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Abstract An evolutionary transition in individuality (ETI) is a fundamental shift
in the unit of adaptation. ETIs occur through the evolution of groups of individuals
into a new higher-level individual. The evolution of groups with cells specialized
in somatic (viability) or reproductive functions has been proposed as a landmark
of the unicellular to multicellular ETI. Several recent models of the evolution of
multicellularity and cellular specialization have contributed insights on different
aspects of this topic; however, these works are disconnected from each other and
from the general framework of ETIs. While each of these works is valuable on its
own, our interest in ETIs motivates an attempt to connect these models. We review the
theory of ETIs along with these recent models with an eye towards better integrating
insights from these models into the ETI framework. We consider how each model
addresses key recurring topics, such as the importance of cooperation and conflict,
life history trade-offs, multi-level selection, division of labor and the decoupling
of fitness at the level of the group from the level of the cell. Finally, we identify
a few areas in which conflicting views or unanswered questions remain, and we
discuss modeling strategies that would be most suited for making further progress
in understanding ETIs.
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Introduction

Why do groups of individuals evolve into new kinds of individuals? Answering this
question is basic to understanding the origin of the hierarchy of life: genes, chro-
mosomes, cells, cells within cells (eukaryotic cell), multicellular organisms, and
societies. We refer to transitions among levels in the hierarchy of life as evolu-
tionary transitions in individuality or ETIs. Building on previous work (Buss 1987;
Maynard Smith 1988, 1991; Maynard Smith and Szathmáry 1995; Otto and Orive
1995), Michod and colleagues developed a framework for understanding ETIs, with
special focus on the transition from unicellular to multicellular life. This framework
involves five interrelated components: the evolution of cooperation (and conflict)
in groups, multi-level selection, life history trade-offs, division of labor among the
basic components of fitness (reproduction and viability), and, finally, decoupling
of fitness of the two levels in the selection hierarchy (after which the fitness of the
group is no longer a simple additive function of the fitnesses of the lower level units;
Michod 1996, 1997, 1999, 2003, 2006, 2007; Michod and Roze 1999, 2001; Michod
and Nedelcu 2003; Michod et al. 2006).

Recently, a number of interesting models have addressed the evolution of multicel-
lularity and division of labor from several different perspectives. While each of these
works is valuable on its own, our interest in ETIs motivates an attempt to integrate
them, so we consider these models from the perspective of the ETI framework. Of
course other useful and valid frameworks for the conceptual issues discussed exist,
but for the purposes of this paper, we have restricted ourselves to the ETI framework
as discussed below. As each of these models was developed for their own quite valid
and compelling reasons, discussing how these models relate to the ETI framework
is not meant as criticism. Rather, we wish to analyze these models to help us better
understand the main issues relevant to ETIs. In this section we briefly review the
ETI framework and the models upon which it is based. Then, in the next sections we
discuss some of the more recent models and how they relate to the ETI framework
as well as provide general suggestions for future work.

Overview of the ETI Framework

Because of cooperation, groups may function in ways that their members cannot.
For example, a cell may not be able to swim and divide at the same time, but a group
containing cells specialized at either swimming or cell division may undertake both
functions simultaneously. In this way, groups of cooperating cells may break through
the life history constraints governing life as a single cell. When cells start forming
groups, selection operates at both the level of the cell and the level of the group
and may lead to the evolution of cooperation among cells in the group. Cooperation
in turn provides the opportunity for cheating and conflict among lower-level units,
which must be mediated if cooperation is to be stable. Under certain conditions,
conflict mediators evolve that lead to specialized reproductive and non-reproductive
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somatic cells. Division of labor among lower level units specialized in the basic
fitness components of the group enhances the individuality of the group. Once cells
are specialized in one of the necessary components of fitness, say reproduction or
viability, they can no longer exist outside of the group and the fitness of the group is
no longer the average fitness of the cells belonging to the group.

In summary, a working hypothesis for the basic steps in an ETI is as follows: (i)
formation of groups, (ii) increase of cooperation within groups, (iii) cheating and
conflict, (iv) conflict mediation leading to enhanced cooperation, (v) division of labor
in the basic components of fitness leading to (vi) fitness decoupling and individuality
of the group. The extent to which these steps apply in diverse empirical cases and
the implications of empirical results are active areas of research.

The evolution of cooperation, the central problem of social biology, gains special
significance during ETIs because altruism and other forms of cooperation lead to the
transfer of fitness from the lower level (the costs of altruism) to the group level (the
benefits of altruism). By “transfer of fitness” we do not mean to suggest that fitness
is a conserved quantity; rather, we mean that a single change (e.g., the increase in
cooperation) both decreases the fitness of the lower level and increases the fitness
of the higher level. For example, in the additive model of altruism with costs to self
-c and benefit to group b, c and b are not equal nor are they typically related in
magnitude (although in specific cases there may be some connection between the
two).

Related to cooperation and altruism is specialization of group members in the
two fitness components, reproduction and viability, of the group (Michod 2005,
2006). As already mentioned, when cells completely specialize at one of the two
basic fitness components, they lose their overall fitness and capacity to function as
evolutionary individuals if they existed outside the context of the group. By virtue
of their specialization, cells have low cell-level fitness if they existed as single-
celled individuals, while they contribute to increasing the fitness of the group. As
a consequence, the fitness of the group is no longer the average of the individual
fitnesses of the component cells. This is an example of a general principle promoting
group cohesion: cell traits optimal in a group context may no longer be optimal
outside of the group context; indeed group-selected traits may be deleterious at the
cell level (Shelton and Michod 2014).

Energy, resources, and time expended on one fitness component often detract
from another component, resulting in trade-offs among fitness components. Fitness
trade-offs drive the diversification of life history traits in extant species (Stearns 1992;
Roff 2002) but gain special significance during ETIs for three reasons (Michod 2006,
2007; Michod et al. 2006). First, specialization by cells in the fitness components of
the group can be driven by cell-level fitness trade-offs. The curvature of the trade-
off between survival and reproduction is known to be a central issue in life history
evolution (Stearns 1992; Roff 2002). In the case of the origin of multicellularity, if
the lower-level fitness trade-off is of convex curvature (positive second derivative)
and assumptions are made about how lower-level fitness components relate to higher-
level fitness components (see below), specialization by cells in the reproductive and
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viability fitness components (termed “germ-soma specialization” below) of the group
will be an optimal group-level strategy (Michod et al. 2006).

