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A little bit of history

ox

THE ORIGIN OF SPECIES

BY MEANS OF NATURAL SELECTION,

Lamarck (1744-1829) Malthus (1766-1834)

Darwin (1809-1882)

Beagle (1831-1836)

farmer breeding

Wallace (1823-1913)



Neodarwinism

Mendel (1744-1829) Wright (1889-1988) Fisher (1890-1962) Haldane (1892-1964)  Kimura (1924-1994)

population genetics

N

Huxle; (1887-1975) blOIOQy

Darwin (1809-1882)
Mayr (1904-2005)

Dobzhansky (1900-1975)

Morgan (1866-1945)



The modern era

evolutionary game theory

selfish genes

Evolution
and the
Theory of
Games

Maynard-Smith (1920-2004)

Hamilton (1936-2000)




FUNDAMENTALS
OF EVOLUTION




Evolution: building blocks

@ Replication
@ Selection

@ Mutation



Evolution: building blocks

@ Replication



Replication

Bacterial reproduction:

X, . =2X

Al
t+1 xt_z xo

{

3 divisions / hour = 144 divisions / 2 days

22 %x10%~2%x 10" kg ~3000 earths!



Refining the argument

check every 7 secs << 20 min



Galton-Watson process
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Galton-Watson process
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Galton-Watson process

Z,=1 Z,=X\+X,+-+X, (n>0)

PlZ,=kl=p”  k=0,1.2..

n

F (s)=2 pls"
k=0

Markov process:

Z =k

n+1-

P

Z,=j=P,, j.k=0,12...



Galton-Watson process




Galton-Watson process




Galton-Watson process

F()=1  F(0)=p,  F'(1)=m

pot+p <l

F'(s)>0 F''(s)>0 s€(0,1]



Galton-Watson process

m<1

S

subcritical



Galton-Watson process

m>1

0 q 1
S

supercritical



Galton-Watson process

extinction probability:

g=lim F (0)

n— o0



Bacterial growth revisited

F(s)=p,+p,s+p,s
=s+(1=s)(p,—p,5)

g=1 P> Py

m=1+p,— p, Do
q=—— P2~ Do

P

m,=(1+ p,— p,)'~e



Continuous Galton-Watson
process

p.(T)=TAp, +o(T) k#1

p(T)=1=TA(1-p,)+o(T)




Continuous Galton-Watson
process

Fl‘/T-i—l(S):F(Ft/T(S)’.T)

Ft/T+1(S)_Ft/T<S)
T

=AU (F - (s))+o(1)

OF (s,t)
Ot

=AU (F(s,t))

backward Kolmogorov eq.



Continuous Galton-Watson
process

Ft/r+1<S)=Ft/T<F(S;T>>

Fl‘/T-I—l(S)_Ft/T(S)_Fl‘/T<S+ATU(S)_I_O(T))_FZ‘/T(S)

T T
OF (s,t) OF (s,t)
=AU
Ot (s) 0s

forward Kolmogorov eq.



Evolution of the mean

lim %F(S,t)=m(t) U'(l)=m—1=ria  U(1)=0
s—1

O F(s,t)
Os”

0 OF(s,t)
Ot 0s

OF (s,t)
0s

=AU'(s) +AU(s)

dm(t) _
= =rm(t)

Malthus law



Bacterial growth again

Ul(s)=(1=5)(py—p,s)

F(s,0)=s P>> D r=A(p,—p,)

Po— Poe_rt

P|T, <t =p,(t)=F(0,1)= —
Pr—Po€

mean extinction time of realizations that go extinct:

