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THE ESTIMATION AND ANALYSIS OF PREFERENCE
AND ITS RELATIONSHIP TO FORAGING MODELS'

JEAN CHESSON?
Department of Biological Sciences, University of California,
Santa Barbara, California 93106 USA

Abstract.

This paper summarizes methods of estimation and analysis for the measure of con-

sumer food preferences originally derived by Manly et al. (1972) and further developed by Chesson
(1978). Unlike many alternative measures this measure of preference does not change with changes
in food densities unless consumer behavior also changes. This measure is shown to relate in a simple
way to parameters, such as clearance and attack rates, which appear in certain commonly used models

of foraging behavior.
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INTRODUCTION

In an earlier paper (Chesson 1978) I showed that
Manly's measure of preference (Manly et al. 1972)
could be derived from a simple stochastic model which
incorporated the probability of prey encounter and the
probability of capture given encounter. In this paper
I summarize the techniques which are available for
estimating this measure of preference and indicate its
relationship to some of the commonly used models of
foraging behavior.

DEFINITION

Suppose a consumer has a choice of m food types,
and the number of type i present is n;, i = 1,...,
m. The probability that the next food type consumed
is of type i is given by the formula

m

E a;n;

i=1

p, = %M (N

where. the «; are positive numbers ranging from 0 to
1. This formula is derived assuming that encounters
with food items which do not result in consumption
do not affect the consumer’s subsequent behavior
(Chesson 1978). Note that when the «; are all equal
(g = 1/m,i =1,...,m),then

n;
m ’
2
i=1

and the consumer is sampling at random from the
available food types.

In the simplest case, in which food consumption
does not significantly reduce the abundances of each
of the food types, «; is simply estimated as the ratio

P =
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attack rates; clearance rates; functional response; preference; selective predation.

of the amount of food type i in the diet to the amount
of food type i in the environment, scaled so that the
o; sum to | (see below). In other situations different
estimation formulae are required, but they all estimate
the same theoretical quantity, «;. These «; can be in-
terpreted as the proportion of the diet which would
consist of type i if all food types were present in equal
numbers in the environment (i.e., n; all equal). From
this interpretation it is clear that the «; are relative
measures which indicate the preference of a consumer
for a food type relative to the other food types present.
This agrees with the intuitive meaning of the word
“*preference.”’

Using «, the vector with i'" component «;, one can
measure deviations of the consumer from random
sampling of its food types, and then, if appropriate,
investigate further which factors are responsible for
this deviation (e.g., differences in ease of detection,
prey escape responses, palatability, etc.). There seems
to be no good a priori reason why any particular set
of factors should be automatically excluded from con-
tributing to preference. Rather than eliminating them
to arrive at the ill-defined concept of *‘innate prefer-
ence’’ it is much more informative to regard prefer-
ence as the end result of several factors and then set
about assessing the roles of these factors.

A major fault of many existing measures of prefer-
ence (e.g., Savage 1931, Ivlev 1961, Rapport and Turner
1970, Strauss 1979, Freed 1980) which has been point-
ed out repeatedly (Jacobs 1974, Yurochko 1976, Cock
1978, Paloheimo 1979, Vanderploeg and Scavia 1979,
Zaret 1980), is that their values depend not only on
consumer behavior but also on the numbers of each
food type present. This dependence on food density
precludes comparisons between observations or ex-
periments carried out at different food densities, and
therefore such measures cannot be used to investigate
the effect of food density on preference. On the other
hand, a does not change with food density unless con-
sumer behavior changes. It is the appropriate measure
for detecting behavior such as **switching’ (Murdoch
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1969) in which preference for a food item increases as
the relative density of that food item increases.

