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ABSTRACT

We hypothesize that a demographic and ecological effect of Neoproterozoic ‘snowball Earth’ glaciations was
to increase the fitness of group-level traits and consequently the likelihood of the evolution of macroscopic form.
Extreme and repeated founder effects raised genetic relatedness — and therefore the influence of kin selection
on the individuals within a group. This was permissive for the evolution of some highly costly altruistic traits,
including those for macroscopic differentiation. In some eukaryotic species, the harsh and fluctuating abiotic
conditions made a macroscopic physiology advantageous, perhaps necessary, for collective survival. This caused
population-wide group viability selection, whereby non-altruist ‘cheat’ genotypes killed the groups they were
in, and therefore themselves, by reaching fixation. Furthermore, dispersal between refugia would reach zero
under anything near a ‘hard snowball’, which would protect altruists at high local frequency from the influx of
cheats from neighbouring groups. We illustrate our hypothesis analytically and with a simple spatial model. We
show how removal of between-group dispersal, in a population with initial between-group variation in cheat
frequency, causes the relative frequency of altruists to increase while the population as a whole decreases in size,
as a result of group death caused by cheat invasion. This may be of particular relevance to animal multicellularity
because irreversible differentiation (highly altruistic in that it imposes a high fitness cost on the individual cell)
is more prevalent than in other multicellular eukaryotes. The relevance of our hypothesis should be scaled
by any future consensus on the severity of snowball Earth, but it is theoretically plausible that global-scale
glaciations had a systematic influence on the level of selection during Earth history.
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INTRODUCTION

The Neoproterozoic era saw the most recent examples of
global-scale glaciation, followed by a qualitative increase in the
taxonomic abundance and morphological diversity of macro-
scopic life during the Ediacaran period (Vincent ez al., 2004;
Corsetti ez al., 2006; Knoll ez al., 2006; Butterfield, 2007). The
possibility of a causal connection between the Neoproterozoic
glaciations and the evolution of the biosphere has been discussed
for some time (e.g. Hoftman ez al., 1998; Hedges, 2004;
Vincent et al., 2004 ) but has lacked a mechanistic evolutionary
basis. Similarly, a major gap in the ‘snowball Earth” hypothesis
(Kirschvink, 1992; Hoftman ez al., 1998; Hoffman & Schrag,
2002) is its failure to explain how large-celled, and potentially
macroscopic eukaryotes could survive such an extreme climatic
event. Many authors have used the assumption that the effect
of a complete ‘hard’ snowball Earth on life would have been
intolerably harsh, as part of the motivation for investigating
partial ice cover ‘slushball’ solutions (e.g. Pollard & Kasting,
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2005). But we argue herein that rather than presenting a
paradox concerning how ‘complex’ life could have survived a
snowball Earth event, the demographic and ecological impact
of a global-scale glaciation strongly favoured the evolution of
group-level traits. Small, highly genetically related populations
largely isolated from each other would have resulted in strong
kin selection, relatively favourable to the costly ‘altruistic’
life-history strategies required for macroscopic differentiation.
We argue that the ‘bottleneck and flush’ style of evolution
suggested as part of the original snowball Earth hypothesis
(Hoftman ez al., 1998) is entirely consistent with the levels of
selection problem, and that causality between snowball Earth
and the emergence of highly costly macroscopic form should
be taken seriously as a hypothesis.

‘Snowball Earth’ as a geological pattern

The idea of glaciation at or near global in its spatial extent is
not new (Harland & Rudwick, 1964 ), but has received recent
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attention via the ‘snowball Earth hypothesis’ championed
by Hoffman ez al. (Kirschvink, 1992; Hoffman et al., 1998;
Hoffman & Schrag, 2002). This hypothesis describes how
glaciation supposedly results from extensive CO,,) drawdown
by weathering of low-latitude continents, and eventually ends
through CO,, build up from tectonic outgassing. Globally
synchronous glacial tillites with primary equatorial remnant
magnetism occur in three intervals during the late Proterozoic
eraat 710, 635 and 580 million years ago (Ma) (Evans, 2000).
These date estimates are imprecise, ranging by 5-10 million
years (Myr) or more, with estimates frequently overlapping
within analytical error (Fanning & Link, 2004). Estimated
duration of the glacial period is similarly imprecise, but in the
region of 6-12 Myr (Hoftman & Schrag, 2002). Some glacial
tillites contain incompletely oxidized ‘banded” iron formations,
invoking deep ocean anoxia and therefore an ocean at or near
isolation from the atmosphere through surface sea ice cover.
Most are overlain with metre-thick ‘cap’ carbonates, suggesting
sudden exposure of the ocean to an atmosphere extremely
high in CO, at the end of the glaciation. The carbon isotope
13C is enriched prior to some glacial periods then dramatically
depleted during and immediately after (e.g. Kennedy, 1996;
Misi & Veizer, 1998; Kennedy ez a/., 2001; Rothman et al.,
2003) with an equivalent pattern in 3 (Hurtgen, 2002, 2005)
—suggesting a crash in global productivity. Alternative models
used to explain the palacomagnetic evidence include high orbital
obliquity (Meert & Torsvik, 2004) and true polar wander
(Kent & Smethurst, 1998) but are much less parsimonious
than the idea of global-scale glaciation in integrating many of
the other separate lines of evidence (Evans, 2000, 2003,
2005). The latitudinal extent of ice progression remains
equivocal. Glacial scouring — therefore hydrological activity
(Rice & Hofmann, 2000; Hoffman & Schragg, 2002) has
been used to invoke ‘slushball’ solutions with some open
tropical oceans (Hyde ez al., 2000; Baum & Crowley, 2001;
Peltier ez al., 2004; Pollard & Kasting, 2005), but is not
necessarily impossible under a ‘hard snowball” with a minimal
hydrological cycle including sublimation (Baum & Crowley,
2003; Pierrechumbert, 2005). The incompletely oxidized iron
sediments and cap carbonates argue for an ocean that is highly
anoxic and largely sealed from the atmosphere.

A change in evolutionary tempo?

