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 FORUM is intended to facilitate communication between reader and author and reader and
 reader. Comments, viewpoints or suggestions caused by speculative controversial papers are
 welcome. Discussion about important issues in ecology, e.g. theory or terminology may also
 be included. Contributions should be as concise as possible. A summary introducing the
 topic and summarizing the argument may be included. Reference should be made only to
 work basic to the topic. A lighter prose, designed to attract readers, will be permitted. For-
 mal research reports, albeit short, will not be accepted.

 Ed.

 Eight reasons why optimal foraging theory is a complete waste of time

 G. J. Pierce and J. G. Ollason, Culterty Field Station, Univ. of Aberdeen, Newburgh, Ellon, Aberdeenshire AB4
 OAA, Scotland (no significance is to be attached to the order of the authors' names)

 Summary. We present a series of criticisms of the application of
 optimization theory to the behaviour and morphology of ani-
 mals, using the example of optimal foraging theory. The crit-
 icisms are independent and presented in decreasing order of im-
 portance. We argue that optimization theory is inappropriate
 for investigating the products of evolution, that animals should
 not be expected to be optimal, that it is not possible to test
 whether they are optimal. We further suggest that it is not pos-
 sible to test whether behaviour has been selected to fulfil specific
 functions, that such tests have not been carried out, and that no
 optimization model of foraging behaviour has been supported.
 Appeals to the heuristic value of the theory are inappropriate
 because they encourage unjustified interpretations of the behav-
 iour of animals.

 Introduction

 In this paper we present a series of criticisms of optimal
 foraging theory and of the way tests of the theory have
 been conducted. Some of these criticisms have received

 considerable attention in the literature, others are rela-
 tively new. They refer to flaws at all levels of the theory:
 its epistemological basis, theoretical validity, and em-
 pirical value. While we do not question the validity of
 the theory of evolution, it will be apparent that the ar-
 guments we present have wider implications for the va-
 lidity of adaptationist explanations of the behaviour and
 morphology of animals.

 The basic tenet of optimal foraging theory is this: for-
 aging behaviour has been shaped by natural selection,
 so that foraging strategies which maximize fitness will
 exist in nature, and these foraging strategies will be op-

 The contents of this paper and the reply on p. 118 corresponds
 with the aims of the Forum. On account of their general inter-
 est the Editor has accepted the papers in spite of their excess-
 ive length.

 timal with respect to criteria that may be evaluated in-
 dependently of a knowledge of the fitness of the animals
 (see, e.g., Pyke et al. 1977). Users of optimal foraging
 theory try to formulate optimal decisions, with respect
 to the independent criteria, to generate testable quali-
 tative and quantitative predictions about foraging be-
 haviour.

 The criticisms are presented in decreasing order of
 importance. In each case, a criticism is explored on the
 assumption that the more fundamental objections can
 be rejected. If one of the more fundamental arguments
 is accepted, then the lesser criticisms merely refer to the
 properties of false premises.

 Our intent is to provoke discussion. Too often, crit-
 icisms of optimal foraging theory are dismissed as "well
 known", and quietly swept under the carpet without re-
 futation. If they are refutable they should be refuted,
 not merely denied. If they cannot be refuted, the work
 criticized should be abandoned for the waste of time it
 is.

 1. What does natural selection maximize?

 By definition, reproductive fitness is maximized by nat-
 ural selection (e.g. Williams 1970): but what does this
 mean?

 Optimal foraging theory requires that the reproduc-
 tive output of an animal can be explained in terms of the
 rewards it achieves (food, a mate, surviving by avoiding
 predation) through performance of the activities necess-
 ary for surviving and reproducing, that performance can
 be explained in terms of phenotypic attributes such as
 strength and speed, and that these attributes are heri-
 table.

