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ABSTRACT

WeuseHamilton’s inclusivefitnessmethodto calculatetheevolutionarilystabledispersalrate

in 1- and2-dimensionalstepping-stonepopulations.This extendspreviousresultsby introducing

a positive probability for adultsto survive into thenext generationandbreedagain. Relatedness

betweennearbyindividualsgenerallydecreaseswith increasingsurvival, decreasingcompetition

with kin andfavouringgreaterdispersalrates.

Key words: altruism,dispersal,inclusive fitness,stepping-stonepopulation,overlappinggen-

erations.

Dispersalis an importantform of socialbehaviour which encapsulatesthe trade-off between

cooperationandcompetition.Competitionfor resourcesamongkin favourstheevolution of dis-

persal.Theevolutionarilystable(ES)level of dispersalcanbedeterminedfrom aninclusivefitness

analysisof the reductionin competitionwith relativesandthe costof dispersal.The population

structuredeterminestherelatednessbetweenindividualsandthe level of competitionamongkin.

Populationsarefrequentlydescribedwith apatch(Wright’s infinite island)or latticestructure(e.g.

stepping-stone,Kimura 1953).Carefullyconstructedmodelsarenecessaryto discoverwhich fea-

turesof structuredpopulationsaffect theevolutionarily stablelevel of dispersal.

The evolution of dispersalhasbeenanalysedundera variety of conditions. Hamilton and

May (1977) first showed that costly dispersalin a homogeneouspatch-structuredenvironment

canbefavouredbecauseit reducesthecompetitionamongrelatives. Their basicmodelhasbeen

generalizedto describepatcheswith morethanoneindividualperpatch,offspringcontrol,sexual

reproduction,andothergeneticsystemswith similar results(Cominset al. 1980,Motro 1982a,b,

1983,Frank1986,Taylor 1988). At the heartof eachmodel is a descriptionof the population-

geneticstructurewhich determinestherelatednessbetweenanactorandotherindividuals.

Many dispersalmodelsassumeall adultsdie at theendof every generation.Although this is

a realisticreflectionof many plant andanimalpopulations,many specieshave overlappinggen-

erations.Thedegreeof overlapbetweengenerationsis determinedby thesurvival probabilityof

adults.Increasingsurvival of reproductively activeadultsaffectsrelatedness.In apatch-structured
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population,increasingsurvival increasesthe relatednessbetweenindividualson the samepatch

(Pen,2000)andpromotesincreaseddispersal(Taylor & Irwin, 2000).

Ourobjectiveis to determinetheESdispersalratein one-andtwo-dimensionalstepping-stone

populationswith overlappinggenerations.We useHamilton’s (1964)inclusive fitnessmethodto

analysethe selectionon a mutantgenefor a deviant rateof dispersal.The methodaddsup the

effect of thebehaviour on thefitnessof all individualsweightedby their relatednessto theactor;

if thesumis positive,thebehaviour is favoured.Thisapproachhighlightsthetradeoff betweenthe

benefitof dispersalto closerelativesandthecostto thedisperser. Wefind thattheESdispersalrate

in a stepping-stonepopulationincreaseswith increasingsurvival probability. In onedimension,

weobtainasimpleformulafor theESdispersalrate.In two dimensionsthedispersalratecan’t be

foundexplicitly andwe presentnumericalresults.Olivieri et al. (1995)foundananalogousresult

with a computersimulationof a metapopulationmodelandVenable& Levin (1983) found that

annualplantstendto haveshorterdispersalrangesthanperennialspecies.

THE MODEL

We studya populationstructuredby placingsitesin a one-or two-dimensionalsquarelattice.