Biomarkers suggest the possible existence of eukaryotes as far
back as the late Archaean (Brocks ez al., 1999), and multicellular
cukaryotes can be identified from diagnostic cell-division
patterns, and later macroscopic form, from the Mesoproterozoic
onward (Hofmann, 1990; Javaux ez al., 2003; Butterfield,
2004, 2005a,b, 2007; Knoll ez al., 2006). But there are no
macroscopic animals prior to the late Neoproterozoic. The
Mesoproterozoic 1800-850 Myr eukaryotic fossil record
documents the divergence of major eukaryotic clades, but
exhibits increasing but relatively low taxonomic abundance

and little or no macroscopic differentiation (Hofmann, 1990;
Knoll ez al., 2006; Huntly ez /., 2006). During the Cryogenian
period 850-635 Ma encompassing the two most severe
glaciations, acritarch taxonomic diversity crashed, before
peaking sharply after the period’s ending (Knoll, 1994; Knoll
et al.,2006; Grey et al., 2003; Narbonne, 2005; Huntly ez al.,
2006). The subsequent early Ediacaran period 632-560 Ma
exhibits a marked increase in morphological diversification in
algae (Xiao, 2004a,b), (potential) animals (Xue ¢z al., 1992;
Li et al., 1998; Grotzinger et al., 2000; Narbonne & Gehling,
2003), and unassigned macroscopic eukaryotes (Knoll ez al.,
2006; Butterfield, 2007). Subsequent radiation of the
Ediacaran biota 575-542 Ma gave rise to the earliest examples
of macroscopic differentiation into what are discernably organs
(Xiao, 2004; Narbonne, 2005), prior to the extinction of the
group during the rise of the Eumetazoa in the Cambrian
explosion. Molecular clock studies have consistently found early
divergence times for eukaryotic phyla since their inception
(Brown ¢z al., 1972; Feng, 1997, Wang et al., 1999; Heckman
et al., 2001; Hedges ez al., 2001; Hedges, 2004). With some
exceptions (Peterson et al., 2005; Peterson & Butterfield,
2005), molecular clock studies tend to place the origin of
major animal clades significantly earlier than does the fossil
evidence. This is despite the fact that molecular clocks’ largest
consistent source of potential error, ‘long branch attraction’
(the probability of saturated therefore undetectable point
mutation increasing in proportion to the divergence time
between the taxa), makes them more likely to underestimate
divergence times than overestimate them (Page & Holmes,
1996). It is therefore reasonable to suppose that Ediacara and
animals were present before the end of the glacial events in
microscopic forms, but some change occurred during and
after the glaciations to cause the radiation in size and
differentiation seen in the Ediacaran fossil record. It is notable
that the increase in acritarch diversity coincides with the
similar phase change in evolution of the Ediacara. Similar
patterns in different taxa invoke a common ecological cause.
It is clear that eukaryotic differentiated multicellularity was
present in algae and fungi significantly before any glacial event
(Butterfield, 2000, 2005a, b). Therefore it is incorrect to
think of global-scale glaciation as having been a necessary
condition for the evolution of multicellularity or architecturally
complex form. But after the glacial events, macroscopic form
unequivocally became more taxonomically abundant and
morphologically diverse. And we think it is also simplistic to
assume that climatic events on the scale of the Neoproterozoic
glaciations did not have a systematic influence on evolution.

Cooperation and altruism

There exist many circumstances in which a population is better
off collectively if each individual produces a costly extracellular
substance that is available to the whole local population
(e.g. a bacterial siderophore) (West ez al., 2006). The short-term
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fitness benefit an individual genotype can gain by forgoing
this cost and investing extra effort in its own reproduction, but
benefitting from production of the substance by its neighbours,
increases its relative frequency — and therefore limits the level
of the costly substance. This exemplifies the ‘tragedy of
the commons’ that the average fitness of the population is
lower than that of a population in which all members acted
altruistically and produced the costly substance. The definitive
link that such ‘public goods’ traits have with cell density and
group phenotypes means that understanding when such
costly traits are adaptive is important in describing the origins
of multicellular and macroscopic form.

Natural selection frequently operates hierarchically on large
groups of replicators (like multicellular organisms) that are com-
posed of smaller individual replicators (like cells) (Michod, 1997).
Many traits have an evolutionary impact on both the bearer
and the individuals with which the bearer interacts — such traits
are referred to as ‘social’. Often, the trait value that maximizes
the fitness of the bearer is different to the trait value that has
the greatest positive impact on other individuals — such as when
genes for unrestricted cell growth lead to tumours in animals
and plants. This leads to a tension between conflicting selec-
tion pressures at the individual and at the trait group levels. A
trait that increases the fitness of the individuals with which the
bearer interacts is termed cooperative, and a cooperative trait
that imposes a fitness penalty on the bearer is termed altruistic
(e.g. Lehmann & Keller, 2006), though of course no sen-
tience is implied. If an individual interacts with an altruist,
it receives a benefit, if it interacts with a non-altruist ‘cheat’
individual, it receives nothing and may experience decreased
fitness, depending on its own genotype. Whether or not
altruistic traits are adaptive depends on the nature of the
relationship between the focal ‘actor’ individual bearing the
trait, and the ‘recipient’ individual experiencing the trait’s
results. There are a number of scenarios that can give rise to
cooperation, all involving some constraint on the ratio &/c,
of fitness benefit to recipient 4, and fitness cost to altruist c.
Each scenario involves some measure of the probability that
an altruistic strategy will encounter and /or cause benefit to,
a copy of itself. Different circumstances that can give rise to
evolutionarily stable cooperation are (from Nowak, 2006):
(a) Kin selection (4/¢) > (1/7) (Hamilton, 1964). This process
describes the effect on the fitness of an altruistic gene of the
probability that the recipient of altruism also carries a copy
of that gene. This probability is termed relatedness, 7, but is
defined specifically with respect to the focal locus and meas-
ures the probability of a correlation in trait values — which is
not necessarily identical to a correlation in descent. Kin selec-
tion is normally referred to in the context of ‘Hamilton’s rule’
7b > ¢ (Hamilton, 1964, 1972). The conditions under which
kin selection is relevant to a given trait depend on the balance
between kin selection and kin competition, and consequently
on the demographics — other more complex forms of Hamil-
ton’s rule have been derived to incorporate the influence of

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

XXXX 3

population viscosity under spatially continuous conditions
(e.g. Van Baalen & Rand, 1998), as well as varying ploidy and
sex ratios (Hamilton, 1972).