 Because selection acts upon individual animals,
 whereas genes are perpetuated as units, the way in
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 Fig. 1 (above). The set of possible genotypes may be regarded as a g-dimensional space, each dimension being a locus. A particu-
 lar genotype may be defined as a point (g,, g2 ,..., gg) in this space. This point maps in some way to a particular phenotype, which
 likewise can be regarded as a point (q, CP2, ... .pn) in an n-dimensional space each dimension of which corresponds to a phenotypic
 variable. The animal's behaviour is divided up into m separate activities the jth of which yields a reward, r1j, which is a function,
 f,j, of the phenotypic variables. The m distinct rewards define an m-dimensional space and the particular set of rewards (rll, r12 ....
 r,m) maps to the reproductive output, r2. f2 is the mapping function.
 The phenomenological relationships that are observable are shown in Fig. 1 (below). The genotypic properties may be inferred
 only empirically from the phenotypic properties. The relationship between phenotype and reproductive output is also inferred
 empirically. The argument developed in the Appendix suggests that r,j, flj, and f2 are reifications that are devoid of explanatory
 content.

 which genes influence reproductive output is crucial to
 the validity of optimal foraging theory. Fig. 1 illustrates
 possible mappings of genotype on to reproductive out-
 put, through phenotype and rewards obtained from ac-
 tivities. These relationships are set out more formally in
 the Appendix.

 For performance in activities (e.g. the rate of feeding)
 to be maximized by natural selection, the following con-
 ditions must hold:

 (1) Each activity must be objectively definable.
 (2) Performance in different activities must depend

 upon non-intersecting sets of phenotypic attributes.
 (3) The underlying phenotypic characters must be heri-

 table.

 (4) The contribution to reproductive output by each ac-
 tivity must be a monotonic increasing function of
 the reward obtained in that activity.

 (5) The contributions to reproductive output by differ-
 ent activities must be independent, i.e. increasing
 the reward from one activity must not lead to a re-
 duction in the reward obtained from another activ-
 ity.

 (6) The reward from each activity is maximized by a
 unique set of values for the controlling set of phe-
 notypic characteristics.

 If rewards achieved from different activities are not in-

 dependent, there is no reason to expect performance in
 any one activity to be maximized. If performance in two
 activities is determined by overlapping sets of pheno-
 typic attributes, performance in both can be maximized
 only if changes in those attributes affecting both activ-
 ities alter both rewards in the same direction. If two ani-

 mals with different phenotypes can both achieve maxi-
 mal rewards in an activity, one cannot know a priori
 which (if either) alternative will occur.

 Now, consider what is known about foraging. Opti-
 mal foraging theory predicts that the rate of energy in-
 take will be maximized only if foraging is an independ-
 ent activity. However, it is sometimes observed that the
 need to avoid predators might constrain foragers to feed
 at less than the maximal rate. This means either that

 these activities are not independent and there is no rea-
 son to expect performance in either activity considered
 on its own to be maximized, or that the activity has been
 misidentified, the independent activity observed actu-
 ally being foraging while avoiding predators. This im-
 plies that it is impossible to identify activities a priori,
 and it is therefore impossible to obtain evidence that in-
 dependent activities exist. Either it is assumed that in-
 dependent activities exist and it is possible to identify
 them by looking for rewards which are maximized, or it
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 must be assumed that it is possible to identify activities,
 which may then be examined to discover if they are in-
 dependent. In both cases there is no escape from cir-
 cular argument, and it must be concluded that "activ-
 ities" are merely artifacts of the way biologists look at
 animals.

 If what animals do cannot be divided into independ-
 ent activities then, in Lewontin's (1978a) words, "We
 are left in the hopeless position of seeing the whole or-
 ganism as adapted to the whole environment". The ani-
 mals that leave the most offspring are reproductively
 the fittest, but to state that natural selection maximizes
 fitness in this sense is hardly illuminating. Optimal for-
 aging theory assumes that natural selection will maxi-
 mize the rewards obtained by animals engaging in inde-
 pendent activities, and that by doing so reproductive
 output is maximized. Since it is impossible to define the
 rewards or the activities except circularly, the only thing
 natural selection can be assumed to maximize is repro-
 ductive output.

 2. Animals are not designed

 Optima, by definition, are the best solutions to prob-
 lems, under given boundary conditions. For the concept
 of optimality to be applicable to behaviour, it must be
 possible to view behaviour as solving problems. Since
 animals have evolved, these solutions must have
 evolved: evolution must, in some sense, solve problems.

