
A. Suppose there exists a collection of the cells of some species of eukaryotic heterotrophic, unicellular or facultatively
multicellular “proto-metazoan” species, in which:
(i) Any cellular differentiation that does occur is reversible; distinction between the germline and the soma is facultative 
rather than obligate (e.g. a sexual stage may occur, but an arbitrarily selected cell line can replicate for a potentially 
indefinite number of generations). 
(iI) There exists in the genome some developmental-genetic system that causes terminal (irreversible) differentiation 
within any cell that is appropriately receptive to the gene products and developmental cues produced by this system. 
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B. Consider the adaptive dynamics of two alleles dictating how individual cells respond to this system:
(i) The cell fails to respond to the genetic instructions it receives, i.e. does not differentiate, retaining the capacity for 
indefinite cellular replication. Label this allele “cheater” (imagine it as roughly analogous to a tumour cell in a modern 
metazoan). 
(ii) The cell differentiates “correctly” (i.e. in a manner integrated with the large-scale multicellular phenotype), with the 
consequence that it loses its capacity for indefinite cellular replication (with the exception of the germline itself, a tiny 
fraction of the total number of cells). Label this allele “altruist” (imagine it as roughly analogous to a correctly 
functioning body cell in a metazoan). 
C. The key question is “UNDER WHAT CIRCUMSTANCES CAN THE ALTRUISTIC ALLELE INCREASE FROM RARITY AND 
PERSIST, DESPITE THE PRESENCE OF THE CHEATER ALLELE?”. 
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explanation for 

the appearance 

and/or spread of 

animal form

Essential 

implications 

Key associated 

prediction(s)

Specific example(s) Unanswered questions, 

weaknesses

Developmental 

genetic control 

Animal origins 

attributed to novel 

mutations within a core 

metazoan genome

Pattern of fossil 

record/ taxonomy 

maps onto 

tangible 

developmental 

mutations

Hox gene duplication triggered animal-body-plan 

diversification

* P.W. Holland, 2015. “Did homeobox gene duplications 

contribute to the Cambrian explosion?” Zoological 

letters. 1:1 doi 10.1186/s40851-014-0004-x.

* G.E. Budd. “At the origin of animals: The revolutionary 

Cambrian fossil record.” Current Genomics 14. 344-354. 

(2013).

* T. Cavalier-Smith. “Origin of animal multicellularity: 

Precursors, causes, consequences- the 

choanoflagellate/sponge transition, neurogenesis and 

the Cambrian explosion”. Phil. Trans. Roy. Soc. Lond. B. 

372. 2015746. (2017).

Circularity in explaining the timing 

of the origin and/or phenotypic 

expression of relevant genetic 

innovation. Fails to address why 

relevant mutation was adaptive at 

one particular time but not another

Permissive 

environmental 

control 

Key environmental 

limiting factor 

surpassed some 

necessary threshold for 

first time, animal form 

subsequently 

expressed

Detectable 

change in the 

physical 

environment (e.g. 

increased oxygen) 

immediately prior 

to the rise of 

animal life

Oxygen control hypothesis

*J.R. Nursall, 1959. “Oxygen as a prerequisite to the 

origin of the Metazoa.” Nature 183:1170-2.

Presupposes that the genetic 

innovations necessary to respond 

to the environmental change were 

present at high frequency prior to 

being rendered adaptive by this 

change; “biochemical pre-

destination-ism”

Reorganization 

of underlying 

adaptive 

dynamics 

Key trait, necessary and 

sufficient for animals’ 

appearance, increased 

from low to high fitness 

for the first time

Trait plausibly 

arose earlier but 

did not increase 

from rarity. 

Environmental or 

ecological 

changes 

reorganized the 

underlying fitness 

landscape

Neoproterozoic glacial refugia, founder effects and 
kin selection for terminal cellular differentiation

* R.A. Boyle, T.M. Lenton & H.T.P. Williams, 2007. 
“Neoproterozoic ‘snowball Earth’ glaciations and the 
evolution of altruism”. Geobiology. 5(4). 337-349.

