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There are four genetically distinct types of organisms: (1) social learners (linearly frequency-

dependent, UT), (2) conforming social learners (disproportionately frequency-dependent, CT), 

(3) payoff-biased social learners (PT), and (4) individual learners (IL).  

• UT acquire their phenotypes by copying a random member of the parental generation in 

the site they occupy (oblique transmission). 

• CT acquire their phenotypes by copying the most common behavior of the parental 

generation in the site they occupy, but suffer a mortality cost d. 

• PT acquire their phenotypes by copying the behavior of the parental generation with the 

highest payoff in the site they occupy, but suffer a mortality cost g. 

• IL always acquire the phenotype that is adapted to the environment of the site they 

occupy, but suffer a cost c due to mistakes made before the mature behavior is realized. 

We assume . 10 <<<≤ cgd

Organisms may occupy any of n sites in a spatially heterogeneous world. Each site has a 

different environment. We distinguish n phenotypes, each of which is locally adapted to one 

particular environment, but maladaptive in the 1−n  other environments. Phenotypes that are 

maladaptive in all n environments are not incorporated into the dynamics. Let  (

37 

ijX ni ≤≤1 , 

) be the number of UT at site i that are adapted to the environment of site j. Then, at site 

i there are  UT in all, of which  are behaving adaptively (UTC, for short) and 

 are behaving maladaptively (UTW, for short). Similarly, let  and  be the number 

of CT and PT at site i that are adapted to the environment of site j. Then, at site i there are 

 CT and  PT in all, of which  and  are behaving adaptively (CTC 

and PTC, for short), and  and 
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iii VV −  are behaving maladaptively (CTW and PTW, for 

short). Moreover, let  ( ) be the number of IL at site i. By assumption, IL always 

acquire the phenotype that is adapted to the environment of the site they occupy, but suffer a cost 
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59 

due to mistakes made before the mature behavior is realized. Therefore iiiii ZVUXN +++=

(Nb

 is 

the total population at site i. These numbers are enumerated at the adult stage just prior to 

reproduction.  

 The life cycle begins with reproduction, where each organism gives birth asexually to  

offspring according to the discrete logistic equation 

)i

  . (A.1) )/1(1)( KNrNb ii −+=

Here,  and  are assumed to be the same for all sites. Since the offspring are 

genetically identical to their parents, the numbers of UT, CT, PT, and IL among the newborns at 

site i are , , , and , respectively.  

0>r

iX

0>K

)i (ibU(Nb )iN )( ii NbV )( ii NbZ

 At the second step of the life cycle, UL, CT, and PT acquire their phenotypes by copying a 

behavior of the parental generation. All members of the parental generation die immediately 

afterward. As a result, the number of UT at site i that are adapted to the environment of site j 

becomes 

60    iijiijijijii NZVUXNbX /))(( δ+++ ,  (A.2) 
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62 

where ijδ  is Kronecker’s delta ( 1=ijδ  when ji =  and 0 otherwise). The number of CT at site i 

that are adapted to the environment of site j becomes 
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  ijii NbUd ρ)()1( −   (A.3) 

where  
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ρ  (A.4) 

Here, a is the strength of conformist bias, and CT always imitate the most common behavior 

when . The number of PT at site i that are adapted to the environment of site j becomes ∞=a

68    ijii NbVg δ)()1( −   (A.5) 
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72 

because we assume there are organisms behaving adaptively in the parental generation. The 

number of individual learners remains the same.  

 The third step of the lifecycle is migration, where a fixed fraction of the organisms at each 

site emigrate (constant forward migration rate). For the island model, we assume reciprocal 

migration between all pairs of sites at rate )1/( −nm  ( 2/10 ≤< m ). 73 

74 

75 

 In the fourth step of the life cycle, IL acquire the phenotype suitable to their new 

environment but suffer a fixed mortality cost c. Finally, viability selection occurs, and all 

organisms behaving adaptively (UTC, CTC, PTC, IL), and a fraction s−1  of organisms 

behaving maladaptively (UTW, CTW, PTW) survive. We assume 

76 

10 <<<<< scgd .  77 

RECURSIONS  78 

79   Based on the above assumptions, we generate the following recursions: 
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89  where , , and ni ≤≤1 nj ≤≤1 ij ≠  in Eqs. (A.6b), (A.6d), and (A.6f). 

