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Dynamics of Living Systems

Understand the fundamental processes driving living systems 
across scales; leveraging it to develop translational applications



Fundamental 
Research

Translational 
Studies

Understand the fundamental processes driving living systems across scales; 
leveraging it to develop translational applications

Toolbox 
development



Fundamental Research



Sociocultural 
processes

Sociocultural dynamics and 
biological evoluti

Role of complex traits as 
niche constructors

Abstract origins 
models

Models of early 
eukaryogenesis, 
endosymbiosis

Evolution, 
Development 
and Learning

Interacti
ti



Models of learning

Macroecology and 
Ecological interactions

Evoluti


Host-parasite/pathogen 
coevoluti

Microbial 
dynamics

Models of orgins and early 
multi

Ecological role of 
antiti

Fundamental Research

Selfish genetic 
elements

Ecology and evoluti





Sociocultural 
processes

Fic. M and Gokhale C.S. 
Catalysing cooperati

ti
ti

Abstract origins 
models

Krishnan, N., Kun, Á., Gokhale 
C.S. & Garay, J. Early 
eukaryogenesis by host-initi

ti


Pati





Evolution, 
Development 
and Learning

Macroecology and 
Ecological interactions

Arango Garcia A., Peters, M., 
Claßen, A. & Gokhale C.S., Global 

Drivers of specializati
Emberizoidea: Disentangling the 

effects of ti
titi

Nguyen, P. L., & Gokhale, C.S. On 
multiti



Microbial 
dynamics

Athreya, G. S., Gokhale, C. S. & 
Verma, P. Antiti
ti


Fundamental Research

Selfish genetic 
elements

Park, H.J., Gokhale, C.S., & 
Bertels, F. How sequence 
populati
ti




Understand the fundamental processes driving living systems 
across scales leveraging it to develop translational applications

Fundamental 
Research

Translational 
Studies

Toolbox 
development



Translational Studies

Translational impact

Scales of 
organisation

Requires interactions 
between multiple 

disciplines



Darwinian 
medicine

Darwinian 
agriculture

Conservation 
biology/policy

Theoreti






A combinati




Use of eco-evoluti
titi
ti
titi

Cancer as an eco-
evoluti

Gene drive dynamics 
and policy advice 

Use of cultural 
narrati
ti



Ecosystem 
Engineering

Use of syntheti





Eco-evoluti
ti

ti

Translational Studies



Translational Studies

Verma P, et al. The eff
ti




Verma, P., Reeves, R. G. 
& Gokhale, C. S. A 

common gene drive 
language eases 

regulatory process and 
eco-evoluti




. 

.

Lauenroth & Gokhale, 
Theoreti


ti




Gokhale, C.S., and Sharma, 
N. Opti

ti





. 

C. Morison, M. Fic, et 
al. Public goods games 

in disease evoluti



ti

Gokhale, Giaimo & 
Remigi, 

Memory shapes 
microbial populati

ti


. 

. 

Gokhale, C. S., Velasque, 
M. and Denton, J. A. 
Ecological Drivers of 

Community Cohesion. 
mSystems, 2023 

Denton, J.A., Gokhale, 
C.S., 2020. Syntheti







. 

. 

Darwinian 
medicine

Darwinian 
agriculture

Conservation 
biology/policy

Ecosystem 
Engineering



Scale-specific Scale-free

Translational

Feedback between 
fundamental empirical and 
theoretical work, and 
translational fields of research

Communication between 
multiple disciplines from 

natural sciences to 
humanities

Theoretical Biology
(…as we are pursuing it…)

Toolbox 
development



Population 
genetics

Evolutionary 
game theory

Information 
theory

Theoretical 
Ecology

Learning 
Dynamics

Toolbox 
development

Understand the fundamental processes driving living systems 
across scales leveraging it to develop translational applications
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Multiplayer 
evolutionary games


(MEGs)

Lecture 1 - Monday 

Introduction to MEGs 

Connection to PopGen

Tuesday 

Lecture 2 

If .. .when & how of MEGs in the long run 

(If time permits) 

MEGs in mutualism and 

Eco-evolutionary dynamics

Wednesday - Lecture 3 

Higher-order interactions  

Collective beliefs and trust 

Replicator 
dynamics

(Mostly) Symmetric 
games



W.D. Hamilton

“....human life is a ‘many-
person game’ and not 
just a disjoined collection 
of ‘two-person 
games’.....”



Its not just human life



Multiplayer evolutionary games



Fundamental tenets

Lewontin, R C. “The Units of Selection.” Annual Review of Ecology and Systematics 1 ,1970



Fundamental tenets

Lewontin, R C. “The Units of Selection.” Annual Review of Ecology and Systematics 1 ,1970



Fundamental tenets

Lewontin, R C. “The Units of Selection.” Annual Review of Ecology and Systematics 1 ,1970

Fi
tn

es
s



Fundamental tenets

Reproduction

+

+

Mutation

+

+

Lewontin, R C. “The Units of Selection.” Annual Review of Ecology and Systematics 1 ,1970

Fi
tn

es
s

Reproduction with fidelity

… there have been updates to this 



Fi
tn

es
s



Evolutionary 
process



Multiplayer evolutionary games



Multiplayer evolutionary games



Fisher, Ronald A. “Polymorphism and Natural Selection.” 
Journal of Ecology 46, no. 2 (July 1, 1958): 289–93.