B(T }=—ln(1—q)= 1

o 1+ZL+0(q)
t A p, A p,

2




Saturation

d—m=rm ——
dt K
carrying capacity
Km,e"
m(t)= — lim m(¢)=K
K+my(e"—1) (o0

saturation maintains a constant population



Evolution: building blocks

@ Selection



Fithess

fitness: mean number of adult offspring in the next
generation (separated generations)

fitness: mean growth rate (mixed generations)

dm

—— =rm

dt/d

fithess



Competition

dm, dm,
P =r, my rp —rpMpg
m mp
xX= y= =]—x
m,+mpg m,+mpg
d x d
E=X<7‘A_d)) d—f=y(”3—<l>)

average fitness: ¢p=xr +yr,



Survival of the fittest

dx
E=x(1—x)<m—r3>
r>rg
—————————————————
0 X ]
all-A
v <rj
-
0 X ]



Survival of the fittest

dx,

P =x,(fi— ) <l>=];xkfk

> x,=1 Vit
k=1




Survival of the fittest

d x k

W=xkazlxj(fk—fj)

assume f,>f, V j#k

'

lim x,(z)=1 lim x (2)=0 (j#k)

{— oo { o0



Fundamental theorem of natural
selection

fex (f— =};xk(fk—<l>)25(fff

. 2
« Mean fitness never decreases ( 0,>0 )

s The spead of increase is determined by the variation within
the population



Composition-dependent fitness

fi=f(xy, . x,)=f(x)

Example: two species

’”A(X,J/)=’”+O‘Ay
ro(x,y)=r+o,x

symbiosis competition
x,>0 x , <0
X >0 <0



Symbiotic coexistence

dx

E=x<1 _x)[O‘A_(O‘A+O‘B)x]

x>0 o X,

X >0 X, T
e —
0 x* 1



Competitive exclusion

d x
E=x<1_x)[aA_(O(A+‘XB>x]
x <0 xS

X <0 X, T



Evolution: building blocks

@ Mutation



Replication with error

U,
® — 0 O

Up
O — 00



Replication with error

d x

E=XI/'A<1 MA>—|‘yI’BMB d)x
d
d—);=xrAuA+yrB<1_uB)_d)y

d x

W:x(l—x)(lf'A—l"B>+(l_X)VBMB_XI/AMA

x=0 x=1 are not equilibria



Replication with error

' U
At 4
VA—VB
', U
%« ' BYB
Fp—r 4
u
A
X *= v, =rp
U, +up

mutation is the source of variability



Evolution with mutation

mutation matrix Q=(gq,) u=(1,...,1)

qu:] S QuTzuT
j=1

guasispecies equation



Evolution with mutation

may be negative!

,

ZWu=xWu —p'=x(W—¢pIVu

fundamental theorem

dd) dx
dt ~ dt

equilibria: x*W=¢p*x*
if O is irreducible, ¢ * is the largest eigenvalue of ¥/

as X ™ normally corresponds to a mixed population,
¢ * need not be the absolute maximum



The paradox of mutation
reversion




The paradox of reversion

]/
( ml’l-l-l_mn
2
2,02 R
Fn—l—l(Q)=Fn<q/2> e o q = < n+1 2
W
K(]) — n ]>2

lim F (Q) igm—oq” limPn(x>=N<m1,\/§O')

n— oo 1— 0



“Quantum’” theory of inheritance

parental
X genetration
(P}
et l FE
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Hardy-Weinberg law

+ oz, =l

0

X, + Y,
Y2
2 0
X = X0+ X, Y+
2

Y =X, YO+7O+2XOZO+YOZO

Y2
Zl=TO+YOZO+Z§



Hardy-Weinberg law

00
X, Z,

YO
Y,
X, =|x,+=2
2
YO YO
Y1=2 XO_I__ ZO_I__
2 2
Z,=\Z +Y0 2
1= 0 2




Hardy-Weinberg law

Po T 4o
= 1’ Y
=P p0=Xo‘|‘_O
2
Y1=2p0q0 Y
=Z,+—
) qo 0,



P

qi

Hardy-Weinberg law

® O

Po -+ 90

Y, X,

=X1‘|‘7—p0+19040 Do

Y

=7+ 21 =qo+ Poq0= 4o z,



Hardy-Weinberg law

2

Xn=p0

Y Y,
pO=XO+70 QO=ZO+7

no reversion of the mutant
sustainment of variability



Classical vs. quantum
Inheritance

pre-Mendel (Galton)