(b) Group selection (e.g. Sober & Sloan-Wilson, 1998). This
is a means of expressing the way in which natural selection
operates hierarchically on group replicators (such as multi-
cellular organisms) that are themselves composed of smaller
individual replicators (such as cells). In circumstances where
trait values that increase the short-term fitness of the smaller
replicators simultaneously decrease the long-term fitness of
the larger replicators of which they are a part, then evolution
of cooperation requires (4/¢c) > [1 + (n/m)], where » is the
maximum number of individuals per group, and m is the
number of groups in the higher level population (Traulsen &
Nowak, 2006). This condition arises from the assumption that
a group of altruists will either split more frequently (‘group
fecundity selection’) or have a higher probability of survival
(‘group viability selection’) than will a group of cheats. It is
arguable that in nature the probability of two individuals
sharing a gene is reasonably approximated by » = [m/(m + »)]
—1.e. that kin selection is an explicit genetic description of one
type of group selection (Frank, 1998; Nowak, 2006).

(¢) Reciprocity (Trivers, 1971). If an altruistic act by an
individual increases the probability of that individual being
the recipient of altruism, the trait may proliferate. Direct
reciprocity requires (4/¢) > (1/w), with w, the probability of
arepeated social interaction between the same two individuals,
necessary to scale the mutual benefit from an interaction
between two altruists by the probability that this interaction
will happen again (Trivers, 1971; Axelrod & Hamilton, 1981).
Reciprocity may also occur in other contexts, including a
spatial framework (4/¢) > k, where k is the average number
of neighbours per individual (Nowak & May, 1992).

A MECHANISTIC HYPOTHESIS

We hypothesize that global-scale Neoproterozoic glaciations
caused unicellular eukaryotic individuals to experience high
within-group relatedness and therefore strong kin selection
((a) above). Because between-group dispersal was at or near
zero on a planet covered with ice, cheats could not spread
over the population and individual strategies involving kin
competition had a reduced fitness payoft compared to
non-glacial conditions. The benefit of altruistic strategies was
increased by the need for resource sequestration and accentu-
ating disequilibrium with the environment, which (we think)
is more efficient with the division of labour possible with
macroscopic, organ-level differentiation (Boyle & Lenton,
2006). After reaching or approaching fixation by local kin
selection, such multicellular-scale physiology had consequences
that made groups of altruists significantly more likely to
survive the harsh abiotic conditions than groups of cheats —
causing strong between-group viability selection (encompassed
within (b), above). Therefore by reaching local fixation, cheat
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genotypes caused the group they were within to experience
dramatically curtailed growth, or (more likely) dramatically
lower survival probability. Snowball Earth thus gave rise to a
uniquely strong sampling process favouring altruism, of kin
selection within groups and group viability selection between
groups, a process that operated over a geological timescale and
a global spatial scale.

Relatedness and founder effects

Snowball Earth would decimate the mass of the biosphere
and scatter remaining populations into isolated refugia, in
which individuals were descended from a number of ‘founder’
individuals dramatically fewer than under non-glacial conditions.
Fluctuation in hydrological and temperature conditions would
shorten the growth season and make resource availability
erratic — analagous to modern arctic biomes (e.g. Vincent
et al., 2004). This would cause dramatic, repeated founder
effects on a global spatial scale and a multimillion year
temporal scale, leading to small, highly related populations
with little or no dispersal between them. The promotion of
the evolution of altruistic traits by repeated founder effects
has been noted before (Cohen & Eshel, 1976; Eshel, 1977),
though without tangible examples with sufficiently long
duration and large spatial extent to have had an important
influence on the history of life. In general, increasing demo-
graphic mobility (i.e. immigration and emigration) has long
been appreciated to impede the evolution of altruism by
reducing the probability that the recipient of altruism also carries
the altruistic gene (Wright, 1945; Eshel, 1972; Fix, 1985; Van
Baalen & Rand, 1998). The amount of immigration required
to hinder the evolution of altruism is negatively related to the
size of the group (Cohen & Eshel, 1976). The biotic refugia
present in a world nearly or entirely covered by ice would be
small and intermixed with each other to a minimal extent, with
complete between-group isolation from each other during a
‘hard’ (equatorial) snowball. Although the data do not allow
us to specify a number of founder effect cycles, we think that
uniquely high kin relatedness, fluctuating demographic
conditions, and a spatial structure conducive to altruism are a
reasonable description of the conditions prevailing on a
planet with minimal biotic refugia interspersed with near
global glacial cover.

The advantage of ‘cheating’

Altruism can evolve in viscous spatial populations by kin
selection (e.g. Van Baalen & Rand, 1998), however under
some conditions kin competition can outweigh kin selection
(e.g. Griffin & West, 2002). Consequently, highly related
populations are not always synonymous with increasing
altruism. The balance between the two processes depends on
the details of the trait and of the species, and the benefit to
be gained from a non-altruistic strategy in terms of extra

oftspring. If productivity is low and chances of dispersal to a
new group are at or near zero, then a unicellular eukaryotic
genotype that does not contribute to any higher level
physiology would not have significantly more offspring than
the relatives with which it was competing, i.e. survival becomes a
more important component of fitness than does fecundity. More
importantly, any detrimental impact that non-altruist strategies
had on the group might significantly decrease the survival
probability of groups in which kin competition proliferated.
Hence, we think that snowball Earth also reduced the fitness
payoft for kin competition, swaying the balance of within-
group evolution towards kin selection. In addition to processes
sensitive to kin relatedness, reciprocal altruism is promoted by
a small number of neighbours with low spatial demographic
mobility (Nowak & May, 1992). Assuming the existence of
some rudimentary cellular recognition mechanism, greatly
reduced or absent between-group dispersal and persistence
of life in small populations, would increase the probability
of repeated interaction between the same individuals. This
means that the kin selection processes discussed may have been
complemented by an element of reciprocity. Furthermore, if
altruism is necessary for group survival, then in order to
survive, non-altruist strategies must either avoid reaching
fixation, or disperse to a new group before the death of any
group that they come to dominate. Building a macroscopic
Ediacaran ‘proto-animal’ is a costly evolutionary innovation,
probably requiring extensive terminal differentiation. In the
majority of refugia, the ratio of the cost of altruism to the
benefit would be too high, cheats would reach fixation, and
the group would go extinct. But not in all cases. And removal
of virtually all between-group dispersal by the glaciations
would mean only those rare groups where altruism was
adaptive would leave descendents. Consequently, the species-
wide relative frequency of altruistic strategies increased over a
global spatial scale and multimillion year timescale.

