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with publication in 1966of three important 
papers (Refs l-3). The theoretical papers 
by MacArthur and Pianka’and EmlaG ex- 
amined the logic of animal feeding behav- 
iows by identifying the benefits and costs 
associated with various activities, and 
introduced optimal foraging theory (O~J. 
Pianka’adopted amore dewiptiveempiri 
cat approach. and on the basis of his ob 
sew&ions 01 desert lizards identified two 
distinct modes of foraging: ‘sit-and-wait’ 
(ambushpiedators)and’widely-foraging 

(more active predators). In this article we 
summarize current knowledge of animal 
foraging, review what has been learned. 
and suggest directions that remain to be 
explored. 

optimal foraging theory 
Behavfoural ecologists embraced OFT 

because it conferred apparent rigour and 
generated testable predictions in what 
can be a subjective field. During the 1970s 
and early i98Os. theoreticians suggested 
manyways of applyfngthetheory (Fig. 1). 
Several authors have reviewed foragfng 

ures of foraging success that remain in 
standard use-maximization of energy in- 
taker&and minimizationoltimenecess- 
ary to obtain nourishment -arguing that 
foragfng success is ‘assumed commen- 
surate with fitness’. The history of OFT 
was reviewed by Schaeners. Pyke and col- 
leagues”surveyed 97 published papers as 
well as several unpublished manuscripts 
and concluded: ‘We are optimistic about 
thevaluehothnowandinthefutureofopti- 
maf foraging thwry’. Stephens and Krebs’ 
reviewed 400 publications and described 
in great detail the logic and methodology 
of OFT. Finally, they asked *can the mod- 
els explain existing observations?’ They 
listed 112conclusivetestsofOFT;of these, 
only 6.5% showed ‘qualitative ageement 
with model’, whereas 71 (63.4’%) were ‘i”- 
consistent withmodel’oronly’partiallyor 
qualitatively cansistentwfthmodel”.Using 
a college-style grading system and scor- 
ing fuff agreement in Stephens and Krebs’ 
data as a ‘4’ and a complete inconsistency 
as a ‘I’. OFT’s overall mean made in 1986 
was a 2.1 -nothing to crow ibout, but no 
indication of profound fatlure. 

Vehement arguments about OFT 
abound (Box 1). but personal interprs 
tationdeuends onone’sstxtin~oaint and 
biases. Siephens and Krebs’. st;ong pre 
ponents of OFT, concluded (p. 198) that 
‘foragfngtheorycan qualitatively account 
for foraeine decisions’. Similar results led 
Gray”, a strong opponent, to state that ‘the 
more Om sticks its head wt. the more its 
head is chapped off’. 

Studies of foraging have proliferated 
during the past decade. Of the 13098 pa- 
pers in the BIOSIS database that list 
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‘loraging’as a topie, 10024 have appeared 1995. causing their relative contribution 
sincel985,Theannualnumberofsucharti. to he mwhly halved during that period. 
cles published nearly doubled between This was in pert 1 reaction Lo the we:- 
1985and 1995(Ftg. I). Atthesame time.the heated an?!: nents of the previous decade 
number of papers published on ‘optimal (see Box 1). but primarily rc1Iccts a grow- 
foraging’declined from 47 in 19&5 to 37 in ingawarenessofjust bowcomplexare the 

lemands on an organism. Relatively sel- 
lom !s an animal focused on feeding to the 
‘xclusion of other factors such as avoid- 
ng predators or linding mates. It can be 
rrgued that OFT has been most successful 
#hen descrihin9 wrple s,,uatioos. such 
1s central-place foraging by birds supply- 
one food to oflsorinr! at the nest. Over the 
pa% decade, i&r&t in compbcaling lac- 
tars such as nutrient reqwrements. pre- 
dation risk. and sensory limhations has m- 
creased markedly. so that today’s models 
of foraging aremuch morecomplex (Boxes 
2 and 3). Awareness that simple models 
often do not prowde useful predictions has 
also increased”” To,rics common,y con- 
sideredare theeffectsolincamplete~nfor- 
matinn, sensory limitations ano predation 
risk, the last meri!ing an entire issue of 
theA,,leri~onZoolrrSisfin 1996. Stochastic 
dvnamic modelline and individual-based 
&lels promise to-havegreater relevance 
to complex. real-life sitw,t~ons. 

Empiricalstudiesofanima, lorqlngde 
veloped more slowly than theory. Un- 
lortunately. empiricists were generally as 
unenthusiastic about testing theoretical 
predictions as theoreticians had been 
about incorporating reatistic conditions 
intotheirmodels. Suchstand-offs between 
theory and data result in stalemates~l ?A 
that impede progress. 