Mendel




GENETIC DRIFT



Genetic drift

neutral evolution (no selection, no mutation)

¥ _ % v ¥ ¥

RR $ RR
Rr Only 5 of Br Only2of pgg RR
) 10 plants 10 plants
é% . 3 leave _ 5 @ leave
r RR OM RR rr DM RR RR
Rr Rr RR RR
RR Rr rr RR RR
RR Rr Rr Rr RR RR
Generation 1 Generation 2 Generation 3
p (frequency of R)=0.7 p=05 p=1.0

q (frequency of r)=0.3 g=0.5 q=0.0



Small populations: bottlenecks

A Genetic Bottleneck

Original population composed of

200000600 :
900000000 red and blue genetic members

22222222

Bottleneck event in which the

/ population is greatly reduced

Only a few red individuals survive
oo to pass their reduced number of

10000008 ( ;
)OO00090e Jenes to the new red population




Fisher-Wright model

QQQQQ@@@ eeeeeeee

sample with replacement l

4 400l0I0[0[OF
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Fisher-Wright model

two absorbing states:

000000 OOO000
k=N k=0

Tri=P[lim X =N X0=i}

[ — o0

N
7Ti=ZPij1Tj T, =0 =1
J=0

E{Xt+l|Xt=k}=k i T, =57




Moran model

00000 - - X
S

000000 - -

k+1 N—k—1




Moran model

birth-death process with
two absorbing states



Birth-death processes

P i—1
q,=1 ‘H = 0=2,
]=

k=1 k k+1

if absorption

=P[lim X =N X0=i}
[ > o0
]

=> (P"), T=PT+I ty=t,;=0
n=0

if ergodic

w=w P



Birth-death processes

two absorbing states (0 & N)

l—1T.)71T,
M1 qJ'P(j,jH |
: . (1—1T,
Ov tl.]:QN ’ / if j>i
Q_,-P_,-,]-H
one absorbing state (N)
t= On=8i j<i = 90 j>i
q; P, j+1 q;P; ;i

no absorbing state




Moran model

=7 m. = —
0 =
if j<i t,.j=N(i,) if j>i
J
N-—1
t=2,t,=0(N)



Fixation of a mutant allele

00000 0®

1
7T1=F



Genetic drift under selection

00000 : - X

probability groportional
to fitpess




Genetic drift under selection




Fixation of a mutant allele
under selection

e |f »>1selection favors A over neutral case
e |If <1 selection favors a over neutral case



Diffusion approximation

w(t+1)=w(t)P

master equation

wi(t-l—l)—wi(t):Z Wj<t)Pji_Wi<t)Z Pij

J J

birth-death process

AW:'(t):Z [wiil<t)Piil,i_Wi<t)Pi,iill



Diffusion approximation

w.(t)=N f(x,t) At=(Ax)'=

€ n
N N2

X

a(x)=P,,.,~P,,,  b(x)=P,

I,i+1

_I_Pi,i—l

ii+l

forward Kolmogorov (Fokker-Planck) equation

0f(x,t)_ 0 1 &

ot dx




Diffusion approximation

absorption probability

O=—Na(x)rr’(x)—|—%b(x)rr"(x)

mean absorption time

—1=—Na(x)T ’(x)—i—%b(x)’r’ "(x)



The coalescent

1
Nature Reviews | Genetics




The coalescent

{ ‘

O

O

O
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—
@ 0 00000
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population N sample 7



The coalescent




The coalescent

Plj—1,t+6¢]|, t]=](]2_1)5t
l<j<n
. . 1
Wright-Fisher: 5t=ﬁ n<<N
Moran: ot=1 ns<N

Pin,t|n, 0=exp

_n(n—l)t}



Distribution of branching times

k+1 )
koo
]

k_l ”””””””””””””””””””””””””””””””””””””””””””””””””””””” A




Expected times

2
Bl =505
- ] 1 1
E{t, , }=2 — =2(———
j;m:HJ(J—l) m n
1
TMRCAEE{tn—A}=2 1_; 2

\ ——

Most Recent Common Ancestor

i [ —.
NNy —— ey,



Variances

i [ —.
NNy —— ey,



Coalescent with mutations

Coalescence —»

Mutation ==

Mutation -

Three
ma]rasaencesi

Coalescence -
Mutation=»

o

Q «

114

s ooooﬁﬁ

!