Second, tradeoffs between fitness components at the cell level provide the basis
for cooperation and division of labor in groups. Life history “trade-off genes” are
genes that down regulate reproduction so as to enhance survival of the organism in
stressful environments. Such genes can be co-opted to produce reproductive altruism
in cell groups (somatic cells) through the shifting of their expression from a temporal
(environmentally-induced) context into a spatial (developmental) context (Nedelcu
and Michod 2006). For example, an important component of viability in the volvocine
green algae is flagellar motility, but cell division and reproduction interfere with
flagellar motility. In the unicellular members of this lineage, selection will optimize
the allocation of time and energy to these two processes, but, in a group, cells
that spend more time flagellated divide less frequently. As flagellar action of cells
benefits group motility, cells with a greater propensity to remain actively flagellated
are altruistic relative to cells that spend less time flagellated (because less flagellated
cells reproduce more).

Third, as discussed below in Eq. 1, fitness tradeoffs can enhance the fitness of
the group through a covariance effect by which group fitness is augmented beyond
the average fitness of cells according to the covariance of cellular contributions to
viability and fecundity (Michod 2006).

Models Related to the ETI Framework

The ETI framework described above is based on results from two different kinds of
models: two-locus population genetic modifier models (Michod 1996, 1997, 1999,
2003, 2006; Michod and Roze 1997, 1999, 2001; Michod and Nedelcu 2003; Michod
et al. 2003, 2006) and optimality models of division of labor (Michod 2006; Michod
et al. 2006).

Two Locus Modifier Models

The two locus modifier models seek to explain how modifiers of development evolve
in response to mutation and selection at a cooperation locus. Development involves
the conversion of a propagule into an adult cell group via cell division. Propagules
contain a cell or cells sampled from an adult group in the previous generation (or
from several adult groups in the case of aggregation). Sex may occur in the case of
single celled propagules that fuse with propagules from other groups to start a new
group.

The cooperation locus has two alleles, C and D, which express cooperation and
defection, respectively, among cells. Cooperation benefits other cells in the group
at a cost to the cooperating cell. Defecting cells do not pay any cost, but receive
the benefits of cooperating cells in their group. Benefit and cost are in terms of the
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cell death rate or cell division rate. During development of the adult group, there is
recurrent mutation from C to D at each cell division (back mutation is ignored on the
view that there are many more ways to lose a functional trait like cooperation than to
gain it again). These defector mutations disrupt the functioning of the adult cell group
by reducing the level of cooperation. Mutation increases the variance and opportunity
for selection at the within-group or cell level. After the adult group is formed, a
propagule is made. Depending on the parameters of development (mutation rate,
cell replication and death rates, total number of cell divisions, the costs and benefits
of cooperation, and the mode of propagule formation), a polymorphism may be
maintained at the C/D locus by mutation selection balance. This polymorphism sets
the stage for the evolution of modifiers of development assumed to be encoded by a
second locus.

The second modifier locus affects the parameters or mode of development of the
adult group and so affects the degree to which the propagule produced by an adult
resembles the propagule that founded the group (a measure of group heritability).
By molding development, modifier alleles affect group heritability and the capacity
of the groups to reproduce themselves (Griesemer 2000). Why do these modifiers
evolve and how do they lead to the capacity of a group to reproduce itself?

The mutation-selection balance equilibrium at the C/D locus implies that C alleles
are fitter than D alleles, to compensate for mutation from C to D. Under certain
conditions, alleles at the modifier locus evolve due to interaction with the fitter C
allele. This has the effect of increasing the between-group variance and decreasing
the within-group variance, thereby increasing the level of cooperation and the fitness
of the group. Examples of conflict modifiers studied by this approach include germ-
soma specialization, reduced mutation rate, policing, programmed cell death, passing
the life cycle through a single-cell zygote stage, and fixed group size (reviewed in
Michod 2003). By increasing the variance at the group level and decreasing the
variance at the cell level, the modifiers lead to fitness decoupling between levels
and enhance the capacity of group to reproduce itself. The capacity of a group to
reproduce itself may be measured by the degree to which a group created by a
propagule resembles the group the propagule came from. Alternatively, since the
group is made from a propagule, and the two locus recurrence equations are in
terms of the gene and genotype frequencies at the propagule stage, we may measure
the capacity for reproduction and heritability as the degree to which the propagules
produced by a group are similar to the propagule(s) that created the group.

Optimality Division of Labor Model

The evolution of specialization at the two basic components of fitness, reproduction
and viability, was also studied using an optimality approach (Michod 2006; Michod
et al. 2006). In these models, the phenotype of a cell is described by its effort at repro-
duction (fecundity) with the remainder of effort put into the viability. In the simplest
case, the viability, V, and fecundity, B, of the group are assumed to be arithmetic av-
erages of the cell efforts at the two fitness components, viability and fecundity, v and
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b, respectively, or V = !
i vi/N and B = !

i bi/N . This formulation assumes an
initial isomorphism between fitness components at the two levels, because it assumes
that the activities of the cell at cellular viability and cellular fecundity contribute,
respectively, to group viability and group fecundity. Clearly, as cells become more
specialized and integrated into the group, this isomorphism breaks down; but this
assumption likely applies as cells first start joining (and leaving) groups. This for-
mulation of group fitness also assumes that the two fitness components of the group,
viability and fecundity, are first composed separately from cell properties, and then
combined (multiplicatively as is appropriate for discrete generations) to generate the
fitness of the group, W. Without this (or a related assumption), evolution of special-
ization at activities which trade-off with one another at the lower level would not be
possible. Group fitness would be zero, if group fitness was composed directly out of
cell fitness, and cells completely specialized in one fitness component or the other.
The cell fitness (vb) of specialized cells is zero since one component (v or b) is zero.
In this way, the group may break through the trade-off constraints imposed at the
cell level. Finally, it is assumed that the total fitness at either level is the product of
viability and fecundity, as is appropriate for cells or multicellular organisms with
discrete generations.

One result of the model is the group covariance effect given in Eq. 1, which
shows that the fitness of the cell group, W (taken as the product of V and B), is
greater than the average fitness of member cells, w̄ = !

i vibi/N , by an amount
equal to the negative covariance of the fitness components at the cell level (viability,
v, and fecundity, b).

W = V B = w̄ ! Cov[v, b] (1)

If the covariance between fitness components is itself negative, as it is when fitness
components trade-off with one another, there is an enhanced fitness at the group level
from what would be expected from the average fitness of cells. The covariance effect
given in Eq. 1 translates the negative covariance of fitness components of group
members into a benefit at the group level. Alternatively, if fitness components were
to positively co-vary, then there would be a decrease in fitness of the group from
that expected by the average cell fitness. High fitness for any unit at any level of
organization requires a balance of fitness components at that level; in the explicit
formulation here of discrete generations the components are multiplied together to
give total fitness. The covariance effect translates a lack of balance at the lower cell
level into an advantage at the group level, especially under conditions of convexity of
the trade-offs. Convexity of the trade-off curvature allows for enhanced effectiveness
at each fitness component for cells that specialize (Michod 2006; Michod et al. 2006).