If the diet of a consumer consists entirely of food
type i, then o; = 1. Conversely, if food type i is not
represented in the diet, then o = 0. Strauss (1979)
criticizes this property of a because it does not distin-
guish between the situation in which food type i is
very abundant and the consumer does not eat any of
it, and the situation in which food type i is very rare
and may be absent from the diet by chance. However,
it is necessary to distinguish between the measure of
preference and the ability of a situation to produce
accurate estimates. In both of the above situations the
best estimate of ; is 0. There is no reason to assign
any other particular value to «; since the consumer did
not include any of food type i in its diet. It is clear
that the second situation, in which food type i was
very rare, provides a poor opportunity for estimating
the preference for that food type; therefore we cannot
have much confidence in this zero value. If a more
accurate estimate is required, then many repeated ob-
servations must be made or a higher food density used.
Strauss’s measure of preference, which increases as
the density of the food type decreases even when the
predator consumes none of that food type, results in
a biased measure which confounds the actual prefer-
ence value with a measure of the degree of confidence
one has in the estimation of it. His measure will sug-
gest changes in the behavior of the predator when in
reality all that have changed are the relative densities
of the food types.

Optimal foraging theory in its simplest form (e.g.,
Charnov 1976) predicts an abrupt change from a con-
sumer including none of a particular food type in its
diet (i.e., o; = 0), to the consumer eating every item
of that food type which it encounters (i.e., a fixed o
determined by relative encounter rates), depending on
the absolute abundance of more valuable food types.
More recent modifications to the theory take into ac-
count factors such as exploitation of the food supply
by the consumer, and predict a more gradual change
in preference as food densities change (e.g., Hubbard
et al. 1982). These changes in preference can be con-
veniently measured by « since the measure itself does
not change with food density.

ESTIMATION
Case I. No food depletion (n; assumed constant)

If food densities do not change appreciably during
an experiment or observational period, either because
food items are replaced by the experimenter as they
are eaten, or due to reproduction or immigration of
the food item, or because reduction in food density
due to consumption is insignificant compared to the
total amount of food available, then ¢; is estimated by
the maximum likelihood (ML) estimator
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(Chesson 1978) (2)

,m

where r; is the number of items of food type i in the
consumer’s diet. The r; and n; can be expressed as the
proportion or the percentage of food type i in the diet
and environment, respectively, without affecting the
value of ;. Manly (1974) provides approximate for-
mulae for the bias, variance, and covariances of the

«;, and describes methods for constructing confidence
intervals and testing various hypotheses.

Case 2. Food depletion (n; not assumed constant)

Except in the special circumstances described in
Case | above, feeding by the consumer will reduce the
amount of food available. In this situation an approx-
imate moment estimator of ¢; is

In((nyy — ri)/nyy)

i In((nj0 — r)/nje)
J=1

, =1,

i

(Manly et al. 1972) (3)

where n;, is the number of items of type i present at
the beginning of a foraging bout. The actual ML esti-
mator can be found by numerical integration but Eq.
3 appears to be adequate in most cases (Chesson 1978).
Again, bias, variance, covariance, and statistical tests
are described by Manly (1974).

Case 3. Order of selection known

In some situations it is possible to observe not only
the number of each food type eaten but also the order
in which the items are eaten (e.g., Freed 1980). This
extra information can be used to obtain a more precise
estimate of «; (Manly 1980). A straightforward com-
puter program is required to perform the necessary
iterative procedure.

For the special case in which only the first item
eaten by a consumer is recorded, and the observation
is repeated for K consumers, the ML estimator of «;,
obtained by maximizing the likelihood function based
on Eq. 1, is

A /<,«/n,-
Q

o= — g 4

m

z /(_,'/ﬂ_,‘
J=1
where k; is the number of consumers whose first food

item was of type l(i ki = K).
i=1

Cases 1, 2, and 3 above (with the exception of the
special case in 3) provide estimates of a for a single
consumer individual.

In practice it is common to replicate feeding trials
by using a different consumer individual each time, or
by making field observations on several individuals
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with a view to characterizing preference values for the
consumer population as a whole. This results in a sam-
ple of K values of «, where K is the total number of
consumers observed. Note that a value of « is esti-
mated for each individual consumer. If different indi-
viduals have different preferences and only a single
value of a is calculated by lumping the data for several
individuals, then this will give a different result from
that obtained by averaging the K values of « and phe-
nomena such as negative switching may appear, even
though individual behavior remains constant (Chesson
1983).

