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Just as collective actions arise from individual 
behaviors in human societies

osservatorioantitrust.eu



This inescapably leads to conflicts between levels

5http://www.cancerresearchuk.org/



And to the need for scaling,
from individuals to ensembles

www.pitt.edu/~jdnorton



Lecture outline

• Conflict and public goods
• Scaling from microscopic to macroscopic
• Managing complex adaptive systems



Public goods problems are widespread in 
socio-economic and biological contexts

Carole Levin

→

mashriqq.com/?p=1081

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


This distinguishes them technically from 
common-pool resources

• But for this lecture, I will lump them together
http://en.wikipedia.org/wiki/File:Traditional_fishery.JPG#file



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%20on%20airplanes


Moreover, we live in a global commons, in 
which 

• Individual agents act largely in their own self-
interest

www.centerstage-musicals.com



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



Solutions to the commons problem requires interfacing 
individual incentives with systemic outcomes

http://www.philosophyofmoney.net/interdependence/
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• Conflict and public goods
• Scaling from microscopic to macroscopic

www.pitt.edu/~jdnorton



Problems of pattern formation exist for a 
wide range of organisms

• Bacteria
• Slime molds 
• Insects
• Krill
• Birds
• Fish
• Ungulates

Aerial photograph of a large wildebeest 
herd, courtesy A.R.E. Sinclair (plate 3 
from A.R.E. Sinclair, The African Buffalo).



In development, highly differentiated structures self-organize 
from initially homogenous ensembles…multiple bifurcations 

must occur

http://worms.zoology.wisc.edu/frogs/mainmenu.html
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Alan Turing posited the existence of two interacting 
chemicals (morphogens) in a homogeneous space

Alan Turing (1912-1954)



Turing instabilities:

uniform states can become unstable if 

Dv/Duis above some threshold.



Dissipative structures

Meinhardt



Do such mechanisms underlie spatial 
patterns in ecology?

arts.monash.edu.au/ges/staff/ddunkerley



Plankton are patchy on almost every 
scale

disc.sci.gsfc.nasa.gov
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Could Turing apply to planktonic 
patchiness?

• Phytoplankton as “activators”
• Zooplankton as “inhibitors”

• Both Levin and Segel, and Okubo, 
independently proposed this
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Turing mechanism didn’t work

        Zooplankton are more patchily 
distributed

Mackas et 
al



Zooplankton don’t move randomly, but 
aggregate

www2.le.ac.uk



Lagrangian-Eulerian connections

• Begin from microscopic (Lagrangian) rules

• And derive macroscopic (Eulerian) 
descriptions

Flierl et at, 1999



If closures are good, such 
approximations work well

Otherwise, equation-free methods (Kevrekidis)
Flierl et al., JTB 1999



But real aggregations are heterogeneous 
assemblages of individuals

Will return to this problem later



Scaling to the ecosystem level
(still without fish)

Science.mit.edu chisholmleb.mit.edu

Mick Follows Penny Chisholm



u and K from ECCO2 GCM Phyto  growth
Remineralization 
& other sources

Growth Mortality Grazing
Sinkin
g

MJ Follows et al, Science 315, 1843 (2007)

Ocean dynamics: The MIT-DARWIN Model

C Wunsch & P Heimbach, Physica D 230,197 (2007)

N/P/Z= 
nutrients/phytoplankton/zooplankton



DiatomsDiatoms

ProchlorococcusProchlorococcus

SynechococcusSynechococcus

Large eukaryotesLarge eukaryotes

Follows, Dutkiewicz, Chisholm,
 …

Ecotypes, not species, are predictable

Courtesy Follows and Dutkiewicz



    Trait-based approaches
Report on the “Trait-based Approaches to 

Ocean Life” Scoping Workshop 
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Steering Committee: Ken H. Andersen (Technical University of Denmark), Øyvind Fiksen (University 
of Bergen), Mick Follows (Massachusetts Institute of Technology), Colleen Mouw (Michigan 
Technological University), Nick Record (Bigelow Laboratory for Ocean Sciences), Tatiana 
Rynearson (University of Rhode Island) 
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Recommended Citation: Barton, A.D., S. Dutkiewicz, K.H. Andersen, Ø. Fiksen, M. Follows, C. Mouw, N. Record, and 
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The human dimension:
As fish populations shift, so do fisheries…can we predict?