Thepopulationis infinite, with oneasexually reproducinghaploidadultpersite. Eachindividual

producesalargenumberof offspring.Thesedisperseequallyamongadjacentsiteswith totalprob-

ability
�
. In onedimension,therearetwo neighboursanda fraction

�����
of the juvenilesdisperse

to eachandin two dimensions,therearefour neighbourswhich eachreceive a proportion
���	�

of

theindividuals.Dispersalis costly;thefitnessof adispersingjuvenileis reducedby increasedpre-

dationor otherfactors.Mathematicallywe describethis by assumingthatonly aproportion 
���

of dispersingjuvenilesarrive at a new site. We createoverlapbetweengenerationsby allowing

adultsto surviveandbreedagainwith probability � . If anadultsurvives,it is guaranteedto retain

thebreedingresourceson its site. If it dies,theoffspring,bothnative andimmigrant,competeon

anequalbasisfor thevacantsite.Offspringwhichdonotwin asitedieandthecyclebeginsagain.

WedeterminetheESdispersalrateby findingtheinclusivefitnesseffectof amutantwith aslightly

altereddispersalprobability.

We make two differentapproximationsin our calculations.We introduceanadditionaldisper-
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sal rate � which bringsin unrelatedindividualsfrom infinity andcanbethoughtof asa mutation

rate(Crow & Kimura,1970,p. 267).Thisadditionaldispersalis necessarybecausein theabsence

of long-rangedispersalor mutationthe equilibrium relatednessesareall 
 on the one-andtwo-

dimensionallattice. Our first approximationis to includetermsof order � � andignore � terms

in therelatedness.This simplifiesthecalculationof relatednessbetweentheactorandnearbyin-

dividuals,with the effect that even in a neutralpopulation,our relatednesscoefficientsareonly

calculatedapproximately. Second,we assumethe mutantallele codesfor a small deviation � in

thedispersalrate. Theinclusivefitnessresultshouldbevalid for small � ; to bepreciseit is exact

to first order(Taylor, 1996).

CALCULATION OF RELATEDNESS

Relatedness in one dimension.

Wecalculaterelatednesswith aone-generationrecursionassumingall offspringdisperseat the

samerate.Let ��� betheaveragerelatednessof anindividual to one � sitesto theright in theone-

dimensionallattice.Therelatednessin thenext generation���� is aweightedaverageof relatednesses

in thecurrentgeneration,

� ����
����� ���� �! ����"�#%$����'&(#*)+$-,  ���*"/.0$1���2&3.')+$�45�6�7$-89�;:!<=�?>�A@
�< � �A@@ < � �CB (1)

where � � D . D "/., � D/EFD .G$ D/EFD "/.4 � D #E $ D # . $ D # "/.8 � � D :  
�� D :H)+$ D # :
andD(I is theprobabilityapatchis wonby anindividualfrom asite J stepsto theright. For example,

the weight
�

is obtainedby noticing that the distancebetweenparentsand their offspring can

changeby
�

in a generationonly if offspringfrom eachsitedisperse1 stepin oppositedirections.

The weight 8 is the probability individuals � sitesapartareunrelatedwhich canhappenin two

4



ways:if onecomesfrom infinity andtheotherdoesn’t (with totalprobability
� D :  
0� D :H) ) or both

comefrom infinity (D # : ). With no externalpressureson dispersal,we expectsymmetricdispersal

andset D "/. �KD . . Valuesfor D(I arein TableI. Thereis a usefulrelationshipbetweenvaluesof DLI
for thegeneralcaseandthecase� � 
 �M@ . Substituting N� and N� for

�
and � in the D(I for non-

overlappinggenerationsandzero-costdispersalobtainsthe generalD(I if the modified dispersal

ratesaredefinedby N� � �  
��1��)PO 
P��

���
  � $��+)RQ (2)N� � �  
��1��) O 
���

P��
  � $1�G) QTS
A standardmethodto analyseEq. (1) transformsthe recursioninto a linear systemof four

first-orderdifferenceequations(Kimura & Weiss1964,Taylor 1994). Solving the recursionfor

therelatednessbetweenneighboursandnext-nearestneighboursyields�	. � 
���U (3)�V# � 
�� �XWHY 
��ZN� �[
\$]N�N� ^ U
where U � � N�N�  
��ZN� ) $�_  �+) S

The reductionto a systemof first-orderdifferenceequationscan’t beadaptedto computere-

latednessin two or threedimensions.Anotherapproach,introducedby Weiss& Kimura (1965)

canbeusedwith a regular latticeof any dimension(seealsoMalécot1975). We usethis method

to find the relatednessbetweenindividualson nearbysitesin a two-dimensionalstepping-stone

population.