The particular mathematical representation of the covariance effect given in
Eq. 1 depends upon additivity of effects on the viability and reproduction com-
ponents of fitness as described above. Additivity of fitness effects is the simplest
assumption possible, nevertheless, the assumption of additivity of the contributions
of cells to the viability of the group may be relaxed and the general points still hold
(Michod et al. 2006).
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Fig. 1 Two cells specializing
in different fitness
components, reproduction
(white) and viability (grey).
Cell i specializes in
reproduction, with
reproductive effort bi , with
less effort put into viability
functions, vi . Cell j does the
reverse. Alone they would
each have low fitness, because
they are unbalanced and high
fitness requires a balance at
the two components.
However, together, they may
constitute a good team and
bring high fitness to the
group. (From Michod (2007))

As illustrated in Fig. 1, what is required for the covariance effect is that, if one
cell has a high reproductive effort (and hence a low viability, and a low cell fitness),
this may be compensated for by another cell with high viability (and hence a low
fecundity, and also a low cell fitness) (Michod et al. 2006). Consequently, even
though each of these cells by themselves would have a low fitness, together they
can bring a high fitness to the group, especially under conditions of convexity of the
trade-off. In effect, such oppositely specialized cells complement one another and
constitute a good and integrated “team” under conditions of convexity of the trade-off
curve. This kind of joint effect contributes to fitness decoupling and integration of
the group, and would not be possible if group fitness were the average of cell fitness.

During an ETI, fitness must be reorganized so that the individuals (e.g., cells) that
were the focus of evolution and adaptation become components of a new higher-
level individual (e.g., multicellular group) that is the new focus of evolution and
adaptation. As already discussed, this involves two major processes. First, fitness
and its variance is increased at the new group level and reduced at the lower level.
Second, the previously-existing individuals, which are now members of the group,
specialize in the fitness components (reproduction and viability) of the higher level
group. This leads to the decoupling of fitness between the levels so that the fitness
of the group may be quite high, while the fitness of the group members may be
low or even non-existent were they to leave the group. The reorganization of fitness
during ETIs may involve a number of cycles of cooperation, conflict and conflict
mediation. Conflict through its mediation allows for more cooperation. This cycle
of cooperation, conflict and conflict mediation drives ETIs.
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Table 1 Summary of how each model incorporates five interrelated components of ETIs

Cooperation
in groups

Multilevel
selection

Life history
trade-offs

Division of la-
bor

Fitness
decoupling

Willensdorfer
2009

Implicit (see
discussion
in text)

None Colony level
(benefit and
cost of soma)

Cells
specialize on
viability or
fertility

None

Gavrilets
2010

Implicit
Conflict
between
levels arises
develop-
mentally
from
mutation

Viability
depends on
colony trait,
fertility
depends on
cell trait

Cell level
(fertility and
viability)

Cells special-
ize on viabil-
ity or fertility

Present once
division of
labor evolves

Ispolatov
et al 2012

Synergistic
cooperation

Cell death
rate depends
on cell trait,
cell birth rate
depends on
colony trait

Cell level
(metabolic
process A and
B)

Cells
specialize on
a single
metabolic
process

None

Rueffler
et al 2012

None None Colony level
(between two
tasks)

Cells
specialize on
a single task

None

Van dyken
and Wade
2012a, b

Altruism Implicit Organism
level
(between
tasks)

Organisms
specialize on
viability or
fertility

Implicit (see
discussion in
text)

Recent Models

In addition to the models described above, which were built around the concepts
associated with the ETI framework, several recent models have addressed various
aspects associated with the evolution of multicellularity and cellular specialization.
In Table 1 below we briefly relate the recent models considered here to the ETI
framework presented in the previous section.

Willensdorfer 2009

Willensdorfer (2009) takes a colony-level optimality approach, defining colony fit-
ness as the product of three functions. The first function represents the cost of soma,
the second the cost of colony size, and the third the benefit of group living. Although
not explicitly stated in the paper, by assuming costly somatic cells and germ cells that
contribute less to group benefit function than do somatic cells, the model is based on
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cell-level trade-offs among fitness components. Willensdorfer is interested in when
the benefit of soma to biomass production outweighs the cost of soma. Based on
this condition, he predicts when somatic cells will evolve and what the proportion
of somatic cells will be. Similar to Solari et al. (2006) and the optimality framework
above, this model investigates the optimal proportion of soma given certain benefits
and costs. Because this is a single-level model, Willensdorfer (2009) models the
evolution of division of labor after an evolutionary transition to group living has
occurred.

We see similarities and differences between Willensdorfer’s model and the ETI
framework (Table 1). We have already mentioned that fitness trade-offs are implicitly
assumed and drive the division of labor in his model. In addition, cooperation between
soma and germ cells is present. Multi-level selection is absent from this model
because cell-level variation and cell-level selection have been explicitly removed. It
is unclear how Willensdorfer’s biomass fitness definition relates to more traditional
fitness definitions and life history issues (r, R0, invasion fitness, etc.). To try to
understand fitness in this model from a life history perspective (say with fitness
equal to the product of reproduction and viability), one could view the numerator
of the first term (biomass of reproductive cells) of Willensdorfer’s fitness definition
as reproduction and the rest of the equation (allometric cost of size " benefit of
multicellularity/total biomass) as viability (Eq. 2, Willensdorfer 2009). However
this results in a viability term that is very difficult to interpret biologically. Novel
definitions of fitness are interesting, but make it difficult to connect to other models
or to the biological cases we wish to understand. In terms of the steps in an ETI,
Willensdorfer is investigating how multicellular organisms evolve in the later stages
after obligate coloniality has evolved.

Gavrilets 2010

Gavrilets (2010) decomposes fitness into reproductive and survival fitness compo-
nents and defines a trade-off between them. He assumes four genes, two functional
genes for each of the two fitness components and two regulatory loci, one for each
fitness component. Investment in a functional locus increases cell fertility or cell
viability, but negatively influences the other fitness component. The two regulatory
loci determine to what extent cells will contribute to viability and reproduction. Thus,
in order to evolve cellular differentiation in this model, a colony must increase in-
vestment in viability and fertility (via the functional loci) as well as regulation (via
the regulatory loci) so every cell will specialize in either viability or fertility. Such
cell specialization increases colony-level fitness by avoiding the cell level trade-off.
Gavrilets studies how the shape of the trade-off affects the evolution of division of
labor at reproductive and viability functions.