Black sea bass  
and Lobster are also moving poleward 

http://oceanadapt.rutgers.edu/re
gional_data/ 

Pinsky et al. 2013 Science; http://oceanadapt.rutgers.edu/regional_data/ 
  

Courtesy  Jane Lubchenco





Modeling emergent phenomena in 
human societies
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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



So too are socio-economic systems



Coupled Human and Natural Systems 

Interconnected ecological, 
social and economic 

systems 

Complex Adaptive Systems 

Fisheries trade flows 

Food security, poverty alleviation  

Courtesy  Jane Lubchenco



Challenges of managing CAS
• Multiple spatial, temporal and organizational 

scales

47Arrow, Ehrlich, Levin 2014



Challenges of managing CAS
• Multiple spatial, temporal and organizational 

scales
• Self-organization, emergence and consequent 

unpredictability

48https://en.wikipedia.org/wiki/Emergence#/



Challenges of managing CAS
• Multiple spatial, temporal and organizational 

scales
• Self-organization, emergence and consequent 

unpredictability
• Multiple stable states, path dependence, 

hysteresis

49
Crepin et al, Ecol Econ, 2012



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

50
github.com



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

51
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2008
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2008



In complex adaptive systems, emergence can 
lead to sudden shifts



..and inescapably to conflicts between 
levels

55http://www.cancerresearchuk.org/



Managing public goods and common-pool 
resources: Bridging levels

• Individual transferable quotas (ITQs)
• Territorial-use rights in fisheries (TURFS)
• Rights-based fisheries (RBFs)
• Social norms
• International agreements
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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



Equity-driven ostracism:
Nash equilibria

Payoff from 
production

Ostracism 
function

Intensity of 
defection 
(inequity)

 Agents that withdraw more than socially accepted are ostracized and refused help 
-> reduction in utility

.
RESOURCE LEVEL

UD( fC) = π D(eD, R) −ω( fc)
π D(eD, R)− πC (eC, R)

π D(eD, R)

UC = πC(eC, R)

R
.

= c− d(R / Rmax)k − qER



Tavoni, Schlueter, Levin
Coordination game

Frequency of cooperators

Selfishness

Journal of Theoretical Biology
Volume 299, 21 April 2012

http://www.sciencedirect.com/science/journal/00225193


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


Role of leadership and collective decision-making
Couzin, Krause, Franks, Levin
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1 informed individuals in group of 100.
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5 informed individuals in group of 100.

C
o

lle
c

ti
ve

 d
ec

is
io

n
-m

a
ki

n
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



Courtey Iain Couzin

Competition and consensus



Extensions

• Complex spatial patterns (fish balls, tori) 
• Evolution of local rules
• Role of unopinionated



Investigate from multiple angles

• Experimental studies with fish
• Simulation and analytical models of 

movement
• Models of human collective decision-making



Theoretically and empirically, unopinionated 
individuals are crucial to nature of  consensus

http://motherjones.com/kevin-drum



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?



Ostrom: Climate change



Dixit-Levin
Contributions to public goods 

Multiple groups



! 1!

Incomplete cooperation and co-benefts:  
Deepening climate cooperation with a proliferation of small agreements 

 
Phillip M. Hannama,1, Vítor V. Vasconcelosb,c,d, Simon A. Levind,e,f, Jorge M. Pachecog,b,h 

 
a Science, Technology & Environmental Policy program, Woodrow Wilson School of Public and International Affairs, Princeton 
University, Princeton, New Jersey 08544, USA 

b Applications of Theoretical Physics Group, Centro de Matemática e Aplicações Fundamentais, Instituto para a Investigação 
Interdisciplinar, P-1649-003 Lisbon Codex, Portugal 

c Centro de Física da Universidade do Minho, 4710-057 Braga, Portugal  
d Department of Ecology and Evolutionary Biology, Princeton University, Princeton, NJ 08544-1003 
e University Fellow, Resources for the Future, Washington, DC 20036 
f Fellow, Beijer Institute of Ecological Economics, SE-104 05 Stockholm, Sweden 
g Centro de Biologia Molecular e Ambiental (CBMA), Universidade do Minho, 4710-057 Braga, Portugal 
hDepartamento de Matemática e Aplicações, Universidade do Minho, 4710-057 Braga, Portugal  
 

 
 
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



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

79http://www.latinamericanstudies.org/maya



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” 

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
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