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This storm irresistibly 
propels him into the 
future to which his 
back is turned, while 
the pile of debris 
before him 
grows skyward. This 
storm is what we 
call progress. 

-Walter BenjaminAngelus Novus, Paul Klee

THE ANGEL OF HISTORY



The Challenge
● We have entered the Anthropocene—    a 

consequence of complex and long co-evolutionary 
dynamics!

● We are shaping and engineering 
our planet at global scales

● Humankind is no longer in a safe operating space

● New Global Challenges emerge at rapid pace that 
contribute to systemic risks and systems’ failures

● A new scientific understanding is needed to 
meet these challenges
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The deep history of evolved complexity 
— a story of major transitions
▪ The origin of life, cellular life, multicellular life, etc.
▪Major interconnected transitions in:

▪ Organization, including social organization
▪ Energy systems
▪ Knowledge and information flows
▪ Material Flows

▪Emerging layers of complexity and feedbacks
▪ The Technosphere is such a major transition in evolution



The Technosphere as a major 
transition in evolution

Laubichler, Renn, Winkelmann, Roberts, Schlosser, in preparation



Standard Evolutionary Theory 
is insufficient



Standard Evolutionary Theory 
is insufficient
� Selection as the main effective feedback mechanism

� Explanations of the origin of variation outsourced to physics

� Evolutionary dynamics as a temporal sequence of allele 

frequencies

� Implicit assumption of optimization

� ODEs as the mathematical structure with a strong 

preference towards equilibrium dynamics



Extended Evolutionary Theory

Laubichler and Renn, 2015



Over evolutionary time scales the interaction between systems and 
their niches exhibits two types of simultaneous dynamics:

Externalization: Actions of the system construct the niche and 
stable aspects of the constructed niche then act as regulatory 
elements contributing to the control of the system’s behavior   

Internalization: Elements of the niche that have the potential to 
regulate system behavior are incorporated into the regulatory 
network in a stable way (often replacing previous internal elements)

Extended Evolutionary Dynamics



Extended Evolution
� Emphasis on complex systems transformations and multiple 

feedback mechanisms

� Developmental mechanisms explain the origin of variation

� Evolutionary history not time

� Path-dependency and construction

� Mathematical structure more complex focused on stochastic 

processes and non-equilibrium dynamics



Mathematically integrating development, 
heredity and population dynamics



Mathematically integrating development, 
heredity and population dynamics



The Technosphere as a major 
transition in evolution

Laubichler, Renn, Winkelmann, Roberts, Schlosser, in preparation



The dynamics of the Anthropocene





 *  EXTENDED SOCIAL 
HUMAN



Creating slide

UNBOUNDED 
GROWTH  

REQUIRES 
ACCELERATING 

CYCLES OF 
INNOVATION TO 

AVOID 
COLLAPSE



The Question
CAN WE EXTEND THIS FRAMEWORK TO THE SOCIO-ECONOMIC 
DYNAMIC AND EVOLUTION OF THE ENTIRE PLANET 
CONSIDERED AS AN INTEGRATED, NETWORKED COMPLEX 
ADAPTIVE SYSTEM (THE ANTHROPOCENE)?

D. Painter, M. Laubichler, C.P. Kempes & G.B. West;  work in 
progress



SUPER-LINEAR SCALING OF GLOBAL METRICS WITH POPULATION 

ENERGY USE        GDP

WATER USE



Biological Scaling

BIOLOGICAL METABOLIC RATE (B)

THIS IS THE RATE AT WHICH 
ENERGY NEEDS TO BE SUPPLIED 
TO AN ORGANISM IN ORDER TO:
• MAINTAIN ITS PRESENT INACTIVE STATE 

(BASAL METABOLIC RATE)



SLOPE = ¾  <  1   SUB-LINEAR   ECONOMY OF SCALE

(KLEIBER’S LAW 1932) 

 



YOU ARE A LIGHT BULB!

100 Watts or 2000 calories a day



BIOLOGICAL METABOLIC 
RATE (B)

THIS IS THE RATE AT WHICH 
ENERGY NEEDS TO BE 
SUPPLIED TO AN 
ORGANISM IN ORDER TO:
• MAINTAIN ITS PRESENT INACTIVE 
STATE (BASAL METABOLIC RATE)

• SUPPORT ALL ACTIVITY (FIELD OR 
ACTIVE METABOLIC RATE)

ACTIVE METABOLIC RATE IS 
APPROXIMATELY 2-3 TIMES 
BASAL METABOLIC RATE 

WITH APPROXIMATELY THE 
SAME EXPONENT

THIS WAS TRUE FOR 
HUMAN BEINGS IN OUR 

“NATURAL” STATE



SLOPE = ¾  <  1   SUB-LINEAR   ECONOMY OF SCALE 

ACTIVE METABOLIC RATE



 



SLOPE = ¾  <  1   SUB-LINEAR   ECONOMY OF SCALE 

ACTIVE METABOLIC RATE

   
    
     *     MODERN SOCIO- 
            ECONOMIC HUMAN









SOCIAL METABOLIC RATE
(RATE AT WHICH ENERGY, IN ITS BROADEST SENSE, IS SUPPLIED FOR)

         =  MAINTENANCE 
(OF THE SOCIO-ECONOMIC SYSTEM IN ITS PRESENT STATE, INCLUDING ALL 

INFRASTRUCTURE AND INDIVIDUALS)