STABILITY OF CT EQUILIBRIUM 90 

91 

92 

93 

 When )1)(1/()]1)(1(1[ msdmsdr −−−−−> , a CT equilibrium exists where other social 

learners (UT, PT) and IL are absent, and CT occur in equal numbers at each site; formally, 
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When the recursion (A.6) is linearized at this equilibrium in the variables , ,  and 

, the coefficient matrix becomes a  matrix as follows: 
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The matrix is reducible into four submatrices. The coefficient matrix of Eq. (A.8a) and (A.8b) 

has n sets of identical columns each of multiplicity n, which entails that (at least)  

eigenvalues are equal to 0. Moreover, the transformed variables  ( ) 
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the coefficient submatrix of the linearized recursions in the variables  yields the maximal 

eigenvalue  
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the coefficient submatrix of the linearized recursions in the variables  yields the maximal 
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the coefficient submatrix of the linearized recursions in the variables  yields the maximal 

eigenvalue . Moreover, from (A.8g), the coefficient submatrix of the linearized 
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143  When CT suffer no additional learning cost (i.e., 0=d ), the condition becomes 
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Since  and , (A.15a) is always satisfied. Therefore, the CT equilibrium is 

stable against invasion with any combinations of NT, CT, PT and IL when  and 
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so that the CT (strongest) equilibrium is stable even when we consider the invasion of CT with 

intermediate strength of conformity bias (CTI).  

STABILITY OF IL EQUILIBRIUM 168 

169 
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171 

 When , an IL equilibrium exists where social learners (UT, CT, PT) are absent 

and IL occur in equal numbers at each site, formally, 

)1/( ccr −>

 

 for )]1(/1[ˆˆ,0ˆˆˆ crcKZZVUX iijijij −−===== ni ≤≤1 , nj ≤≤1 . (A.19) 172 
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As expected, Ẑ
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 monotonically decreases in c. When the recursion (A.6) is linearized at this 

equilibrium in the variables , ,  and , the coefficient matrix becomes a 

 matrix as follows. 
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The matrix is reducible into four submatrices. The coefficient matrix of Eq. (A.20a) and (A.20b) 

has n sets of identical columns each of multiplicity n, which entails that (at least)  

eigenvalues are equal to 0. Moreover, the transformed variables  ( ) 
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Solving these linear equations, the coefficient submatrix of the linearized recursions in the 

variables  yields the maximal eigenvalue ijX )1/()1( cms −− . Similarly, the variables  and  ijU ijV
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yield the maximal eigenvalues )1/()1)(1( cmsd −−−  and )1/()1)(1( cmsg −−− , respectively. On 

the other hand, the coefficient submatrix of the linearized recursions in the variables  
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absolute values smaller than unity, then the IL equilibrium is stable. The condition is 
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STABILITY OF UT EQUILIBRIUM 197 
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. A mixture of UTC 

and UTW occur at each site. Each site is occupied by  UTC (which are adapted to that site) 
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CT, PT, and IL. Clearly, the population of each site is , and hence an 

equilibrium of this kind is completely symmetric (the structure of the equilibrium is identical at 

all sites). Let . Substituting  in Eqs. 

(A.6a) and (A.6b) and dividing the latter by the former, we find that 

200 

201 

202 

203 

N̂

ŶXY ˆ/ˆ=θ ˆ,0> X 0ˆˆ =ii XX =ijij =

204 

205 

θ  is the larger and positive 

root of the quadratic equation 

  0)1(
1
)

=−
−

θms1(1 −
+⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −−θθ

nm
s

206 

207 

m . (A.23) 

Solving Eq. (A.23) explicitly yields 

  m
n

ms 2/
1
) 2

⎪⎭

⎪
⎬
⎫

−
−

n
mssm

n
mssm 1(4

1
)1(

1
)1( 2

⎪⎩

⎪
⎨
⎧

+⎥⎦
⎤

⎢⎣
⎡

−
−

−−+
−

−
−−=θ208  .  (A.24) 
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Note: 1/1 <<− θms  and s≥−θ1 . When ∞→n , ms /1−→θ  if  ms <  and 0→θ  if . 