 The problem which is solved by a particular piece of
 behaviour, or by an organ, may be expressed by as-
 cribing a function to that behaviour or organ. Optimiza-
 tion theory requires that the function of behaviour
 should mean something more than a tautologous re-
 description of its consequences. The observed behav-
 iour must represent the culmination (or current state) of
 the evolutionary process of solving a problem.

 Most biologists acknowledge that evolution is not
 purposeful: it does not design organisms in the way that
 a Divine Creator might design them. Further, the fact
 that an animal would die if a particular organ was re-
 moved does not imply that the organ would inevitably
 have evolved (Williams 1966). Nevertheless it has been
 considered useful to look at evolution as though it was
 solving problems, although organisms are the products
 of natural selection on random mutation and recombi-

 nation, the effect resembles objects of design (Ruse
 1977). To avoid the appearance of imputing a tele-
 ological component to the evolutionary process, Pit-
 tendrigh (1958) used the term "teleonomy".

 The analogy with design is not a good one: consider
 the evolution of the vertebrate eye: At each stage in its
 evolutionary history, the organ that evolved into the
 vertebrate eye must have made a positive contribution
 to the fitness of the animals of which it was a part. At
 each of these stages this contribution to fitness could
 have been expressed by ascribing a function to what the
 organ did, and biologists would have been able to con-

 vince themselves that the organ, however it was con-
 stituted, was well designed to fulfil its function. Se-
 lection has no foresight and can act only upon existing
 structures: the variants perpetuated are those which
 currently contribute positively to reproductive output.
 As the eye was evolving, its structure was changing and
 the way in which it contributed to fitness must have
 been changing. It is not meaningful to regard evolution
 as having solved a problem because what an observer
 might perceive as the problem was constantly changing
 (Ollason in press a).

 The argument applies irrespective of the relative bal-
 ance between the rate of change of the environment and
 the rate of evolution. Selective pressures are deter-
 mined both by the environment and by the animals
 available for selection. Even in a constant environment,
 selective pressures will constantly change as, and be-
 cause, the animals evolve. The difference between hu-
 man design and evolution is not just that a human de-
 signer knows in advance the problem to be solved and
 the materials available to solve it: evolution cannot

 solve problems because the very process of evolutionary
 change constantly redefines the material available to
 work with and the problem to be solved.

 Consequently, function can be nothing more than
 tautologous redescription of the consequences of struc-
 ture. As Nagel (1961) has observed, structure and func-
 tion evolve simultaneously, and are inseparable.

 Inevitably animals possess what might be regarded as
 beautifully constructed organs and behaviour, which
 contribute to their survival and reproduction. However,
 what we might regard as the current function of behav-
 iour or structures cannot be assumed to tell us very
 much about the functions of its evolutionary antece-
 dents, which must have been different. Optimization
 models assume that the function has always been the
 same and that the organ or behaviour changed to corre-
 spond more closely to the optimum, and as such misrep-
 resent the nature of the evolutionary process.

 3. Optimal strategies may not occur in nature.

 Even if natural selection did tend to give rise to oprimal
 structure and behaviour, there are several reasons why
 we might not expect to find optimal animals:

 (1) Optimal strategies may not have evolved yet, or,
 as Cody (1974) puts it, populations may spend more
 time tracking moving fitness optima (climbing adaptive
 peaks) than they do sitting at the summit optima. Fit-
 ness optima are inevitably moving as the environment
 and the gene pool change.

 (2) If foragers have to learn about the environment
 in order to forage optimally, the optimal strategy may
 never be attained. Ollason (1980), and Macnamara and
 Houston (1985) address the question of how and animal
 might learn to achieve the optimum defined by the mar-
 ginal value theorem (Charnov 1976), and show that if
 animals learn as they suggest, it would take an infinite
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 amount of time for behaviour to converge upon the op-
 timum. Perhaps animals can learn optimally: but the
 way an animal learns implicitly defines the way in which
 it perceives its environment, and consequently defines
 an optimal strategy with respect to that perception of
 the environment. In other words, all learning strategies
 could be said to be optimal, each in its own terms.
 There is no objective criterion with which to compare
 learning strategies: an animal can only be expected to
 optimize with respect to those features of the environ-
 ment which are important to it, but these cannot be
 evaluated independently of the learning process.

