within SectorSantaRosaAreade Consevacion,GuanacasteACG), of northwestCosta
Ric&’. In 197, all stems$ 3cm dbh weremappel within a continuous680m 3 240m
(16.32Ha) areaof forest’ by S.P. Hubbell.Usinganidenticalmappingprotocol,asecond
remapof the SanEmilio forestwascompletedbetweernl995and 1996.In total, 46,833
individualshawe beensurveyed, 26,960n 1976and 19,873n 1996.Togetheythe two
suveysdocument20yr of growth and populationchangdor about150speciesTheplot
is composedf seconday growth forestandis heterogeneouwith respecto age,
topograply and degreeof deciduotsness.

Calculatiorof individualtree growth

In 1976 mosttreesgreatetthan 10cm dbh weretaggedvith aluminum treemarkersand
givenauniqueidenti®cationrnumber Becauséew smallerindividualsweregiven
aluminum tagsin 1976 treegrowth wasusually followedonly for thosetreesgreateithan
10cm dbh. Growthwascalculatedyy monitoring changesn dbh for eachindividual. To
ensurean accurateestimateof growth, a speciesvasincludedonly if aminimum
representatiorof severindividualshadinitial stemdiameters$ 10cm, andthe diameter
rangeof all individuals$ 20cm. Asthe minimum diametercut off for individualswas
10cm, this imposeda minimum sizerangeof 30cm. Only individualsexperiencing
postive growth in the 20-yeaperiodwereusedor thecalcuation of allomeric equatons.
In somecasesndividualsexperiencedo changer everadecreasm diameterovertime.
Thiswasusuallydueto partial death,lossof the main trunk or measuringerrors.The 45
speciesmeetingthe abo\e criteriaarelistedin Tablel. Production equationsfor each
speciesveregeneratedby plotting D*3(0) versusD?%(20) on linearaxes Becausedbhwas
measureddentically in 1976and 1996 measuremengrror is likely to beequally
distributedacrosghe x andy axes.For thesereasonsallometricslopesveredetermned
usingModelll RMA regessioi?®? Equatbnsand statisticsor eachspeciesrealso
reportedin Tablel.

Species-spe@®cwooddensity

Thespeci®evooddensiy, r, isasimplemeasuref the total dry massper unit volumeof
wood (gcm ®). Thespeci®density of woodis closelyrelatedto mechanicapropetiesof
strength,suchaselasticmoduli, which describeesistancéo staticandimpactbending,
compressiomndtensiort®. For29of the45specieseportedin this study, valuesf speci®c
wooddensit, r, in gem 3, weretakenfrom the literature?*?*% |f more than one study
reported a differentvaluefor a speciesthenthe averagevaluewasused(Tablel).
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We addressthe general question of what is the best statistical
strategy to adapt in order to search ef®ciently for randomly
located objects (‘target sites’). It is often assumedin foraging
theory that the "ig ht lengths of a forager have a characteristic
scalefrom this assumptiongaussian Raykigh and other classical
distributions with well-de®nedvariances have arisen. However

such theories cannot explain the long-tailed power-law
distributions*2of “ig ht lengthsor Tig ht times**Sthat areobsewved

expeimentally. Herewe study how the searchef®ciencydepends
on the probability distribution of “ig ht lengthstakenby aforager
that can detecttarget sitesonly in its limited vicinity. We show
that, when the target sites are sparseand can be visited any

number of times, an inverse square power-law distribution of

“ig ht lengths,correspondingto Lévy "ig ht motion, is an optimal

strategy. We test the theory by analysingexpetimental foraging

data on selectedinsect, mammal and bird speciesand ®nd that

they are consistentwith the predicted inverse squarepower-law

distributions.