Selection pressure for group level differentiation

The very existence of bacterial ‘public goods’ such as siderophores
demonstrates how a group of cells acting collectively can
increase the average availability of a scarce resource through a
scavenging behaviour linked to cell density. It is reasonable to
suppose that the erratic, low-energy hydrological cycle, and
dramatic decrease in terrestrial weathering occurring during a
global-scale glaciation would have made virtually all resources
scarce and available only erratically during, increasing the
evolutionary incentive for such group-level traits. We have
argued elsewhere (Boyle & Lenton, 2006) that the greater
capacity of groups to undergo differentiation better predisposes
them to tolerate fluctuation in the physical environment. Greater
longevity and size makes groups more likely to encounter such
fluctuation, giving rise to a positive feedback to exploit this
potential to differentiate. I.e. under conditions likely prevailing
on a snowball Earth, a macroscopic system of highly related
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eukaryotic cells would increase the likelihood of its survival
and reproduction by differentiation into organ structures that
allowed it to (for example) sequester resources and maintain
constant water potential. We think that such a structure would
leave significantly more descendants than a collection of auto-
nomous single cells of equivalent size. Similarly, fluctuating
climatic conditions will actively select for a latent reproductive
stage in order to survive periods of suboptimal environmental
conditions. Spatial heterogeneity and extreme gradients in
redox conditions, water potential, temperature and resource
conditions would be prevalent on a snowball Earth. Hence
we propose that during the Neoproterozoic glaciations, the
imposition of confined but heterogeneous spatial structure,
as well as harsh and fluctuating physical conditions, increased
the fitness of differentiated group-level form with efficient
division of labour. Within-group kin selection was therefore
complemented by between-group viability selection for a
division of labour efficient enough to survive the harsh
conditions.

A SIMPLE MODEL

We now illustrate analytically the two distinct phases that
we propose describe the influence of snowball Earth on the
evolution of life-history strategies in relevant eukaryotic
species:

Phase 1: Repeated founder effects increase relatedness,
altruism becomes necessary for group survival

Let ¢,

i be a sufficient number of generations for altruism
to gain a sufficient impact on fitness that a group filled with

cheats will go extinct. For example, z,,;, could be a sufficient

rit
number of generations (of a species of unicellular eukaryotes)
over which Hamilton’s rule continuously holds, for a costly
altruistic trait for multicellular aggregation to change from
having a positive but trivial collective fitness payoft, to having
a qualitatively higher fitness payoff such that a group of cheats
would be at an extreme fitness disadvantage. A useful comparison
is that between an essentially autonomous unicellular species
with facultative multicellular grouping, and a species with a
multicellular physiology sufficiently coordinated and efficient
that autonomous reproduction is either maladaptive or obsolete.
We assume that such a physiology would impose extensive
fitness penalties on individual cells, requiring many generations
over which highly costly altruism was adaptive, in order to
become established. We think this provided a constraint on
the evolution of such traits. Extreme glaciations would force
eukaryotic species into small populations experiencing an
erratic, short growth season, fluctuating hydrological cycle
and only brief intervals of habitability. Extreme and repeated
founder effects drove up relatedness causing strong kin
selection. Such conditions would have had to hold for the

required ¢,

i generations. Let E be some representation of
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the state of the abiotic environment that has influence on the
fitness of altruistic traits. We lump all systematic change in
the kin selection parameters over the focal time interval into
the effect that the changing abiotic environment has on these
parameters, so that (by the chain rule):
i(7/17—c)=—a(Vb—c)a—E (1)
ot JE ot
Implicit in this formulation is our assumption that the strictly
biotic constraints on the evolution of altruistic, macroscopic
physiology (i.e. any constraint in terms of ‘laws of form’) did
not systematically vary over the Neoproterozoic era (and in
our opinion probably over all of Earth history) in any way that
was not dictated by how different physiologies would fair in
different abiotic environments. Certain physiologies could
only evolve in abiotic environments that made their high cost
an adaptive trade off. Recalling that even in a permissive envi-
ronment, many (z,,;,) generations would be needed for such a
costly macroscopic physiology to become coordinated enough
for this trade oft to be achieved, we require the abiotic environ-
ment E to allow Hamilton’s inequality to hold consecutively
for this length of time:

"9E( 9
J'Og(a—E(Vb - c)]Bt

H% 1+ >0 (2)
"OE( o
J'Og(a—E(Vb - E)]at

Because snowball Earth operated over timescales unequivocally
evolutionary (as opposed to ecological) in length, and because
the dynamics of populations of proto-multicellular eukaryotes

were likely orders of magnitude faster than their modern
descendents, we think that this would have been possible
during the Neoproterozoic glaciations. The requirement for
altruism to become necessary for group survival is a prerequisite
for the group viability selection we suggest below to be effec-
tive. But macroscopic form exists, multicellular animals and
plants with excessive tumours die, so altruist frequency did
gain such an influence at some point in Earth history. We think
the radiation of the Ediacara immediately after a period demo-
graphically conducive to altruism is not merely coincidental.
Finally, although ubiquitous small populations would increase
the impact of genetic drift on evolution (e.g. Wright, 1945),
this does not preclude an additional directional trend, partic-
ularly under uniquely high relatedness conditions. Macro-
scopic form involving terminal differentiation is a physiological
elaboration on mechanisms of differentiation present in bacteria
and more simple eukaryotes (e.g. Rainey & Rainey, 2003). We
emphasize that we are not proposing any novel mechanism for
the evolution of altruistic form, merely an abiotic environment
that biased evolution towards strong kin selection and low kin
competition, releasing an evolutionary constraint on highly
costly group-level traits.
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Phase 2: Complete removal of between-group dispersal —
‘cheats’ drive themselves extinct

