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(tractable) Frontiers in 
Evolutionary Theory

• Origins of  “living systems” 

• Origins of complex, hierarchical, adaptive 
systems -  major transitions & construction

• Relationship between developmental and 
evolutionary processes - evodevo & 
construction

• Mechanisms for stabilizing, complex, 
adaptive lineages - robustness theories

• Origins of Culture & Artifacts



Evolutionary Stoichiometry

replication
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Evolutionary Stoichiometry

gi + gj
cij−−→ gj

competition



Evolutionary Stoichiometry

gi
mij−−−−−−→

Radiation
gj

mutation

mij = µH(i,j)(1− µ)L−H(i,j)



Evolutionary Stoichiometry
recombination

bijl = 1, if i = j = l

gj + gl
bijl−−→ gi
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if H(i, j) + H(i, l) = H(j, l)
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)H(j,l)

if i = j or i = l



Evolutionary Stoichiometry

Development

gj + gl
dijl−−→ pi

Typically Treated Thus

gi
di−→ pi



The Assumptions we 
are going to challenge
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‘Every writer "creates" his own precursors. 
His work modifies our conception of  the 

past, as it will modify the future’

Jorge Luis Borges, Kafka y sus precursores. 
Otras Inquisiciones (1952) 







“Everyone thinks of changing the world, but 
no one thinks of changing himself”. 

 
Leo Nikolaevich Tolstoy

“Society exists only as a mental concept; in the 
real world there are only individuals.”

Oscar Wilde.

 “It is vain to talk of the interest of the 
community, without understanding what is 

the interest of the individual”

 Jeremy Bentham



Niche Construction



The Niche
• Grinnel (1917) - many 

environmental variable 
foraging recess (den. dep)

• Elton (1927) - Grinnel + 
inclusion of interactions 
among species (freq. 
dep.)

• Hutchinson (1959) - high 
dimensional space of 
combined organism-
environment 
interactions

• Niche Construction - 
how the adaptive 
complement of above 
come into existence



Ecological Dynamics
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Niche Construction 
Dynamics

Perhaps take a look at:  Krakauer et al.  Am. Nat. 2009
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Implications

• Genome encodes components of the 
environment

• Possibility of greater abundance (a)

• Increased stability (s)

• Increased specialization/division of labor (l)

• Increased diversity (d)

• Increased complexity (e,g, kd^2, ld)



However there is a 
Problem!
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x + w
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Nevertheless...



Stability of construction 
monopolized niches

zx ≈ zxm + zx(1−m)



Consider a population of 
lineages that vary in the 

value of 
and m.

cx
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Niche Constructing 
Development
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SN

Organismal development
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G + R→ 2G

G + R→ G + S

2S → S

θ → R R→ 0

(1− p)k

c

k + nS d

r + pkS
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G + R→ G + S

G + R→ G + S

Perhaps a little too simple?

gj + gl
dijl−−→ pi

Need to specify a developmental program



Evolutionary Implications 
of Developmental 

Programs

Perhaps take a look at: Borenstein & Krakauer Plos. Comp. Biol. 
2009



“Frontier” Issues in EvoDevo

• Putative sparseness of the morphospace (many to 
one property)



The Star Trek multiverse Bauplan 



Key Theory Issues in 
EvoDevo

• Putative sparseness of the morphospace (many to 
one property)

• Violations of phenotypic isotropy

• Deviations from uniformitarianism (the cambrian 
disparity)

• Convergence is surprisingly frequent

• Morphological evolution guided by regulatory genes 
rather than structural
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!p = H(D!g)p(Dij = +1|cij = 1) = q



!p = H(D!g)

!pt = H(Dt!pt−1)

!pt = H(D!pt−1)

Single Projection

Recurrent Projection

Recurrent Random Projection



Hidden Phenotypes
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Potential
Visible
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Localization of visible sub-
space
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Random Phenotypes
Distinct visible phenotypes
Visible phenotypes
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Structure of visible sub-
space
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Hierarchical Projections:



!pt = H(Dt!pt−1)

!pt = H(D!pt−1)

Recurrent Projection

Recurrent Random Projection



Some Connections
(for the fastidious)



Linear & Polyhedral separability of 
activation patterns

 in phenotypic feature space

X

Y

X

Y



Computational complexity 
issues

• NP-complete to determine 
polyhedral separability of 2 sets of 
points

• NP-complete to determine 
whether k-lines can separate 2 
sets

• For k lines polynomial time to 
determine whether sets are 
separable



Cybenko Theorem: 
universal function approximation
 with superpositions of sigmoids

G(x,w, α, θ) =
N∑

i=1

αiσ(wT
i x + θi)

|G(x,w, α, θ)− f (x )| < |ε|,x ∈ [0,1]n



Random Matrix 
(products)Theory

• Products of random matrices essential in chaotic 
dynamics

• In d=1 case, limiting distribution of random 
products, log(X)

• Problems of non-commutativity of matrix 

• Infinite products of 2 by 2 linear projections is a 
solved problem.









Sparseness: freedom or 
constraint?

The Origins of Regulatory Freedom





Developmental Evolution

Take a look at: Borenstein & Krakauer Plos. Comp. Biol. 2009







Frontiers

• Niche construction 
allows us to explore the 
origins of hierarchical 
selective system

• Development (& the 
organism) is seen to be a 
special form of 
“contracted” ecological 
dynamic

• Development has a 
more “programmed” 
character

• Some Implications of cis-
regulatory programs are:

• Most phenotypes are 
inaccessible

• Visible phenotypes tend 
to be alike (convergence 
not rare)

• Low regulatory 
dimension generates 
high disparity but low 
diversity.



The Future

• A unified evolutionary theory of organism 
and environment & hence a theory of 
selection (of semantics)

• Generalization of aspects of the general 
theory to culture

• A more constructive framework for 
studying all forms of high memory-capacity 
adaptive dynamics
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