Relatedness in two dimensions.

We define ���a` b to be the relatednessof a focal individual to an individual � sitesaway in the

horizontaldirectionand 
 sitesaway in theverticaldirectionin thelattice. It’ s convenientto write

theserelatednessesin aninfinite matrix c �ed ���f` b;g for all �h<*
jilk . Following therecursionabove

(Eq. 1), we write a recursionfor relatednessin thenext generationin termsof relatednessin the
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presentgeneration

c � � �� �1m # c�<  �h<*
()H>�  @ < @ )
h<  �h<*
() �  @ < @ ) S (4)

where m � D/E $ D .  on .+$ n "/.. $ n #7$ n "/.# )� 
P� N� � N�p$ N��  on .G$ n "/.. $ n #q$ n "/.# ) S (5)

The
n I areshift operatorson the relatednessmatrix which move all the entriesleft or down one

step, n . d ���f` b;g � d ���2&3.r` b�gn # d ���f` b;g � d ���f` b�&3.2g S
Theoperatorm ‘disperses’offspringwith eachterm;thefirst termkeepsafraction D(Es� 
t� N� � N� at

thenatalsite,andthenext four termssendD . � N�u�	� to eachof thenearest-neighbours.m # appears

in Eq. (4) becausewe needa weightedsumof relatednessesfor juvenilescomingfrom any of the

fivesitesfor eachjuvenile(ignoringunrelatedindividualsdispersingfrom sitesinfinitely faraway,

seeFigure1). Therecursion(Eq.4) holdsfor stepping-stonedispersalin alatticeof any dimension

with anappropriatechoiceof m . For example,a recursionfor onedimensioncanbeobtainedfrom

(Eq.4) by defining m � 
v�wN� � N�x$zy{#  Fn $ n "/. ) where
n

is theshift operatoronaninfinite vector

of relatednessd ���;g .
Wefind therelatednesscoefficientsatequilibriumby solvingEq.(4) with c�� � c . It is straight-

forwardto verify thatm d�|~}h�  �u�	.2) |�}h�  
L�V#�)�g ���  �	.�<��V#*) d�|�}h�  �u�	.') |�}��  
L�V#�)*gu< (6)

where �  �	.*<��V#�) � 
P�zN� � N�p$ N� �  |�}h� �	.+$ |~}h� �V#�) S (7)

This saysthat for each �	. and �V# , m has an eigenvector d�|�}h�  �u�	.') |�}h�  
L�V#�)�g with eigenvalue�  �	.*<��V#�) . We introducea function �  �	.�<��V#*) which is a linearcombinationof theseeigenvectors
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with the ���a` b asweights, �  �	.�<��V#�) ��� �f` b ���f` b |~}h�  ���	.2) |~}h�  
L�V#�) S (8)

The ���f` b aretheFouriercoefficientsof thefunction � andcanberecoveredwith theFouriertrans-

form of � , �6�f` b � 
 �R� ) #v� #��E � #��E �  �	.*<��V#�) |~}h�  ���	.2) |~}h�  
L�V#�) � �	. � �V# S (9)

Now, apply
 
�� m # ) to Eq. (9) 
�� m # )fc � 
 �R� ) #v� #��E � #��E �  �	.�<6�V#*)  
P� m # ) d�|�}h�  �u�	.2) |�}h�  
L�V#�)�g � �	. � �V# (10)

andusetheeigenvectorsof m Eq.(6) to obtain�  
�� m # )fc;� �f` b � 
 �R� ) # � #��E � #��E �  �	.*<��V#�)  
�� � #  �	.�<��V#�)2) d�|�}h�  �u�	.2) |�}��  
��V#�)*g � �	. � �V# S (11)

Theleft-handsideof Eq.(11) is thevectorof Fouriercoefficientsof �  
+� � # ) andit followsfrom