If the presence of at least some altruists is a prerequisite
for group survival, the non-altruist strategy that will leave
most descendents is one that either remains at intermediate
frequency (i.e. is further on the continuum towards altruism),
or one that migrates to a new group before the death of the
current one. An example of this trade off is disease — virulence
is a strategy that gives a pathogen high fitness only in
circumstances in which dispersal to a new host is possible
before the death of the current one (e.g. Day, 2003). In a
situation in which dispersal between individual groups is not
possible — and, simultaneously the presence of altruists is a
prerequisite for survival, cheat genotypes that reach fixation
will die and only those that are less harmful to the group and /
or remain at intermediate frequency will leave descendents.
For example, if altruism constitutes storage of a resource of
which there is no external supply over significant periods
of time, then a cheat genotype that consumes the resource
without sequestering it will out-compete an altruist genotype
that sequesters a fraction of the resource available to it. But
once the cheat genotype reaches fixation the resource supply
will be exhausted and the whole group will die. A similar
argument might be made for a patch of cells that required the
presence of some altruistic terminally differentiated cells to
form a boundary against a harmful external environment
(such as one of fluctuating osmotic conditions). Without the
possibility of between-group dispersal, the death of all such
altruists because they had been outcompeted by cheats would
also constitute the death of the cheats. All macroscopic,
multicellular form requires such altruistic strategies on the
part of its constituent cells. And we think it is a reasonable
assumption that emigration would be dramatically curtailed
if not absent in a world in which life was persisting in
scattered refugia with the intermediate space nearly or entirely
covered with ice.

Spatial implementation

A species exists in a population separated into G total groups.
Each group has % neighbour groups, to which members of
that group send offspring with probability D per individual,
per generation. We are interested in the way in which the jth
genotype changes over time, because we will later label 7 as
cither altruist 4 or cheat . The jth genotype has fitness F;, by
which the genotype’s frequency changes by each timestep, a
starting frequency of N, and changes over time according to:

de—dNF’—NlFF’dFj 3
o =y NioFj) = NjpIn(Fy) F; —= (3)

The change in the genotype’s frequency within a group

(AN, /)

ronp 18 dictated by the interaction between those

individuals already present (the within-group dynamics) and
the contribution of movement in and out of the group (the
between-group dynamics). The latter contribution is denoted
by the operator 9/ dk:

AN, J 4N,
J =1+ Db— |—1 (4)
At group ok ) dt

The total change in the genotype’s frequency (AN;/d?),,,,,
across the whole population (i.e. over all G groups) is the sum
of the changes in each group:

AN, P 9 4N,
J =Y "1+ Dbk— J 5
Flt total Zﬂ( ak) dt I ( )

For steady state frequency of the jth genotype, over the
whole population of G groups (the change over which is
denoted by the operator d/9G):

AN, p) Jd ) 4N.
! =G—|1+ Dk— L =0 (6)

At towl G ok | dt

There are four ways that this steady state for the jth geno-
type (AN,/dt),,,,;= 0 can happen.
(1) Total extinction G = 0. Although under a global glaci-
ation, this will encompass the majority of cases, it is not
interesting to us because the species to which it happened
did not leave descendents.
(2) No neighbours k=0 and/or dispersal probability D=0,
without total extinction. As described, we think that a
situation at or approaching a ‘hard’ snowball Earth removed
between-group dispersal D and thus gave rise to the rare if not
unique situation that the overall dynamics were the sum of the
within-group dynamics across all groups, without any immi-
gration or emigration:

AN, AN,
; :ZG(1+Dk a] :

AN,
— |—L 1
dt total J ak dt 7

:Zﬂ at 4 7)

(3) A global viscous population with the same change in
genotype frequency over all groups:

I el aN; =0 (8)
oG ok ) dr

We do not think that this happened during the Neoproterozoic

glaciations, when the world was covered with ice. Even popu-
lations in close proximity would be confined to (for example)
springs derived from separate and confined sources of volcanic
heat, therefore not spatially continuous.

(4) A viable population within each group, with non-zero
neighbours k# 0 and non-zero dispersal probability D # 0,
experiencing a balance between the within- and between-
group dynamics:
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d 4N,
(1+Dlz—) L =0 9)
ok ) dt

This describes a more comprehensive equilibrium encom-
passing a balance of between-group and within-group contri-
butions to frequency change, an equilibrium relevant to most
contemporary levels of selection problems. While we think
that situation (2) is most relevant to describing the impact of
snowball Earth, (4) may also have briefly applied in some
species during the Neoproterozoic glaciations.

Recall that we are using the jth genotype N;to denote cither
altruists N, or cheats Ng. We want to write the fitness of these
genotypes in terms of the relative frequency of altruists N,
the benefit 4 to all members of a group (of total size N,= N,
+ Ny) due to the presence of altruists, and the cost ¢ of altruism,
that altruists incur per generation, but that cheats avoid. We
therefore define the fitness of altruists and cheats respectively as:

N
F, = —A __|b-¢ (10)
N, + N
E = N—A b (11)
N, + Ny

Balance between within- and between-group dynamics implies
[1 + Dk(9/0k)])(AN,/dt) = [1 + Dk(d/0k)](ANs/dt) = 0.
Therefore, an equilibrium involving both within- and between-
group processes, persisting over some arbitrary time interval
Z,

e

L ond Y ond
J ANy AN =j pe [ Ns AN, (12)
r dt dt Lo ok\ dr At

start

nd ~ Fsare 1mplles:

With (12) we can examine the implications of this dynamic
equilibrium for the cost ¢ and benefit & parameters, as well as
the starting frequencies of altruists N4, and cheats Ng,. It is
useful to note that the relative frequency of altruists within the
group, which appears in both fitness definitions (10) and (11)
is equivalent to the average relatedness between the altruist and
the potential recipient of altruism as defined with reference to
kin selection —i.e. N,/(N4 + Ng) = . Re-labelling in this way,
and substituting from (3), (10) and (11), the definite integral
(12) implies:

[N, — Ng]; = [Dk (Vb’ WNo | N, i(ﬂ/) -

ok 05k
v, (13)
(rb — ) 81;20 - Ny %(Vh - c)t]

2 vare

the
initial within-group difference in genotype frequency
between altruists and cheats N, — N, must be balanced by a

This means that over a steady state interval z,,;, — z,,,,
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between-group component of that difference, with effect on
both the initial frequencies and (probably to a lesser extent)
the cost—benefit parameters themselves. As we have discussed,
selection pressure for differentiation into (for example) organs
for resource sequestration in the harsh abiotic conditions
would have driven up the benefit & for such altruistic traits,
and high founder effects would have dramatically driven up 7.
But snowball Earth would have been most significant in its
effect on between-group dispersal probability, an issue we now
illustrate.