The life cycle consists of development, survival selection, and reproduction selec-
tion. During development, a single cell divides to found a colony and subsequent cell
divisions result in a colony of a specified size. Mutation at all four loci occurs during
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cell division, which produces intracolony and intercolony variation. A set proportion
of cells always develop as potential soma, regardless of whether regulation actually
functionally distinguishes them from germ cells. During survival selection, a colony
survives based on the average of its cell investment in survival. Lastly, during repro-
duction selection, cells reproduce with probability proportional to their investment
in fertility. In this way, conflict between cell level fitness (which favors cell fecun-
dity) and the colony level fitness (which favors a balance between cell fecundity
and cell investment in colony viability) arises. Individual-based simulations are used
to investigate how the shape of the tradeoff between viability and fecundity alters
the evolution of division of labor and Gavrilets concludes that convex trade-offs are
necessary for division of labor to evolve.

The model shares many of the properties of the ETI framework above: life history
trade-offs, multi-level selection, cooperation, and reproductive division of labor
(see Table 1). Life history trade-offs are manifested as functional trade-offs at the
cell level (survival and reproduction). When this trade-off is convex, cooperation
is observed as germ and somatic cells evolve. Multi-level selection is present as
selection operates at the colony level through survival selection and at the cell level
through fecundity selection on variation introduced through developmental mutation.
Fitness decoupling is also present as the fitness of cells decreases (if they were
outside the colony) as colony-level fitness increases. Lastly, division of labor in
reproduction and survival components is clearly observed and basic to the transition
to a multicellular individual.

Interestingly, some portions of Gavrilets’ discussion suggest that we would be
mistaken to see multilevel selection and cooperation/conflict as major elements of
his model. For example, Gavrilets says (2010, p. 6), “In the model, cell differentiation
and the division of labor are driven by individual selection maximizing the number
of colony-producing offspring of a colony-producing cell. That is, the transition to
individuality can be explained in terms of immediate selective advantage to individual
replicators (Maynard Smith and Szathmáry 1998). Note that mutant cells that ‘cheat’
by having increased fertility within colonies will tend to lose in competition at the
colony level after they develop their own colonies. Therefore, the conflict between
individual and colony level selection is largely removed.”

We understand the word “individual” in the above quote to be synonymous with
“cell” or “cell-level” (except when he says “individuality,” here he is talking about a
multicellular individual). Given that interpretation, Gavrilets is making the claim that
cell-level selection “drives” division of labor in this model. Apparently in support
of this claim, Gavrilets points out that the success of “cheater” (high fertility) cells
depends on how they are assorted into groups. Recall that this model assumes an
extreme bottleneck: every colony originates from a single cell and eventually disin-
tegrates into single cells. Recall also in this model that (i) a colony survives based on
the average of its cells’ investments in survival, (ii) cells reproduce proportionally to
their cell-level investment in fertility, and (iii) there is a cell level trade-off between
the two investments. Following Gavrilets’ quote, consider a non-cheating cell that
gives rise to a colony and a cheater that arises by mutation during development of
that colony. Call the cells that descend from the original cell the F1 cells. We would
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expect the cheater genotype to be over-represented among F1 cells because a cheater
does well at reproduction at the expense of its non-cheating colony-mates. Call the
cells that descend from an F1 cheater cell and actually survive to begin the process
of creating colonies of their own the F2c cells and cells which descend from a F1
non-cheater cell the F2nc cells. Our expectation of which genotype is doing better
in the overall population (F2c and F2nc) is not obvious—it depends on the fertility
advantage at the cell level and the survival disadvantage at the group level. Because
the F1 cheater genotypes produce poor-surviving colonies, their ability to make it
into the F2 generation is compromised as are the colonies that result from them if
they make it into the F2 generation. We agree with Gavrilets that the sorting effect
of the single-cell bottleneck is an important aspect of his model. However, this point
does not support the idea that cell-level selection “drives” the evolution of division of
labor in his model. In order to see what traits cell-level selection favors, the relevant
question is not the relative representation of cheater cells in the overall cell population
in F2. That would be informative about the net effect of cell-level and group-level
selection combined. Rather, the effect of individual selection should be assessed by
asking what the effect of a trait change is within each group (or what its effect would
be if the groups were dissolved). We think that Gavrilets’ logic here—that cheater
cells are not doing better overall in the F2 generation, therefore cell-level selection
does not favor cheating—is an example of what others have called the “averaging
fallacy” (Sober and Wilson 1998; Okasha 2006). Gavrilets’ claim that individual-
level selection is driving the results of his model notwithstanding, we see this model
as clearly overlapping with the ETI framework with respect to having multilevel
selection.

From these considerations, it is clear to us that levels of selection, cooperation
and conflict are major elements of Gavrilets’ model. In addition, there exist several
group-level properties built into colonies from the start of the simulations, including
the unspecified traits that allow the assumption of undifferentiated colonies as a
starting point for the analysis, the developmental plasticity of cells to terminally
differentiate, and the set proportion of germ and somatic precursor cells in a colony.
In addition, groups of cells reproduce groups of cells through a group-level life cycle
in the sense that a colony produces single cell propagules that develop into colonies.

Gavrilets sets the expression of the regulatory loci to be zero in the founding pop-
ulation thereby starting simulations with undifferentiated colonies. However, this
initial condition is an unstable starting point. In the first few generations, the regula-
tory loci mutate away from zero, and germ and soma provide different contributions
to colony-level fitness. Because undifferentiated colonies are unstable, Gavrilets
has implicitly assumed the initial existence of division of labor and explained the
subsequent evolution of more pronounced division of labor. A similar comment on
Gavrilets’ model was made by Ispolatov et al. (2012). Because initial colonies have
division of labor and division of labor is the hallmark of evolutionary individuals, we
view the initial colonies as already possessing properties of higher level individuals.
For this reason, we see the model as addressing the latter stages of an ETI.
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Ispolatov, Ackermann, and Doebeli 2012

Ispolatov et al. (2012) model the evolution of multicellularity in cyanobacteria where
individual cells need to perform two incompatible metabolic processes such as oxy-
genic photosynthesis and anoxic nitrogen fixation. They assume a fitness cost to
producing both metabolic products simultaneously. They utilize chemical mass ac-
tion equations and assume an ephemeral group state in which cells aggregate into
pairs that dissociate into cells. Cells are assumed to quickly alter their metabolic
investment based on the paired group state and fitness landscape to increase cell
fitness. Lastly, they model the evolution of a heritable trait, stickiness, which is rep-
resentative of the evolution of multicellularity, as the amount of time a cell spends
in a paired group state.

