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From microbial systems to socioeconomic 
systems, macroscopic patterns emerge

from microscopic interactions

Claudo Carere
StarFLAG EU FP6 project



Phil Anderson:  More is different. 
Science 1972

Photo by Amaris Hardy, Office of Communications, Princeton



Emergence can lead to sudden shifts



..and inescapably to conflicts between 
levels

6http://www.cancerresearchuk.org/



Public goods problems are widespread 
in socio-economic and ecological 

contexts, and share common features

Carole Levin

→

Patrick Semansky/AP

http://www.flickr.com/photos/sossaheluk/2701299788/in/photostream/


Hence, economic perspectives can 
inform evolutionary questions, and 

vice versa

www.neofo
rmix.com



Indeed, ecology and economics are 
two sides of the same coin

http://ecoopportunity.net/2013/07/sustainability-and-innovation-two-sides-of-the-same-coin/



Tumors show breakdown of public goods

10http://www.cancerresearchuk.org/



But rely on public goods as well:
Selecting for cheaters to fight cancer, 

with

11

http://www.cienciahoje.pt/
index.php?oid

http://sweet.ua.pt/sdorogov/
photos-networkers.html

http://www.
the-scientist.com/

David Dingli Jorge Pacheco Corina Tarnita

http://www.cienciahoje.pt/
http://sweet.ua.pt/sdorogov/
http://www


There are precedents



Problems of public goods and common-

pool resources are central to the future 

of humanity



Yet we are eroding our public goods

http://www.marketplace.org/topics/sustainability/what-would-your-city-look-
beijings-air-smog-simulator



We discount 

• The future

www.elements4health.com



We discount 

• The future

• The interests of others

info.acoustiblok.com

http://info.acoustiblok.com/blog/?Tag=noise on airplanes


Moreover, we live in a global commons, in 
which 

• Individual agents act largely in their own self-
interest

Credit: JIRAPONG BOONPONGHA

http://www.123rf.com/profile_jirapong


Moreover, we live in a global commons, in 
which 

• Individual agents act largely in their own self-
interest

• Social costs are not adequately accounted for



The problem: Free-riders

www.americanpopularculture.com



Overuse of the Commons 

William Forster Lloyd (1832) Aelbert_Cuyp



The tragedy of the (unregulated) 
Commons

http://www.physics.ohio-state.edu/~wilkins

Garrett Hardin



The solution (Hardin)

“Mutual coercion, mutually agreed upon”

http://www.physics.ohio-state.edu/~wilkins



The maintenance of cooperation in small 
societies depends on shared and mutually 

agreed-upon norms

Lin Ostrom



JSTOR: The Journal of Economic Perspectives, Vol. 18, No. 3... http://www.jstor.org/stable/3216811
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Intertemporal social welfare poses 
similar problems



Intertemporal social welfare

   

  

V (t) = U[C(s)]e-d (s-t )ds
t

¥

ò

C=Consumption
U=Utility



Discounting and sustainability

26



World distribution of wealth is growing 
more distorted

Conley, D. (2008) You may ask yourself: An introduction to thinking like a sociologist. W.W. Norton and Company.
p.392., after UNDP Human Developmnet report 1992. Oxford University Press.

http://www.wwnorton.com/COLLEGE/titles/soc/conley/welcome.php
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Dynamic programming solution: Wealth 

converges to a log-normal distribution with 

spread determined by uncertainty

29

Arrow and Levin, PNAS



Extensions (with Sarah Drohan, 
Ricky Der)

• Modify assumptions to try to produce Pareto tail

– Number of offspring contingent on wealth

– Wealthy have higher return on investment

– Other sources of uncertainty

Eur. Phys. J. B 20, 585{589 (2001) THE EUROPEAN PHYSICAL JOURNAL B
Evidence for the exponential distribution of income in the USA