Lévy “ig hts arecharacterizedby a distribution function

PLE 12" 1t

with 1, m# 3, wherel; is the "ig ht length. The gaussiaris the
stabledistribution for the speciaktasem$ 3 owing to the central-
limit theoremwhilevaluesm# 1 do not correspondto probability
distributionsthat canbenormalized. Thisgeneralizationgquation
(2), introducesanaturalparametemsuchthat weessentiallhawea
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family of distributions. Our strategyis to ®nd the value of the
paraméerb andhencehedistributionb that optimizesthe seach
processLevandowsket al** have suggestesvhy microorganisms
mayperformLévyig hts.A Lévydistribution isadvantageoushen
targetsitesaresparselandrandomlydistributed, irrespectie of the
value of m choser, becausethe probability of returning to a
previouslyvisited site is smallerthan for a gaussiardistribution.
Anotherexplanation proposedby Shlesingér argueshat foragers
may performLévy ig htsbecaus¢éhe numberof newvisitedsitesis
muchlargerfor N Lé&vy walkersthanfor N brownianwalker§**. A
Lévy ig ht stratey isalsoagoodsolutionfor therelatedoroblemof
whereto locate N radar stationsto optimize the searchfor M
target$?

Here wedevelopanidealizednodelwhich capturessomeof the
essentialdynamics of foraging in the limiting casein which
predatortprey relationshipsareignoredandlearningis minimized.
We assumehat targetsitesare distributed randomly and that the
foragerbehaesasfollows (seeFig. 1):

(2) If atargetsitelieswithin a ‘directvision distancer,, thenthe
foragermoveson a straight line to the nearestargetsite. A ®nite
value of r,, no matter how large, modelsthe constraintthat no

foragercandetect{or remember‘atargetsitelocatedanarbitrarily

largedistane away

(2) If thereis no targetsite within a distancer,, then the forager
choosesdirectionatrandomandadistanel; from the probability
distribution (equation(1)). It thenincrementallynovesto thenew
point, constantlylookingfor atargetwithin aradiusr, alongits way.

If it doesnot detectatarget,it stopsaftertraversingthe distance;

and chooses newdirection and a newdistane l;,;; othemwise, it

proceeddo the targetasin rule (1).

In the caseof non-destructiveforaging the foragercanvisit the
sametargetsitemary times.Non-destructiveoragingcanoccurin
eitherof two casedf thetargetsitesbecomeéemporarilydepletecbr
fall belowsome®ed concentrationthreshold,and if the forager
becomessatiatedand leaesthe area.In the caseof destructive
foraging thetargetsitefound by the foragerbecomesindetectable
in subsequentig hts.

First,wesolvethismodelanalyically. Letl bethe meanfreepath
of the foragerbetweersucessivedargetsites(for two dimensions,
I [ .2r,rt* wherer is the target-sitearea densiyy). The mean
“ig ht distaneis

12l t | #I“dl
#12di

v

Hi <

21

. rnz]_ |22m2 rsZm ¢|22m
22 m rizm rizm
a b /
\
)
/
N
/
N o \
\I

2ry

Figurel Foragingtrategya, If atargesite(solidsquare}s locatedvithira “direct-
visiondistance, thertheforagemovesnastraighinetoit. b, If therésnotargesite
withiradistance, thertheforagechoosearandordirectioandarandordistancé
fromtheL&yprobabiligistributioR. ;1 /* ™, andthenproceedasdescribeu the
text.
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The seond term of this ‘'mean®eld' calculationis appraximate
becausdé assumeshat the distances , betweersucessie sitesk
are all equalto | . The probability distribution hasa ®nitecutoff |
and correspondsto a truncated Lévy distribution. An in®nite |
leadsto divergenesfor m# 2 (seeFig 2a). The cutoff causes
convergenceto gaussiarbehaviouronly aftera very largenumber
of step&. A more rigorous treatment that considersa Poisson
distribution of | does not alter the resuts signi®cantly(see
simulationresuts below).