Since ML estimators are asymptotically distributed
as normal random variables and the preferences of
individual consumers are likely to vary about a pop-
ulation mean, the K values of & obtained in cases | or
3 above can be regarded as a sample from a multi-
variate normal distribution, provided K is sufficiently
large. The same result holds for the moment estimator
in case 2 (Manly 1974). This means that standard sta-
tistical tests can be used to test hypotheses involving
the «’s. For example, when there are only two food
types (m = 2), the null hypothesis of no preference
(i.e., a; = a, = 0.5), against the alternative, a, # a,,
can be tested by calculating the ¢ statistic,

- & =05
Vs¥K
where q; is the sample mean and s? is the sample vari-
ance of the K estimates of «;. The null hypothesis is
rejected if M exceeds the appropriate critical point of
the ¢ distribution on K — [ degrees of freedom. Sim-
ilarly, two samples of a; or a, obtained from different
populations of consumers or under different experi-
mental conditions but with the same two food types
present can be compared using the standard ¢ test for
the difference between two means.
When there are more than two food types (m > 2)
the multivariate analogues of the above methods can
be used to test hypotheses about the column vector

for either i = 1 or 2, (5)

(ay, s, . . ., 1) (see Anderson 1958). A vector of
length m — 1 rather than m is used because «, is
determined by the remaining m — 1 values (a,, = | —

m—

1
> @), and therefore the variance-covariance matrix

i=1
of & would be singular.

PREDICTION

An added advantage of using a as a measure of pref-
erence is that it can be used to predict consumer pref-
erence in situations other than the ones in which the
estimates of a were originally obtained. These pre-
dicted values can be used as a null hypothesis against
which actual experimental values can be compared.
An example is provided in Chesson (1978) using data
from Ivlev (1961) on the preference of fish for four
species of prey. Given a = (ay, as, a3, ay)’ one can
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predict the preference for any subset of the four prey
species, assuming predator behavior does not change
with changes in the number of prey types available.
The predicted preference vector (a*) for the two-
species system obtained by eliminating, say, species
2 and 4 would be a* = [a/(a; + ay), ay/(a; + az)]’. A
significant difference between preference estimated in
an experiment involving only species 1 and 3, and the
predicted preference vector a*, would indicate that
the predator exhibited different behavior towards par-
ticular prey types depending on which other prey types
were present.

A second example is the use of preference values
to infer the relative preference of a consumer for two
food types, given the consumer’s preference for each
of them relative to a third food type. Scott and Mur-
doch (1983) estimated the preference of the aquatic
bug Notonecta hoffmani for Daphnia relative to
Ceriodaphnia to be 0.81 (i.e., ape = (0.81, 0.19)’) and
its preference for Ceriodaphnia relative to Moina to
be 0.09 (i.e., acy = (0.09, 0.91)"). The predicted pref-
erence for Daphnia relative to Moina is

Apclcem

=0.29
apcacey + (1 — apc)(l — aew)

| J—
apm~ =

(Appendix 1).

Experiments were subsequently carried out with only
Daphnia and Moina present, and the estimated mean
preference of Daphnia relative to Moina (apy = 0.37)
was not significantly different from the predicted value
using the test statistic

5 =
Apm Apm

7 =
\/V(anM*) + V(apw)

where V(apy™) is the variance of apy* estimated by
(A2) (Appendix 1) and V(aypy) is the sample variance
of apy divided by the sample size. Under the null hy-
pothesis of no difference between observed and pre-
dicted values, Z will be approximately normally dis-
tributed with mean 0 and variance 1. A nonsignificant
value of Z indicates that N. hoffmani does not change
its behavior towards these prey types in response to
the presence of different alternative prey.

Chesson (1981) was able to predict the preference
of N. hoffmani for small mosquito larvae relative to
Daphnia, given the preference for small mosquito lar-
vae relative to medium mosquito larvae and the pref-
erence for medium mosquito larvae relative to Daph-
nia.

It must be stressed that the tests described in this
and the preceding section are large-sample tests and
their validity for small sample sizes is unknown.
Therefore inferences based on them should be made
with caution. However, in situations where sample
sizes are reasonably large and the «; values are not
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too close to 0 or I, such tests provide a useful tool for
analyzing preference.