 (3) The nature of available genetic variation may mil-
 itate against the evolution of optimal strategies: there
 may not be genetic variation in the phenotypic direction
 postulated, the variation may be of the wrong sort (e.g.
 the optimal phenotype may be heterozygous), or the
 optimal strategy of one animal may depend on that of
 others - and if the optimal strategy is a mixture of phe-
 notypes it may not be genetically feasible (Lewontin
 1978b).

 4. The existence of optimal strategies is untestable

 Two methods of testing for the existence of optimal
 strategies have been proposed in the literature:

 (1) The comparative method: the behaviour or struc-
 ture which is best adapted is that whose form corre-
 sponds most closely to the form typical of the be-
 haviour or structure associated with the activities in

 question (Thompson 1981).
 (2) The modelling method: what we find in nature is

 compared with "what is predicted a priori on the ba-
 sis of models designed to mimic the natural system"
 (Cody 1974).

 Both approaches assume the ability of the investigator
 to identify, a priori, the reward an animal seeks when it
 engages in a particular activity (i.e. the function of the
 behaviour), the relevant characteristics of the environ-
 ment in which the reward is sought, and the possible
 range of strategies available to the animal.

 Since it is impossible to know the function of behav-
 iour a priori, if the observed behaviour appears not to
 be optimal, it may simply be that the function of the be-
 haviour was misidentified. Even if observed behaviour
 appears to be optimal, it is possible that the behaviour
 really has a different function, to which it is not opti-
 mally adapted. It is always possible to derive, retrospec-
 tively, a function with respect to which observed behav-
 iour is optimal, and many other functions with respect
 to which it is not optimal.

 Maynard-Smith (1978) acknowledged this problem,
 and observed that optimality must be assumed and that
 what can be tested is whether behaviour fulfils specific
 functions. Although most students of foraging behav-
 iour admit that the assumption of optimality cannot be

 tested, it seems to be forgotten that this means that
 there can be no evidence for optimal foraging.

 5. Functional hypotheses are untestable

 The usual approach in studies of foraging behaviour is
 to assume that it is optimal and attempt to find out what
 it is optimized to do. The most frequently encountered
 functional hypothesis about foraging behaviour is that it
 has been selected to maximize the rate of energy intake
 while foraging. This hypothesis can be tested only by us-
 ing it to construct a model of what the animal is doing.
 In such a model it is necessary to define the range of
 strategies available to the forager and the environment
 in which it forages.

 Models do not attempt to replicate nature exactly,
 rather they attempt to capture its essence. In optimiza-
 tion models of foraging behaviour, the representation of
 the environment is necessarily an abstraction, in which
 reality is simplified and thus distorted. For example, the
 marginal value theorem (Charnov 1976) assumes that
 food occurs in discrete patches which belong to distinct
 types, whereas in reality most patches of food probably
 have indistinct boundaries and patch quality may be a
 continuous variable. Assumptions must also be made
 about the range of possible behaviour, and these are un-
 likely to be accurate without detailed knowledge of the
 behaviour of the species in question.

 For it to be possible to test the functional hypotheses
 underlying optimization models of foraging behaviour,
 it must be possible to provide independent verification
 of the assumptions made about the range of strategies
 available to foragers and the features of the environ-
 ment which are important to foragers. If these assump-
 tions cannot be verified, confirmation of predictions
 must be regarded as fortuitous and devoid of explana-
 tory power (Ollason in press b).

 The features of the environment which are important
 to a forager cannot be determined independently of ob-
 serving its behaviour. It will always be possible to iden-
 tify a set of environmental characteristics with respect to
 which observed behaviour is consistent with a particular
 functional hypothesis, but this process is entirely cir-
 cular. By asserting that animals perceive the environ-
 ment in a particular way it would be possible to show
 that observed foraging behaviour was consistent with
 any functional hypothesis.

