, a factor which 
the linear giving-up time rule does not take into 

account. 
Simulation runs of Green’s linear residence time 

rule (Green 1984) show that even if the rule an 
organism uses in a particular environment may not 
be the best, often the rule may not significantly 
decrease the organism’s prey intake below that 
which the best linear rule would produce. Thus, 
one general residence time rule seems to be very 
effective when environmental quality varies (Green 
1984). Particular linear giving-up time rules are 

quite robust and they also would be effective in 
highly variable environments where food patch 
and/or environmental food qualities may some-

times change faster than they can be assessed 
(Keast 1978; Hall et al. 1979). 

The final observed result of such a giving-up time 
rule, combined with memory of patch quality, is 
that the amount of time bluegills spend in a patch is 
roughly proportional to the patch’s quality relative 
to overall environmental quality (i.e. matching, 
Wildhaber & Crowder 1991). It seems that approxi
mate matching of overall patch usage and food 
availability is fairly insensitive to details of the for-
aging rule fish use, as long as it resembles a linear 
giving-up time rule. Even with significant diffcr
ences in individual behaviour relative to overall 
giving-up times, the same patterns of increased 
giving-up time with increased food encounter and 
matching occur. The variation in individual giving-
up times and the lack of individual variation in 
overall patch usage (Wildhaber & Crowder 1991) 
suggest some evolutionary flexibility. In our exper
iments, where resources were variable, matching 
of patch use to patch quality seems to be a good 
descriptor of overall time allocation among patches 
for foraging bluegills. More proximally, bluegills 
seem to use a flexible decision rule (e.g. a linear 
giving-up time rule), from which matching results. 

In conclusion, the patterns of foraging behaviour 
we observed suggest bluegills have the ability to 

continuously incorporate new information into 
their patch-leaving decisions. In natural systems, 
bluegills have been observed to change not only 
patch choice but also prey choice when other 
patches and/or prey types became more profitable 
(Werner & Mittlebach 1981; Werner et al. 1983). 
Thus, a linear giving-up time rule and the use of 
past information seems to give bluegills the ability 
to effectively exploit resources that vary both 
spatially and temporally using a simple decision 

rule. 
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