RELATIONSHIP TO FORAGING MODELS
Clearance rates

Studies on zooplankton grazing often involve the
calculation of the *‘clearance rate.”” This quantity is
based on the model

Ry = ngge

(Dodson 1975), (6)

where n;, is the number of items of food type i which
are left after the animal has been feeding for ¢ time
units, n;, is the number of items of that type which
were originally present, and ¢; is the clearance rate. ¢;
is estimated by

é = —Lin M 7

i o

and is regarded as a measure of the volume of water
which an animal clears of food type i per unit time.
It is immediately apparent that when m food types
are present, the quantity

¢ 8)

m
2 €
i=1

is identical to &; in Eq. 3. In other words, this estimate
of the relative clearance rates is equivalent to the mo-
ment estimate of the relative preference of the animal
for each food type. This relationship has been used by
Vanderploeg and Scavia (1979). Clearance rates can
be found for each of the food types presented singly
and then combined as in Expression 8 to predict the
relative preference when all prey are present simul-
taneously. Deviations from these predicted a values
would indicate that the animal was not behaving in the
same way in the many-food-type situation as it was
when only a single food type was present.

The relationship between food consumption per unit
time and food density, called the ‘‘functional re-
sponse’’ (Solomon 1949) has been categorized into
three basic types (Holling 1965). Eq. 6 is a version of
the Type I functional-response curve (Holling 1965),
taking into account food depletion. Jacobs (1974) used
the same model, assuming no food depletion, to derive
his preference index, D. D is defined only for the case
of two food types (m = 2). If &, is calculated using
Eq. 2 (the equation for estimating & when there is no
food depletion) then 2&, — 1 is identical to D. This
rescaling of ¢; is discussed below.

From these examples we can see that the estimates
of & in both the no depletion and depletion cases (Egs.
2 and 3, respectively) can be interpreted in terms of
the Type I functional response model or the clearance-
rate model.
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Type 1l functional response

The Type II functional response for m food types,
also known as the “*disc equation,’” is given by

ain;
re = m ’

I + 2 a;n_;h_,-
Jj=1
(Murdoch 1973) (9)

where a; and h;,i = 1, ..., m, are constants referred
to as the *‘attack rate’’ and ‘‘handling time,’” respec-
tively. This equation describes the number of food
items eaten in one time unit when food depletion does
not occur. Applying Eq. 2, we get

a;
m

s (10)
=1

i=1,...

dj: s m,

i.e., & can be interpreted as the attack rate on food
type i relative to the attack rates on the other food
types present.

Alternatively, when food is not replenished as it is
eaten, Eq. 9 can be regarded as the instantaneous rate
of food consumption (i.e., equal to —dn;/dt), and solv-
ing the appropriate differential equation produces the
multi-species version of the ‘‘random predator equa-
tion’” (Rogers 1972),

ri = ni{l — exp[ —ai( 1 - i r,,h_,);”. (11)

J=1

Eq. 11 describes the number of individuals of food
type i eaten in one time unit when food is not replen-
ished as it is eaten. Cock (1978) and Hassell (1978)
suggest that in this case preference becomes much more
complicated and involves handling times as well as
attack rates. However, application of Eq. 3 (the equa-
tion for estimating & when food depletion occurs) yields
the same result as before,

A a;
& =

2 a;
=

, L=1,00.

This is an intuitively reasonable result, since it would
be undesirable for a measure of preference to change
merely because food densities were kept constant in
one case and allowed to decline in the other. When
food is not depleted, then Eq. 2 should be used to
estimate «, whereas when food densities do decline,
Eq. 3 provides the appropriate estimate. A measure
of preference should reflect changes in animal behav-
ior, not changes in the experimental conditions, and a
has this desirable property. Provided the values of q;,
i =1,...,m, remain constant, @ will not change.
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Type Il functional response

The third basic category of functional response
curves is the Type III curve, which is sigmoid in shape.
There are several formulae which can be used to de-
scribe a sigmoid curve (e.g., Real 1977, Hassell 1978).
I will use the equation

bin?
2
& binih; )
| + ¢;n;/

r = ol =1,...