Fisher, Ronald A. “Polymorphism and Natural Selection.” 
Journal of Ecology 46, no. 2 (July 1, 1958): 289–93.

Lewontin, R C. “Evolution and the Theory of Games.” 
Journal of Theoretical Biology, no. 3 (1961): 382–403.



Fisher, Ronald A. “Polymorphism and Natural Selection.” 
Journal of Ecology 46, no. 2 (July 1, 1958): 289–93.

Lewontin, R C. “Evolution and the Theory of Games.” 
Journal of Theoretical Biology, no. 3 (1961): 382–403.

They focused on species and not populations 

And 

They were missing a crucial component of evolutionary games as we know of them today 

Frequency dependence



Possible population states



Possible population states

However now fitness is dynamic! It changes according to 
what others are doing

Simplex
x = 0 x = 1

Fi
tn

es
s

Fi
tn

es
s

Fi
tn

es
s



Beauty Contest



Fi
tn

es
s

Sexual selection Ecological selection

Average population tail length

Frequency-dependent  
selection



Fi
tn

es
s

ff

Average population tail length



0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

Average population tail length (normalised)

Fi
tn
es
s

Let us put in some numbers

0.833

0.0 0.0

0.667



( 0.0 0.667
0.833 0.0 )What is your 

fitness?

When you mostly encounter

0.833
0.0

0.0
0.667

Biological interactions formalised in the payoff matrix



“Evolutionary game theory is a way of thinking about 
evolution at the phenotypic level when the 
fitnesses of particular phenotypes depend on their 
frequencies”

John Maynard Smith

Maynard Smith, Evolution and the Theory of Games (1982) 

…not strictly true, we will 
come back to this



Multiplayer evolutionary games



Multiplayer evolutionary games



Starting simple…

Number of strategies

N
um

be
r o

f p
la

ye
rs

2

2



Starting simple…

Number of strategies

N
um

be
r o

f p
la

ye
rs

2

2



(a1 a0

b1 b0)What do 
you do?

What does your 
partner do?

two player games with two strategiesStarting simple…
2 × 2

Number of strategies

N
um

be
r o

f p
la

ye
rs

2

2



Starting simple…
Not always

Nash, John F Jr. “Equilibrium Points in N-Person 
Games.” PNAS 36, (January 1950): 48–49.



Starting simple… Not always

Nash, John F Jr. “Non-Cooperative Games.” Annals of Mathematics, 
Second Series 54, no. 2 (September 1, 1951): 286–95

Theory of games and economic behaviour, 1944

Oskar 
Morgernstern

John von 
Neumann

Deals with human decision-making 
among interacting individuals.

Not always



Thinking beyond the dyad

Number of strategies

N
um

be
r o

f p
la

ye
rs

2

2



Thinking beyond the dyad

(a1 a0

b1 b0)



2 × 2



Three player game with two strategies

2 × 2

Adding the third 
player 



2 × 2 × 2



2 × 2 × 2



2 × 2 × 2



2 × 2 × 2

If the identity of the 
players matters



2 × 2 × 2

If the identity of the 
players does NOT 

matter
If Player      is blue then 
from her point of view , 
these two are the same



2 × 2 × 2

If the identity of the 
players does NOT 

matterThis is true for all the players

Symmetric gamesAnd since we are dealing with



2 × 2 × 2

Assuming that the identities do NOT matter

(a2 a1 a0

b2 b1 b0)

1 2 1



Thinking beyond the dyad

(ad−1 ad−2 … ak … a1 a0

bd−1 bd−2 … bk … b1 b0)
d − 1 d − 1

player game with  strategiesd− 2

2 × 2 × … × 2
dAll the results that we will talk about are valid for the generic case



What about multiple strategies?



Number of strategies

N
um

be
r o

f p
la

ye
rs

2

2

Thinking beyond the dyad with multiple strategies



2 × 2



two player games with three strategies

2 × 2 3 × 3



two player games with three strategies

2 × 2 3 × 3



3 × 3

Adding the third player 



3 × 3

If the identity of the players matters

3 × 3 × 3



βB,B,B βB,B,R βB,B,Y βB,R,B βB,R,R βB,R,Y βB,Y,B βB,Y,R βB,Y,Y

βR,B,B βR,B,R βR,B,Y βR,R,B βR,R,R βR,R,Y βR,Y,B βR,Y,R βR,Y,Y

βY,B,B βY,B,R βY,B,Y βY,R,B βY,R,R βY,R,Y βY,Y,B βY,Y,R βY,Y,Y

3 × 3 × 3

If the identity of the 
players matters

In general for a player game with  strategies 
we need a  dimensional tensor of size 

d− n
d n



3 × 3 × 3

Assuming that identity 
does not matter

a(#ofB,#ofR,#ofY)

