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conipetitiun. mutations occur a t  each 1:ttticc po>ition \\ i t l i  ti 

certain prol>aI>iIity. hfu tan ts  had :I phenot! pc dI;i \vn f r o m  ;I 

I, iv;i r i  3 tc noiniia 1 d i h  ti- i  but ion with mea 11 t lie p m 3 i o  11s 0 ~ ~ 1 1  - 

p;int's pliciiot~pc and variance a ccrtain percentage of the 

'flie d u a l  lattice structure with two soparate 1;ittices for hosts 
and s)~nihionts corresponds to the idea of hiological markets 
(9) ,inti rcflccts the fact that, in nature, ecological diffcrcnccs 
bet wceii 11 OS t s and sy nib ion t s nor mal I y 1 i ni i t direct coni pc tit io 11 
het\~.eeii thciii. Nc\.erihelcss, interspecific mu tuiilisms contrih- 
u t c  indirectly t o  tlie outcome of intrxpccific competition 
liccsuse succcssftil mutualists are potenti;illy better compcti- 
tors. Our use of spatid lattices implies that competition for 
reproductive succcss is stronger bctnaecn neighboring iiidivid- 
uals ~ h a n  bctwcen indi\,iduals far apart. Thus, the lisger the 
si/e of the lattices, the larger the t o t a l  nnmhcr of  hosts and 
symbionts relative to the size of the local neighborhood within 
\shich conipctition occurs. One rather rcstricti\zc assumption in 
o u r  model is equal lattice size for hosts and syinhionts and  
Iicnce equal population size of tlic two pnrtnc1-s. Fiiture \vork 
should allow for different lattice sizes and for empty lattice 

n1e;i 11. 
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yJ?ls ,, 5L:!li~1i;i!-y o f  tlic crfccts of diffc~-ent p; i~ ; i i i i c tc i \  1111 t h e  
~ J I u l i D l l  of ~ ~ ~ u t u ~ t l i s n i  
~ _ _ _ ~  __ 