0
Prob=—61¢
Iro >



Coalescent with mutations

|
l :
Q..F?Ilo OQ.F?Ilo
Plj—1,t+6¢] 7, t]=j<j_1)5t+j96t=j(j+9_l>5t

2 2 2



Expected times

Ve

PR 1
—54‘22 - Tirea (0)=2

= TMRCA(0)> T'\irea

= TMRCA(9>=TMRCA+O .

= T virea (0)< T yrea

1
2

>

1

=1 J

(j+0—1)



Number of different types

0jl2 06
jlj+0=1)12  j+6-1

P {mutation | j— j—1}=

. . S
E | different t le =
{ ypes in sample ] jzlj+9—1
n|_6"
Pk types in sample = I<k<n
Uk typ plej=/ 5 (0)
unsigned Stirling v
numbers of first kind 11
A P
S (6)=0(60+1)---(6+n—1) B
n k
]; ) =0 M=t




Cycles in permutations

1 2 3 4 5|_ )
(2 5 4 3 1)‘(1 2 5)(3 4)=(3 4)(1 2 5)=(3 4)(5 1 2)

there are "
k

permutations of n elements into & cycles

permutations of n elements into ¢, cycles with 1 element, ¢, cycles
with 2 elements, etc.

Cn./ chj=n Zlcj=k
j=



Ewens' sampling formula

.A;—l;t_if‘v

Sample configuration of alleles 4 Ay, 1 A9y, 4 A3, 3 A4, 3 Ajy




SEQUENCES
AND
FITNESS LANDSCAPES




DNA

Sequences

Mucleotide




Chromosomes

HUMAN CHROMDSOMES

DX XA
TEA) | ACRRLIK K

Xh g% X¥ &R XX AR
13 14 15 18

16 17T

%K X2 B2

22 By

KR XA

19 20 21
c)

Chromatid
http:f fwww.accessexcellence.orgfABf GG fhuman.html

FIGURE 1-14
An electron micrograph of a human chromasome.

Chromosome XII from a HeLa cell culture. (Courtesy
of Dr. E. Du Praw.)



Mitosis & melosis

Homot ues Sister
bd f chromatids .
Dlplold Dlplold
G1 5 132 M G1

Sister chromatids

segregate
Homologues f Sister Chiasma Homologues
@aﬁds segregate
D|plo|d Haploid

G1 S G2 Me|os|5 | MEIOSIS Il

Nature Reviews | Molecular Cell Biology



Genes

Transcription & Translation

Intron 1 Intron 2
A — S - OO0
DNA
RNA synthesis (transcription)
" RNA - . | Introns are removed
[RNA splicing)
mRNA ;

- Protein synthesis
y (translation)

& & @

Protein 1 Protein 2 Protein 3




Transcription: genetic code

Second Base

=
c Codon 1

u__

a=

C Codon 2

G_|

o=

A Codon 3

G__

C g >
u Codon 4 a c
u_| I B
[ (™ &
G Codon 5

G__

=

G Codon 6

c=

u

A Codon 7

G__

mRMNA
Ribonucleic acid



Proteins

(c)
(a) Primary
N*-- i :
I
............... E_
(b) Secondary

C

alpha helices beta strands




Locus & alleles

Chromosome Pair

. .
- -
~ ™~
- -
- -
X X
- e
- -

-

= 1=
||
L] L]
Maternally  Paternally
Inherited Inherited

C 1T

.... Phe His Ala Pro Ser Leu.... ....Phe His Ala Leu Ser Leu....