Numerical simulations

Consider a system of G = 100 groups, each with % = 2 distinct
neighbouring groups, using the parameters benefit 4= 1 and
cost ¢=0.1, and with relatedness defined by the varying
within-group altruist relative frequencies N, /(N4 + Ng) =7.
Within each group, the frequency of a genotype at one
generation is the product of its frequency and its fitness at the
previous generation. The fitness values of altruists and cheats
were of the form of (10) and (11), respectively; i.e. altruists could
potentially experience kin selection, but relatedness could be
‘diluted’ by the reproduction of unrelated cheat individuals
that benefited from altruism but avoided the cost. Altruism
was assumed necessary for group survival — and groups in
which cheats reached fixation went extinct. Each group had a
carrying capacity of 250 individuals, and was initialized with
25 individuals at the start of each simulation. An individual
could potentially produce offspring both within its own group
and in each of'its neighbours, the latter according to the value
of the reproductive dispersal probability D, per individual,
per generation. The results we present refer to the end of a
200-generation simulation for various values of D. A group
at its carrying capacity could not receive offspring from
neighbouring groups, and an empty group was considered
dead and therefore unsuitable for receiving offspring from
adjacent groups. Genotype frequency at a given timestep was
the product of fitness and genotype frequency at the previous
timestep. For non-zero dispersal probability D, this frequency
contained a within-group component, and an immigration
component from each of the two neighbour groups. So in
the Gth group, with two neighbouring groups G+ 1 and
G — 1, from which individuals could add offspring according
to reproductive dispersal probability D, at the ¢th generation,
the number of altruists N 4, Was:

Ny

N — 1,6 b —cl-

O\ Nae T Ns (14)

-1,

+ N

+-1,G+ AH,(H )j|

[N a, T D (N .

With the first square bracketed term being altruist fitness
within the Gth group, as defined in (10), the second bracketed



8 R.A.BOYLEET AL.

12 r . - - r : . : -
Continuous
i —— = Heterogenous
. Randam
. Rb-C=-C threshold
~
0.8F
B et
0.6} S ]
1 ~
& N
0.4f ™ i
B
S
} .
0.2 ~ 3 4
,
.
Of b - . -
0.2

0 0.01 002003 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Dispersal probability, D

Fig. 1 Increased mixing between groups reduces the probability of Hamilton's
condition being realized over a range of initial between-group genotype
frequencies. y-axis shows rb — c using relatedness r=N,/(N, + Ns) averaged
over the whole population. ‘Continuous’ (solid line) means each group has
similar initial genotype frequency to its two neighbours, ‘heterogeneous’
(dashed line) means groups initialized at high relative altruist frequency are
adjacent to groups initialized at low altruist frequency, ‘Random’ (dotted line)
refers to (pseudo)random initial frequencies of altruists in each group. Line
marked with squares shows threshold of zero benefit for altruism. Note that the
continuous experiment shows a lower sensitivity to low but non-zero between-
group dispersal, because it takes longer for cheats to spread across the population.

term being the frequency in the focal group and the neigh-
bouring groups, with the latter scaled by dispersal probability
D. The cheat genotype benefited from the presence of altruists
according to their density, but lacked the fitness cost:

N,

N — -1,G b
St, ;
¢ NA G + Ngz—l,@ ( 15 )

I:Ngt—l,(; + D ' (Ngr—l,(?ﬂ + Ngz—l,(}—l ):|

Of course, the results from any such spatial set up depend

-1

on the starting frequencies. We present results from three
initializations: (a) Continuous linear variation in initial altruist
frequency, so that the first group began with 1% altruists, the
second 2% etc. This caused relative genotype frequencies in
neighbouring groups to be similar. (b) Heterogeneous non-
random variation in initial frequencies, with the relative frequency
of each genotype negatively correlated with that of neighbouring
groups. This was achieved with the (admittedly arbitrary) set
up of the first group 1% altruists (therefore 99% cheats), the
second group 98% altruists and 2% cheats, the third 3% altruists
and 97% cheats, and so on. (¢) Random initial altruist frequency
(with cheat frequency 1- altruist frequency as above).
Figures 1 and 2 show the results for various dispersal
probabilities D. Figure 1 shows the final value of Hamilton’s
condition 7& — ¢. This approaches 1 for zero between-group

Continuous environment, correlated genetic makeup of neighbouring groups

100 T T . T v v v . r

0

Relative frequency of altruists

Number of surviving groups

n

0
0 0.1

0

02 03 04 05 06 07 08 09 1
Dispersal probability D

Fig. 2 Low between-group dispersal probability perpetuates spatial variation in
genotype frequencies, protecting altruists from cheats in neighbouring groups.
Right y-axis (dashed line) shows final relative altruist frequency averaged over
the whole population, left y-axis (solid line) shows the number of groups from
the original 100 surviving after the 200 generation simulation in which initial
relative genotype frequencies were correlated between adjacent groups. At
zero dispersal probability, most groups go extinct as cheats reach local fixation,
but in the small remaining population, altruists dominate. As the population
becomes more continuous, a larger number of groups survive but cheat
frequency becomes higher, until at around D =0.3, cheat fixation starts to
decrease the size of the population despite the capacity for reproduction in
neighbouring groups. Nonetheless, it is clear that altruists at relatively high local
frequency are favoured by extremely low and zero dispersal values (see text).

dispersal but rapidly declines due to incremental cheat inva-
sion when between-group dispersal is at positive values. This
decline is sharpest in scenarios (b) and (c), in which groups
with high relative altruist frequency are neighboured by
groups filled with cheats, and less sharp in conditions of con-
tinuous gradation over the population (a). The reason that
7b— ¢ is able to reach such high values for D = 0 or extremely
low-dispersal probabilities rests in the variable population size
(itself derived from our assumption of non-zero altruist fre-
quency being a prerequisite for survival), and is illustrated
in Fig. 2. At zero and extremely low-dispersal probabilities,
population size drastically declines (around five groups from
the starting 100), because groups the individuals within in which
cheats reach fixation die without the opportunity to re-disperse,
and the only remaining groups are those with high altruist
frequency. As dispersal increases slightly, population size
increases, as cheats reach higher relative frequency across the
population but reach local fixation less frequently. At dispersal
probabilities of around D= 0.3 and higher, population size
again becomes limited as cheats reach local fixation in a wider
number of groups. We emphasize that this model is only intended
to be illustrative. The important point is that in a system with
within-group kin selection, and group viability selection operat-
ing between groups, complete or near complete removal of
between-group dispersal strongly favours altruists.
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DISCUSSION