B (1 + c,«n,~)(l +

i=1

which is obtained from Eq. 9 by replacing a; by
b;n,«
I + ¢;in;
. .m. In other words the attack rate is no longer
a constant, but depends on food density. As the
density of food type i increases, the attack rate on
it also increases up to a maximum value b;/c;. A
large value of ¢; indicates a rapid rise to the maxi-
mum value, suggesting that the attack rate is near
the maximum for all but very small food densities,
whereas a small value of ¢; represents the situation
in which the attack rate continues to rise over a
broad range of food densities. A large value of b;
relative to ¢; indicates a high maximum attack rate.
Assuming no food depletion, we can obtain &
from Eq. 2,

, where b, and c¢; are constants, i =1,

& = nibi/(1 + c;n;) . (13)

i nbil(1 + c;ny)

J=1

In contrast to the Type I and II functional response
models, preference, as defined by «, does not remain
constant with a Type III response but changes with
food density. This is not surprising since preference
was determined by relative attack rates in the Type II
model, and in the Type III model attack rates depend
on food density. Examination of Eq. 13 reveals that
changes in either absolute or relative food densities
cause a change in preference. The direction and mag-
nitude of the change depends on the values of the b;’s
and ¢;’s.

For example, if the ¢;’s are all very small, then pref-
erence is determined mainly by the b;’s and »n;’s. In
this particular case changes in absolute food density
will have little effect, but «; will range from 0 to | as
the relative density of food type i increases. Converse-
ly, if the b;’s are all very small, both absolute and
relative food densities are important in determining
preference. Keeping total density constant and vary-
ing relative densities, one finds that increasing the rel-
ative density of type i may result in a decrease in the
preference for that food type (‘‘negative switching,”
Chesson 1983).

The situation becomes much more complicated when
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food is not replenished as it is eaten. If we assume
that the attack rate is determined by the initial food
densities (i.e., n;,) and does not change again during
the experiment, then

b . m
i

ri = nm( 1 — exp{ _T( 1 — 2 rih;

! J=1

B bin“,(r::(. — ri))})

(Hassell 1978) (14)

is the Type III analogue of the random predator
equation, and using Eq. 3 we get the same result
for &;, namely

G = ,,7“),)"/(1 + cinjo)

E niobil(1 + c;nj0)
=

However, if the attack rate changes instantaneously
with every change in food density, then there is no
single measure of preference, since preference is also
changing throughout the experimental period.

Greenwood and Elton (1979) discuss the analysis of
experiments in which preference depends on relative
food densities, but they consider only the case in which
food depletion does not occur. The estimation of pref-
erence when it changes instantaneously with the re-
duction in food density remains an unsolved problem.
However, in the real world it is unlikely that abrupt
changes in preference will occur. In almost all situa-
tions there will be time lags. The question is, does the
experiment occur within this lag time?

Stochastic waiting time model

Suppose that the consumer searching time, X, re-
quired to locate a particular food item of type i has an
exponential distribution with mean \; [P(X <) = | —
exp(—t/\;)] and that this distribution is independent of
the searching time required to locate any other partic-
ular food item. The exponential distribution and the
independence between waiting times is a model of ran-
dom search. Each type i food item, until it is con-
sumed, has a constant probability per unit time of being
located.

Whenever a food item is located but not consumed,
then it is assumed that the searching time required to
locate it again is also exponentially distributed with
parameter A;. If the probability that a food item of type
i is consumed (given it has been located) is p;, then
the waiting time (in terms of consumer searching time)
for the food item to be removed by the consumer has
an exponential distribution with mean \;p;~' (Appen-
dix 2). It is easily shown (Appendix 3) that if there are
n; food items of type i, i = 1, ..., m, then the prob-
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ability that the next food item consumed is of type i
is