Equation (1) entails that  if and only if . Since Eq. (A.1) reduces to 

ms >209 

210  0ˆ >N rb +<= 1ˆNb )ˆ(ˆ

211 

212 

  
)1(1

1ˆ
θ−−

=
m

b , (A.25) 

this equilibrium exists if and only if 

213 

214 

  )]1(1/[)1( θθ −−−> mmr . (A.26) 

Solving as above, since 

215    iii U
m

mdU
)1(1
)1)(1(

θ−−
−−

=′ , (A.27a) 

216 

217 

  jij U
nm
msdU

)1)](1(1[
)1)(1(
−−−

−−
=′

θ
, (A.27b) 

 

218    iii V
m

mgV
)1(1
)1)(1(

θ−−
−−

=′ , (A.27c) 

219 

220 

  jij V
nm
msgV

)1)](1(1[
)1)(1(
−−−

−−
=′

θ
, (A.27d) 

 

221 

222 

  
⎭
⎬
⎫

⎩
⎨
⎧

−
+−

−−
−

=′ ∑ ≠

n

ik kii Z
n

mZm
m

cZ
1

)1(
)1(1

1
θ

, (A.27e) 

the coefficient submatrix of the linearized recursions in the variables , , and  yields the 

maximal eigenvalues 

ijU ijV iZ

)1(1
)1)(1(

θ−−
−−

m
msd , 

)1(1
)1)(1(

θ−−
−−

m
msg , and 

)θ1(1
1

−−
−

m
c

223 

224 

225 

, respectively. If all of 

these maximal eigenvalues have their absolute values smaller than unity, then the UT 

equilibrium is stable. Since , the condition is gd <



    Conditions for Conformist Transmission 

Page | 14  
 

226   

227    )1(1)1)(1( θ−−<−− mmsd ,  (A.28a) 

228 

229 

  )1( θ−> mc ,   (A.28b) 

and (A.26).  

STABILITY OF PT EQUILIBRIUM 230 

231 

232 

233 

 Next, let us consider the stability of PT equilibrium, formally, 

   

  ,  0ˆˆˆ === iijij ZUX

234 

235 

236 

  )(]
)1)(1(
)1)(1(11[

)1)(1(
)1(ˆ],

)1)(1(
)1)(1(11[

1
)1(ˆ ji

msgr
msg

nms
sKmV

msgr
msg

ms
mKV ijii ≠

−−
−−−

−
−−

−
=

−−
−−−

−
−
−

=  (A.29) 

for , . ni ≤≤1 nj ≤≤1

When the recursion (A.6) is linearized at PT equilibrium,  

237    iii U
msg
mdU

)1)(1(
)1)(1(

−−
−−

=′ , (A.30a) 

238 

239 

  jij U
nmsg
msdU

)1)(1)(1(
)1)(1(
−−−

−−
=′ , (A.30b) 

so that  

240 

241 

  
⎭
⎬
⎫

⎩
⎨
⎧

−
−

+−
−−

−
=′ ∑ ≠

n

ik kii U
n

msUm
msg

dU
1
)1()1(

)1)(1(
1 . (A.30c) 

Therefore, the coefficient submatrix of the linearized recursions in the variables  yields the 

maximal eigenvalue 

ijU

)1/()1( gd −− . Since , this eigenvalue is always larger than unity, so 

that PT equilibrium is always unstable.  

dg >242 

243 
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POLYMORPHIC EQUILIBRIUM OF IL AND CT 244 

245   Assume that polymorphic equilibrium of IL and CT (and others) exist. Then IL and CT occur 

in equal numbers at each site, formally, , UUii
ˆˆ = )(ˆˆ jiUUij ≠= , , and . From 

the recursion (A.6), they satisfy  

ZZi
ˆˆ = NNi

ˆˆ =246 

247 

248   

249    )ˆ(]ˆ)1(ˆ)[1)(1(ˆ NbUnUmdU −+−−= , (A.31a) 

250    )ˆ(]ˆ)1(ˆ[
1

)1)(1(ˆ NbUnU
n
msdU −+
−

−−= , (A.31b) 

251    )ˆ(ˆ)1(
1

ˆ)1()1(ˆ NbZn
n

mZmcZ
⎭
⎬
⎫

⎩
⎨
⎧ −

−
+−−= . (A.31c) 

From (A.31a) and (A.31b), 
)1)(1(

1)ˆ(
msd

Nb
−−

= , and from (A.31c), 
c

Nb
−

=
1

1)ˆ( . Therefore, 

this type of equilibrium can exist only if 

252 

)1)(1(1 msdc −−=− , i.e., polymorphic equilibrium of 

IL and CT (and others) never exist when 

253 

)1)(1(1 msdc −−<−  or )1)(1(1 msdc −−>− .  254 

255 

256 

 Similarly, polymorphic equilibrium of PT and CT (and others), and that of PT and IL (and 

others) never exist.  