Effect 011 i i i i t i ; i l  spi.c:!Ci 
and persistence 

positive (cJ. I-'ig. 4) 
~~~~~ _ _ _ ~  __ 

&7u121i~,11 (lattice) siLe 
cunlber of j~iutu;ilistic iiiter;ictioiis positive 

, f , i l l , u l ~ ~  beiicfit &I 
t ' i lil  cost ('0 
i.citic:jj ~ l ~ ~ i s i i i i ~ ~ i o i i  positi\c 
xc,nlocn~ dispera;II negiiti\,e 
S:,X-h.lgi~ity i n  cc)iltcqt 
SfL7ihagiiity in  p:i\off 
.b, mnlctry in gencration time 
.L.nlnletry i n  n i u t a t i o n  1-:itC o r  

( i l s ra t~c~na)  1x1- gencr-;ttion 
positive (cf, Fig. .1) 
nept ivc  (cy. Fig. 1) 

positive ((f. 1-igs. 313 a n d  4 1  
positive (cf. Figs. .iD a n d  1) 

ncgiitivc (~f. Fig. 3 C )  
ncg;tti\.c 

. .  

. _  
-~ ~~:~gni tu t le  

~ ] ~ e  robuatnes  of Ihcsc patterns \\'as confirnicd hy Iiundreds of 
(jIilU1atioii~ by using a v~i r ie ty  of bascline conditions. 

L,f other strategies in spatial games, b u t  tlicrc are three 
important differences het\veen their approach and ours .  First. 
[hc.ir strategies tire not cicfined by ~ n \ ' ~ ~ t l i i ~ n t  decisions. scc-  
and, they do n o t  consider the dual lattices that ;iccount for 
,-cological differences bet ivccn  potcntially niutualistic species. 
5 1 OSt iin por t a n t  I y . t hey do ii o t si m u 1 at e c vo I 11 t i  I) n a I y d y n a mi c s 
by introducing a constant stream of rirndonily genei-nted 
niu tan t  strategies but by competition bct\veen ;I limited and 
fixed number of strategies. This a priori pre \u i t s  a gi-ndual 
evolutionary decay of cooperation. Thus our results provide 
more robust support for the importance of spatial structure 
when strategies vary  continuously. 

Unfortunately, analytical results for the conditions that 
favor the evolution of mutualism arc not fe;tsibIe. Even in the 
nonspatial case (Fig. I), the iterative procedure for the m u -  
tualistic interaction renders the dependence of the total pa).off 
on phenotypic values analytically intractable. To appi-eciate 
the complications, recall that the e~ulut ionary dynaniics to- 
ward loss of mutualism i n  the nonspatial case ;ire not niono- 
tonic (Fig. 2 D and E) .  In par'icular, the direction of selection 
011 mutualism in  one of the partners depends on the present 
phenotype of  the othcr partner, leading to complicated intcr- 
actions which I ~ C ~ T ~ ~ I ~ C I C S S  always result in  the eventual loss of 
mutualism. I n  tlic spatial model with dual  lattices, there is even 
less hope for imilytical results. An intuitive esplanation of w h y  
mutualism c;in persist with spatial heterogeneity is as follo\vs. 
Across the lattices. various dynamically homogeneous pockets 
of decaying mutualisin (Fig. 2) dcvelop. Interactions at  the 
boundaries of such pockets lead to transient local selection for 
more mutualistic phenotypes with higher average payoffs 
(similar to the transicnt effects shoivn i n  Fig. 2 D and E ) .  
Therefore, new and more  niu tua I is t ic pockets f o r m  t h a t  again 
start to dccay and at  the boundaries o f  which new t r ans ien ts  are 
.%neratecl. This leads to continual recurrence of mutualistic 
types (think of :I boiling sea of mutualistic bubbles) with over;ill 
maintenance of mut i i a t i sm.  I fowevcr, persistence docs not  
imply :in c w 1 u t i o n : i r ~ ~  steady state. Instead. initial offers and  
reward rates vary  in  ap;icc and timc, inducing fltlctu;itions in  
a\'er;ige payoffs (Fig. ?A) ,  'fliis viiriation suggests that res1 
'YO11 d inti t II 21 I ivns shou Id I7c cIi;ir;ictci-ized Iiy con side rab  I c 
Sewtic Iictci-cigenc,ity i n  ihc amount I1i;it pxrtncrs in\.est in  
each other,  ;I resiiIt similar t o  t hose  obtained hy 1kcg:inii ;ind 
Kaneko ( 2 3 ) .  

We viiricd specific Icaturcs of tIic iiiorIcI to see Iiow Iiiotog- 
ically important I';ictois sIiouIci i n i l u c n c c  t t ic  c\olution c i i  

mutualism. I.ai-gci- popi11:itions \\ crc niodcled I)y incre;izing thc 
Size of the sp:iti;il ; irr; iys.  Increasing tlic diii-:ition of ;I rcl:i- 
tlonship \vi is niocIeIctI  i>y inc.rc:ising the n u n i I x r  of itcriitions i n  
the ~iiutii;i~istic iiitcr;iction per gcncr;ition. ' I I ~ c  ~ f I c c , t s  01 

Ve1tic;ii l i - ; i n s n i i s s i o n  wci -c  siniul;itcd hy ;~s\iiiiiing t h a t  Iiohts 

A Non-stochastic 
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1 - 1 ~ .  3.  Effects of popu1:ition size and stochasticity 011 pcrsistcncc 
of niutualisni. hlcaii and SD o f  the times until the average piyoff fell 
helo\v 0.001 is sho\\n for 10 r u n s  starling from randomi~ed ICW initial 
plicnotqlic values (0. 6 < 0.005) for a range of population (lattice) 
sizes; lines leaving the uppcr horizontal indicatc persistence heyond 
300000 generations. ( A )  No stochasiticity. ( 5 )  Same :IS A h u t  \+,it11 
stochastic competition and stochastic payoffs. a, baseline paranieters 
511 = S, /{I = 4.2. and Co = 0.4 in the hcncfit and cost functions; citlicr 
sccnar-ios \verc obtained by varying one of these paramctcrs: A, Bo = 

1.3; +.  51 = 0.7: .. Co = 12: diffcrcnt paramctcrs \\.it11 ;i high 
cost-hencfit ratio were used for V: Bo = 20. 51 = 4.2, and CO = SO. 'fhc 
iiumher of iterations per  mutualistic intei-action \\.as 10. 