A. Dragulescu and V.M. Yakovenko

A. Drăgulescu and V.M. Yakovenko: Evidence for the exponent ial dist ribut ion of income in the USA 587

0 10 20 30 40 50 60 70 80 90 100%
0

10

20

30

40

50

60

70

80

90

100%

C
u
m

u
la

ti
v
e

 p
e

rc
e

n
t 

o
f 

in
c
o

m
e

Cumulative percent of tax returns

1980 1985 1990 1995
0

0.25

0.5

0.75

1

Year

Gini coefficient  » 
1

2

F ig. 3. Solid curve: Lorenz plot for the exponent ial dist r ibu-

t ion. Points: IRS data for 1979–1997 [15]. Inset points: Gini

coefficient data from IRS [15]. Inset line: The calculated value

1/ 2 of the Gini coefficient for the exponent ial dist ribut ion.

R drops out , so equat ion (4) has no fit t ing parameters.
The funct ion (4) is shown as the solid curve in

Figure 3. The straight diagonal line represents the Lorenz
curve in the case where all populat ion has equal income.
Inequality of income dist ribut ion is measured by the Gini
coefficient G, the rat io of the area between the diagonal
and the Lorenz curve to the area of the t riangle beneath

the diagonal: G = 2
1

0
(x − y) dx. The Gini coef f icient

is confined between 0 (no inequality) and 1 (ext reme in-
equality). By subst itut ing equat ion (4) into the integral,
we find the Gini coefficient for the exponent ial dist ribu-
t ion: G1 = 1/ 2.

The points in Figure 3 represent the tax data dur-
ing 1979–1997 from reference [15]. With the progress of
t ime, the Lorenz points shifted downward and the Gini
coefficient increased from 0.47 to 0.56, which indicates in-
creasing inequality during this period. However, overall
the Gini coefficient is close to the value 0.5 calculated
for the exponent ial dist ribut ion, as shown in the inset of
Figure 3.

3 Income dist ribut ion for two-earners families

Now let us discuss the dist ribut ion of income for families
with two earners. The family income r is the sum of two
individual incomes: r = r1 + r2. Thus, the probability dis-
t ribut ion of the family income is given by the convolut ion
of the individual probability dist ribut ions [16]. If the lat ter
are given by the exponent ial funct ion (1), the two-earners
probability dist ribut ion funct ion P2(r ) is

P2(r ) =
r

0

P1(r )P1(r − r ) dr =
r

R2
e− r / R . (5)

0 10 20 30 40 50 60 70 80 90 100 110 120
0%

1%

2%

3%

4%

5%

6%

7%

8%

Family annual income, k$

P
ro

b
a

b
il
it
y

0 20 40 60 80 100 120
0%

2%

4%

6%

8%

Family annual income, k$

P
ro

b
a

b
il
it
y

F ig. 4. Histogram: Probability dist ribut ion of income for fam-
ilies with two adults in 1996 [11]. Solid line: Fit to equat ion (5).

Inset histogram: Probability dist ribut ion of income for all fam-

ilies in 1996 [11]. Inset solid line: 0.45P1 (r ) + 0.55P2 (r ).

The funct ion P2(r ) (5) differs from the funct ion P1(r ) (1)
by the prefactor r / R, which reflects the phase space avail-
able to compose a given total income out of two individ-
ual ones. It is shown as the solid curve in Figure 4. Unlike
P1(r ), which has a maximum at zero income, P2(r ) has a
maximum at r = R and looks qualitat ively similar to the
family income dist r ibut ion curves in literature [5].

From the same 1996 SIPP that we used in Sect ion 2
[11], we downloaded the variable TFTOTINC (the total
family income for a month), which we then mult iplied by
12 to get annual income. Using thenumber of family mem-
bers (the variable EFNP) and the number of children un-
der 18 (the variable RFNKIDS), we selected the families
with two adults. Their dist r ibut ion of family income is
shown by the histogram in Figure 4. The fit to the func-
t ion (5), shown by the solid line, gives the parameter R
listed in line (d) of Table 1. The families with two adults
and more than two adults const itute 44% and 11% of all
families in the studied set of data. The remaining 45%
are the families with one adult . Assuming that these two
classesof families have two and one earners, we expect the
income dist ribut ion for all families to be given by the su-
perposit ion of equat ions(1) and (5): 0.45P1(r )+ 0.55P2(r ).
It is shown by the solid line in the inset of Figure 4
(with R from line (d) of Tab. 1) with the all families data
histogram.