Appeal to evolutionary dynamics 

and fitness landscapes that leave 

no direct preserved record

Refocus on 

effects of animal 

proliferation 

Observed patterns of 

Neoproterozoic-

Cambrian 

biogeochemistry are 

better attributed to the 

impact of animal life 

than its cause

Geochemical 

reorganizations 

are preceded by 

animal origins. 

Implies 

unpreserved soft-

bodied forms in 

some contexts

Escalatory predator-prey coevolution, rise of 

bioturbation

* S. Bengtson. 2002. “Origins and early evolution of 

predation”. Paleontol. Soc. Pap. 8. 289-318).

* N.J. Butterfield. “Oxygen, animals and aquatic 

bioturbation: An updated account” Geobiology 2018.16. 

3-16. (2018).

Does not directly address the origin 

of animals, thus moves goal posts 

of discussion

1. THE PROBLEM OF THE ORIGIN OF ANIMALS CAN BE 
EQUATED TO THE EVOLUTION OF THE TERMINALLY 
DIFFERENTIATED SOMATIC CELL

Figure by Xiao & Laflamme, TREE 24(1). 31-40. (2008), modified from 
Brasier, M. and Antcliffe, J. (2004) Decoding the Ediacaran enigma. Science 

305, 1115–1117. Box from T.M. Lenton, R.A. Boyle, S.W. Poulton, G.A. Shields-Zhou & N.J. Butterfield “Co-evolution of 
eukaryotes and ocean oxygenation in the Neoproterozoic era” Nature Geoscience, 7, doi: 
10.1038/ngeo2108 (2014) 

3. GLOBAL SCALE GLACIAL DEPOSITS (SOME WITH 
EQUATORIAL PALEOMAGNETIC LATITUDES), 
FOLLOWED BY CAP-CARBONATE DEPOSITION 
(INDICATING GLOBAL CARBON CYCLE 
DISTURBANCE), OVERLAP PHYLOGENETIC 
ESTIMATES OF METAZOAN DIVERGENCE TIMES
Graphs from Hoffman, P. F., D. S. Abbot, Y. Ashkenazy, D. I. Benn, J. J. Brocks, P. A. Cohen, G. M. Cox, et al. 
2017. “Snowball Earth climate dynamics and Cryogenian geology-geobiology.” Science Advances 3 (11): 
e1600983. http://dx.doi.org/10.1126/sciadv.1600983

2. THE TRAJECTORY OF METAZOAN 
EVOLUTION INVOLVES INCREASES IN 
THE NUMBER OF CELL TYPES AND THE 
IRREVERSIBILITY OF DIFFERENTIATION

Figure by J. W. Valentine, 
A.G. Collins and C.P. 
Meyer. Paleobiology, Vol. 
20, 2 (Spring, 1994), pp. 
131-142 (figure1)

Figure modified from 
S.K. Kauffman “The 
Origins of Order: Self 
organization and 
selection In evolution” 
Oxford 1994. (figure 
12.7). 

Figure from A.W.  Siefert, J.R. 
Monaghan, M.D. Smith, B. 
Pasch, A.C. Stier, F. 
Micchoneau & M. Madden.  
“The influence of fundamental 
traits on mechanisms controlling 
appenedage regeneration”. Biol. 
Rev. (2012), 87, 
pp. 330–345. 10.1111/j.1469-
185X.2011.00199.x

5. KEY IDEA: BOTTLENECK INDUCED REFUGIA POPULATIONS RAISED 
AVERAGE KIN RELATEDNESS BETWEEN THE SOMA AND GERMLINE, 
INCREASING THE INCLUSIVE FITNESS OF GENES FOR SOMATIC ALTRUISM

4. CORE 
BACKGROUND 
CONCEPTS
• A social trait affects the fitness of the both the bearer (in this case the cell with the 

gene in question) and the individuals with which the bearer interacts (in this case 
other cells in a colony).

