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Summary. The distribution of goldfish differing in
competitive status approximately mimicked that
expected for the ideal free distribution but with
slightly too many fish in the poorer site. As pre-
dicted by phenotype-limited game theory models
of dispersion, the mean rank of fish in a site varied
inversely with the number of fish, both in the high
and low input sites, and there was no correlation
between competitive rank and time spent in the
better site. The intake was higher for each individ-
ual in the high input site than in the low input
site, showing that the distribution was not an exact
evolutionarily stable strategy. We suggest that the
deviation is due to sampling or perceptual con-
straints. Analysis of other studies with continous
input shows that the discrepancy from the theoreti-
cal expectation increases with input ratio.

Introduction

The ideal free distribution describes the behaviour
of competing individuals given a choice of sites
(Fretwell and Lucas 1970). It assumes all individ-
ual are equal and that individuals distribute them-
selves such that each obtains the same intake.
There has been considerable interest in testing the
Ideal Free Distribution (Courtney and Parker
1985; Davies and Halliday 1979; Godin and Keen-
leyside 1984; Harper 1982; Milinski 1979; Parker
1970, 1974 ; Thornhill 1980; Whitham 1980). How-
ever, many of the published tests state that there
were consistent differences between individuals
and this violates the basic assumption of the Ideal
Free Distribution. Game theory models which in-
corporate individual differences (Sutherland and
Parker 1985; Parker and Sutherland 1986) entail
determining the evolutionary stable strategy (ess)
for each phenotype whilst taking into account the
distribution of all other phenotypes.

Sutherland and Parker (1985) and Parker and
Sutherland (1986) showed that it is important to
distinguish between interference studies, in which
the presence of conspecifics reduces intake by in-
terference, and continuous input studies, in which
food arrives continuously and individuals scramble
to obtain as large a share as possible. Both the
predictions of the models and the results from pub-
lished research differ between these two types of
study. In this paper we test the predictions of the
models of continuous input.

The main assumptions of continuous input
models are that competitive differences exist be-
tween phenotypes, that payoffs of a given competi-
tor are always reduced by the addition of more
competitors to a site and that the relative payoffs
of phenotypes do not change between sites. The
model describing the ess showed that there is a
range of possible solutions in which the sums of
the competitive abilities are held in fixed propor-
tion to the input rate at a site (Parker and Suther-
land 1986). For example, suppose good competi-
tors do twice as well as poor competitors at all
sites. The various solutions for a given input rate
include a number of good competitors in the site
(say 4) or twice as many poor competitors (§) or
a range of intermediate combinations (3 good and
2 poor, 2 good and 4 poor, 1 good and 6 poor).
A specific form of this prediction, which we test
here, is that mean competitive rank of animals at
a site should be inversely correlated with the
number of animals at that site (Prediction 1). At
the ESS, the intake of a given phenotype should
be equal at all sites. We test this prediction by
comparing the-intake of individuals at sites differ-
ing in input rate and number of competitors (Pre-
diction 2).

Methods

We used 10 cm long goldfish Carassius auratus because it is
easy to recognise individuals by their natural colour variation
and they are suitable for studying foraging behaviour in patchy



52

environments (Lester 1984). A 60 x 30 x 30 cm tank was used
at ambient temperature (19.0-19.8° C). The food items were
tubifex worms which were dropped in singly using tweezers.
Each fish gained experience of feeding on tubifex worms for
1 min, twice a day, for 14 days prior to the experiment. Once
a day they were fed ad libitum on commercial flake food. To
minimise disturbance the room was darkened and the sides
and back of the tank were covered. The behaviour and intake
rate of all fish were recorded with a video camera and the
data extracted during playback.

The same approach was used to determine both the com-
petitive ability of each individual and the distribution of indi-
viduals. The fish were given a choice of food input rate at
the two ends of the aquarium; either one item every ten seconds
(high input) or one item every twenty seconds (low input). The
positions of high and low input were alternated in each trial.
A line was drawn midway down the tank and every ten seconds
the position of each fish was recorded during the 10 min trial.
The intake of each fish was also noted. Seven fish were used.
Each trial involved six fish and every combination of fish was
used.

Results

Practically all the prey items introduced (98.4%)
were consumed immediately. Competitive ability
was assessed by calculating the average intake rate
for individuals whilst in the presence of both 3
and 4 fish in the high input site and determining
the mean of the two figures. This measure is corre-
lated with the values for the average intake rate
on all occasions (r,=0.857, P<0.05) but ensures
that the measure is not confounded by input rate
or number of fish present.