By subst itut ing equat ion (5) into equat ion (2), we
calculate the Lorenz curve for two-earners families:

x(r̃ ) = 1 − (1 + r̃ )e− r̃ , y(r̃ ) = x(r̃ ) − r̃ 2e− r̃ / 2. (6)

It is shown by the solid curve in Figure 5. Given that
x − y = r̃ 2 exp(− r̃ )/ 2 and dx = r̃ exp(− r̃ ) dr̃ , the Gini
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Ecosystems and the Biosphere 
are Complex Adaptive Systems

Heterogeneous collections of individual 

units (agents) that interact locally, and 

evolve based on the outcomes of those 

interactions.

NOAA



Challenges of managing CAS
• Multiple spatial, temporal and organizational 

scales

• Self-organization, emergence and consequent 
unpredictability

• Multiple stable states, path dependence, 
hysteresis

• Contagious spread and systemic risk

• Potential for destabilization and regime shifts 
through slow-time-scale evolution

32Crepin et al, Ecol Econ, 2012
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2008
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2008



Such transitions are widespread



Much ecological pattern is exogenous: 
tracks environmental pattern



But, there are limits to predictability: Alternative stable states

Bistability characterizes global distributions

Savanna/Forest Distributions

Staver et al. 2011 (Ecology and Science)



Fire separates savanna from forest within the intermediate 

climate envelope.

Savanna/Forest Distributions

Staver et al. 2011 (Ecology and Science)



dG

dt
= mS +nT - bGT

dS

dt
= bGT -w(G)S - mS

dT

dt
= w(G)S -nT

G + S +T =1

Savanna/Forest Distributions

Staver et al. 2011 (Ecology) and Staver & Levin 2012 

(AmerNatur)

Grass

Saplings

Savanna Trees

Grass

(G

)(all tree) (all grass)



• Responses to changes in 
rainfall status will be rapid, 
threshold transitions

• Changes will not be easy to 
reverse

• Similar phenomena 

observed for other 

systems

– Shallow lakes

– Pest populations

– Circulation patterms?

Modified very slightly from Scheffer et al. 2003, Nature

Savanna/Forest Distributions

Precipitation

Precipitation



There has been much recent attention 
to critical transitions 

41



Lecture outline

• Critical transitions

• Conflict and public goods

• Collective action and collective decision-
making



Public goods and CPR problems are 
central in ecology

• Information

• Tumors

• Chelation and siderophores

wikipedia



Public goods and CPR problems are 
central in ecology

• Information

• Tumors

• Chelation and siderophores

• N fixation

http://www.permaculture.co.uk/articles/nitrogen-fixing-plants-microbes



Public goods and CPR problems are 
central in ecology

• Information

• Tumors

• Chelation and siderophores

• N fixation

• Antibiotics

http://www.intechopen.com/



Public goods and CPR problems are 
central in ecology

• Information

• Tumors

• Chelation and siderophores

• N fixation

• Antibiotics

• Extracellular polymers

upload.wikimedia.org



Biofilm public goods production:
Local interactions important

Constitutive Slime-producer

Slime

QS Strain (below quorum)

QS Strain (above quorum)

Nadell, Xavier, Levin, Foster



In societies, collective action:
Insurance agreements spread risks

http://dritoday.org/feature.aspx?id=31



Pastoralism and sharing of grazing 
grounds

• With Avinash Dixit and Daniel Rubenstein

meshakenya.wordpress.com



In herder societies, kinship and 
prosociality can be important 

http://gordonkilgore.com/gallery/countries-h-m/kenya/
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Social norms can sustain and 
enhance prosocial behavior

• Humans will punish others who deviate from social norms, 
at cost to themselves

• Punishment itself is a norm, and can evolve from repeated 
interactions

• Norms are important to understand much 
prosocial behavior

• Norms become formalized into rules and 
laws

E. Fehr



Fairness norms can provide "mutual 

coercion, mutually agreed upon"
with Alessandro Tavoni and Maja Schlüter

http://geo.coop/node/654



Summary so far:

• Collective action can be effective if it includes 
enforcement

• Prosociality is an important contributor to the 
maintenance of public goods and common 
pool resources

• How are collective decisions made?