RESULTS SUMMARY  257 

258   The conditions for the existence and stability of equilibria can be mapped onto six regions of 

the -parameter space. First, if ),( cm msc <  and )1/()2()1/( ccrcc −+<<− , fixation of IL is the 

unique stable equilibrium (region I). Second, if 

259 

)]1)( msd −1(1),1(min[mcms −−−<< θ  where  260 

261    m
n

ms
n

mssm
n

mssm 2/
1
)1(4

1
)1(

1
)1( 22

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

−
−

+⎥⎦
⎤

⎢⎣
⎡

−
−

−−+
−

−
−−=θ , (A.24) 
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262  polymorphism of IL and UT is the unique stable equilibrium provided  (region II). 

Third, if 

)1/( ccr −>

)1( θ−> mc  and )1)(1(1)1( msdm −−−<−θ , fixation of UT is the unique stable 

equilibrium provided 

263 

)]1(1/[)1( θθ −−− mm>r  (region III). Fourth, if  and )1)( ms−1(1 dc −−>264 

2
2

2 1)(1(
1

)1() d
n

smss −<
−

−
+

1/()]1)(1(1[ msdr

)1)(1( msm −−

1)(d

1() mms −+− , fixation of CT is the unique stable 

equilibrium provided 

265 

)ms−−−−−>  (region IV). Fifth, if 

 and 

266 

)1)( msd −−1(1c −>
)1)(1(

)1()2

n
sms
−−

−
+

1
1( 2

msms
sm

−
−

+267 

268 

269 

1 m−

1)(

)ms <

(1[r −>

1/()]min{ dr

1)(1()1(1 dm −−<−− θ

)1)(1/( msd −−

1)(1(1[)],1( msdm

, 

polymorphism of UT and CT is the unique stable equilibrium provided 

 (region V). Sixth, if )]1)(1 msd −−

1/[)1(m )}ms−−−−−−−−< θθ  and )1/( ccr −< , extinction 

is the unique stable equilibrium (region VI). Provided the cost of PT is larger than that of CT 

(i.e., ), PT never evolve. When CT suffer no cost (i.e., 

270 

271 

d>g 0=d ), fixation of IL, fixation of 

CT, and extinction are the possible stable equilibria (UT and PT never evolve).  

272 

273 

INCREASING TRAIT NUMBER AND THE REGION OF CT 274 

275 

276 

 We show that the region for fixation of UT decreases and that for fixation of CT increases as 

n increases. Since the (necessary) condition for fixation of UT is  

277    )1)(1(1)1( msdm −−−<−θ , (A.32) 

i.e., 
m
dds

m
mmsd

−−−=
−−−−

> )1(1)1()1)(1(θ , and θ  decreases as n increases, the region for 

fixation of UT decreases as n increases. When , (A.32) is always satisfied at , and 

(A.32) can be violated when m exceeds a threshold value, which we write . Since 

278 

279 

280 

0>d 0→m

CT+UTUTm →

θ−−−
=+→ )1(1 ds

dm CTUTUT , and θ  decreases as n increases,  decreases as n 

increases.  

CTUTUTm +→281 

282 

283   Moreover, since the (necessary) condition for fixation of CT is  
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284    2
2

2 )1)(1(
1

)1()1()1)(1( msd
n

smssmmsm −−<
−

−
+−+−− ,  (A.33) 

i.e., 2

22

)1(
)1()1)(1()1)(1(

1
1

sms
smmsmmsd

n −
−−−−−−−

<
−

, the region for fixation of CT increases 

as n increases. When , (A.33) is always unsatisfied at , and (A.33) can be satisfied 

when m exceeds a threshold value, which we write .  is, if it exists, the 

smaller root of the quadratic equation  

285 

286 

287 

288 

0>d 0→m

CT→ UTmCTUTm + CTCT →+

289    0)1)(1(
1

)1()1()1)(1( 2
2

2 =−−−
−

−
+−+−− msd

n
smssmmsm , (A.34) 

and the necessary condition for the existence of  is CTCTUTm →+ 0)
1

11(4)1( >
−

−−−−
n

sdss . 

Since the coefficient of quadratic term decreases as n increases,  decreases as n 

increases.  