 6. Optimal foraging models have not been tested

 A number of different problems can be identified re-
 garding the validity of tests of optimal foraging models:

 (1) Some published "tests" of optimal foraging mod-
 els report experiments conducted under conditions
 which violated assumptions of the model tested, e.g. us-
 ing foragers which search systematically to test models
 assuming random search (Krebs et al. 1983, Pyke 1984).
 Many existing models of foraging behaviour assume

 OIKOS 49:1 (1987) 114

This content downloaded from 
������������68.202.217.239 on Tue, 18 Aug 2020 21:45:24 UTC������������� 

All use subject to https://about.jstor.org/terms



 that foragers optimize a single behavioural parameter,
 all others being constant (e.g. Pulliam 1974, Charnov
 1976, Oaten 1977). For example, it is usually assumed
 that foragers search for prey, and handle prey, with con-
 stant efficiency. However, there is abundant evidence
 that predators of all kinds can vary the rates with which
 they search for and handle prey: not only can they learn
 to forage more efficiently, but they can forage more ef-
 ficently when hungry or when prey are less abundant
 (e.g. Sih 1982). Pyke (1984) stressed the need to use
 models appropriate to the study animal (and vice
 versa).

 Models may be good predictors of behaviour even
 though they contain incorrect assumptions, but this
 means either that the erroneous assumptions are irrel-
 evant to the working of the model, or that their effects
 are counterbalanced by the inclusion of other erroneous
 assumptions. It is important to distinguish between
 these two explanations, since the latter one renders en-
 tirely spurious any support obtained for a model.

 (2) Most "tests" of optimal foraging models seek
 agreement with hypotheses, whereas everybody knows
 that hypotheses can only be disproved (Platt 1964). The
 problem with seeking agreement is that poorer data are
 more likely to support a model. Many "fits" to predic-
 tions might disappear if more data were available.

 (3) In some studies, the predictions tested were not
 unique to the models under consideration (Krebs et al.
 1983, Pyke 1984).

 (4) Often agreement with the original hypothesis is
 obtained only by incorporating amendments to the as-
 sumptions of the model. Even if predictions of the mod-
 ified models are upheld, the underlying functional ex-
 planation may then account for a very small proportion
 of the observed variability in behaviour, and is quite
 likely to be wrong. This is analogous to the 16th Cen-
 tury view of the solar system, in which the planets were
 believed to follow circular orbits around the earth. By
 adding epicycles to the circular model planetary move-
 ments were predicted very accurately, but the under-
 lying circular model was wrong for all that.

 7. Optimal foraging models have not been upheld

 No single published test of an optimal foraging model
 that we have encountered has provided unequivocal
 support for the model. It is totally irrelevant that some
 predictions are upheld. Once a model has been falsified,
 it is quite incorrect to assert that the underlying premise
 was true but that some of the other assumptions must
 have been wrong. This is entirely possible of course, but
 must be confirmed by testing alternative models. Thus
 Cowie (1977) found that his great tits (Parus major)
 stayed longer in each patch than predicted. He ex-
 plained this by taking into account the difference be-
 tween the cost of searching and travelling, which he had
 previously assumed to be negligible, and was able to
 modify the predictions so that there was no significant

 difference between the data and the predictions. What
 he should then have done was to measure the costs of

 travelling and searching experimentally, but instead he
 accepted the fit obtained by incorporating the extra un-
 verified assumption into the model, and concluded that
 the great tits foraged optimally.

 Without conducting further tests it is impossible to
 tell whether foragers show partial preferences, contrary
 to the predictions of simple optimization models of diet
 selection, because of errors in discrimination, long-term
 learning, inherent variation, runs of bad luck, simulta-
 neous encounters with prey, or failure of the animal to
 be fully adapted to its conditions to life (Krebs and
 McCleery 1984). It is also impossible to tell whether one
 of these explanations is correct or whether foragers are
 not "trying" to maximize their rate of energy intake in
 any way at all.

 Krebs and McCleery (1984) conclude their discussion
 of optimal foraging theory by asserting that the very
 simple optimization models of foraging behaviour per-
 form remarkably well, given their simplicity. This im-
 plies support for the underlying functional hypotheses
 which simply does not exist.