One innovation of this model is the changing dimensionality of the fitness land-
scape based on the solitary or paired state. When a cell is solitary, its fitness is
a function of its investment in each metabolic process (two dimensions). When a
cell is in a pair, its fitness is a function of its and its partner’s investment in each
metabolic process (four dimensions). This change in dimensionality changes a cell’s
fitness landscape from a single optimal peak when solitary to a saddle point when
paired. When a saddle point is present in the fitness landscape, cells in a pair will
differentiate to specialize on one metabolic product. The introduction of changes
in dimensionality in fitness is important because it mathematically represents the
increased complexity of multilevel selection in the group state. They find that multi-
cellularity in the sense of the paired state, as a function of cellular stickiness, evolves
when the cost of producing both metabolic products is high enough to make the mixed
partial derivative of the fitness landscape negative (representing a saddle point) and
the cost of being sticky is relatively low.

During their discussion, they emphasize that this model has several advantages
absent in other models. Specifically, this model does not explicitly assume pre-
existing groups or differentiation (e.g., Willensdorfer 2009; Gavrilets 2010) and this
allows the simultaneous evolution of groups (of size two) and division of labor. In
this way, the pre-existence of developmental pathways or undifferentiated groups of
cells is avoided. As much research investigates how differentiated colonies evolved
from undifferentiated colonies (Willensdorfer 2008, 2009; Gavrilets 2010; Rueffler
et al. 2012), a model which simultaneously evolves small colonies and division of
labor is an explicit demonstration these processes are not necessarily separate.

This model has similarities and differences with the ETI framework (Table 1).
When in a pair, cells independently alter their metabolic investment to maximize
fitness. This leads to each cell specializing on a different metabolic process with-
out apparent communication and cells share the metabolic products equally. In this
way, metabolic adjustment appears to be synergistically cooperative, though non-
altruistic. This synergism causes cell fitness to increase when in a multicellular pair,
but there is no discussion of group-level fitness so we found it difficult to determine
whether fitness decoupling is occurring in their model. However Ispolatov et al. do
not speak of cooperation, even though it is clear that synergistic cooperation is present
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in the paired state. Modeling cell interaction in this way represents a rudimentary
form of the cellular integration that is critical to the evolution of multicellularity
(Folse and Roughgarden 2010; Clarke 2011).

Multi-level selection is present in the Ispolatov et al. model, although they do not
present it as such. Every cell experiences the same death rate and cells in groups have
nearly identical birth rates (due to a small error term in metabolic investment). In
comparison to solitary cells, cells in a pair have much higher fitness due to sharing of
metabolic products and avoidance of the fitness cost associated with producing both
products. Groups serve to produce population structure that affects the fitness of the
cells. This context-dependent fitness means that group-level selection operates on
pairs of cells to increase cell birth rate. However, the chemical mass action approach
results in the lack of a canonical group level life cycle, in the sense that groups do
not directly beget other groups.

Because of the lack of a canonical group life cycle, one interpretation is that
cells, not multicellular groups, are the only evolutionary individuals in this model.
However, this ignores the facts that group selection is occurring and group properties
are evolving in the model. Although it is difficult to see this model as explaining the
evolution of multicellularity as an ETI, it is novel in explaining the origin of group
structure and properties (Table 1). The model has the novel feature of applying to
the early stages of an ETI as well as showing the division of labor can evolve early
in an ETI. While the evolution of division of labor is observed, reproductive division
of labor is not addressed by the model.

With respect to division of labor, Ispolatov et al. (2012) model incompatible
metabolic processes such as photosynthesis and nitrogen fixation in cyanobacteria,
showing how non-reproductive division of labor may evolve. However, nitrogen fix-
ing heterocysts in cyanobacteria do not reproduce (Kumar et al. 2010; Muro-Paster
and Hess 2012). So while reproductive division of labor is present in cyanobacteria,
it is not modeled by Ispolatov et al. (2012), which may call into question the ap-
plicability of their results both to cyanobacteria and to ETIs with division of labor
in reproductive functions. The observation that reproductive division of labor tends
to precede other kinds of functional specialization (Simpson 2012) indicates that
there is something special about reproductive specialization; whatever this is, it is
not being addressed by this model.

Rueffler, Hermisson, and Wagner 2012

Rueffler et al. (2012) develop a mathematical model with general assumptions in
order to identify general principles about the conditions that favor the evolution of
division of labor. Their starting point is a group of two modules. Each module is
characterized by a trait value, which is initially constrained to be the same (i.e., the
organism is initially made up of undifferentiated parts). The trait value determines
how well the module performs on two tasks. Task performance is constrained by a
trade-off, such that performance at both tasks cannot be optimized simultaneously
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by one module (or two undifferentiated modules). Fitness is taken to be an increasing
function of performance of both tasks. Note that this is a single-level fitness concept
like in Willensdorfer’s model, so Rueffler et al. (2012) is modeling the evolution
of division of labor after an evolutionary transition to group living. The group of
modules is the only unit that has fitness. Fitness increases as the ability of groups
of modules to perform tasks increases. Rueffler et al. assume no differentiation in
the ancestral state and that trait values had evolved to a fitness maximum based on
performance constraints. They then ask, given an ancestor with undifferentiated trait
values, what conditions favor differentiation of the modules?

The main connection with the ETI theory, as Rueffler et al. (2012, p. E333)
point out, is that the covariance effect described by Michod (2006) and Michod et al.
(2006) can be seen as a special case of their observation that accelerating performance
functions favor the evolution of differentiation. Michod (2006) and Michod et al.
(2006) consider the trade-off between viability and fecundity as two contrasting basic
categories of performance that combine multiplicatively to give fitness. Rueffler et al.
consider a trade-off between performance of two tasks, meaning that increases in
performance at one task come at the cost of decreases in performance of the other task.
Performance at each task makes some positive contribution to fitness. They show
that when the performance landscape is convex along the trait axes, specialization
is favored. Specialization can lead to higher fitness in this case because the loss in
performance at one task is due to one module’s deviation from the (constrained)
optimal trait value can be more than compensated for if the other module deviates
in the other direction. Aside from the shape of the performance function, Rueffler
et al. also find that positional effects (in which one module is less good at a particular
task due to its position) and synergistic interactions (when the joint contribution of
two differentiated modules exceeds the sum of their separate contributions) can favor
the evolution of specialization. Because larger organisms a priori have more distinct
areas, there are more positional effects to select for many cell types. Also, note that
the greater the number of cell types, the higher the heterogeneity of the organism,
hence also the highest positional effects will be present.

Rueffler et al.’s model highlights some commonalities underpinning the evolu-
tion of functional specialization in a variety of different kinds of units (e.g., genes,
appendages, cells, etc.). Their framework is so general that it does not touch on
issues that may be more specific to division of labor during an ETI. For example, the
Rueffler et al. model does not address what (if anything) is special about reproductive
division of labor. By leaving aside the issue of how the traits affect fitness, Rueffler
et al. also leave aside the insight that basic life history trade-offs present at lower
levels can disappear at higher levels while new trade-offs emerge at the higher level.