290 

291 

292 

CTCTUTm →+

INCREASING THE COSTS OF NON‐ADAPTIVE BEHAVIOR AND THE REGION OF CT 293 

294   When the costs of non-adaptive behavior (s) increases, from (A.14b) and (A.14c), CT 

equilibrium decreases because of the extinction and the invasion of IL. When n is large ( ∞→n ) 

or d is small ( ), from (A.28a), UT equilibrium is less likely to be invaded by CT. Overall, 

the region where CT can evolve (regions UT+CT and CT) decreases when s increases.  

295 

296 

297 

1<<d

WHEN IL LEARN BEFORE MIGRATION 298 

 RECURSIONS  299 

 When IL learn before migration, IL do not always have correct behavior. Let  (ijZ ni ≤≤1 , 

) be the number of IL at site i that are adapted to the environment of site j, and 

. Then, the recursions is written as 

300 

301 

302 

303 

nj ≤≤1

∑ =
=

n

jiZ ijZ
1
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304    
k

kikikiki
k

n

ik k
i

iiiiiiii
iiii N

ZVUXNbX
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m

N
ZVUXNbXmX +++
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+++
−=′ ∑ ≠

)(
1

)()1( , (A.35a) 
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NbXm
sX

)(
1

)(
1

)()1(
)1(

,

, (A.35b) 305 

306   

307    
⎭
⎬
⎫

⎩
⎨
⎧

−
+−−=′ ∑ ≠ kik

n

ik kiiiiii NbU
n
mNbUmdU ρρ )(

1
)()1()1( , (A.35c) 

308 

309 

310 

  
⎭
⎬
⎫

⎩
⎨
⎧

−
+−−−=′ ∑ ≠ kjk

n

ik kijiiij NbU
n
mNbUmsdU ρρ )(

1
)()1()1)(1( , (A.35d) 

where  

 

311 

312 

313 

  
∑ =

+++

+++
= n

k
a

iikikikik

a
iijijijij

ij
NZVUX

NZVUX

1
]/)[(

]/)[(
ρ

 
(A.4)’ 

 

  , (A.35e) )()1)(1( iiii NbVmgV −−=′

314 

315 

  
1

)()1)(1(
−

−−
=′

n
NbmVsg

V jj
ij , (A.35f) 

  , (A.35g) )()1)(1( iiii NbZmcZ −−=′

316    
1

)()1)(1(
−

−−
=′

n
NbmZsc

Z jj
ij , (A.35h) 

317 

318 

where , , and ni ≤≤1 nj ≤≤1 ij ≠  in Eqs. (A.35b), (A.35d), (A.35f), and (A.35h). 
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319 

320 

321 

322 

When IL learn before migration, the stability of CT equilibrium becomes as follows.  

Let  ( , ) be the number of IL at site i that are adapted to the environment of 

site j. When the recursion (A.35) is linearized at CT equilibrium,  

ijZ ni ≤≤1 nj ≤≤1

 

323    iii Z
msd
mcZ

)1)(1(
)1)(1(

−−
−−

=′ , (A.36a) 

324 

325 

  jij Z
nmsd
mscZ

)1)(1)(1(
)1)(1(
−−−

−−
=′ , (A.36b) 

so that  

326 

327 

  
⎭
⎬
⎫

⎩
⎨
⎧

−
−

+−
−−

−
=′ ∑ ≠

n

ik kii Z
n

msZm
msd

cZ
1
)1()1(

)1)(1(
1 . (A.36c) 

Therefore, the coefficient submatrix of the linearized recursions in the variables  yields the 

maximal eigenvalue 

ijZ

)1/()1( dc −− . Since , this eigenvalue is always smaller than unity, so 

that IL cannot invade CT equilibrium. Therefore, the condition for CT equilibrium to be stable is 

dc >328 

329 

  1
1

)1()1()1)(1(
)1)(1(

1 2
2

2 <
⎭
⎬
⎫

⎩
⎨
⎧

−
−

+−+−−
−− n

smssmmsm
msd

,  (A.14a) 330 

331 

332 

333 

0334 

  , (A.14b)’ 1)1)(1)(1( >−−+ msdr

 Next, let us consider the stability of IL equilibrium, formally, 

 