 Currently, these hypotheses must be regarded as hav-
 ing been provisionally disproved. We suggest that there
 is not yet any evidence in favour of any optimization
 model of foraging behaviour. Progress in science pro-
 ceeds from the recognition of the importance of dis-
 crepancies between prediction and observation, and the
 search for new theories that reduce these discrepancies,
 not from building endless qualifying clauses on to mod-
 els to protect them from disproof.

 8. The heuristic value of optimization models

 Optimal foraging theory has undoubtedly led to the col-
 lection of a vast amount of data about foraging behav-
 iour, and while acknowledging its theoretical deficien-
 cies, various authors have made appeal to the heuristic
 value of the theory. Thus Oster and Wilson (1978) rec-
 ommended that "the prudent course is to regard opti-
 mality models as provisional guides to further empirical
 research and not necessarily the key to deeper laws of
 nature", and Marris et al. (1986) suggested that "opti-
 mality theory provides useful guidelines for the study of
 foraging behaviour, but is not a vehicle for the precise
 simulation or prediction of such behaviour."

 This view accords with Kuhn's (1970) description of
 science as a puzzle-solving enterprise, in which theories
 are superceded not because they have been falsified but
 because the new theories are better puzzle-solvers. Yet
 as Thompson (1981) has pointed out, Kuhn's account
 was descriptive and should not be taken as prescriptive:
 "scientists should still attempt to produce unambiguous
 predictions and empirical data to confirm or falsify
 them".

 Appeals to heuristic value are simply an excuse for
 failure. However many data are generated, reference to
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 optimal foraging theory leads to spurious interpreta-
 tions which can only detract from the understanding of
 foraging behaviour.

 Epilogue

 Optimization theory has no place in current evolution-
 ary thought: its use is a throwback to the comfortable
 determinism of Divine Creation; to the endeavours of
 natural philosophers seeking to demonstrate the wis-
 dom of the Creator.

 J. B. S. Haldane (1963) observed that there are four
 stages in the normal process of acceptance of a scientific
 idea:

 (1) this is worthless nonsense;
 (2) this is an interesting, but perverse, point of view;
 (3) this is true, but quite unimportant;
 (4) I always said so.

 Criticisms of optimal foraging theory have met with all
 four responses, but current literature suggests very little
 change in the way ecologists think about foraging be-
 haviour. So, which excuse is it to be this time?

 Acknowledgements - We thank G. lason, H. Crick, and M.
 East for helpful discussions and comments on earlier drafts of
 this manuscript. We thank S. C. Stearns and P. Schmid-Hem-
 pel for allowing us to see their reply to this paper.

 Appendix

 In order to clarify the conditions under which optimiza-
 tion theory might be applicable to the structure and be-
 haviour of animals, we first define three multidimen-
 sional abstract spaces, in which individual animals may
 be represented as single points:

 (1) genotype space, the dimensions of which repre-
 sent different independent genotypic variables.

 (2) phenotype space, the n dimension of which repre-
 sent independent phenotypic variables. The phenotype
 of the ith individual is represented as ((li, (P2i .... qpni)'
 Obviously the heritability of phenotypic variables de-
 pends on the nature of the mapping from genotype
 space on to phenotype space.

 (3) performance space, the dimensions of which rep-
 resent the m different activities in which the animal en-

 gages (m<=n). The location of an individual in each
 dimension represents the reward obtained from under-
 taking a particular activity (e.g. the rate of food intake
 achieved while foraging).

 An individual animal may be characterized by a point
 in each of these spaces, and by a single value for total
 reproductive output. In this context we distinguish be-
 tween three meanings of the word fitness:

 (1) a synonym for reproductive output, with no ex-
 planatory content.

 (2) first-order physical fitness, flj, being the mapping
 from phenotype on to the reward obtained from en-
 gaging in the jth activity.

 (3) second-order physical fitness, f2, being the map-
 ping from the set of rewards obtained from engaging in
 m activities on to reproductive output.