Eq.(4) thatthey aregivenby�  
�� m # )fc;� �f` b � �� � @ <  �h<*
L)�>�  @ < @ )� <  �h<*
L) �  @ < @ ) (12)

where � is a constantto bedeterminedlater. Sinceall theFouriercoefficientsof �  
�� � # ) are @
exceptat � � 
 �A@ , �  �	.*<��V#�) � �
�� � #  �	.*<��V#�)uS (13)

Now combineEqs.(9) and(13) to obtaina formalsolutionto therecursion���f` b � � �R� ) # � #��E � #��E |~}h�  ���	.2) |~}h�  
L�V#�)
�� � #  �	.�<��V#*) � �	. � �V# (14)

with theconstant� determinedby � E ` E�� 
 . Theproblemnow is to evaluatetheseintegrals.

In onedimensionanalogousargumentsshow��� � ��	� � #��E |�}h�  �u�h) O 
N�9$ N� � N� |�}�� � $ 
� � N�j� N� $ N� |�}�� � Q � �
Theseintegralscanbeevaluatedto obtaintheresultsin Eq.(3).
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In two dimensionsthe integralsmust be simplified usingvariousingenioustransformations

(seeappendix).Exact formulaefor the first two relatednesscoefficientsneededin the dispersal

analysisare � E `�. � �  �� .2)q� �  �� #*)� . �  o� .2)+$ � # �  o� #�) (15)�	.r`�. �  �� .7� � .') �  o� .2)q� � .f�  �� .2)+$  o� #v� � #*) �  �� #�)q� � #��  �� #�)� . �  �� .2)+$ � # �  o� #�) (16)

where
� I and

� I arein (Eqs.27, 32) and � and � arecompleteelliptic integralsof the first and

secondkindsrespectively (Abramowitz & Stegun1964).Otherrelatednesscoefficientshavemore

complicatedformulaebut canbecomputedasindicatedin theappendix.

ANALYSIS OF DISPERSAL .

We now find the ES dispersalrate in a one-andtwo-dimensionalstepping-stonepopulation

with overlappinggenerations.A mutantadoptsa deviant dispersalprobability
� � � � $K� . The

inclusivefitnesseffectof themutantis thesumoverthewholepopulationof thefitnesschangedue

to themutantfor eachindividualweightedby its relatednessto themutant:�����a� � � I ��� I � I S
The fitnessof a breederon site J is the expectednumberof its breedingdescendentson all sites

in the next generation.This is the sumof the probability of survival � andthe expectednumber

of offspringwhich obtaina breedingspot. If anadulton site J sends� I � offspringto competeon

site � , therewill be �(� ��� b ��br� juvenilecompetitorson site � . Theprobabilityanoffspringfrom

site J wins site � is theproductof theprobability thecurrentoccupantdiesand � I � � �(� . Thus,the

fitnessof theadulton site J is � I3� ��$  
��1��) � � � I ��L� S (17)

Thechangein fitnessdueto mutantbehaviour on site J is��� I�� � �I � � I��  
�����) � � O � �I �� �� � � I ��(� QTS (18)
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In aone-dimensionalstepping-stonepopulation,thenon-zero� I � are� I I¡� 
�� � �T�� I ` I£¢ . � � �  
��1
() S
Themutantonly affectsdispersalawayfrom theorigin, sotheonly � �I � whichdiffer from � I � in the

previousgenerationare � � ErE � 
P� � � �T�� �E ` ¢ . � � ��  
���
() S
Themutantaffectsthefitnessof individualsoneandtwo stepsaway becauseit changesthenum-

ber of competitorson its own site andsitesonestepaway. The fitnesschangesareobtainedby

substitutingthese� I � into Eq. (18),��� E¤�  � �1¥ � ��
 � )  
���
()  
��1��)'��  
���
 � ) #��� . � �  
�� ��� )  
���
()  
P�¦�R)f��  
���
 � ) # (19)��� # � � �  
���
() #  
����R)f��  
��1
 � ) # S
Selectionis weaksowe includeonly termslinear in � andwe ignoreterms _  �+) sincewe only

retainedterms_  � �G) in therelatednesses.Themutantgeneis favouredif�����f� � ��� E $ � ��� .r�	.G$ � ��� #6�V#P§ @ (20)

usingtherelatednessfrom Eq.(3). TheESdispersalrateis� � � 
� 
©¨ �  
�� Y 
���
  
��1
()  
����R)')q�1
  
P����)
�� Y 
��1
  
���
()  
P�¦�R)q��
  
�����) S (21)