Wede®neheseachef®ciencjunction h(n) to betheratio of the
number of targetsitesvisitedto the total distane traversedby the
forager so that

.01
h HiN At
wheeN isthemeannumberof Tig htstakenby a Ldvy foragemwhile

10.0 T
a e—o|=10

=—-=a|=10

8.0
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—a|=10%

40 b
20 b

Ih

8.0

6.0

4.0

2.0

0.0 I I I
1.0 15

120 -

Ih

1.10

1.00 L L L
1.0 1.5

3.0

@ 2.5

M *

n¥1l.5

Figure2 a, b, Theproduabfthemearfreepath andtheforagingf®cientyagainst
theL&ryparameteninonedimensidiordifferentaluesfl , foundromequation()
and(3)(r,~ 1)forthecaseofnon-destructif@agingp) andfromsimulatior(s).

¢, lh foundromsimulatioristwodimensionjthl ~ 5;000(r, ~ 1).Ineaclcase,
My < 2 emergeasanoptimavalueftheLvy ightexponeniseshowsli asa
functiomfmforr,” 1andl ~ 10(solidine)] ~ 1 (dashed),” 1C (long-
dashedTheesultindicatéhatightsbecomesdongvhemn, 2, causingef®cient
foragingseeequatio(B))d, Two-dimensionahdomvalksorm™ 2:5,2.0and1.5
withidenticabtalength®f10® units.
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travelling betweertwo sucessiveargetsites.A low valueof h can
resultfrom eitheralargerN or alargeHi, correspondingo largeand
small m respectiely For intermediate valuesof m it is thus
coneivablethat a maximumin h canarise.We ®rstconsiderthe
casef destructivdoraging Themeannumberofig htsNq takento

travel an aweragedistan@ | betweentwo sucessivetarget sites
scale¥ as

Ng< .l ™" At
forl, m# 3 Herem2 1isthefractaldimensionof the setof sites
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Figure3 Foragingybumble-beesddeera, Flight-lenigpercentagkstributiorisr
foragingumble-begdk digitizethedataronref.15.b, Double-lqgotofthesame
datathevaluen< 2forlownectaconcentratisthesameaspredictebdythemodel.
Weareinterestesolelyn thelong ights, becausthepower-lawxponemhis not
affectetbyshortights.Thevaluem< 3:5 forhighenectaconcentratio(epproxi-
matelyL0 times)n whicHong ightsbecomeeryrare(sedext)s consistentiththe
predictiothath becomeimdependeatmwhen # r,. We smoothetthedatausing
runningveraginghensetisplayadouble-lggotbfthehistogranaf ighttimegin
1-hinterval$prthewanderinglbatro$sc, d, Double-Iqgotftheforagingme(ins)
percentagdistributiefordeeiin wildareagc) andfenceareadd). Wedigitizethe
originadateronref.16.Infencedreasspatidimitatiomtroducesnarti®cialigrger
numbeof turnings'.
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visitedbyaLédvyrandomwaller. (If thenumberof sitesmin aclosed
regionof aradiusr scalessm < r%, thend; isthefractaldimension
of the setof sites.)Note that Ny < .1.%,# for m$ 3 (brownian

motion)?. We also considerthe caseof non-destructie foraging

Becausereviouslyvisitedsitescanberevisited,equation(4) over

estimateshe meannumberN,, of "ig hts betweersucessie target
sitesfor the non-destructie caseWe showbelowthat N, < N32.

Letr, bethesmalldistan&ebetweerthelastvisitedtargetsiteandthe
position afterthe ®rstsubsequentig ht. For abrownianwalker in

the caseof destructiveforaging N, < | 2 because¢he averageime

required for arandomwalker in one dimensionwho is initially in

the middle of a containerof radius| to reachthe boundawy is
Ny~ | %=2D%, wher D is the diffusion constant Howevey for the
non-destructivecaseN, " ..l 2 r, ir,=2D1, becausdhe previous
site (only a smalldistane r, away) canberevisited® that is, the
scalingis quadraticin the former caseand linearin the latter. We
hawe found this resultalsoto hold for anomalousdiffusion and
spatialdimensionshigherthan 1. It followsthat

N, < 7,1 5t

forl, m# 3 Wehawalsosystematicallfestedequation(5) using
simulations,and®ndthat the apprakimation beconesincreaingy
betteras(l /r,) increasegcomparealsoFig. 2a,b).