 The reward obtained by the ith animal engaging in

 the jth activity may be represented as rlij where

 rlij = flj (Pi qP2i, *-. )ni),

 The reproductive output of the ith animal may be repre-
 sented by the following:

 r2, = f2(rli, r2, ..., rim),

 Consequently:

 r2 = f2 (fll (q(Pi, (P2i . , Pni), f12 (qPli, P2i, ..., (Pni). *-
 flm ((Pli, (f2i. **. (Pni))

 For it to be possible to justify the use of optimization

 theory in ecology, the mappings f,j, j = 1,2, ..., m, and f2
 have to possess the following properties:

 (1) The m activities must each be objectively defin-
 able and be independent.

 (2) r,lj must depend on an identifiable unique subset
 of phenotypic dimensions for all j = 1,2, ..., m.

 (3) rl,j must be maximized by a unique phenotype
 ((Plo, 7P2(o. *-'" (Pno))

 (4) f, must be a strictly monotonically increasing
 function of r%1 for all j = 1,2, ... m.

 These statements may be justified by the following ar-
 guments:

 Suppose that two separate activities j and k are not in-

 dependent, i.e. rlij and rlik both depend in part on a
 shared set of phenotypic variables, say (cpi,, qPi, .., pqi).
 Thus rij will depend on ((pd, (Pei , (P.i m ...,I (pqi) and
 rik will depend on ((p,i, (n,, .... q)qi, q,ri, ..., qv i)

 It is clear that the rewards rlii and rlk can be replaced
 by a new reward, r,i, say, that depends on ((Pdi, ei ...,
 (Pli, qPmi *..., (Pqi, (Pri. *... (Pvi).

 If r,j is considered separately from rlik it may be pos-
 sible to predict the phenotye that maximizes r1i. This
 phenotype will contain the elements ((po, (Pmo ..., (pqo,),
 where w denotes the value for each phenotypic variable
 which maximizes the reward rlj. It is extremely unlikely
 that the values for the shared phenotypic variables
 which maximize the reward obtained will be identical

 for both activities j and k.
 Thus, if a constraint (the need to participate in activ-

 ity k) is invoked to explain why r1i is not maximized as
 predicted assuming the independence of j from k, it is
 inevitable that rlik will not be maximized either. Hence
 if k is a constraint on j, j will be a constraint on k.

 Suppose that the particular type of individual that
 produces the greatest number of offspring can be identi-
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 fied, and that such animals possess the phenotype (qpl,
 p2Q , pnQ) Such animals must achieve maximum re-
 wards from all the activities in which they engage.

 However, there is no objective way of identifying the
 rewards because there is no way of dividing up what the
 animal does into independent activities that involve
 non-intersecting subsets of the set of phenotypic dimen-
 sions. There is, equally, no objective way of dividing up
 the independent phenotypic dimensions into non-over-
 lapping subsets so that a particular subset can be related
 to a particular activity, and there can be no independent
 specification of the reward to be obtained from the jth
 activity nor for the functional form of fli or f2.

 It is however always possible to select sets of phe-
 notypic characters arbitrarily, determine empirically the
 values that maximize reproductive output ((pad, (PeQ, ...,

 (pq,), and then circularly construct first-order fitness
 functions and rewards that are maximized by the same
 values for the same set of phenotypic characters.

 Under the assumption of optimality there will exist a
 set of m objectively definable activities, performance in
 each of which will be maximized by natural selection:
 but there is no possible way of identifying them. Even if
 there were there would be no possible way to relate the
 rewards to reproductive output.

 The relationships between phenotype and first-order
 reward, and between first-order reward and reproduc-
 tive output cannot be empirically investigated (even if
 they exist objectively) and this suggests that the whole
 explanatory scheme amounts to a reification with no
 content that is not circularly defined.

 The phenomenological relationship between pheno-
 typic characters and reproductive output may be repre-
 sented

 r2i = fs (q)li, (P2i , . (ni)

 Rosenberg (1978) argues that the only possible map-
 ping, fs, from phenotype to reproductive output is su-
 pervenience. Informally expressed, it is taken as a pre-
 mise that two animals that are physically indistinguish-
 able possess the same fitness; but two different animals
 may also possess the same fitness, shortcomings in dif-
 ferent aspects of their phenotype being compensated for
 in different ways. Because of this, he suggests that the
 only way that phenotypic variation can explain vari-
 ations in reproductive output is by enumerating the phe-
 notypic properties of each of the organisms and asso-
 ciating with each set of properties the reproductive out-
 put of the animal in question.