If dispersalhasno cost(consideringthelimit 
9ª @ ) then� � � ¥«$-�� S (22)

In a patch-structuredpopulationwith no costof dispersal,the ES dispersalrateis 
 because

dispersingoffspring don’t competewith relatives(Hamilton & May, 1977). In a stepping-stone
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population,dispersersalwayscompetewith relatives,soevenwith no dispersalcost,only partial

dispersalis favoured(Eq.22).

In two dimensions,the methodof calculationis the same,but moresitesareaffectedby the

mutant. A changein its dispersalrateaffects the numberof competitorson its site andon the

nearest-neighboursites.Thefitnessof individualswhich disperseoffspringto any of these5 sites

mustbe includedin theinclusivefitness.In total, individualson thirteensitesareaffected,repre-

sentingfour distinctrelatednessgroupsasshown in Figure1. Thechangein fitnessof individuals

on thesefour groupsof sitesto first orderin � is��� E ` E¬�  � ��­ � �1¥ � 
L)  
���
L)  
��1��)f��  
���
 � ) #��� E `�. � �  
P� ��� )  
���
()  
��1��)'��  
���
 � ) # (23)��� .r`�. � � �  
���
() #  
�����)'�®  
��1
 � ) #��� E ` # � � �  
���
() #  
�����)'�
;¯  
���
 � ) # S
Theinclusivefitnesseffect is obtainedby addingthesetogether, weightedby their relatednessand

thenumberof eachdifferentsitetype,�����a� � ��� E ` E $ � ��� E `�.a� E `�.0$ � ��� .r`�.r�	.r`�.G$ � ��� E ` #6� E ` # S (24)

TheESdispersalrate
� �

is asolutionof�  �	� � �R
!�1���[
�) � O  
�����)  
���
() � �� �  
��1�s$°
�$-�R
L)q� � Q $ �  � � � �  
�����$-
�$°��
()2) �K@ S (25)

Figure2 showstheESdispersalrateasafunctionof � for one-andtwo-dimensionalstepping-stone

populationsaswell asapatchstructurewith 
 �A@ andwith 
 � 
 � 
 @ (seeTaylor& Irwin 2000).

DISCUSSION

Weanalysetheevolutionof dispersalin one-andtwo-dimensionalstepping-stonepopulations.

Ourmainresultis thatincreasingthesurvival rateof reproductively activeadultspromotesgreater

dispersalrates. This is a result of the effect of survival probability on the relatednessbetween
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neighbours.As survival increases,the relatednessbetweenneighboursdecreases.Anotherway

to think aboutthis is thatsurvival tendsto increasethebetween-sitegeneticvariancebecausethe

“mixing” effectsof dispersalarereduced,evenwith thesameoffspringdispersalrate.A varietyof

factorsaffect thebalancebetweencompetitionanddispersalcosts.

Increasingthecostof dispersalresultsin a smallerESdispersalrate. A greaterdispersalcost

decreasestheinclusivefitnessdueto dispersingoffspringfor a givendispersalrate.Thisprovides

a marginal benefitto increasingthe proportionof non-dispersingoffspring despitethe increased

competitionwith relatives.This is consistentwith previousstudiesof patch-structuredpopulations

with non-overlappinggenerations(HamiltonandMay 1977,Motro 1982a,b,Frank1986,Taylor

1988).

In our model,competitionamongrelativescanbereducedby increasingthedispersalrate.An

interestingextensionallows variabledispersalratesover a rangeof dispersaldistances.Competi-

tion amongrelativesis reducedby dispersingfartherandby spreadingdispersedoffspringover a

rangeof sites.Preliminaryresultsindicatethatasgreaterdispersaldistancesarepermitted,more

offspringdispersefrom thenatalsiteto moredistantsites.If dispersalcostsincreasewith distance,

mostof theoffspringdisperseto abandof sitesneitheradjacentto, norverydistantfrom thenatal

site.