The mean number of fish was 3.48+0.04 in
the high input site and 2.5240.04 in the low input
site whilst the ideal free distribution without un-
equal competitors predicts 4 in the high and 2 in
the low input sites. The ratio varied between trials
with the extremes being 3.15:2.85 and 2.23:3.76.
The ratio changed little during a trial and, if any-
thing, deviated further below a 4:2 ratio with time
(r, of ratio against minute= —0.588, NS). Similar-
ly the ratio deviated further away from a 4:2 ratio
with the sequence of trials. Thus, there is no evi-
dence that fish were learning between or within
experiments in a way that would result in a closer
fit to the expected distribution.

There were marked differences in intake be-
tween individual fish and these differences were
consistent between trials (ANOVA F=490, P<
0.001). The persistent differences between individ-
vals show that the ideal free distribution does not
apply, even though the ratios are approximately
those predicted by the ideal free model. For each
individual the sequence in which the trials took
place had no effect on intake rate (ANOVA F=
0.297, NS). As in the study by Milinski (1984),
there was no relationship between competitive
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Fig. 1. Mean rank of individuals (41 standard error) plotted
against number of individuals in the high input site (ANOVA
F=28.52, P<0.001)

rank and the percentage of time spent in the better
site (ry= —0.036, NS).

Milinski (1984) found a relationship between
the number of switches and rank. Such a relation-
ship is expected when the mean rank varies inver-
sely with the number of individuals. In this study
the relationship between the number of switches
per trial and rank was poor (ANOVA F= —2.79,
P=0.087) but the two lowest competitors switched
significantly more often than the rest (mean per
trial 9.25 v 5.03, r=2.87, P<0.01).

The ratio of the number of fish in the good:
poor site varied between the extremes of 5:1 and
1:5 in the experiment as a whole. This variation
could either (1) be due to the fish failing to con-
form to the expectations of the phenotype limited
ESS model, for example due to sampling con-
straints, or (2) conform with the predicted range
of possible solutions to the ess model. In accor-
dance with this latter possibility we can show that
the mean rank of fish correlated inversely with the
number of fish in both the high and low input
sites (conforming with Prediction 1, Fig. 1). This
pattern was highly significant (low input site AN-
OVA F=16.19, P<0.001: high input site ANOVA
F=28.52, P<0.001). However, the average intake
was higher for each individual when it fed in the
high input site than when it fed in the low input
site (contradicting Prediction 2, Table 1).

Milinski (1986) found that the poorest competi-
tors provided the worst fit to the Ideal Free Distri-
bution and in our study the poorer competitors
showed little difference in intake between the two
sites (Table 1). However the time spent in each site
was unaffected by rank (see previous paragraph)
so the differences seem to be due to differing abili-
ties in exploiting patches.



Table 1. Average intake rate (intake per 10 s spent in that site)
of individual fish in the two sites. The intake is consistently
higher in the high input site (paired ¢-test=2.97, P<0.05)

Rank High input Low input
1 0.411 0.260
2 0.459 0.182
3 0.309 0.026
4 0.307 0.232
5 0.298 0.227
6 0.102 0.075
7 0.031 0.030
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Fig. 2. The relationship between the ratio of the input rates
in two sites and the ratio of rewards in the two sites. Each
data point relates to a separate experiment (rg=0.788, P<
0.001). The rewards are determined from the average distribu-
tion once an equilibrium had been reached. Data were extracted
from Godin and Keenleyside (1984), Harper (1982), Milinski
(1979), Milinski (1984), Shingler (1985) and the current study

Discussion

This study shows that two phenomena are impor-
tant in the distribution of the goldfish. As pre-
dicted from the game theory models of dispersion
with continuous resource input there are a range
of solutions in which the number of individuals
at a site is related to their rank, with mean rank
varying inversely with number of fish in both high
and low input sites. However, the fit to the model
is not perfect since each individual had a greater
intake in the high input site. This runs contrary
to the expectation of the ESS models because all
individuals would be able to gain by spending more
time in the high input site. It seems likely that
this discrepancy is due to sampling or perceptual
constraints,

Other studies have usually found that more in-
dividuals occur in the poorer sites than expected
(Abrahams 1986). A review of all the published
studies of continuous input, in which intake rates
can be assessed, shows that the discrepancy from
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the predicted distribution depends upon the degree
of inequality in the input rates (Fig. 2, r,=0.788,
P<0.001). If the input rates differ considerably
between the sites then the animals spend too long
in the low input sites. Such a result would be ex-
pected from models of perceptual constraints
(Abrahams 1986).
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