Whencooperationoccurs. both theory 
and empirical understanding benefit An 
example is the OFT predictionl.~ that. in 
times of food scarcity. individuals cannot 
beaschwsyabaut what they&as when 
food is abundant. As a re~uk. diets zre pre 
dieted to be broader during’lean seasons’ 
than during’rich’periods. Cray’i reviewed 
44 studies examining this hypothesis. and 
ofthe24conclusivetestsmost(il’X)were 
supportive. Although additional studies 
are clearly warranted. this may be OFFS 
most robust theorem to date. Interestingly. 
island biogeography theory has generated 
there,v,ed’compressioo~th~is”~ll, 
which predicts that increasing numbers 
of competing species should. on anecorogl- 
caf timescale. result in marked contrac- 
tiona in habitat use, but little or nochdnge 
in diets. 

Modes of fora@&! 
The existence of foraeine modesq’“-y” 

iswidelyaccepted by empiricists Numeri- 
cal analyses of foraging behavinur began 
with the work of CodyzU, who plotted dis- 
tances moved per unit timeamong species 
for various sympatric bird assemblages. 
Others”-m used number ot moves per 
minute and the !?ercentage of time spent 
moving as indicators of foraging mode: 
movement rate, which is closely correlated 
with body G&l, was oat used. Huey sod 
Pianka’~ and Toit* independenlly sum- 
marized expected correlates of extreme 
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modes for desert lizards and tropical frogs 
in similar form flable I). Fxensive work 
has also been carried out on spiders”. 
aquatic invertebrates”. and bees*. Some 
correlates have been supported, but not 
others. For example. differences in the 
senses used (e.g. olfactory or risual) were 
supported”. and the difference in repro 
ductive outputs and morphology derived 
irom the workof Vdt and Congdonm were 
supported by Perry and colleagues”. I” 
contrast. the well accepted difference in 
kzard physio!og+a was recently shown 
to be a phylogenetfc artifact: vhen the ap 
propdate com~tison Csit-and-wait‘ Pedco 
planis hew-oceflala wrsus its closest 

Widely foraging’ relative, f? namawnsis) is 
canted out. usingthe dataof Hueyelof”. 
one finds nearly identical initial and maxi- 
malspeeds(1.33versus1.36ms-‘and2.64 
versus 2.68 m s-1, respectively) - neither 

362 

i 

7 

completed the endurance test (C. Perry 
unpublished PhD thesis, University 01 
lexas at Austin. 1995). Other predictions 
remain to be tested. 

PiattWsdlcbotomy3issttllaccepted by 
many as fundementai. McLaugbli& con- 
cluded that the foraging modes of birds 
and lizards are strongly bimadal. although 
this was disputed by Perry and colleagues~B 
for lizards. Cooper= and Perry (unpub- 
lished PhD thesis) used qualitattve and 
quantitativedata. respectively, todemon- 
strate strong phylogenetic effects on ltz- 
ardforagingmode.Both studiessbowthat 
most members of the basal tguanian clade 
share the ancestrafsedentaryforaging be 
haviour, whereas most members of the de 
rived scleroglossan rlade forage widely, 
although reversions have occurred in the 
Old World lizard family Lacertidae. 

Thestudies abovedemonstrate the im- 

portance of using phylagenetic compara- 
tive methods when studying animal for- 
n2ir.g: this was previously recognized by 
various authors, who. m the absence of 
standerd,zed methods. attempted to cor- 
rect for phylogeny in various w~yr~~.~~. 
Newly developed methods allow data to he 
interpreted for the lint time in a histori- 
ral,evolut~~naryperspective, and assump 
tions about genetic bases 01 behaviour 
CR” be rieot~usIv tested. Most !moortant 
is that analyses &v allow one to &now 
effects 01 species relatedness. thus pre- 
venting historical pseudoreplication from 
alkcting conclusions. For example. two 
oreanisms livine in the same habitat and 
&lx in their morphology and ecology 
may nonetheless differ in their foraging 
behaviours. If species A resembles in its 
loraging behaviour its closest relatives. 
which live in a different habitat, and s)ae- 
ties B likewise most closely resembles its 
own relatives living in other habitats, it is 
unlikely that either behwiour set is opti- 
mum in the currently shared habitat: one 
might conclude that phylogenetic history 
has ‘!von* over local behavioural adap- 
tation. Evidenceisgrowingth~t such isthe 
case much more often than ardent selec- 
tionists would have us believe. 

Empirtcal and theoretical approaches 
to studying foraging behavtour are finally 
beginning to merge. Many critical behav- 
iouIs are phylagenetically consenutive. 
Methods used to study modality have 
sometimes underscored difliculties in 
achievingoptimality.Riskofpredationhas 
been studied by theoreticians and byem- 
piricists - and predation risk and rates of 
movement vary inversely. 