P, = piNi~'n;

m

> opiNTn
=

The p;A\;~!, once they have been normalized to sum
to 1, are equivalent to the o; in Eq. 1 and therefore
can be interpreted as a measure of preference. The
measure is inversely proportional to the mean search-
ing time to locate a food item of type i/ (\;) and directly
proportional to the probability of consumption given it
has been located (p;). Given that r; individuals of type
i,i =1,...,m have been consumed in time ¢, then
the ML estimator of p;A; " !is (E,»\)\,»“) = (—1/DIn((n;, —
ri)n;,). Note that this is the same as the estimate of
clearance rate described above and is also equivalent
to the estimate of the “‘area of discovery’’ in the Nich-
olson-Bailey host-parasitoid model (Hassell 1978: 17).
Normalizing the estimates gives

Pk In((n70 — r)/;0)

m m

E [{j}j‘l 2 In((n;0 — r))/n;)
=1 =

which is identical to Eq. 3 for estimating «;. Manly
(1975) developed a similar argument for relating mea-
surements of natural selection to individual survival.
There is a subtle difference between this model and
the situation for which Eq. 3 was originally developed.
In this model the amount of searching time (z) is fixed
and both the total number of food items eaten and the
number of each type eaten are random variables. The
situation for which Manly et al. (1972) derived Eq. 3
is when the total number of food items eaten is fixed
and only the number of each type eaten is allowed to
vary. It is interesting to find that Eq. 3, which is an
approximate estimator in the latter case, is also the
exact ML estimator for the waiting time model.

DiSPLAYING PREFERENCE

The value of «; that would obtain if the consumer
were selecting food at random (o = 1/m) varies with
the number of food types available (1) and it is there-
fore not easy to see if the strength of preference for a
particular prey item is changing when selection is non-
random, but different numbers of alternative food types
are present in different experiments. It may sometimes
be more convenient, particularly when there is a large
number of types of food items, to display preference
as an electivity index which ranges from —1 to +1,
with 0 representing no preference.

This can be done with o, i = 1, ..., m, by cal-
culating the preference for food type i relative to the
average preference for all other food types (i.e.,
/ey + 2. a/(m — 1)), then multiplying the result

JEAN CHESSON

Ecology, Vol. 64, No. 5

by 2 and subtracting 1. In terms of the o; this electivity
value, ¢, is given by

mo; — 1

e =

€ = ,m (15)

When m = 2, €, is exactly equal to Jacob’s D de-
scribed above. If o; = 0, then ¢ = —1; if o5 = 1/m,
then ¢ = 0; and if o = [, then ¢ = 1. Unlike Ivlev’s
index of electivity, ¢ can take any value between — |
and | irrespective of food densities in the environ-
ment. It also has a natural interpretation in terms of
the preference of food type i relative to the average
preference for the alternative food types, rather than
being merely an arbitrary quantity ranging between — |
and 1.

Since the statistical properties of ¢ are not given, it
should be used only for display purposes. For statis-
tical analysis and for predicting preferences the ¢
should be converted back to o;.

CONCLUSIONS

As a measure of preference « has many advantages.
It can be interpreted as the relative contribution of
each food type to the diet if all food types were equally
abundant. Methods of estimation are available for a
number of different situations, and standard methods
of analysis can be used when sample sizes are suffi-
ciently large. In contrast to the majority of existing
measures it does not vary with food density unless
consumer behavior also changes with food density.
Therefore it can be used to detect such changes in
behavior. Values of a obtained in one or several ex-
periments can be used to predict expected values of
preference for other food-type combinations. a also
relates in a biologically reasonable way to existing for-
aging models and provides a unifying link between
clearance rates, attack rates, and consumer prefer-
ence.

ACKNOWLEDGMENTS

I thank P. Chesson for suggesting the form of the electivity
index, €, and A. Stewart-Oaten, W. Murdoch, S. Cooper,
and P. Chesson for their helpful comments on the manu-
script. This work was supported in part by National Science
Foundation grant DEB 79-22131.

LITERATURE CITED

Anderson, T. W. 1958. An introduction to multivariate sta-
tistical analysis. John Wiley and Sons, New York, New
York, USA.

Charnov, E. L. 1976. Optimal foraging: attack strategy of
mantid. American Naturalist 110:141-151.