Van Dyken and Wade 2012a, b

In a series of papers, Van Dyken and Wade (2012a, b) propose a resource-based
model for the evolution of different kinds of altruism. The evolution of altruism is
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fundamental to ETIs, so we include these papers here, even though they focus on
the evolution of sociality and do not specifically address the evolution of multicellu-
larity. Van Dyken and Wade assume discrete and non-overlapping generations for a
population that is sub-divided into groups. They present fitness of a focal individual
as the product of two factors: one factor represents the fitness that the individual
would have given infinite resources and the second factor accounts for the effects of
local resource availability and efficiency of use (2012a, their Eq. A6). Group-mates
affect the local resource availability and resource use of the focal individual.

With respect to the evolution of division of labor, a major conclusion of Van
Dyken and Wade’s work is that local resource pressure, which depends both on the
external/physical environment and the behavior of group-mates, determines which
specialized tasks evolve. For example, abundant resources favor specializations on
tasks such as nest defense whereas scarce resources favor the evolution of specialized
foragers. We think Van Dyken and Wade’s focus on the diverse ecological effects
of altruistic behaviors begins to address an important shortcoming of some previous
work on altruism. However, Van Dyken and Wade do not model the fundamental life
history trade-off between viability and fecundity of a focal individual. They write:
“vijfij is individual ij’s asymptotic fitness; that is, its resource-independent proba-
bility of survival to maturity (viability, vij) times its maximum fecundity (fij)” (Van
Dyken and Wade (2012a, p. 2487). However, viability and fecundity are unconnected
parameters in this model, not functions of more basic variables like reproductive ef-
fort or time spent at the two activities as is more commonly assumed in life history
modeling. This is an interesting choice, and is probably appropriate for some cases.
For example, an altruistic behavior such as alarm calling simply lowers the personal
viability of the caller (and increases group fitness) without an increase in personal fe-
cundity of the caller. However, in many other cases, a single behavior has contrasting
effects on both personal viability and fecundity through a constrained resource such
as time. For example, take a volvocine somatic cell that spends more time or energy
beating its flagella than another cell. The fitness effect of this behavior would likely
be a decrease in fecundity and an increase viability were it to live on its own. The
behavior is costly (at the cell level) if the benefit of the behavior (increased cell-level
viability) is insufficient to outweigh its costs (decreased cell-level fecundity). The
cost of the behavior translates into a lack of balance in the two fitness components
at the cell level. Survival-fecundity tradeoffs at the level of single individuals are
common (see Roff and Fairbairn 2007), so considering this kind of situation is im-
portant. The viability and fecundity terms in Van Dyken and Wade are independent
parameters so they do not capture the idea that behaviors can be costly at the lower
level by creating an imbalance of investment in lower level fitness components.

Van Dyken and Wade’s classification of four types of altruism depends on their
fitness function and the types of exchanges between individuals that are allowed, in
particular, the lack of any interdependence of viability and fecundity. They write:
“Altruism is typically modeled as increasing a recipients’survival or fecundity. How-
ever, our model (Eq. 1) provides four different parameters that control fitness, each
of which can be modified by altruism. . . ” (Van Dyken and Wade 2012a, p. 2488).
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Although they see this approach as advantageous, we question whether the hierarchi-
cal structure of the concepts involved is being ignored. That is, when one considers
how increased resources increase a recipient’s fitness, it becomes clear that this in-
crease must be channeled through benefits to the recipient’s fecundity, viability or
both (assuming constant generation times). So it seems artificial to have four distinct
ways in which altruistic behavior can benefit a partner (increased survival, increased
fecundity, increased resources, increase resource use efficiency). Rather, why are
there not two ways of affecting the partner’s resource (total amount or efficiency of
use), which the partner then channels into personal viability and/or fecundity? The
typical meaning of viability and fecundity (probability of survival to reproduction
and number of offspring conditioned on survival) is closely tied to the idea that both
of these features are connected through their resource-dependency. By contrast, Van
Dyken and Wade use viability and fecundity to refer to resource-independent char-
acteristics of organisms. It is not clear how these resource-independent notions of
viability and fecundity should be applied to classifying social interactions. The very
idea of one individual helping another individual to reproduce seems to require an
exchange of resources; offspring are made of resources. Yet Van Dyken and Wade’s
framework suggests that “fecundity altruism” occurs when one individual increases
another’s maximum, resource-independent fecundity. The usefulness of this way of
parsing interactions is not yet clear.

In the Van Dyken and Wade approach, the “individual” fitness reflects both indi-
vidual and group properties. (“Individual fitness was modeled as the physiological
consequence of resource consumption in an environment composed of other con-
sumers.” (Van Dyken and Wade 2012b, p. 2498)). Specifically, the amount of
crowding is a property of the group that affects the “individual” fitness (Van Dyken
and Wade 2012a, p. 2487, their Eq. 2). The focus on this kind of fitness function
(i.e., “individual” fitness that includes group effects) makes the multi-level nature
of the processes that are affecting trait change implicit rather than explicit. So while
it seems likely that the Van Dyken and Wade models are examples of the evolution
of traits that decouple lower- and higher-level fitness, this result is not explicit and
is not explicitly discussed in the papers. For example, a somatic cell in a colony
decouples fitness at the two levels because this trait would be detrimental in a global
population of cells but can be favored by selection among groups of cells. Thus,
when somatic cells evolve, it is clear that the groups of cells with high fitness are
not simply groups that contain the cells that would do best in a global population.
Note that the realized, direct fitness of cells within a group (i.e., the kind of fit-
ness in the Van Dyken and Wade papers) is not helpful here. Fitness is decoupled
when the strictly single-level fitness that a cell would have declines and the fitness
of the group increases. The same logic applies to all of the types of altruism that Van
Dyken and Wade propose, suggesting that these models investigate the evolution of
altruism after an evolutionary transition in individuality. One consequence of their
work is the possibility that contrasting kinds of altruism can increase together via
co-evolutionary niche construction (Van Dyken and Wade 2012b). With respect to
division of labor, the ETI framework focuses on the lower-level trade-off between vi-
ability and fertility. However, Van Dyken and Wade explicitly assume that these two
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components of fitness are independent. Van Dyken and Wade (2012b, p. 2509) sug-
gest that natural selection would act so as to “partition tasks into survival/fecundity
and resource task specialists in proportions that most efficiently cope with negative
environmental feedback at the colony level.” This is an interesting and novel idea
that certainly could be explored more with respect to the multicellularity ETI.