The rutwe 
Undoubtedly, the “se of explicit and 

numerical phylogenetic methods is an im- 
portant development that will become in- 
creasingly prominent in foraging studies 
over the nent decade. It facilitates the test- 
ing of assumptions about phenotype set 
and mode of inheritance (Box 2) -crucial 
assumptions over which OFT has often 
been criticized and that work cited above 
indicates are not always met. Another sig- 
nificant develooment is the exoanded use 
of taanipulative experiments itt both lab 
ofat~rv and nature. Although not new, 
such s&dies have recently&erged as 
a major way to approach questions that 
are difficult to model or to tackle in corn 
plexnatural environments’“‘~~.Westrongly 
agree with KareivaTJ that there is a need 
forcombinedeffort involvineexoertmental, 
observational and theoretiial work. It ap 
pears unwise to build more layers of new 
theory upon a largely untested foundation 
of older theory - ultimately, only greater 
cooperation between theoreticians and 
empiricists will improve our understanding 
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of the behaviouraf. ecological and evolu- 
tionaiy factors that determine foraging 
behaviour. 

Although OFT i,ppear~ to have lost 
someafits popufaty. it has a vital role to 
play in future workJq*‘. For example. we 
needabetterdefin’,timaf optimal for?&@ 
Stephens and Kwbs’ adobted Bell&n: 
circular definitionofoptimalityas’anopti- 
mal policy has the property that. whatever 
the initial state and initial decision are, re 
mainine decisions must constitute an ooti- 
mal poicy with regard to the state res;ft- 
ing from the first decision.’ We define a 
behaviour as optimal when it maximizes 
netgatn (Le. long-term difference between 
profits and costs associated with obtaining 
those profits). Obviously, time and energy 
are mere surrogates for fitnesd’. Future 
workers should deffne an optlmal forag- 
tng behaviour as one that maximizes fife 
time fitness. This shifts focus from feeding 
success to fitness. forcine Inclusion of ad- 
ditionalfactorssuchasp~edationrisk-of 
which much has been learned in the past 
decade - and behavioural reproductive 
tradeoffs.which remain largely unstudied 

Another problem that modellers must 
tackle is to define the goal of OFT. In de 
fending optimization, Maynard Smithalas 
serted that ‘[t]he :&of optimization the- 
ories in biology is not todemonstrate that 
organismsoptimize. Rather, theyareanat- 
tempt to understand the diversity of life.’ 
More precisely, OFI will contnbute most 
by providing two essential functions for 
empiricists tocomparewithactual behav- 
iour (1) a prediction01 optimum possible 
performance. and (2) an indication of po- 
tential a”e”“es ior f”ut”E research. Unfor- 
tunately. measuring fitness is difficult or 
impossible in most cakes. If there is to be 
progress. madellers must first ackmwl- 
edge the diflerence between optimal for- 
aging and optimal reproductive tactics”. 
Unless the scope of a project is unusually 
wide. it might be better to define the goal 
of an OFT model as finding an optimal for- 
aging strategy (i.e. one that maximwes 
foragtingsuccers). rather than an optimal 

furaging behawour (defined above as one 
that leads to mammal fitness). In this way 
Ihe scope “f endeavours is lrmted 10 a 
more manageable (and more productivc) 
arena. andavoids making therarely tested 
assumption that loraging swcess and Id- 
“as are closely correlated. 

Whether the complrx nature of real 
environments and the many complicatmg 
factors will allow general models to be 
come wrdely useful in predicting the be- 
haviour of organisms remains to be seen. 
However. the effort will be not only ben- 
ehcial. but also fun. As Kacelnik’Y punted 
out, most iutrresting new insights spring 
from cases where there is a clash betwen 
theory and facts - precisely the arena in 
which theoreticians and empiricists need 
to couperate. We look forward to that col. 
laboration and to those insights. 
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Symbiosis, fisheries and economic 
development on coral reefs 

Charles Bhheland 

Ufe.hktory traits of c”mmercblly Important species. pbyriological attrlbotes of the 
hanrawork spe&s, and chamoteffstks of eoosyrtem fnooeaoes make coral reefs 

erpcelally v”loerabla to exfmrt of biomass. Organisms In waystems dffwn by 
upw”lfing and tefiee.trfst notrieot Input are more smanabfe to Nomass yield. 

Nooexpwtfvs opproaobes to resoorc~ management, exomplfMd by Palau. 
are cc.mpstlble with the attributes of crlral.rwt e~~teins: thay sstw 

to a gnstar degree the aconotnk demands and pressures of #owing human 
pop”latl”os~ and they provide m”tlvatf”” to manage. 

Marme L.nbnrat”ry U~iwrsity “I Guam, Manglla”, GU 96923. USA. 

C oral reefs have bee” touted as bavmg 
the greatest gross primary productiv- 

ity and highest standing stock biomass “I 
marine ecosystems. It has been calculated 
tbst the coral reefs of the world ca” pro- 
duce a sustainable fisheries yiekf of 2035 
million metric tonnes per year’“. 