 Such an exercise would lack explanatory power, but it
 might reveal regularities that would at least permit the
 identification of the phenotypes with the greatest repro-
 ductive potential. It would also avoid reference to the
 hypothetical conceptual clockwork upon which the va-
 lidity of evolutionary optimization theory depends.
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 Summary. In reply to Pierce and Ollason's critique of optimiza-
 tion techniques in general and foraging theory in particular, we
 discuss the logic and use of optimality approaches. Most of their
 argument is based on a misinterpretation of the underlying logic
 of optimization theory and, more generally, of basic tenets of
 the scientific method. We agree with some points - not new ones
 - towards the end of their list - in particular with certain prob-
 lems encountered when analyzing foraging behaviour.
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 Introduction

 That there are problems with using optimization theory
 in ecology and evolution is no news to the research com-
 munity. However, the precise sense in which the tech-
 nique remains valid has not been appreciated in all
 quarters, as evidenced by Pierce and Ollason's (1987)
 attack. They arrange their points in decreasing order of
 importance, but for the following reasons we find our-
 selves in agreement with them only as they near the end
 of their series.

 First, in analyzing some problems that arise in model-
 ling behaviour, they have generalized their critique to
 an attack not just on adaptationist thinking in biology
 but on the general role of theory in science. Even if the
 situation in optimal foraging were as bad as they think -
 and it is not - their statement would still be an unjusti-
 fied exaggeration. Secondly, their argument is based on
 a misapprehension of the claims of optimality model-
 lers, whose conception of the organism and of con-
 straints on the evolutionary process is much more so-
 phisticated than Pierce and Ollason are willing to ac-
 knowledge. There is not much glory and often much
 confusion to be gained in the destruction of a straw
 man.

 We have chosen to reply not because these issues are
 poorly understood by researchers, but because a pub-
 lished attack on optimization, especially one as flawed
 as this, might confuse to the field by misrepresenting its
 accomplishments and its current status. We begin our
 comments at a general level, then finish with a dis-
 cussion of specific points raised by Pierce and Ollason.
 It is inevitable that some of our points have already
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 been discussed in the literature (e.g. Oster and Wilson
 1978, Maynard Smith 1978, McNeill Alexander 1982).

 1. Defining fitness

 Pierce and Ollason make heavy going on several points
 where closer attention to basic evolutionary theory
 would eliminate the problems before they arose. First,
 there is the apparently troublesome term, "fitness".
 Pierce and Ollason state explicitly, in their Appendix,
 that if fitness is taken to mean reproductive output, then
 it has no explanatory content. This is their version of the
 old accusation that evolutionary theory is circular be-
 cause it predicts the survival of the fittest, but defines
 "fittest" as those that reproduce and survive most suc-
 cessfully. On the one hand, such remarks ignore the
 broad palette of fitness measures that are available for
 help in making predictions. On the other, such remarks
 ignore the fundamentally circular nature of deep axioms
 in all branches of science. We consider the existing di-
 versity of fitness measures first.

 In nature, organisms are born, reproduce, and die.
 We observe the descendants, and in trying to make
 sense of the patterns that we see, we invent abstract
 terms, like "natural selection," "fitness," "adaptation,"
 and so forth. These terms help in explaining patterns,
 making predictions, and constructing consistent inter-
 pretations of observations that would otherwise appear
 to be unrelated. Thus the justification for any definition
 of the basic terms is practical.

 While a term like "fitness" may be used loosely in
 evolutionary chat, in any specific model, whether in
 population genetics, optimal foraging, or life-history
 theory, the term has a concrete and quite unambiguous
 technical meaning. The meaning may vary from field to
 field, but in any given context it is clear and, for the pur-
 poses of the problem being analyzed, it is rarely if ever a
 circular definition. In population genetics, the meaning
 of fitness (usually W), is "that parameter best repre-
 senting differential reproductive success in such a way
 that one can predict changes in gene frequencies." Note
 that fitness serves to help predict changes in gene fre-
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