  ,  ˆˆˆ === ijijij VUX

335 

336 

 )(]
)1)(1(
)1)(1(11[

)1)(1(
)1(ˆ],

)1)(1(
)1)(1(11[

1
)1(ˆ ji

mscr
msc

nms
sKmZ

mscr
msc

ms
mKZ ijii ≠

−−
−−−

−
−−

−
=

−−
−−−

−
−
−

=   (A.37)  

for , . ni ≤≤1 nj ≤≤1
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337  When the recursion (A.35) is linearized at IL equilibrium,  

338    iii U
msc
mdU

)1)(1(
)1)(1(

−−
−−

=′ , (A.38a) 

339 

340 

  jij U
nmsc
msdU

)1)(1)(1(
)1)(1(
−−−

−−
=′ , (A.38b) 

so that  

341 

342 

  
⎭
⎬
⎫

⎩
⎨
⎧

−
−

+−
−−

−
=′ ∑ ≠

n

ik kii U
n

msUm
msc

dU
1
)1()1(

)1)(1(
1 . (A.38c) 

Therefore, the coefficient submatrix of the linearized recursions in the variables  yields the 

maximal eigenvalue 

ijU

)1/()1( cd −− . Since , this eigenvalue is always larger than unity, so 

that IL equilibrium is always unstable.  

dc >343 

344 

345   Next, let us consider the stability of UT equilibrium, formally, 

346 

347 

   for 0ˆ),(0ˆˆ,0ˆˆ ===≠>=>= ijijiijii VUZjiYXXX ni ≤≤1 , nj ≤≤1 .  (A.39) 

When the recursion (A.35) is linearized at UT equilibrium,  

348    iii Z
m

mcZ
)1(1
)1)(1(

θ−−
−−

=′ , (A.40a) 

349 

350 

  jij Z
nm
mscZ

)1)](1(1[
)1)(1(
−−−

−−
=′

θ
, (A.40b) 

so that  
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−
=′ ∑ ≠

n

ik kii Z
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msZm
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cZ
1
)1()1(

)1(1
1

θ
. (A.40c) 

Therefore, the coefficient submatrix of the linearized recursions in the variables  yields the 

maximal eigenvalue 

ijZ

)1(1
)1)(1(

θ−−
−−

m
msc . Since recursions of CT and PT are the same as (A.27), the 353 
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354  coefficient submatrix of the linearized recursions in the variables , , and  yields the 

maximal eigenvalues 

ijU ijV ijZ

)1(1
)1)(1(

θ−−
−−

m
msd , 

)1(1
)1)(1(

θ−−
−−

m
msg , and 

)
)

θ1(
1
−1

)(1(
−

−−
m
c

355 

356 

ms , respectively. Since 

, the conditions for UT equilibrium to be stable are  cgd <<

1(357 

358 

  )1(1)1)( θ−−<−− mmsd   (A.28a) 

and   

359 

360 

361 

362 

  )]1(1/[)1( θθ −−− mm . (A.26) >r

UUii
ˆˆ =

 Just as in the condition where IL learn after migration, PT equilibrium is always unstable 

when IL learn before migration.  

 Moreover, if polymorphic equilibrium of IL and CT (and others) exist, equilibrium values 

, )(ˆˆ jiUUij ≠= , , ZZii
ˆˆ = )(ˆˆ jiZZij ≠= , and  satisfy 363 

364 

Ni
ˆ = N̂

 

  )ˆ(]ˆ)1(ˆ)[1)(1(Û NbUnUmd −+−−=365  , (A.41a) 

366    )ˆ(]ˆ)1(ˆ[
1

)1)(1(ˆ NbUnU
n
msdU −+
−

−−= , (A.41b) 

367    )ˆ(]ˆ)1(ˆ)[1)(1(ˆ NbZnZmcZ −+−−= , (A.41c) 

368    )ˆ(]ˆ)1(ˆ[
1

)1)(1(ˆ NbZnZ
n

mscZ −+
−

−−= , (A.41d) 

From (A.41a) and (A.41b), 
)1)(1(

1)ˆ(
msd

Nb
−−

= , and from (A.41c) and (A.41d), 369 

)1)(1(
1)ˆ(

msc
Nb

−−
= . Since , these conditions are never satisfied simultaneously so that 

polymorphic equilibrium of IL and CT (and others) never exist.  

dc >370 

371 
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372 

373 

 Similarly, polymorphic equilibrium of PT and CT (and others), and that of PT and IL (and 

others) never exist.  