But hichsields have not been sustained 
when thebsherfes are exploited commer- 
ciallv. Altboueb averane annual fisheries 
ylefds have&n doco~eotedtobeas high 
as 26.6 metric loos per ho” yr’ for some 
cord reels. the yields on these same coral 
rt --~event”allydem”nstrateadecreaseof 
opt” io$ catch per unit eflort.adecrease 
of 75% in nzmbcr Jf fish perhectare.and a 
m.sjor shift in relative abundances among 
sp~:i.wthadrilsticdecreaseI”thespe 
cieS preferred by fishermen”. There are a 
“umber of examples of coral-reef fisheries 
being foiiod to be more vulnerable to corn 
mercial overexploitation than predicted 
by the initial standing stock or potential 
yield calculated for ihe system’. This spe- 
ciaf wlnerability is largely from the life- 
history characteristics of the inlportaot 
species (?atle I) and the characteristics 
Of the ecosystem (fig. I). 

Although pelagic fishes can also he 
overhaw&zd”. theycansupport a greater 

“ctivity of the ecosystem than can corol- 
reef fishes (RR. II. Trosical oelanic fishes 
search widely for de&e cdnce%dions 
of load, feeding intensely in ‘loamers’ or 
‘boils’ when they find coocentratfons. 
consuming “S much as 25% of their own 
body weight in one day. They can grow to 
jkg (skipjack. Kutsowonus pelomis), 9 kg 
(mahimahi. Cmyphaeno hippuws) or 14 kg 
lyellowff”. Thunnusalhxarvs)within their 
lint two years’. although they do tend to 
have short fifespans (skipjack and mahi. 
mahi live for a maximum of lour or five 
years). when finding a dense patch of food, 
feeding activity by tunas is sometimes so 
intense that thebody temperature can rise 
above that of the surrounding seawater 
and causs’burns’ in the muscle tissue that 
lowerthemarket valueof thecatch.Thus 
the tropical pelagic fishes that search o”! 
and feed on patchy concentrations “I 
abundant resources are characterized by 
last growth, early reproduction and rapid 
population turnover. traits that are rela- 
tively lavorable lor theadjustment 01 their 
populat.tians t”expl”ltatl”n. 

Although some coral-reef fishes can 
grow to a great size (the grouper Epmeph- 
elm irajum can grow to 300 kg and the 

W~SIP Ureilim~.~ und~d~lur to 8i kg). coral- 
reef lishes generally grow at a rate of less 
Pan one kg per year in the diverse and 
Ibiphly competitive coral-reel ecosystem. 
‘r-he iotensiry “1 ,lrcdati”” on CUral reefs is 
indicated by the disproportionate preva- 
I~nr? nnd diversity of predators in the com- 
tttunitystructurex,and theratioofjuveniks 
I* odolis in populations on coral reefs is 
much less than in “elghborlng mangroves 
or seagrass beds. Althou,?h even smaller 
coral-reel fishes can live lor decades once 
theyreacbadulthood. the swivorshipof 
juvenile fishes in their first year Is as low 
as 0.007 (Aumthum.~ lineotus in American 

Samoa. central Pacific)g or O.OMI (Haemulon 
flauolineahrm at St Croix. Caribbean)“‘. The 
uncertainty of survival ina tishtly competi- 
tive system with high rates of predation 
“r”bablvc”“tr;b”tes to selection lorlarrre 
&e. loo~evity and multiple reproducti”;. 
These traits of coral-reel specks reflect 
the low rate of “omdatio” turnover and 
wlnerabilityto~ve;hanrestll in groupers. 
giant clams, spiny lobsters and seaturtles. 
These life-history traits of coral-reef ani- 
mals haverecentlycontributed tothecon- 
clusioo that mdrine protected areas ore 
the most practical and effective method 
for management of coral-reef lisheriesll-13. 

Thereare als”f”ndamentaldl,ferences 
at the level of ecosystem processes be 
Wee” cural reels and regions subjected 
to pulses of concentrated nutrient input. 
Oceao”3raphic processes such as up- 
welline are the maior driving forces in 
lar~&alecurrent efosystems-&nb”ldt, 
Benguela. Oyashio. Kuroshio), while SPB 
cies~interaciioos (e.g. predation) are a 
major controlling factor in coral-reef ec* 
system*‘“-‘ti.Thec”mplexityofthese lnter- 
actions has contributed to the conclusion 
that a holistic approach to lisheries man- 
agement such as marine pro!ccted areas 
isthemost practlcala”deifective method 
for management of coral-reef fisherles~‘-‘2. 

Overfishing by humans does not in- 
fluence the process of upwelllng. On coral 
reels, in cootra~t, overfishiog can have 
large-scale, long-term. ecosystem-level ef- 
lectsl”-I? In recent recognition 01 the 