Chesson, J. 1978. Measuring preference in selective pre-
dation. Ecology 59:211-215.

1981. The role of alternative prey in the control of
mosquitoes by notonectids. Dissertation. University of
California, Santa Barbara, California, USA.

Chesson, P. L. 1983, in press. Variable predators and
switching behavior. Theoretical Population Biology.




October 1983

Cock, M. J. W. 1978. The assessment of preference. Jour-
nal of Animal Ecology 47:805-816.

Dodson, S. 1. 1975. Predation rates of zooplankton in arctic
ponds. Limnology and Oceanography 20:426-433.

Freed, A. N. 1980. Prey selection and feeding behavior of
the green tree frog (Hyla cinerea). Ecology 61:461-465.
Greenwood, J. J. D., and R. A. Elton. 1979. Analyzing
experiments on frequency dependent selection by preda-

tors. Journal of Animal Ecology 48:721-737.

Hassell, M. P. 1978. The dynamics of arthropod predator-
prey systems. Princeton University Press, Princeton, New
Jersey, USA.

Holling, C. S. 1965. The functional response of predators

to prey density and its role in mimicry and population reg-
ulation. Memoirs of the Entomological Society of Canada
45:3-60.

Hubbard, S. F., R. M. Cook, J. G. Glover, and J. J. D.
Greenwood. 1982. Apostatic selection as an optimal for-
aging strategy. Journal of Animal Ecology 51:625-633.

Ivlev, V. S. 1961. Experimental ecology of the feeding of
fishes. Yale University Press, New Haven, Connecticut,
USA.

Jacobs, J. 1974. Quantitative measurement of food selec-
tion. Oecologia 14:413-417.

Manly, B. F. J. 1974. A model for certain types of selection
experiments. Biometrics 30:281-294.

1975. The measurement of the characteristics of

natural selection. Theoretical Population Biology 7:288-

305.

1980. A note on a model for selection experiments.
Biometrics 36:9-18.

Manly, B. F. J., P. Miller, and L. M. Cook. 1972. Analysis
of a selective predation experiment. American Naturalist
106:719-736.

Murdoch, W. W. 1969. Switching in general predators: ex-
periments on prey specificity and stability of prey popu-
lations. Ecological Monographs 39:335-354.

1973. The functional response of predators. Journal
of Applied Ecology 10:335-342.

Paloheimo, J. E. 1979. Indices of food preference by a
predator. Journal of the Fisheries Research Board of Can-
ada 36:470-473.

Rao, C. R. 1973. Linear statistical inference and its appli-
cations. Second edition. Wiley, New York, New York,
USA.

Rapport, D. J., and J. E. Turner. 1970. Determination of
predator food preferences. Journal of Theoretical Biology
26:365-372.

Real, L. A. 1977. The kinetics of functional response.
American Naturalist 111:289-300.

Rogers, D. J. 1972. Random search and insect population
models. Journal of Animal Ecology 41:369-383.

Savage, R. E. 1931. The relation between the feeding of
the herring off the east coast of England and the plankton
of the surrounding waters. Fishery Investigation, Ministry
of Agriculture, Food and Fisheries, Series 2, 12:1-88.

Scott, M., and W. W. Murdoch. 1983, in press. Selective
predation by the backswimmer, Notonecta. Limnology and
Oceanography.

Solomon, M. E. 1949. The natural control of animal pop-
ulations. Journal of Animal Ecology 18:1-35.

Strauss, R. E. 1979. Reliability estimates for Ivlev’s elec-
tivity index, the forage ratio, and a proposed linear index
of food selection. Transactions of the American Fisheries
Society 108:344-352.

Vanderploeg, H. A., and D. Scavia. 1979. Two electivity
indices for feeding with special reference to zooplankton
grazing. Journal of the Fisheries Research Board of Canada
36:362-365.

Yurochko, Ye.S.

1976. A quantitative evaluation of the

ESTIMATION AND ANALYSIS OF PREFERENCE

1303

comparative selection of food organisms by fish. Journal
of Ichthyology 16:814-821.

Zaret, T. M. 1980. Predation and freshwater communities.
Yale University Press, New Haven, Connecticut, USA.