Voting theory and models of collective 
action

54

Science 2011



Claudio Carere
plus StarFLAG EU FP6 project

http://old.enciclopedia.com.pt/en/
articles.php?article_id=296

The dynamics of collective phenomena 
and collective decision-making

http://old.enciclopedia.com.pt/en/


Role of leadership and collective 
decision-making

Couzin, Krause, Franks, Levin



1 informed individuals in group of 100.
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5 informed individuals in group of 100.

C
o

ll
e

c
ti

v
e

 d
e

c
is

io
n

-m
a

k
in

g

Courtey Iain Couzin



10 informed individuals in group of 100.
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Animal groups may be led by a 

small number of individuals

From Couzin et al., 2005



Courtey Iain Couzin

Competition and consensus



Theoretically and empirically, 
unopinionated individuals are crucial 

to nature of  consensus

http://motherjones.com/kevin-drum



Investigate from multiple angles

• Experimental studies with fish

• Simulation and analytical models of 
movement

• Models of human collective decision-making



Attitudinal shifts affect action on 
issues like climate change

• In human societies as in animal groups, there 
may be few leaders and many followers

• Sudden shifts in attitudes given momentum by 
large numbers of followers (see also Lade et 
al.)

• Environmental action must take such potential 
volatility into account



Can cooperation be extended to the 
global level?



Adam Smith (1776)

66

“By pursuing his own interest he frequently
promotes that of the society more effectually than 
when he really intends to promote it.”

http://organizationsandmarkets.files.wordpress.com



The invisible hand does not protect 
society

67



Those lessons are magnified for 
ecological and environmental systems

68merrymeet.today.comThere is no goddess Gaia



Finally

• Insurance arrangements

• Social norms

• Groups, modules and polycentricity



Groups

• Group structure creates modules for better 
cooperation

• Model for polycentricity and climate change



Herbert Simon:
Modularity

intart.orgkids4truth.com/watchmaker/watch.html

http://kids4truth.com/watchmaker/watch.html


Do systems “evolve” modularity?
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NATURE
1999



Dixit-Levin
Contributions to public goods 

Multiple groups



Ostrom: Climate change
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Incomplete cooperation and co-benefits:  

Deepening climate cooperation with a proliferation of small agreements 
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Abstract [221 words]: 

 

Case study and model results lend some optimism for the potential of small coalitions to 

substantially deepen international cooperation on energy and climate issues. Drawing motivation 

from other issue areas in international relations ranging from nuclear non-proliferation, 

transboundary air pollution and liberalized trade, we use an evolutionary-game-theoretic model 

to analyze dynamic cooperative regimes that yield domestic incentives to contribute to public 

goods provision (co-benefits). Co-benefits may be limited, but can create a nucleus for formation 

of coalitions that endure because of club benefits (increasing returns to participation) and path 

dependences. The Climate and Clean Air Coalition (CCAC) is a prime example of an agreement 

that employs a synergy between increasing returns to membership (technology exchange) and 

co-benefits structures to deepen cooperation on non-CO2 greenhouse gases. Our game-theoretic 

results support two important insights for the building blocks approach to addressing climate 

change: sustained cooperation in club agreements is possible even when public goods are not 

entirely excludable and some members of the population free ride; and second, cooperation in 

small club configurations yields larger non-excludable public goods benefits than cooperation in 

more inclusive forums. This paper lends positive support – at least from a game theoretic 

perspective – that a proliferation of small agreements may be more effective (not just more 

likely) in addressing climate change than an inclusive approach endorsed by the UNFCCC.  