Having found expressiongor Ny and N,,, we ®rstconsiderthe
casein which the target sitesare plentiful, that is, | # r,. Then
Hi < | andN4 < N, < 1.Hencehbeconesindependenbf m This
behaviourdoesnot correspondto Lévy "ig ht motion becauséong
fightswith |, g r, are practicallynon-existent We next studythe
more usualcasein which the targetsitesare sparselydistributed,
de®nedyl g r,. Qubstitutingequationg2) and(4) into equation
(3), we®ndfor destructiveforagingthat the meanef®ciency has
no maximum, with lower valuesof mleadingto more ef®cient
foraging Note that whenm”™ 11 ewith e! 0F, the fraction of
Jightswith I;, 1 becomesegligible,and effectivelythe forager
moves dong straight lines until it detects a target site For non-
destructiveforagirg, wenotethatif| q r,,thenNyq N, . Subditut-
ing equationq?2) and(5) into equation(3), anddifferentiatingwith
respecto mwe®ndthatthe ef®ciency ~ 1=N ,Hi) isoptimum at

My~ 22 d &t

where d< 1%a.l.7,T& So, in the absencef a priori knowledge
aboutthe distribution of targetsites,an optimal strategy for non-
destructiveforagingisto choosem,, = 2whenl /r, is largebut not
exactlyknown.

Wetestthe aboe theorettalresuts with numericalsimulations,
which haw the advantagethat no appraximations are made.
Speci®callyve perform one- and two-dimensionalsimulationsof
the model and study how h varieswith mfor the caseof non-
destructivdoragingfor arandomdistribution of targetsitesFigure
2a showsthat the simulation agres with the analyical results
(Fig. 2b), andapproachesy,, = 2@l ! . Thediscrepancyn h
nearm” 3isdueto the slowcorvergenceof N,,, whichapproaches
theexpectedcalingoehaviourasl ! ~ . Thesimulationrestts for
two dimensionalnon-destructie foragingalsoshowmaxima near
m,: " 2. Figure 2¢c showssimulatedforagingin a systemof size
10°3 10" with r,” 1, periodic bounday conditions and
| #,~ 53 1C. For destructiveforagingwith | q r,, simulations
showthatm! 1optimizestheef®ciencyspredictedIn contrast,if
the targetsitesare denselydistributed suchthat | < r,, then, as
expectedwe ®nd no signi®caneffectof varying m Our ®ndings
agres with the theorettal predictionsand raisethe possibility that
Lévy- ight foragingwith m, 3 maybecon®nedo instancesf low
global target-siteconentration, as the advantageof long “ig hts
becomesegligiblevhenthereareampletargetsiteqseealsoFigs2b
and 3b). Note that our simulation resuts do not sufferfrom the
appraimationsinherentin equation(2).

We compareour analyical and simulationrestuts with foraging
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dataon a variely of animals.The original foragingdataon bees
(Fig. 3a) were collectedby remrding the landingsitesof individual

bee¥. We®ndthat,whenthe nectarconentrationislow, the ig ht-

lengthdistribution decayssin equation(1), with m< 2 (Fig. 3b).

(The exponentmis not affectedoy shott ig hts.) We also®ndthe
valuem< 2 for the foraging-timedistribution of the wandering
albatros$ (Fig. 3b, inset) and deer (Fig. 3c, d) in both wild and
fenced aread® (foraging times and lengths are assumedto be
proportional). The value2# m# 2:5 found for amoebasis also
consistentwith the predictedLévy-ight motion.