APPENDIX 1.

Predicting preference values for one food type relative to
another, given the preference for each of them relative to a
third food type.

Let «; represent the preference of a consumer for food
type i in the presence of food type jonly,i = 1,2,3;j =1,
2,37 # 0 (4 + o = 1,0 #j)and let o5(i = 1, 2, 3) rep-
resent the preference of the consumer for food type i relative
to all three food types (o, + @, + a3 = 1). If predator be-
havior is independent of the number and types of food pres-
ent, then

ap = ayf(ay + ay),
Qg = af(ay + ay),
and a3 = af(a; + ay).

Given values for a,, and a,; and these relationships, simple
algebraic manipulation yields

= Q301
' ey + (1 — ag)(l — ayy)

(A

If a3 and «;, are estimates obtained from samples of size
K,; and K,,, respectively, then the approximate variance
of a,, is given by

Viay) = laas(l — az) DPPV(ay)
+ [anp(l — ap) DIV (aw) (A2)

(Rao 1973:387), where D! = apass + (1 — ap)(l — ay).
Under the assumption that all consumers have the same pref-
erence, V(a;,) and V(ay;) are estimated using Manly’s for-
mulae (Manly 1974, 1980). When consumers differ in their
preference, V(a,,) and V(a,;) can be estimated by the sample
variances of a;, and a,; divided by their respective sample
sizes (K,; and K ,,).

This example is clearly only one of an unlimited number
of manipulations which can be performed to predict one set
of preference values from another, using the fact that the &;’s
must sum to one and that only their relative values are rel-
evant.

APPENDIX 2.

The distribution of the searching time required before con-
suming a particular food item of type /.

Let 7y, . . ., 7, be successive inter-encounter times with a
particular food item of type i. The food item is finally con-
sumed at the S™ encounter after S — 1 unsuccessful encoun-
ters. It is assumed that the 7; are independent and identically
distributed exponential random variables with mean A;, and
that the conditional probability of consumpiton, given en-
counter, is p;. It follows that S — | has a geometric distri-
bution with parameter p; (i.e., P(S = s) = (1 — p;)* 'p;). To
find the distribution of the total searching time required to

S
consume the particular food item of type i (i.e., > ;) we

s =1
derive its moment-generating function (£ exp(>, 7)), where
J=1

E means the expection or theoretical mean value and « is the

S
argument of the generating function. Since E[exp(Y 7u)|S] =
=

(1/(1 — Nu))®, and the probability-generating function of S is
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E0% = 0pi/(1 — (1 — p))8),
then

E exp(S -r,-u) = /(1 — Npi '),

i=1

which is the moment-generating function of an exponentially

S
distributed random variable with mean \;p;~'. Thus Y 7; has
j=1
an exponential distribution with mean \;p; 7",

APPENDIX 3.

The probability that the next food item eaten by a consumer
is of type i.

Suppose there are n; items of food type j,j = 1, ..., m,
and let T;; be the total searching time required to locate and
consume a particular food item (k) of type i. Let A be the
event that this particular food item is eaten next. The prob-
ability of A given that T, = x; is given by the probability
that all other food items have a longer searching time, i.e.,
PA|Ty = xy) = P(Ty > xy, forallj#i, [ =1,...,n0N
Ty > xiy., | # k). Since the T; are independently and identi-
cally distributed as exponential random variables with mean
Np; ' (Appendix 2) we have

JEAN CHESSON

Ecology, Vol. 64, No. 5

P(A|Ty = xy) = ﬁ: (fw PN~ lexp(—piN ) df)"’

Jj= N

J#i
( f " pntexp(—pnndr)
.I'“‘. ’
= CXP{( —i PNy + piNil)xih'} .
Jj=1
Hence

P(A) = jm pihiexp(—pihi T xi) P(A | Ty = xu) dxi

0
= Pi)\f'/( i Pj)\i_l"‘i)~
Jj=1 !

Since there are n; food items of type i, the probability that
the next item eaten is of type i is

m
p,-)\,-"n,-/(z pj)\,-“nj).
= ;

J=1
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