Assuming that the identities do not matter

a2,0,0 a1,1,0 a0,2,0 a1,0,1 a0,1,1 a0,0,2

b2,0,0 b1,1,0 b0,2,0 b1,0,1 b0,1,1 b0,0,2
c2,0,0 c1,1,0 c0,2,0 c1,0,1 c0,1,1 c0,0,2

1 2 1 2 2 1



Adding a new strategy to the game
Increases the size of the payoff matrix but not the dimensions

x = 0 x = 1
x = 1

x = 1

x = 1

Increases the dimensions of the simplex



Adding a new strategy to the game
Increases the size of the payoff matrix but not the dimensions

x = 0 x = 1
x = 1

x = 1

x = 1

Increases the dimensions of the simplex

Adding a new player to the game
Increases the dimensionality of the payoff matrix

Preserves the dimensionality of the simplex

x = 0 x = 1



Neat… but what can we do with this?

Lecture 1 

Introduction to MEGs 

Connection to PopGen Strategies

Pl
ay

er
s

2
2



AA Aa aa
α β γ

AA AA
AA AA

AA Aa
AA Aa

Aa Aa
Aa Aa

A
A

A A A a

a
a

AA Aa
Aa aa

A
a

Aa Aa
aa aa

a a

aa aa
aa aa

β (α + β)/2 (α + β)/2

Happens half 
the time

Sexes switch 
rows/columns

Genotypes and 
their fitnesses

Let us look at this slightly differently,  

- each allele (say A) is with its (one other) 
partner in an individual 

- The individual will interact with another 
individual with two alleles 

- Hence besides the focal allele there are 
3 other alleles A A,a,a

In the offspring, the A allele appears 
with what fitness

A
A

a a
A
a

A a
A
a

A a



A
A

a a
A
a

A a
A
a

A a

β (α + β)/2 (α + β)/2
Now, assuming random 
pairing and mating, and 
correcting for the 
combinatorics



A
A

a a
A
a

A a
A
a

A a

β (α + β)/2 (α + β)/2
Now, assuming random 
pairing and mating, and 
correcting for the 
combinatorics

Thats a 4- player game with 2-strategies!



Great so we can reduce a diploid selection model to a two player game

So what?

(α β
β γ)

·x = x(πA − π̄)



Crow, James F., and Motoo Kimura. An 
Introduction to Population Genetics Theory. 

1970

Δpi =
pi(wi − w̄)

w̄

The selection equation 
from population 

genetics!



++ +M MM

++ � ! �

+M � ! �

MM � � �

The payo� matrix for neutrality:

�

⇧⇤

p⇥ q⇥
p� 1 1

q� 1 1

⇥

⌃⌅. (1)

The payo� matrix for codominance:

�

⇧⇤

p q

p 1 1� s/2

q 1� s/2 1� s

⇥

⌃⌅. (2)

The payo� matrix for underdominance:

�

⇧⇤

p q

p 1 1� �

q 1� � 1

⇥

⌃⌅. (3)

⇥�

1

The payo� matrix for neutrality:

�

⇧⇤

p⇥ q⇥
p� 1 1

q� 1 1

⇥

⌃⌅. (1)

The payo� matrix for codominance:

�

⇧⇤

p q

p 1 1� s/2

q 1� s/2 1� s

⇥

⌃⌅. (2)

The payo� matrix for underdominance:

�

⇧⇤

p q

p 1 1� �

q 1� � 1

⇥

⌃⌅. (3)

⇥�

1

++ die with probability t
� Unaffected offspring 

Medea dynamics
the Medea element plays its role in half the cases of  and

, as half the times, the  will be a female and the fitness of 
the ++ offspring will be .

+ + × + M
+M × +M +M

1 − t

Then why the four player shenanigans?



Today 
Population 
Genetics

Wednesday 
Theoretical Ecology/

Sociocultural dynamics

Tuesday 
Population Dynamics/

Social Evolution

·x = x(1 − x)( f − f )
Replicator equation  

(In the multiplayer context)

Multiplayer Evolutionary Games provide a natural means 
of including non-linearities in interaction structures



C

Lecture 2 

If .. .when & how of MEGs in the 
long run 

(If time permits) 

MEGs in mutualism and 

Eco-evolutionary dynamics

BM
ut

ati
on

 R
at

e

Selection Intensity

Lecture 3 

Higher-order interactions  

Collective beliefs and trust 

1

2 1

2

1

21

2
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(b) Up to triplet interactions
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with n+1 
strategies
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As this is a school… there is some homework



Exercise - Too many cooks!
Lets say you want to bake a cake. For each chef, baking costs  leading to a 
delicious cake  . Two chefs can bake the cake perfectly but three diminish the 
quality.

c
b

(
b
2 − c b − c −c

b 0 0 )
Assuming c = 1; test for different values of b. 
How does the replicator dynamics look like?