+  
NEW GROWTH

(ADDING NEW INFRASTRUCTURE, PEOPLE, IDEAS, INSTITUTIONS, ETC, ETC)

TIME EVOLUTION (GROWTH) 
OF THE TECHNOSPHERE



BORROWING THE CONCEPT OF AN 
“EXTENDED PHENOTYPE” 

FROM BIOLOGY, EXPRESS THIS IN TERMS OF THE 
ENERGY BUDGET OF 

“EXTENDED INDIVIDUALS”
WHICH INCLUDES THEIR ASSOCIATED PHYSICAL AND 

SOCIAL INFRASTRUCTURE AND INTERACTIONS



 SUPPLY MAINTENANCEGROWTH



ii)    AVERAGE AND TOTAL COSTS

FOR BASAL MAINTENANCE

FOR ADDING NEW INDIVIDUAL

LEADING TO

iii) WHICH CAN BE EXPRESSED AS

        WHERE



THE ANTHROPOCENE EQUATION REDUCES TO

WHERE



 





 



SUPERLINEAR SCALING LEADS TO UNBOUNDED 
GROWTH







THE GREAT ACCELERATION



BUT IT ALSO LEADS TO



A FINITE TIME SINGULARITY  AT t = tc 



AND COLLAPSE WHEN t > tc 

THE NOT SUCH GOOD NEWS!



UNBOUNDED 
GROWTH  

REQUIRES 
ACCELERATING 

CYCLES OF 
INNOVATION TO 

AVOID 
COLLAPSE



Telephone (40+ yrs)

Cable TV (25 yrs)

Fax (20 yrs)

Cellular phone (11 yrs)

VCR (8 yrs)

PC (6 yrs)

Internet (3 yrs)

Registered 
genetic pairs 
(75% in last 2 yrs)

1.2 million
19971982

Years to reach  10 million customers (US)
Time





POWER LAW APPROXIMATION (MOTIVATED BY NETWORKS & DATA) 

LEADS TO “EXACT” SOLUTION

WHERE          AND  THE SINGULARITY AT t = t
c
 IS GIVEN BY



THE APPROACH TO THE SINGULARITY AS  



THEORY PREDICTS THAT LOGARITHMIC 

PLOTS OF MAJOR SOCIO-ECONOMIC METRICS 

(ENERGY, WATER,….) AGAINST THE TIME TO 

THE NEXT SINGULARITY: 

log Y(t) vs. log (tc – t) 

SHOULD YIELD STRAIGHT LINES WITH PREDICTED 

VALUES OF THE SLOPES AND INTERCEPTS

  



When will we reach the next 
singularity?
GLOBAL ENERGY USE GLOBAL WATER USE



SUGGESTS THERE WAS A SIGNIFICANT “PARADIGM SHIFT” AND 
WE AVOIDED A SINGULARITY IN MID-1970’S (AROUND 1975)
SPECULATIONS?

GLOBAL ENERGY USE GLOBAL WATER USE



WHY 1975 MATTERS?

The phenotype of the Great Acceleration

However, once we analyzed this in the context of the Anthropocene Equation

We found that most of these time series have a breaking point around 1975



Breakpoint Analysis and Regression Data



Waves of acceleration: timing of largest 
acceleration events —Jonathan Donges
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Examining the Relationship Between 
Population Growth and CO2 Emissions 
from Fossil Fuels—Jochen Büttner



Population Growth and CO2 Emissions 
from Fossil Fuels - scaling analysis



Population Growth and CO2 Emissions 
from Fossil Fuels - The 1914 macro-level 
shift



Crucial Observations/Lessons
▪Complex evolving systems are governed by 
regulatory structures
▪Complex evolving systems construct their niches
▪These dynamics introduce feedback into these 
systems 
▪Dynamically stable systems have the right balance 
between positive and negative feedback loops



Elimination of negative feedback 
in the course of human history
▪Starting in the Neolithic humans began to eliminate 
negative feedback 
▪They closed the positive feedback loop between 
population – knowledge – energy, or the 
Anthropocene (innovation) engine
▪As a consequence, we see the continuous 
acceleration of human history and the emancipation 
of humans from their environment
▪The current crisis is the culmination of these trends 



What can be done?
▪ Introducing negative feedback into the system
▪Values, norms, laws and regulations make up the 
social regulatory system of humanity
▪Hierarchical and lateral regulation
▪Nation states and global civil society
▪The role of (scientific) knowledge
▪Broad, integrative and transdisciplinary knowledge



A team science approach to understanding and solving complex problems.
DECISION
THEATER

How can it be done?





Thank You
Collaborators:
Günter Wagner, Rob Page, Jürgen Gadau, Peter Stadler, Carlo 
Jäger, Chris Kempes, Deryc Painter, Jürgen Renn, Peter 
Schlosser, Geoffrey West, Ricarda Winkelmann, Patrick 
Roberts, Chris Carleton, Sarah Wolf, Joffa Applegate



Q&A https://humanatlas.io/events/2024-24h 

https://humanatlas.io/events/2024-24h


How do we define a Multiscale Human?

How do we map a Multiscale Human?  

How do we model a Multiscale Human?

How can LLMs or RAGs be used to advance science and clinical practice?

Questions



Thank you