WILD TYPE PROTEIN

MUTANT PROTEIN 1

-0+ -H-0-0-0-C-lHHE H@-CH

MUTANT PROTEIN 2

-0 -+ HHEH H@-OH

MUTANT PROTEIN 3

-0+ e- o HHH -

MUTANT PROTEIN 4

nmECEOC B W,



Types of mutation




Fithess landscapes

* Metaphor introduced by Wright (1932)

* Representation of fitness of individuals or
population
» Key points:

— Fitness is affected by environment (external
factors)

— Fitness depends on phenotype, which is
determined by genotype (permanent factor)



fitness

Fithess landscapes

A~

genotype



Working example:
1 locus, 2 alleles, random mating

fitness




Working example:
1 locus, 2 alleles, random mating

x=[A]  y=[a]

Hardy-Weinberg law:

[AA |=x° |Aa|=2xy laal=)"
fA(x>=fAAx+any fa(x>=anx+faay

(l)(x)=fAAx2+an2xy+faay2



Working example:
1 locus, 2 alleles, random mating

B

—

d—t=xy[fA<X)—fa(X)]=5xy P



Remarks

* First representation is a fundamental one:
— Individuals sit at their genotypic positions
— Population at every position changes in time

* Second representation is not because:
— Depends on evolution law

— Assumes maximization of mean fitness (not
always true; e.g. mutations)

— Can't be generalized to multilocus models



Genotype space

_Ab
L=2 ab “AB _.--Aded.
~-aB-” Abed- AbCa- .":ABCd
chd", AbcD ABcD
abed” "';'ﬁBC
Abc ——ABe | ade ﬂBCd AbCD
L=3 abc aBc AC  ABC abcD EBGD "aBCD
“abC” aBC~ “aboD
i ABcde.‘__ ABCde. .
’Abcde _ "

e AbcDe

_:"'_chde ; Adee

abcdd”.- - ABCDE

: ~,.-?HBGDE-- 'aBCDE’
" "‘abeDE ‘abCDE’"

vertices of L-dimensional hypercubes

L

L

4

5



Genotype space

AB,

A B # different genotypes for L

loci and A alleles:
A B

A B G=A"

A B dimensionality (number of
nearest neighbors):

A B D=L(4A-1)
A,B, e.g. L=100, A=2:

D=100 G~10"
L=2 (loci), A=3 (alleles)



Hamming distance

a_ a ° o o a

L
b_ b b b d<sa,Sb)=Z 5(s", s

S —S1S2"°SL

Abc--- ABc

d(abc,aBC)=2

abq.. ch:x ;AbC f:ABE d(AbC aBC)

HabC'f aBC~



The metaphor

genotype space

genotype space

flat (Kimura)



Quasispecies

ATTTGGAAATGCCGCAATTTACGGGA
ACTTGCAAATTCCGCAAATTTCGGGG
AGTTGGAACTTCCGCAATTCTCGGGA
ACTTGGACATTCCGATATTCTCGGGA
GGTTGGAAATACCCCAATTTTCGGGA
ACTTTGAAATTCCGCAACGGTCGGGA
ACATGGAAATTCCGCAATTTTCGGGA

ACTTGGAAATTCCGCAATTTTCGGGA

el

consensus sequence



Quasispecies

11001010100110011011000100
10001110101110011111100101
11001010001110011010100100
10001011101110101010100100
01001010100111011011100100
10000010101110011100100100
10101010101110011011100100