The temporal correlation between the glaciations and the
emergence of complex animal life has been commented on
repeatedly (Hedges, 2004; Butterfield, 2007; Canfield et al.,
2007). Butterfield (2007), for example, attributes diversi-
fication of the post-Ediacaran biosphere to a restructuring of
macroecology caused by the introduction of the Eumetazoa,
but does not address the reason for Ediacaran diversification
before the Cambrian explosion. Canfield ez al. (2007) attribute
diversification of aerobic animal metabolism to increased
photosynthetic O, production after the Gaskiers event, citing
as evidence decreased reactive: total Fe, and increased 3*S
fractionation after termination of the glacial deposits. Increased
atmospheric oxygen will indeed cause aerobic heterotrophic
metabolism on a macroscopic scale to become more adaptive,
and might arguably have been a necessary condition for the
radiation of the Eumetazoa, as is popularly acknowledged
(e.g. Lenton & Watson, 2004; Canfield ez al., 2007). But
macroscopic metazoan forms are necessary in the first place
for evolution to alter their physiology. The capacity of a
multicellular (proto) animal to differentiate in a coordinated,
organ-scale manner is necessary before natural selection can
make the oxygen assimilation of such an organism more
efficient. Increased atmospheric oxygen will not give rise to
this capacity to differentiate, therefore was not a sufficient
condition for the evolution of macroscopic animals. Similarly,
Baker (2006) argues that the impact of climatic stress on
the ‘heat shock’ chaperone protein HSP-90 caused increased
expression of latent genetic diversity in animal signal transduction
pathways, increasing the rate of the evolution of developmental
complexity and contributing to the Cambrian explosion. This
hypothesis may also be true, but requires a level of pre-existing
developmental complexity in order for evolution to iterate on
a theme. The existence of such potential for developmental
complexity is, we think, the pattern that requires an explanation.
The mechanism we present herein describes the broader, more
systematic influence that we think global-scale glaciation
would have had on the evolution of physiology and form
across many taxa.

Requirements for evolution of multicellular and
macroscopic form

The emergence of multicellular form requires separation of a
germ line and a soma, exploiting the evolutionary advantages
of multicellularity by top-down physiological control probably
requires sexual reproduction (Wolpert, 1994; Maynard-Smith
& Szathmary, 1994; Kerzberg & Wolpert, 1998; Wolpert &
Szathmary, 2002). The first step towards the evolution of
multicellularity requires formation of cell clusters (Kerzberg
& Wolpert, 1998; Pfeiffer & Bonhoeftfer, 2003). Cells on the
exterior of such clusters are more likely to die in harsh
environmental conditions, perhaps forming a protective barrier
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between inner cells and the environment. The earliest germline-
soma separation may have been into one cell line predisposed
to phagocytose neighbouring cells, and one cell line significantly
less predisposed to do so (Kerzberg & Wolpert, 1998). Once
such a mutation occurs, those cells that phagocytose their
neighbours will, of course, leave many more descendents.
Any developmental separation between the two cell lines early
in development of the cluster will result in the germ line
accumulating significantly less mutations than the soma; hence
mutations disruptive to the higher level structure will not be
passed on to descendents. This feature, coupled with increased
relatedness due to passing through the egg cell bottleneck
each generation, means that once it arose, the germline-
soma separation was probably self-sustaining (Wolpert, 1994;
Kerzberg & Wolpert, 1998). But why should this separation
have occurred in the first place? It is reasonable to suppose that
it would be adaptive for cells on the interior of a cluster to
phagocytose dead cells on the exterior that had died as a result
of (for example) low resource availability, but why should the
cells on the exterior not behave similarly before reaching
the point of starvation? If the first eggs were cannibalistic, the
germline-soma separation is best described as evolution of a
somatic mutation for restraint from cannibalism. This is an
extremely altruistic trait. Pfeiffer & Bonhoeffer (2003) show
that spatial clustering may have promoted multicellularity in
clusters of unicellular organisms with rudimentary cooperative
behaviour, by reducing average probability of interaction
with non-cooperators, but acknowledge that the reason for
the existence of such clusters in the first place is unknown.
Changes in the cell cycle giving rise to multicellularity have
been attributed to unspecified ecological signals before
(Wolpert, 1994). But there has been no systematic consideration
of the types of trait made most adaptive by long-term abiotic
pressures occurring at around the time of emergence of the
carliest Metazoa. Regardless of the physiological basis for the
first germline-soma separation, we think that the evolution of
an altruistic soma is a major evolutionary step that remains
incompletely explained. We propose that the first multicellular
clusters of the Ediacara (and implicitly therefore, the ancestors
of the Metazoa) were imposed on the biosphere by constraints
on space and resource availability in the abiotic environment,
and that extremely high within cluster relatedness resulted
from strong founder effects — promoting the evolution of
an altruistic soma through exceptionally effective kin
selection. Subsequent elaboration of physiology by organ
level differentiation was probably achieved by qualitative
genomic changes in the regulation of development (e.g.
Wilkins, 2002), many of which required costly terminal
differentiation — further promoted by this persistently high
relatedness, i.e. high relatedness within multicellular clusters
of the first animals, as well as being the result of passing
through an egg cell bottleneck, preceded and promoted the
separation into a germline and a soma, as well as other costly
group-level traits. Furthermore, the presence of highly related
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multicellular clusters was not initially an adaptation, but was
imposed by extreme abiotic pressures.