• An altruistic trait is a social trait with an negative impact on the short-term fitness of 
the bearer (i.e. a cost). The long-term fitness of altruistic traits depends on the 
relationship between the altruist and the recipient of the fitness benefit (in this case, 
the survival-enhancing physiological consequences of organ-grade differentiation; 
resource storage, buffering from environmental change, physical compartmentalization, 
motility, etc.) that altruism produces.

• Altruism is competitively inferior at the level of individual (within-group) dynamics 
(cheater individuals have higher local fitness), but may spread across a population as a 
consequence of multi-level selection (groups of altruists outcompete groups of 
cheaters). 

• One form of multi-level selection is kin selection: The process by which a gene 
increases its frequency in a population by causing a phenotype detrimental to the 
fitness of the individual in which the gene is contained, but beneficial to another copy 
of that same gene, contained within a relative of that individual. 

• Under kin selection, individuals evolve to maximize their Inclusive fitness: the ability of 
an individual organism to pass on its genes to the next generation, taking into 
account the shared genes passed on by the organism's close relatives. Kin selection is 
normally described in the context of “Hamilton’s rule” 𝒓𝒃 > 𝒄 (Hamilton WD (1964) “The 

genetical evolution of social behaviour, II.” Journal of Theoretical Biology 7, 17–52). 

• Multi-level selection for altruism is generally more evolutionarily stable within 
“viscous” demographic conditions, with sufficient restrictions on dispersal to protect 
altruists at high local frequency from exposure to the cheaters that will outcompete 
them, but enough mobility to allow altruists to spread. (Van Baalen M, Rand DA (1998) “The unit of 

selection in viscous populations and the evolution of altruism.” Journal of Theoretical Biology 193, 631–648, 191–192).

• The founder effect refers to a loss of genetic variation resulting from the 
establishment of a population by a very small number of individuals. It is conducive to 
the stability of altruism because it can allow altruists to reach high local frequency, 
restricted from the dispersal of cheaters from neighbouring groups. (M.A. Brockhurst. “Population 

bottlenecks promote co-operation in bacterial biofilms”. PLoS One 2(7). E634 (2007).)

7.  SUMMARY
The altruistic soma allele can only increase from rarity when it is 
also present in the germline cells whose fitness it benefits, in a 
manner described by Hamilton’s rule. The requisite high 
relatedness was initially provided by bottlenecks induced by the 
environmental extremes (in temperature, water potential, resource 
availability etc.) caused by snowball earth glaciations. This provided 
sufficiently strong kin selection for altruistic alleles to reach 
fixation, and the phenotypic benefits of altruism to be realized (i.e. 
cell type increases, organ level differentiation, etc.).  Restricted 
dispersal may also have contributed to the process by maintaining 
altruists at high local frequency. This happened globally and 
repeatedly over geologic timescales, grounding the fitness 
landscapes describing the initial adaptive dynamics of the Ediacara
and Metazoa.  

6. MODEL
1. Assume that altruism becomes established phenotypically after Hamilton’s

rule holds for a critical number of consecutive generations
2. Subsequently, the fitness of the altruistic allele  𝐹𝐴 is an increasing function of 

local (within-group) altruist frequency 𝑁𝐴 and benefit 𝑏 of altruism, but a 
decreasing function of the cost 𝑐 of altruism. The fitness of the cheater allele
𝐹𝑆 is identical except for the lack of cost (consequently groups composed solely
of cheater individuals go extinct, but cheaters outcompete altruists locally)

3. The model population consists of various groups, each group connected to 𝑘 neighbour 
groups. Individuals send offspring to neighbouring groups at rate 𝐷 per individual per 
time-step. Equilibrium coexistence of altruists and cheaters requires the combined within 
and between-group changes in the frequency of each genotype to reach steady state:

4. Examine altruism’s stability under different demographic contexts:
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