10001010101110011011100100

el

consensus sequence



Quasispecies equation

0=(q;) u=(1,...,1) Ou =u'
/i 0
F= N W=FQ
0 .
dx -



Point mutations

probability of a point mutation: u <1

d.
ij

9= Ild”(l —u) d; Hamming distance

i,j=0,....n (n=2"—1)
f0>1=f1=f2="°=fn

X,=X x,t+x,+-+x =1—x

—=xW—-¢px cl>=quT=ijfj
j=1



Error catastrophe

ijquJ'i_(l)xi p=fx+1—x
0




Error catastrophe

1.00
(9p]
=
2
=
=
L
Q  0.50-
o
&)
1]
=
5
L
(a
0.00 -
0.00

Hamming distance to the
fittest sequence

consensus

0.05

e

quasispecies

error catastrophe

10

8, 12
7,13
6, 14
0.10 0.15
1-q
"\\\\\\\



Error catastrophe

U<p,

WA

p>

\__/_




Speciation in rough landscapes
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Russian roulette model

#

— P

viable

inviable




Russian roulette model

2D site percolation

p=0.2 p=0.51 p=0.594
f'._"'j! o T ﬁ
._ i L 1_ : ' . i i I—__ _!

Size=65x65 pC=0_592746

neutral network



Russian roulette for sequences

D=L(4-1) L>1

viable (p) e i?viable

1-p)

branching process pkz(D_l)pk(l_p)le

Elkj=(D-1)p =




More general rugged lanscapes

SSsaully

extra-
dimensior

bypas

~

genotype space

qguasi-neutral network

=

fitness distribution



New metaphor of fitness
landscapes

fithess

genotype space

most evolutionary steps are neutral (Kimura)



Neutral networks

WORD — WORE — GORE — GONE— GENE

185 ur
(LA
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[T kﬁs & -{:‘
[T, ST o W ¥ ]
M—" l:’:__'h =1 ,r
1 \ 1 L C
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.!.!. __||_|
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RNA proteins



Speciation

speciation proceeds mostly trough random drift

parapatric

EL BB
S »
y!?ﬁ#
perlpatrlc

v

3
2

=
=

!!!!
. v

sympatric



Allopatric speciation

91° 90°
Qccnmn (Tower)
21
Cruz
® San Cristobal—~" ; iabimm i ;
PA\M - F Adaptive radiation in Galapagos finches
. Ch ) / rrediumn tree finch large tree finch
\* (Camarbnchus pawper) b (Camarhyenchus peittacula)
in
zrmall tree finch | :
1o, {Carartenchis parnlus) £ mangrove finch
kilometers ( Floreana (Carmarbyphchus helichates)
0 10 20 30 40 50 0' ]
B " Expatiola vegetarian finch I =,ﬁ
fCakarhynchis .
crassirastiis)

wioodpecker finch
(Cammarhy hohus pallicus)

-
Acestra
seed-eating
P o= ' ground warbler finch

(Certhidea alivacea)

large cactus finch
(Geospiza conivestiis)

Cocos Island finch

) (Pinareloxias inernata)
cactus finch

(Geospiza scakdans)

sharp-beaked ground finch zrmall ground finch
(Feospiza Qifficiliz)

(Geospiza fuliginesa)

large ground finch
(Geospiza kaghirestyiz)

€1 2005 Encyclopsadia Britannica, Inc.

rmediurm ground finch
(Geospiza fortis)



Paratric speciation

E ¢ xantlopiicd

MONTEREY SALAMANDER

(from Hickman et al. 1993)



GAME THEORY



Game theory

Von Neumann Morgenstern 1944
(1903-1957) (1902-1977)



Game

Players i=1,...,N
Set of strategies S., |S:|=n,
Strategy profile

Payoff (utility) functions

Ww..S—R
s—W.(s) i=1,...,N



Two-player games

W(1)={ W, (SI,S2>}{Si€Si} W= {W2(32,31>}{S,-€S,-}

b11  b12

W<1)_ all a12 ail3 W(z)_ 621 b22
—  a21 a22 a23 -

b31 b32

symmetric game w!=w?