The above theoretcal argumentsand numerical simulations
suggesthat m< 2 isthe optimal valuefor a searchin arny dimen-
sion. This is analogougo the behaviourof random walkswhose
mean-squardisplacemenis proportionalto thenumberof stepsn
any dimensiort’. Furthermore equations(4) and (5) describethe
correct scaling propetties evenin the presenceof shott-range
correlationsin the directions and lengthsof the “ig hts. Shot-
rangecorrelationscanalter the width of the distribution P(l), but
cannot changem so our ®ndingsremain unchanged.Henee,
learning, predatoetprey relationships and other shot-term
memoty effectsbecone unimportant in the long-time, long-dis-
tancelimit. A ®nite | ensuresthat the longest ig hts are not
energeticallympossible Our ®ndingsmay alsobe relevantto the
studyof populationdynamics Speci®callgachvalueof misrelaed
to a different type of redistribution kernet®, for example,m$ 3
correspondgo the normal (or similar) distribution, while m”~ 2
correspondgo a Caucly distribution (seealsoref. 19).Finally, note
that non-destructiveforaging is more realistic than destructive
foragingbecausen nature, targetssuchas owers,®shandberries
areoftenfound in patcheghat regenerateOrganismsareoftenin
clustersfor reproductive purposes,and sometimessuch clusters
mayhavefractalshape®. Thus theforagercanrevisitthe sameood
patch mary times. We simulateddestructiveforagingin various
patcty and fractal target-sitedistributions and found restlts con-
sistentwith non-destructiveforaging with uniformly distributed
targetsites. M
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Waer stress inhibits plant
photosynthess by decreasng
couplingfactorand ATP
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Water stress substantially alters plant metabolism, decreasing
plant growth and photosynthesi$** and profoundly affecting
ecoystemsand agiculture, and thus human societie$. Thereis
controversy over the mechanismsby which stress decreases
photosynthetic assimilation of CO,. Two principal effects are
invoked®* restricted diffusion of CO, into the leaf, causedby
stomatal closuré*®, and inhibition of CO, metabolisn?*. Here
weshow in leavesof sun ower (Helianthus annuusL.), that stress
decrease€0, assimilation more than it slowsO, evolution, and
that the effectsarenot reversedby high conentrations of CO,'2*2
Stresddecreasethe amountsof ATP***andribulosebisphosphate
found in the leawes,correlating with reduced CO, assimilation',
but the amountandactivity of ribulosebisphosphatecarhoxylase-
oxygenasé¢Rubism) do not correlate.We showthat ATP-synthase
(coupling factor) decreasewvith stressand concludethat photo-
synthetic assimilation of CO, by stressedleawesis not limited
by CO, diffusion but by inhibition of ribulose biphosphate
synthesis,related to lower ATP content resulting from loss of
ATP synthase.

When land plants absob lesswater from the ervironment
through their roots than is transpired (evaporated)from their
leaes, water stressdevelopsThe relaive water content (RWC),
water potential (w) and turgor of cells are decreasednd the
concentrationsof ions and other solutesin the cellsare increased,
therely decreaingthe osmotic potential** Stomatalporesin the
leafsurfaceprogressiely closé®***! decreasinghe conductaneto
watervapour(g,0) andthusslowingtranspirationandthe rateat
whichwaterde®citdlevelop**®1*** Alsg photosynthett assimila-
tion of CO, (A) decreaespften concomitantwith, and frequently
ascribedo, decreasingonductane to CO; (go,) (refs2+4, 6, 8).
HoweverdecreaedA is alsoconsideedto be causedy inhibition
of the photosynthetic catbon reduwction (Calvn) cyclé?®®!
althouch there is uncertainy over which biochemicalprocesses
are most sensitiveto stres§>®!5'¢ We assessedhetherA is con-
trolled by g-o, or by metabolicfactorsby measuringCO, and O,
exchange,using large CO, concentrations(up to 0.1molmol %,
equivalento 10%volume/volume)to overomesmallg:o, (refs8,
12+14),andby determiningimportantindicatorsof photosynthetic
biochemisty (for example, ribulose biphosptate (RuBP) and
Rubiso of the Calin cycle}***%" We consideredhe role of ATP
in particular***°becausealthough inhibition of photophosphoy-
lation hasbeendemonstratedi*°but is not widely acepted*¢182it
mayexplainthe decreasin RuBPandA (refs2, 11).

In thechloroplastsof leafcells captureof photonscauseslectron

transpot in the thylakoid membranesgwlution of O, (refs2+4)
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