Falsifiability: analogues for a snowball Earth biosphere

Temporal resolution of both the geological evidence for
glaciation and the biological evidence for macroscopic
differentiation is too coarse for the idea we present here to be
anything other than a hypothesis, the relevance of which
should be scaled by any future consensus on the severity of
the Neoproterozoic glaciations. The strength of the founder
effects and dispersal restrictions that we propose would be
greatest under a complete ‘hard snowball’, but still likely
prevalent under a ‘slushball’ if the hydrological cycle caused
isolation into refugia and decimated net productivity. We fully
acknowledge that the only appropriate test is an empirical one
— the presence of diverse macroscopic Ediacaran ‘animal’
forms with organ-level differentiation prior to the Sturtian
glaciation at 710 Ma would, of course, refute our idea. But
none have been found, despite multicellular forms in other
taxa. Furthermore, the qualitative transition in altruism that
we propose may in fact be an internal change — such as a highly
costly change in cellular compartmentalization, gene duplication
or resource storage, which only later gave rise to the macroscopic
form for which it was necessary. A more realistic means of
falsifying our idea may therefore be to examine the evolution
of cooperative traits in existing extreme environments.
Modern Arctic and Antarctic bacteria and eukaryotes tolerate
extreme temperature decreases and extreme osmotic fluctu-
ation, and decrease the risk of mechanical damage through
ice crystal formation by a range of cellular and biochemical
strategies, frequently being capable of maintaining significant
enzymatic activity at near freezing temperatures (Vincent,
1988; Deming & Huston, 2000; Rothschild & Mancinelli,
2001). Communities consisting of a range of microbial
extremophiles and eukaryotic algae also persist within brine
channels separating crystals of sea ice (Thomas & Dieckmann,
2002). A particularly useful analogue for the communities
likely present during a snowball event is provided by that of
the thick sea ice shelves of the modern Arctic and Antarctic.
Most of the biomass in these communities is contained within
microbial mats, dominated by prokaryotes but including
micro-algae and some micro-invertebrates (Vincent ez al.,
2004). A range of microcosms provide niches for halophilic
and halophobic, aerobic and anaerobic microbiota. Algae and
cyanobacteria exhibit extensive diversification in light-harvesting
photosynthetic pigments as well as photoprotective pigments;
matching the range of light intensities and wavelengths
penetrating different depths in water bodies amongst and below
the ice. Sediment communities form microbial ‘ice mats’
around the layers of gravel in the ablation zone — consisting
of loosely bound communities of cyanobacteria and diatoms
(Vincent, 1988; Hawes ¢z al., 1993). Formation and destruction
of these gravel communities are frequent but erratic, matching

the dynamics of ice formation and melting. Population densities
are low but highly variable — mirroring the erratic hydrological
cycle.

The evolutionary implications of global-scale glaciation for
communities of this sort have been considered before (Vincent
et al., 2004; Hedges, 2004). Nisbet & Fowler (1999), as well
as Vincent ez al. (2004 ), note that the steep redox gradients
within communities below the ice could accentuate differen-
tiation within microbial mats — suggesting that this factor, as
well as the relative stability of extracellular DNA under the
ice-cooled conditions, might have facilitated lateral gene trans-
fer and symbiosis. Most consideration has been given to the
Palacoproterozoic glaciations — diversifying selection under
conditions of low productivity, as well as strong chemical
nutrient gradients, having been proposed as a mechanism
for eukaryogenesis (Vincent ez al., 2004). However, to our
knowledge, there has been no systematic consideration of
the type of evolutionary strategy that is most adaptive in the
extreme demographic conditions prevailing in these refugia.
Spatial heterogeneity of the kind present in these biomes has
been suggested to give rise to altruistic low growth rate, high
growth yield strategies in bacterial biofilms — films with a lower
average growth rate but a more coherent structure being able to
achieve a larger size (Kreft, 2004). Imposition of spatial hetero-
geneity is sufficient to cause morphological differentiation in
bacteria (Rainey & Travisano, 1998), including cooperative
group level differentiation detrimental to individual short-term
success (Rainey & Rainey, 2003). It is therefore reasonable to
hypothesize that the extreme resource and oxidative gradients
within such arctic environments may cause equally extreme
differentiation in (say) bacterial colonies today. The mecha-
nisms we suggest for eukaryotes would be merely an extension
of this idea over a longer timescale and conditions of higher
kin relatedness. Additionally, any similar event causing the
decimation of the biosphere and isolation into distinct refugia
could in theory increase the fitness of group level traits. If
similar demographic conditions resulted, an analogous evolu-
tionary effect of the Palacoproterozoic Makganyene glaciation
(Evans et al., 1997), perhaps increasing the developmental
complexity of (unicellular) eukaryotes, may also be plausible.

Specific influence on animal evolution?

Certain differentiated organ-level structures impose a qualit-
atively greater short-term fitness cost on the individual cell
than multicellularity per se, because they involve a greater
decrease in potency than does a trait causing (say) cellular
adhesion, but permitting some retention of reproductive
autonomy. A cell that permanently differentiates into a macro-
scopic organ, and in so doing makes itself sterile makes a
greater short-term fitness sacrifice than a cell that undergoes
reversible differentiation within a multicellular structure, but
retains the potential ability to independently reproduce if that
structure breaks down. This idea may be relevant to why there
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were multicellular algae and fungi before the Neoproterozoic,
but no multicellular (ancestral) animals. Cells of higher plants
and other photoautotrophs undergo extensive differentiation,
but retain a far greater degree of developmental plasticity than
do the differentiated cells of animals, in which potency becomes
far more restricted (e.g. Weigel & Jurgens, 2002). One cannot
extrapolate too precisely from the development of those
multicellular eukaryotes present today to that of their relatives
from 500 Ma. But we suggest that it is useful to view the
individual cell as incurring a greater short-term fitness cost
in macroscopic heterotrophic form than in photoautotrophic
form, because the former involves a greater restriction on the
number of possible future developmental fates the cell can
adopt. I.e. animals have been more successful in mediating the
levels of selection conflicts inherent in multicellular form than
other multicellular eukaryotes, but this has been achieved
by making terminal cellular differentiation (and hence cellular
altruism) more intrinsic to development. Consequently, macro-
scopic heterotrophic Edicara (and the Metazoa that some such
taxa probably gave rise to) may have actually required the
unique evolutionary conditions of strong kin selection and
low advantage to cheating, provided by snowball Earth, in
order to gain tangible fitness values.

If the evolutionary effects that we postulate here are reasonable,
snowball Earth may have temporarily increased the degree of
altruism that was adaptive and promoted an increasing degree
of terminal differentiation. This paved the way for larger, more
elaborate form and irreversibly redirected eukaryotic evolution.
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