t h a t  win the competition bring their symbionts with them with 
3 certain probability, i.e.. the si~cccss of these symbionts \vas 
determined by the success of their hosts rather t h a n  by 
competition among symbionts. Non1oc;il dispersal \vas niod- 
elcd by competition occurring not with nearest neighbors Imt 
\\it11 eight indh iduals randomly chosen from tlic lattice. The 
sensitivity of the results to different costs and benefits v v x  

cd by vai-!ing tlic paramctcrs 130, 111, and Cli in  tlic cost 
a n d  benefit functions. W e  :11so tested two types of stochasticity. 
For stochastic competition (Fig. 3B) ,  the occupant a t  c;icli 
I:itticc site \\'ils left unc1i;ingcd with ; I  certain pi-obiibility. For 
stoc1i;isticity i n  the  payof'f (I-ig. ?/I), \vc drcw tlic :rctu;rl hcncf i t  
from i n v c s t m c n t  1 i n  ;iny r o u n d  of  tlic itcratcd g m c  from ;I 

norni:tI di!,ti-ibution with nican / I ( / )  and vni-iancc ;I ccrt;iiri 

I lie results o f  these nioclifications are sunini;ii-izcd i n  'T;ihlc 
I. I ~ r g c i -  populiition s i x ,  grciitcr niiiii1ic1- of inter;ictions 1 x 1 -  
gcnei-;ition, Iiigli benefit-to-coht i-:itios, and vcrtic:il transniis- 
sion I:i\,orcd niutualisni, \vlicic;is c l i s p x s i i l  ;ici-oss ilic 1;tIticc 
I ;ithci- t1i;in i o  neiglilxxing sites \ v i i s  dis;~civant;~gco~~s. 'l'licsc 

pclcenl;lge c1f the 111c;111. _. 
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rcqil ts  par:ilicl 1 1 i c ~  suiiim:irized by o thers  ( I O .  1 I .  I O ) .  
Coiitriiry to prc\,ioii< results ( 1  1: 16. 24). hoi\c\er. \ v c ~ - c  the 
cifects of stoc1i:tsticity in  OUI- motlcl (Fig. 3 /I ;ind 11). I3oth 
t!'pcs of stoclixticity WCI'C highly benefjcial foi- the evolution 
of iiiutualisiii (Fig. 3 R and D). Our interpi-etatic,ii of this result 
is that atocliasticity generates maiiy iiiore of the iii~tanccs of 
t 1;) iisic 11 t local sc I cc t ion for more mu t 11 a1 i s t ic 11 11 c 110 t ypcs t 11 ;it 
lcnd to the o\~cr;ill ~iiai~itciiance of niutualisni (see ; i b o \ ~ ) .  Also 
uiicspected was  tlie effect of asyinmeti-ies in  e\ olutionary rate, 
wli i~h were motlelcd by giving hosts and symbionts different 
\v i  I ues fo r gc ne r ;I t i on t i  me, 111 u t  at ion rat c ,  o r  ni u t a t i o i i  111 ag- 
nitude (Fig. -3C). Without exception, thc partner \villi the 
h ighc r evolution ar  y rat e [probably t 11 e sin a Ilc r sy ni h io i i  t in 
iii;iiiy natural systems (25) (but see also ref. 2h)] had a higher 
iii\~cstmeiit and a lower payoff, a result consistent w i t h  other- 
wise puzzling patterns of unequal relative benefits in in:)ertc- 
b r : ~  t e -;ilgal and lichen 11111 t u  ;ilisms (2). 

Table 1 wiimarizcs  the effects of  these parameters in 
ist>lation, but tlie likelihood of  niutualisni i n  nn tura l  systems 
\yilt be determined by the combined influciice of vnrious 
factors. Of particukir importance are the pmitiyc effects of 
stocliasticity and large population size hecause the real \vorld 
is noisy and vastly larger than thc spatial arrays we \vc:~-e ahlc 
to use. Fig. 4 reflects the results of numerous simul;itioiis t h a t  
d c 1170 list r a t e t 11 a t la rge spatia 1 arrays ;i nd s toch i i  z t ici t y ca II 
I-escuc otlier\vise doonied niutualisnis for a large range of 
pa r arne t er c om bin a t ions in the cost and be ne fi  t fu  iic t io n s. 

Our analyses do not apply to indirect mutualisms or mutu- 
alisms without rcpcated interactions, for \vliich other ap- 
pi-oaclies are inore appi-opi-iate ( I ,  5-11). We also iiiade a 
~iumber  of simplifying assuinptions. For esarnplc, tve assumed 
eq1ial lattice sizes for hosts a n d  s)~nibionts and hence equal 
population size of the t\vo partiiers, wliicli is uiirealistic for a l l  
intracellular symbioses. In addition, we assurncd one-on-one 
interactions between hosts and symbionts. th;it is, we assumed 
that one host interacts \\:it11 only one symbiont in cvery 
generation and lice IWSO. 14ore realistically, one could assunic 
that a host interacts with several symbionts in one generation 
(and i k e  I W X ~ ) ,  \vliich ivould increase the potential for conflict 
;111iolig cooperators ant i  cheaters. Finally, we made the sim- 
plifying assuniption that all rcproduction is asexual. The effects 
of relaxing these and other unrealistic ;~ssuiiiptioiis \\:ill be 
explored in future studies. 

Ne\~crtheless, our niodel represents the first specific attempt 
to  comhine the Prisoner's Dilemma appro :~I i  with tlic basic 
fzatures of  interspecific mutualisms. O\:erall, our results sug- 
gest that the t r ansi t io i i  f roiii lieu t r a I t o  111 u t  u a1 ly he n e f i c i al 
interactions should often occur. Moreover, selection for  higher 
hcnefits and lower costs, an option we did not model. should 
further stabilize mutualisni once it e\~ol\~cs. Thus, the real 
c\dutionary challenge for niutualisni may not bc tlic spread of 
cheaters in established associations, as has been assui1icd 
traditionally by  tlieorcticians, but rather the ahility to survive 
in intimate association in the first place. This n i q  csplain \vhy  
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