 

  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1
 Correspondence should be addressed to P.M.H. (phannam@princeton.edu). 

www.princeton.edu http://www.cienciahoje.pthttps://pt.linkedin.com

In press, Climatic Change



Club approach

• Cooperators C (pay base +mitigation)

• Members M (pay base)

• Outsiders O (pay nothing)

• P=excludable share of public good that C 
produce (club good)

• χ=bonus portion of remainder available to 
members

Member

Outsider

Cooperator
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Figure 3: The public goods benefits of club size. Constraining the size of overlapping clubs 

increases the non-excludable public good produced within each. The top panels show the 

dynamics of the population. The arrows indicate the most probable direction of evolution at any 

given configuration, i = ( iC, iM ), known as the gradient of selection; the dots represent the 

stationary distribution, pi, which accounts for the time the population spends in each possible 
configuration. The insets show how the size of the groups, N, grows as the number of Os 

decreases – both axes are rescaled to the population size. The bottom panel represents the 
average non-excludable public good (PG) generated by a single group as a function of α, which 

controls the growth of club size (not of club members).  This is given by ( )å-
i

i PGBpp1 .	(Other 

Parameters: Z=50, µ=1/Z, β=10, gm=5, c=1, w=1.1, δ=2 or Nδ =8, cp=1, b=5, wp=0.9, p=0.5)  

 

When α=1 (left panel in Figure 3) all Cs and Ms in the population interact in a single club.  

When α=10 (the right panel in Figure 3) there are possibilities for groups to form that are smaller 

than the total number of Cs and Ms in the population, creating opportunities for overlapping 

configurations of members.  On average, scenarios comprising opportunities for smaller group 

interactions (where α is large) show substantially larger levels of group cooperation.  

This result is striking, particularly given that these more productive clubs tend to be smaller.  The 

result suggests that overlapping clubs – or polycentricity – may achieve greater levels of non-

excludable global public good than a large single club configuration. The analogy to centralized 

versus decentralized processes in the international negotiations is appropriate (Santos & Pacheco 

2011; Vasconcelos et al. 2013; Vasconcelos et al. 2014). While deep commitments under a 

universal international climate treaty may be the “first best outcome”, this is only the case when 



Managing the Commons is both an 
environmental and an evolutionary 

challenge

• In human societies:  mutual coercion, 
mutually agreed upon

• Users self-organize, to develop norms and 
institutions, design sanctions (Ostrom 1990)

• To establish and maintain cooperation, i.e. 
individual restraint from short-sighted 
resource overexploitation



Ecological systems and socio-economic 
systems alike are complex adaptive systems

81http://www.latinamericanstudies.org/maya



Interplay between

• Top-down mechanisms, like rewards 
and punishments

• Bottom-up mechanisms, like evolved 
prosociality and collective action

• This duality must inform the 
management of public goods and 
common-pool resources

82



Conclusions

• Public goods and common pool resource 
problems represent fundamental challenges in 
economics and in evolutionary biology

• Collective action can emerge from local 
interactions

• Multiple scales: Collective decisions can impose 
“mutual coercion, mutually agreed upon”

• Linking these is key to understanding the 
management of the Commons



Can cooperation be extended to the 
global level?

http://www.c2es.org/international/2015-agreement



Emergence of cooperation within 
groups is often for the benefit of 

conflict with other groups

http://www.twcenter.net/forums/showthread.
php?284308-RTR-AAR-Alexander-Reborn-A-Makedonian-AAR

http://www.twcenter.net/forums/showthread


In the global commons, there is no 
“other” 

c

Walt Kelly



Understanding how to achieve international 
cooperation is at the core of achieving 

sustainability in dealing with our common 
enemy: environmental degradation



Thank you

…so that we can achieve a sustainable future 

for our children and grandchildren

Carole Levin