RESULTS SUMMARY  374 

375   The conditions for the existence and stability of equilibria can be mapped on to four regions 

of the -parameter space. First, if ),( cm )1)(1(1)1( msdm −−−<−θ , fixation of UT is the unique 

stable equilibrium provided 

376 

)]1(1/[)1( θθ −−−> mr m  (region I). Second, if 377 

2)1)(1( msd −−<

)1)(1/()] msdms

2
2

1
)1()1()1(

n
smssmm

−
−

+−+−

1)(1(1[ dr

1)( ms− , fixation of CT is the unique stable 

equilibrium provided 
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−−−−−>  (region II). Third, if 379 

)1)(1(
)1(

1
)1(1)1

22

msn
sms

ms
smmms

−−
−

+
−
−

+−<−

1)(1(1[ msdr

)(1((1 dm −−

/()]

)1 <−θ , polymorphism of UT and CT is 

the unique stable equilibrium provided 

380 

)1)(1 msd −−−−−>

1)(1/()]1)(1(1[)],1(1 dmsdm

 (region III). Fourth, 

if 

381 

)}ms/[)1(r min{m −−−−−−−−< θθ , extinction is the unique 

stable equilibrium (region IV). Provided the cost of IL and PT are larger than that of CT (i.e., 

), IL and PT never evolve. When CT suffer no cost (i.e., 

382 

383 

d>gc > 0=d ), fixation of CT and 

extinction are the only possible stable equilibria (UT,PT, and IL never evolve) . 

384 

385 

WHAT HAPPENS IF THE NUMBER OF TRAITS AND SITES DIFFER? 386 

387 

388 

389 

390 

391 

 Here we consider an infinite number of islands and n behavior model, where each behavior is 

adapted to the same number of sites. In this situation, we can regard the sites where the same 

behavior is adaptive as one site, so this situation is almost the same as normal island model with 

n site but migration rate is different. That is, we can ignore the migration between sites where the 

same behavior is adaptive, so effective migration rate in this model is   

392 

393 

  
n

mnm )1(* −
= . (A.42) 

Therefore, the conditions for fixation of UT, those for CT, etc. are basically the same as in the 

above model, but . The threshold values of m for *mm → CTUTUT +→  and  CTCTUT →+394 
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are 
1−n

n  times as large as those in the normal n island model. Since both the threshold values in 

the normal model and 

395 

1−n
n  decrease as n increases, the threshold values in this model also 

decrease as n increases.  

396 

397 

398  APPENDIX B: A MODEL OF TEMPORAL VARIABILITY WITH PURE 

LEARNING STRATEGIES  399 

400 

401 

402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 

414 

415 

416 

417 

418 

419 

 The method of numerical simulation for the evolution of learning in temporally changing 

environment is as follows. We assume that the number of possible environmental states is 

infinite so that when the environment changes it never reverts to an earlier state (infinite 

environmental states model). Corresponding to each environmental state, there is one optimal 

(correct) behavior (fitness: 1). All other behaviors are equally maladaptive (fitness: ; i.e. the 

cost of maladaptive behavior is s). The environment changes every  generations ( ), so that 

one post-change generation experiences a different environmental state to the previous 

generation, and  subsequent generations experience the same state as that post-change 

generation. That is, larger values of  imply more environmental stability.  

s−1

1≥

1−

 We assume a population of haploid asexual organisms. A tetra-allelic locus determines 

whether an organism is an individual learner, a social learner with unbiased transmission, a 

social learner with conformist transmission, and a social learner with payoff-biased transmission 

(abbreviated IL, UT, CT, and PT, respectively). IL always achieves the optimal (correct) 

behavior by individual learning, but suffers a fixed cost c. Social learners (UT, CT, PT) copy a 

behavior of the previous generation. So, when the environment changes, social learners always 

copy a maladaptive (wrong) behavior and only IL behaves correctly. UT acquire their 

phenotypes by copying a random member of the parental generation in the site they occupy 

(oblique transmission). CT suffer a mortality cost d to acquire their phenotypes. Here we assume 

CT with a conformity bias a. Therefore, the probability that CT imitates a behavior j with the 

frequency  in the previous generation can be expressed as jb
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where  are the frequencies of organisms with the behavior 0, 1, 2  respectively. PT 

acquire their phenotypes by copying the behavior of the parental generation with the highest 

payoff, but suffer a mortality cost g. Provided IL exist in the population, PT can copy optimal 

(correct) behavior in every generation except post-change generations. In post-change 

generations, PT copy a behavior that is optimal in the previous generation.  