We comparethe stepping-stonepopulationsto a patch-structuredpopulationwith one indi-

vidual per patch(Fig. 2, Taylor & Irwin 2000). In a patch-structuredpopulationindividualscan

dispersefrom onepatchto any other, but in a stepping-stonepopulationdisperserscanonly arrive

from neighbouringsites(ignoring the small dispersalrate from infinity). In this sense,a patch

populationis thelimit of a stepping-stonepopulationasthenumberof neighboursgoesto infinity

andtherelatednessbetweenneighboursgoesto zero.TheESdispersalratein stepping-stonepop-

ulationsincreasesasthenumberof neighboursincreasesandtheESdispersalratefor the ± � 

patchpopulationis greaterthanin eitherstepping-stonepopulation.An extradifferenceis thatthe

ES dispersalrate is independentof survival probability � for the ± � 
 patchpopulation. This

is understandablebecausethe effect of � on relatednessvanisheswhenthe relatednessbetween

differentindividualsis @ .
In onedimension,we obtainan analyticexpressionfor ES dispersal,includinga remarkably

simple result when thereis no cost of dispersal(Eq. 22). The two-dimensionalproblemis in-
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herentlymorecomplicated,but we work with standardspecialfunctionsandcancomputeexact

numericaldispersalrateswithout requiringsimulations.Thetwo-dimensionalstepping-stonepop-

ulationhasobviousapplicationto communitieswhich live on a surface,but theone-dimensional

latticemaybesuperiorfor examiningapopulationin anedgehabitat(e.g.alpineor coastal).

An importantdifferencebetweenone-andtwo-dimensionalstepping-stonepopulationsis that

thereare more interactingneighboursin two dimensions.Similar to increasingthe patchsize,

this is expectedto decreaserelatednessbetweenneighboursand favour increaseddispersaland

indeedour resultsshow that theES dispersalrateis greaterin a two-dimensionalstepping-stone

populationthanin onedimension(Fig. 2).

Gandon& Rousset(1999) recentlystudieddispersalin the samepopulationstructuresbut

with non-overlappinggenerationsandfinite populations,reportingresultsconsistentwith ours.

Inclusive fitnesscalculationsin finite populationspresentspecialchallenges.Gandon& Rousset

(1999)andRousset& Billiard (2000)formulaterelatednessin termsof theprobabilitygenesare

identicalin state.An alternative identity by descentformulationfor a modelof altruismin patch

andstepping-stonestructuredpopulationsis foundin Taylor& Day(2000)andTayloretal. (2000).

At thecentreof theanalysisof dispersalis a tensionbetweenlocal competitionandthecostof

dispersal.Offspringwhich remainon theirnatalpatcharelikely to competewith sibs,while those

which pay thecostof dispersalaremorelikely to competewith moredistantrelatives. Dispersal

canbeviewedasakind of altruismbecausedispersershaveareducedchanceof surviving to com-

peteandnon-dispersersbenefitfrom reducedcompetition.Recentlyit wasshown that increased

survivalpromotesaltruismin apatch-structuredenvironment(Taylor& Irwin 2000)andourresults

show thatasimilar effectholdsin latticepopulations,at leastfor dispersalbehaviour.

We thankPeterAbramsandtwo anonymousrefereesfor helpful comments.
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APPENDIX

Computingrelatednesscoefficients in two dimensionsis technicallymore complicatedthan

in onedimension.The necessarycalculationsappearedin Weiss& Kimura (1965)andComins

(1982)but we have simplified themfor our purposes.First we rewrite Eq. (14) usinga partial

fractionexpansion, ..r"�²q³ � .#µ´ ..r"�² $ ..o&/²·¶ andwrite thetwo termswith aconvenientnotation,���a` b � � ´ � �f` b  o� .2)+$  �x
;) �2&(b � �a` b  �� #�) ¶ (26)

where � �f` b  �� ) � 
 ��� ) # N� � #��E � #��E |�}h�  �u�	.2) |�}h�  
L�V#�)� � |~}h� �	.7� |~}h� �V# � �	. � �V#
and � . � � $ � N� N�� # � � O � � N�N� �¸
 Q S (27)