Discussion

We have discussed how each model relates to five components of ETIs: the evolution
of cooperation in groups, multi-level selection, life history trade-offs, division of
labor, and decoupling of fitness (see Table 1). While not all the models reviewed
here cleanly relate to this ETI framework, none conflict with it, and they can all be
understood as contributing new information to the different components. Of course,
each of these works has a scope defined by their own objectives, so the observation
that not all components are included in each model is not meant as a criticism. Two
major themes have emerged in our analysis of these models, (i) the role of life history
traits and life cycles in evolutionary transitions and (ii) what the models assume and
purport to explain, in particular, whether groups are assumed to already have the
properties we wish to explain.

Life History Traits and Life Cycles

The evolution of multicellularity involves the evolution of a group life cycle from the
life cycles of single cells. Thus it is natural to consider life history traits and how they
change and are reorganized at the two levels during this ETI. Ignoring the critical
role life history traits play in defining fitness creates ambiguities in comparing and
understanding definitions of fitness.

Rueffler et al. (2012), in the search for generality, did not assume explicit life
history traits like survival and reproduction in their model; the detachment of this
model from life history traits and reproductive specialization limits its application
to ETIs. Van Dyken and Wade (2012a, b) do not explicitly model how resources
affect viability and/or fecundity. They also ignore the most fundamental aspect of
life history traits by assuming that viability and fecundity are independent and do
not trade off in a focal individual. Because of these assumptions, it was difficult to
relate their definition of fitness and types of altruists to the ETI framework, although
their most general point, that resource use needs to be explicitly modeled, should be
pursued in the context of ETIs.

We recognize the difficulty of defining fitness in a situation where the very unit
of evolution and hence fitness is changing, but this is the challenge that must be
met in understanding an ETI. When fitness is based on life history traits, a tractable
conception of fitness results as the level of fitness changes. Novel definitions of
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fitness (such as Willensdorfer (2009) who defined fitness as biomass production)
may be interesting, but make it difficult to connect these definitions to other models
or to the biological cases we wish to understand. Care must be taken to ensure fitness
definitions are biologically tractable and applicable.

Most of the recent models (Willensdorfer 2009; Gavrilets 2010; Rueffler et al.
2012; Van Dyken and Wade 2012a, b) along with the earlier modifier and optimality
models, assume the initial existence of group-level life cycles. This leaves a critical
gap in our understanding of an ETI. How might a group life cycle emerge from
unicellular cycles? Life cycles can be thought of in terms of a few fundamental
elements (Fig. 2). We consider the asexual life cycles of three different kinds of
species of volvocine green algae—a diverse group of photosynthetic eukaryotes
ranging from unicellular to complex multicellular forms (see Chapter “Volvocine
Algae: From Simple to Complex Multicellularity”): Chlamydomonas reinhardtii
(unicellular), Basichlamys sacculifera or Tetrabaena socialis (colonial with group
size 2–4) and Gonium pectorale (colonial with group size 4–16). In C. reinhardtii, a
parent cell (1c) grows and then (2c) divides through several rounds of synchronous
cell divisions. Finally, offspring cells (3c) separate from the parent and from each
other.

In the undifferentiated multicellular volvocine algae such as G. pectorale, we see
the same three basic life cycle elements applying to groups of cells on the right-
hand-side of Fig. 2. A group of cells, i.e. colony, (1g) grows; next, divisions occur
(2g). Although divisions are at the cell level, each cell undergoes divisions while still
being a group member. Whereas cell divisions in the cell cycle (2c) are immediately
responsible for the number of offspring cells, cell divisions in the group cycle (2g)
correspond to the number of cells in the adult group, that is, the adult group’s body
size.

The major elements of the asexual life cycle are similar in the unicellular
Chlamydomonas and the multicellular Gonium (i.e. 1c-2c-3c is similar to 1g-2g-3g).
However, note that these two cycles (Fig. 2, left side and right side, respectively)
are distinct and share no states in common. How might evolution get from one to
the other? The earliest-branching colonial volvocine species (B. sacculifera and T.
socialis) have a hybrid pattern that may represent a transitional stage between a
cell-level and group-level life cycle (Fig. 2, grey lines). In these species, among
the simplest of known multicellular forms, a colony undergoes growth (1g), then
the cells of the colony separate from each other (3c), and then the cells undergo
cell division (2c). From a unicellular ancestor similar to Chlamydomonas, a Ba-
sichlamys-like life cycle could arise from a change in timing of the cell separation
state. Step 3c (separation) fails to occur at the normal time (see connection between
C and D’). Instead, cells separate later (see connection between E and B), after a
period of growth within the colony. A mutation that causes temporary adherence
of offspring cells to the mother cell wall material could create a Basichlamys-like
cycle from a unicellular cycle. If so, then growth as a colony was the first aspect
of a fully colonial life cycle to evolve in volvocine algae. This would suggest that
the effects of colony-level traits (e.g. colony cell number, overall colony size) on
growth could form the basis for specifically group-level selection very early in the
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Fig. 2 Left side: The three major elements of a single-celled asexual cycle. (1c) growth, (2c)
division, (3c) separation. Right side: The same three elements are applicable in the same order in a
simple colonial (group) life cycle (e.g. as seen in G. pectorale). Note the cell and group life cycles
are distinct and do not have states in common. Gray lines: The simplest colonial volvocine algae (B.
sacculifera and T. socialis) show a hybrid asexual cycle in which growth (1g), but not division (2c)
or separation (3c), occurs while cells are in groups. Throughout this figure, the number of rounds
of division is shown as two. In reality, this value can vary based on external conditions
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transition to multicellularity. Modeling these issues in such simple life cycles can
help us understand how the level of adaptation changes from the cell to the group
during a transition in individuality (Shelton 2013; Shelton and Michod 2014).

Modeling Approaches and Challenges

The second theme to emerge from our analysis regards the relationship between
the initial assumptions and what the model seeks to explain. In any mathematical
model, the conclusions are logical outcomes of the assumptions, some of which
may be implicit. Evolutionary transitions in individuality pose unique problems to
the modeler, because if natural selection is to play a role in the transition, then the
units of evolution are both the explanandum (phenomenon to be explained) and the
explanans (the explanation of the phenomenon). We seek to explain a new higher-
level unit of evolution by making assumptions about the lower level units and how
they interact. The multilevel selection approach determines when the magnitude of
selection increases at the higher level and decreases at the lower level. We have
argued that several of the models studied here either explicitly or implicitly use this
approach (Gavrilets 2010; Ispolatov et al. 2012; Van Dyken and Wade 2012a, b).