Zero-sum games

one player's gain is the other player's loss
matching pennies

# player

= player




Coordination games

doing the same as the other player
battle of the sexes

him

her




Coordination games

doing the same as the other player
stag-hunt

hunter 2

3,3 0,2

- 2,0 1,1

hunter 1



Anti-coordination games

doing the opposite to the other player
chicken / snowdrift




Dilemmatic games

prisoner's dilemma

fﬂjﬁg
' prisoner 2

3,3 0,4

4,0 1,1

prisoner 1



Principle of perfect rationality

Every player will always aim
at maximizing its payoff




Common knowledge




player 1

Dominated strategies

player 2




player 1

Dominated strategies

player 2




player 1

Dominated strategies

player 2




player 1

Dominated strategies

player 2




player 1

Dominated strategies

player 2




player 1

Dominated strategies

player 2




player 1

Dominated strategies

player 2




Nash equilibria

Nash (1928-)

Master thesis: 1949 - Nobel Prize in Economics: 1994



Nash equilibria in pure
strategies

W.(s*)=W,(s,,s;*) Vs,eS, Vi=Il,...,N

NEPS

 Games may have 0, 1 or more than 1
NEPS

* |terative elimination of dominated strategies
leads to a NEPS when it converges



Zero-sum games

one player's gain is the other player's loss
matching pennies

# player

= player




Coordination games

doing the same as the other player
battle of the sexes

her

him




Coordination games

doing the same as the other player
stag-hunt

risk dominant

hunter 2

Pareto dominant -




Anti-coordination games

doing the opposite to the other player
chicken / snowdrift




Dilemmatic games

prisoner's dilemma

o

prisoner 2

maximizes welfare
= -

prisoner 1



Mixed strategies

p::S,—[0,1] ZS: p.(s)=1
p=(p1’. Py)
=Z Z p1(51)"'pN(SN)WZ-(S1



Nash equilibria

w.(p*)=W. (p,p_.*) ¥V p, mixed strategy
Yi=1,...,.N

NE

Every finite game has at least one NE
(Nash (1950) PNAS 36, 48)



Fundamental theorem







Example

player 2

1 BN
>
e o o
2 |
p1*=O(U+<1—O()D p2*=§L+§R

Wolp*,L)=W,(p,*,R) & a+2(l-a)=4a+(l—a)

1
& X=—

4



player 1

1
o
4U

Example

player 2

3 2

4 3

1
?R



Matching pennies

1 1
E —
D, 21—|—22

# player

= player



Stag-hunt

1 1
R —
D, 2S—I—2H

hunter 2

3,3 0,2

- 2,0 1,1

hunter 1



Chicken / snowdrift

player 2

player 1




EVOLUTIONARY
GAME THEORY



Games and evolution

JOHN MAYNARD SMITH

NATURE V0L 248 NOVEMBER 2 1573 5

The Logic of Animal Conflict EVOlUtiOH

J. MAYNARD SMITH

Schooi of Bolagcs Sciences, Univenity of S, Fabeas, Seses BN 1 0060

G. R. PRL

LI and the
R N

and sek what strategy will be favoarsd uader indiidual
Conficts becween animals of the same | iecin. Ve s omior conit n speces posmsing

male of fie sma | . s e ooy I f
species wnally wre of “lomkc war- mx;rmbmb(\m *m mu;‘m‘:rl.ﬂ; heo T O
%ﬁlm =xpl.lm=d an due o growp or | B S e TR

ection

viour hene. | e el a srategy 0 ctsie e matersd sloc.
e e o ot o o e el s Sy
. Game ln:nry and mmpum
simulation analysss show, howsyer,
Slimited war -mzm beneliis it
animals as well as the species.

ol e s repradonive e
A Computer Model

I a fypieal combat between two male amimals of

oy ine
wthoul wing theit fangs, Tn mube dosr (Odeodes
) thebucke

o commamions satrs
o exited, many

4 e made sfur the
comest from € 1o D
ey ey

adtone of N Gre and energs i the e

Nature, 1973

Maynard-Smith
1920-2004)




New setup

players rational irrational

iInherited

strategies chosen from a set (phenotypes)

random sampling

Interaction all at once of population

Evolutionary

equilibria Nash equilibria Stable Strategies



Hawk & doves

Hawk-Dove Model: Costs and Benefits of Fighting over Resources

Payoff® to... ...in fights against: NaSh eqU|I|br|um

hawk _ dove

a if V>D+2T

Hawk wing 50% of fights; Hawlk ahvays wins;
p;*=H
l

is injured in 50% of fights. dave fleas.