210 ,, bbb

 The fitness of IL is , that of social learners (UT, CT, PT) behaving correctly (UTC, 

CTC, PTC) is 1, , and , respectively, and that of social learners behaving incorrectly 

(UTW, CTW, PTW) is , 

c−1

1

s−1

d−1 g−

1( )1)( sd −− , and )1)(1( sg −− , respectively ( 10 <<<<< scgd428 
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).  

 We set the initial condition such that the environment is in state 0 in generation 0 and all 

members have behavior 0. In the next generation (generation 1) the environment changes to state 

1 and behavior 1 becomes optimal. We suppose that behavior i is optimal in state i. In a 

periodically changing environment, the environment changes every  generations so that the 

environment changes from state i to state i+1 between generation i  and generation . 1+i

 Suppose that the population is now in generation k and the environment is state n. Let the 

frequency of UT, CT, PT, and IL after natural selection be , , , and  (

), respectively, that of behavior i be  and . 

Then,  
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 Since the fitness of social learners over one cycle (  generations) is always smaller than 

 and that of IL over one cycle is , IL equilibrium is stable when  )css −=− − 11)1( 11 1( −

449 
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It can also be shown that IL and PT never coexist at stable equilibrium, except when  
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When IL exist, the fitness of IL over one cycle is , and that of other coexisting strategies 

must be the same fitness. However, when IL do not exist, the fitness of PT over one cycle is 

. Therefore, IL and PT coexist at stable equilibrium only when 

)1( c−

)1)(1( gs −−

)1ln(
)1ln()1ln(1

s
gc

−
−−−

= . When 
)

)1 g
1ln(

ln()1ln(1
s

c
−

−− −
>455  , PT cannot invade the equilibrium 

population of IL (and others). When 
)1
1ln()

s−ln(
)1ln(1 gc −−−

<456  , the frequency of IL decreases, but 

if IL go extinct, the fitness of PT over one cycle becomes . Since )1()1( gs −− sc < , IL can 

invade this equilibrium population of PT (and others), but when IL invades, the fitness of PT 

over one cycle becomes  again, so the frequency of IL decreases again. Assuming 

that the frequency of IL never becomes 0 because of low frequency mutation, the frequency of 

IL is almost 0 at equilibrium when 
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, PT 

equilibrium (with low frequency IL) is stable if and only if  
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because when the frequency of PT is almost 1, the fitness of UT over one cycle is  and 

that of CT over one cycle is  because they learn the wrong behavior in 

post-change generation and the next generation, but learn correct one in other generations. When 

2)1( s−

22 )1()1()1( sds −<−−

)1ln(
)1ln()1ln(1

s
gc

−
−−−

>  and 
)1ln(
)1ln(1

s
g

−
−

< , polymorphism of PT and other social learning 

strategy (UT and/or CT) will be achieved. These analytical results are confirmed by the 

numerical simulation.  

467 

468 

469 

470   For Figure 6B, we set the initial frequencies of UT, CT, PT, and IL be 0.25. Parameters are 

, , , , , and 5.0=s 3.0=c 1.0=g 0=d 5= 10=a

10

. For Figure 5, we obtain the equilibrium 

frequencies of UT, CT, PT, and IL from several initial frequencies of them. Parameters are 

, , , and . Note 

471 

472 

5.0=s 1.0=g 05.0=d 10=a =a  is sufficiently strong such that it can be 

assumed to be almost infinite. 
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 If IL learn before environmental change, IL also have a wrong behavior in post-change 

generations. Then, all members have a wrong behavior in post-change generations, so social 

learners (UT, CT, PT) always copy a wrong behavior in the next generation of the post-change 

generation. Therefore, the fitness of social learners over one cycle (  generations) is always 

smaller than , that of IL over one cycle is , and that of PT over 

one cycle is . Thus, IL equilibrium is stable when 

)(s)1(1)1( ss −=−

)1()1( 2 gs −−

)11( c−−

)1ln(
)1ln(1

s
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>481  , IL and PT never 

coexist except when 
)1ln(

)1ln()1ln(1
s

gc
−

−−−
482  = , and PT equilibrium (with low frequency IL) is 

stable if and only if 
)1ln(

)1ln()1ln(1
s
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−−−
<  and 

)1ln(
)1ln(1

s
g

−
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>  are satisfied. That is, the results 

are basically the same as in the case that IL learn after environmental change.  
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