The issue of assuming pre-existing group properties in a model meant to explain
group features is not unique to the recent models, for example, the modifier mod-
els discussed above assume the prior existence of group-level traits such as group
structure and cooperation. With these assumptions, the modifier models studied the
evolution of traits promoting individuality at the group level, such as germ line segre-
gation and policing, which were assumed to be properties of an introduced modifier
allele. The model predicted the conditions under which the modifier allele increased
in frequency and the effect of the modifier allele on levels of cooperation, heritability
of fitness, and individuality at the group level.

Similar challenges exist in modeling division of labor. As Ispolatov et al. (2012)
point out and we discussed above, Gavrilets’ (2010) model of division of labor ini-
tially assumes many of the antecedents of division of labor. To help us understand
this, consider again the modifier models in which there were two loci, the cooper-
ate/defect locus and the modifier locus. The modifier locus changed an aspect of
the life history or development, such as mutation rate, germ soma division of labor,
policing, single cell bottlenecks, or genetic control of group size, which in turn in-
creased the fitness of the already more fit C allele. Consequently, the evolution of
division or labor at the modifier locus and its effect on individuality emerged out of
an interaction between the two loci. The modifier approach allows us to track the
genetic and selective factors involved in the evolution of division of labor.

Gavrilets (2010) sets the proportion of soma precursor cells arbitrarily to be 25 %
and the conditions for which division of labor evolves via the regulatory loci are de-
termined. However we do not know whether or in what way these conditions depend
upon the arbitrary figure of 25 % somatic cell precursors (although simulations were
also done with 75 % somatic precursors). A modifier approach would assume that
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the proportion of soma precursors was encoded by a third locus that was initially
set at 0 %. In this case, the evolution of division of labor would emerge out of an
interaction between the regulatory loci and the precursor locus and not as a result of
a specific preordained frequency of soma precursors.

These challenges highlight the need for careful interpretation of the model. Here,
we have discussed how the interpretation of a model can lead to substantial differences
in understanding the causal factors underlying the evolution of multicellularity. The
clearest examples of this were Gavrilets’suggestion that selection solely at the level of
cells can drive the evolution of division of labor in multicellular groups and Ispolatov
et al.’s suggestion that multicellularity can evolve without cooperation or increased
cellular integration.

Future Directions

The papers we have reviewed here are largely focused on the later stages of ETIs,
specifically the evolution of division of labor (Step v, Table 1). One exception to this
was Ispolatov et al. (2012), which focused on initial group formation and increasing
synergistic cooperation (Steps i and ii). Previous ETI models largely focused on con-
flict mediation, division of labor among fitness components and fitness decoupling
(Steps iii–vi). In comparison, there has been little recent research on group formation
and the evolution of group life cycles as discussed in the previous section.

In modifier models, the life cycle is summarized in terms of heritability of group
traits but a more explicit treatment of the components of the life cycle and how they
are reassembled at the level of the group has not yet been achieved. This represents
a critical gap in the theory given the emphasis on life history traits in the ETI frame-
work. Recent empirical (e.g. Rainey and Rainey 2003; Ratcliff et al. 2012, 2013),
conceptual (Libby and Rainey 2013) and theoretical work (Shelton 2013; Shelton and
Michod 2014) studying the evolution of group life cycles will provide ideas for this
future work to address. Furthermore, we suspect a better theoretical understanding
of group-level life cycles will integrate the ETI framework with the multi-level selec-
tion (MLS) framework (Damuth and Heisler 1988; Okasha 2006), in which Okasha
has defined the evolution of individuality as the transition among different kinds of
MLS (MLS1 and MLS2) (Okasha 2006). This is an important step to integrating the
large body of research on MLS1 and MLS2 with the ETI framework.

We also suggest that modeling non-canonical systems would be valuable for our
understanding of ETIs. Many recent models are implicitly or explicitly modeling a
canonical model system (multicellular development from a single celled propagule).
While it is important to understand this form of multicellularity, there are other, albeit
rare, pathways to multicellularity. These pathways deserve mathematical investiga-
tion to more fully appreciate what factors predispose a system to evolve towards
one kind of multicellularity or another and why certain kinds of multicellularity are
rare. We envision models investigating multicellularity via aggregation (such as the
slim mold, Dictyostelium; Chapter “The Evolution of Developmental Signalling in
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Dictyostelia from an Amoebozoan Stress Response”) and species with unique life
histories (such as the red alga, Porphyra). Such models may investigate the evolution-
ary consequences of alternative pathways. Major differences, such as the difference
between groups formed by aggregation (“coming together”, Tarnita et al. 2013) and
groups formed by reproductive products staying together (“staying together”, Tar-
nita et al. 2013), may relate to the generalized step (i) group formation differently.
This distinction may also affect the timing of step (iii) cheating and conflict, as
relatives that stay together may be less prone to conflict than genetically distinct
individuals that aggregate. Ispolatov et al. (2012) is the only model reviewed here
which models multicellularity via aggregation rather than via development. As such,
this model serves as an important first step to understanding alternative pathways to
multicellularity.

Finally, we find it interesting that each paper has taken a different mathematical
approach, made different biological assumptions, and has made new contributions
to our understanding of the evolution of multicellularity. This suggests that our
theoretical understanding of the evolution of multicellularity is far from complete.
It seems clear that continued theoretical exploration of this subject would be highly
valuable to our understanding of multicellularity and ETIs more generally.

Summary

1. An evolutionary transition in individuality (ETI) is a fundamental shift in the unit
of selection, when a group of individuals become a new, higher-level individual.
ETIs are thought to be responsible for the origin of the hierarchy of life: genes,
chromosomes, cells, cells within cells (eukaryotic cell), multicellular organisms,
and societies.

2. We discuss five interrelated components of ETIs: the evolution of cooperation in
groups, multi-level selection, life history trade-offs, division of labor among the
basic components of fitness, and decoupling of fitness of the new, higher-level
unit from the fitnesses of the lower-level units.

3. We review the two-locus modifier models and optimality models that provide the
basis for the ETI framework emphasizing the role of lower-level fitness trade-offs.

4. We discuss how six recently published papers (Willensdorfer 2009; Gavrilets
2010; Ispolatov et al. 2012; Rueffler et al. 2012; Van Dyken and Wade 2012a, b)
relate to the five components of the ETI framework.

5. We identify life history traits and life cycles as critical considerations in under-
standing ETIs that have been missing in some recent mathematical models. We
show how group life cycles may emerge from cell life cycles in the volvocine
green algae model system.

6. Incorporating recent papers into the ETI framework reveals several less un-
derstood aspects of ETIs, which we suggest as directions for future research,
including the evolution of group life cycles, how alternative frameworks relate to
ETIs, and the need to model non-canonical systems.
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