FPayoff: (W-002 Fayoff:
Dove never wins: | Dove wing B80% of fights;
is never injured. |18 never injured; wastes time.

2 X if V<D+2T

Payaff: O Fayoff: Wea-T

"WV = fitness value of winning resources in fight
0 = fitness costs of injury

2007 resshpet Brta e sV H-+ D+21—-V D
Pi =" DT D+2T




Connection with evolution

» Species interact by playing games
* Fitness increases with game payoffs
* Simplest setting:

fic W,-"‘)/J

normalizing term




Hawk & doves
lhawks |=x  |doves|=1—x

fulx)=W  x+ W, ,(1—x)
falx)=W g x+ W (1—x)

fh(x)=V_Dx—|—V(1—x)

y_

fd(x>= > (1—x)




Hawk & doves

le_;c=x(1_x>(fh<x)_fd(x))=%x(l—x)[V—(D+2T)x]

V>D+2T

0 X 1

V<D+2T



Replicator dynamics

number of species

n-player game's payoff
_ A

S S
—_ Z Z sz.”xjnW(i,jz’..., ]n)
=1 js=1 \

(l) (x ) —_ ZS: X W <x> fraction of population
—_ i i




Equilibria

mixed-strategies Nash equilibria



Equilibria

mixed-strategies Nash equilibria



2 species

A B
o PR
/
falx)=ax+b(1—x)
felx)=cx+d(1—x)
d x

dt

X =x(1=x)[(b—d)-(b—d+c—a)x



2 species

(b—d)(c—a)<0 < 1 species dominates

(b—d)>0
_
0 X 1

all-A

(b—d)<0
-
0 X 1



2 species

b—d

- - *=
(b—d)(c=a)>0 < x b—d+c—a




3 species: Rock-Paper-Scissors




Dynamics of RPS

0




Some "variants”

THE COMPLETE FIRST SEASOMN

N\
Ny

§

Lizard >Paper l||9

\ <%/

Spock —Scissors
VAR

Scissors cuts Paper covers Rock crushes
Lizard poisons Spock smashes Scissors
decapitates Lizard eats Paper disproves
Spock vaporizes Rock crushes Scissors.




Some "variants"

Rock Gun

.. et .-: r—
Snake y N\ > Z' X Dragon
A\ VS e b~
A< LA X

neens
T VAA
f"-. -;":.' -

BTN N7 "o o WA
RSN XA
77 AXXrHPLRRA LT
S T
AT

MY




Some "variants”




Generalized RPS

R
0
w=| b,

W |<0
(a1a2a3>b1 b, b3)

P
—a,
0
b,

S
b,
—a,

0

(a1a2a3=b1 b, b3)

wno A

(a,a,a,<b, b, b;)



A live RSP: Uta stansburiana

A
A monogamous, jelous / \
B polygamous B <4—

C sneaky mating

Zamudio & Sinervo, PNAS 97, 14427-14432 (2000)



Social dynamics: imitation




Social dynamics: imitation

dXx, < B
W—;[fl-j(x) f,-,-(x)]i,ﬁ

meeting probability




Social dynamics: imitation

Assumptions:

fi(x)=F (W x),,(Wx),)



Social dynamics: imitation

d—ti=xi[<Wx)i_xTWx]



Spatial prisoner’s dilemma

° C

* -
t+1
Ei]—a @ D e—e—a
@ maximum @
payoff

C->C
D->D
C->D

M. A. Nowak and R. M. May
Nature 359, 826 (1992)
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