Thefactor
 �x
;) �2&(b comesfrom thesubstitution� � N�P$ � which introducesnegativesignsin the

denominatoranda factorof |�}h�  � � ) |~}h�  
 � ) �  �x
�) �2&(b .
We evaluatethe

� �f` b  o� ) in two ways.If � � 
 thenwe cansimplify theintegralsusingspecial

functionseventuallyobtainingforms involving elliptic integrals. If �K>� 
 we usetrigonometric

identitiesto expresstheintegralsin termsof
� �a` �  o� ) .

On thediagonal� � 
 wetransformthedenominatorusing .¹ �Aº :EM» " ¹r¼ �h½ whichallowsusto

introduceBesselfunctionswith imaginaryargumentandLegendrefunctionsof thesecondkind to

get � �f` �  �� ) � 
 N� � :E » " ¹r¼¿¾ #�  ½ ) �h½ �  �x
;)aÀN�h� J�Á ��"/.oÂ�#HO 
�� � #� Q (28)

(Watson1958).Thiscanbewrittenusingelliptic integralsas� E ` E  o� ) � �� � � O �� Q (29)� .r`�.  o� ) � 
� O � � �� Q � O �� Q � �� � O �� Q < (30)

and
� �f` �  o� ) for �9§A
 canbeevaluatedrecursively

Á À &3.oÂ�#  � � ) � � �� �9$K
ÄÃ O �Å� 
� Q Á À "�ÆaÂ�#  � � )Ç� � � Á À "/.oÂ�#  � � )rÈ S (31)
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Off-diagonalelementsareevaluatedwith algebraicmanipulationsandtrigonometricidentities.

For example,theintegrandin
� E `�. canberewritten|�}h� �V#� � |�}�� �	.7� |~}h� �V# � �x
�$ � � |�}h� �	.� � |�}�� �	.q� |~}h� �V#

so
� E `�. � � .# $ ¹# � E ` E . Similarly,

� E ` # canberewrittenusingtheidentity |�}h� � � � � |�}h� # �\�É
 and

themanipulationusedfor
� E `�. giving� E ` # � � �	� E `�.q� � � .r`�.%� � E ` E S

In thetext, theargumentsof theelliptic integralsareabbreviatedas� . � �� . � N�N� $ N�� # � �� # � N�� �ÊN� � N� S (32)
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TableI.

Probability the winner of a site camefrom a site J units away D(I ; J �¤@ meansthe winner

was native, J � 
 meansthe winner was a neighbour, and J � B meansthe winner was not

relatedto thepreviousoccupant.Severalsitesareoneunit away, eachis countedseparately;in one

dimensiontherearetwo ( ± � � ) andin two dimensions,four ( ± � � ). Thedispersalrateis
�
, the

probabilityof survival is � , andthecostof dispersalis 
 .
J DLI
 �A@ <*� �A@ generalcase

@ 
�� � �¦� 
��ÊN� � N� � 
��  � $��G)  
����\$°��
()
��1
  � $1�G)

 �± N�± � �  
��1��)  
���
()±  
���
  � $��G)')
B � N� � �  
����R)  
���
()
���
  � $��G)
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FigureCaptions

Figure1.

Dispersalpatternin atwo-dimensionalstepping-stonepopulation.Themutant’s(black)deviant

dispersalrate changesthe numberof competitorson its own site and the 4 nearestneighbours

(grey). This affectsthefitnessof individualsbornon all thesitesshown. Eachdifferentclassof

siteis labeledwith its relatednessto themutant.

Figure2.

Evolutionarily stabledispersalrates. Startingfrom the top the lines correspondto the patch

model ( ± � 
 , solid), the 2-dimensionalstepping-stonewith four neighbours(dashed)andthe

1-dimensionalstepping-stone(dotted).Zero-costdispersal(A) and 
 ��@ S 
 (B) areshown.
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