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Direct benefits are not necessary for the 
evolution of multicellularity
 

Daniel Jorge1,4, Merlijn Staps1,4, Yuriy Pichugin    1,2,4 & Corina E. Tarnita    1,3 

The evolution of multicellularity required nascent multicellular life to 
persist in a unicellular world. Because grouping usually comes with steep 
costs, multicellularity had to confer some benefits. While direct benefits— 
in which cells in groups outperform single cells under the same conditions—
can clearly suffice for multicellularity to evolve, whether they were also 
necessary has not been systematically explored. Here we develop a general 
model for the evolution of multicellularity in a spatially heterogeneous 
environment and show that direct benefits are, in fact, not necessary. When 
nascent multicellular groups differ from their unicellular ancestor in their 
spatial distribution (for example, because groups sink), two distinct indirect 
benefits can emerge: escape from competition from the unicellular ancestor 
and increased exploitation of desirable environments. Either benefit can 
drive the evolution of multicellularity in the absence of direct benefits. 
As a case study, we show that in the Proterozoic Ocean, where several 
multicellular eukaryotic lineages originated, escape from competition 
could have driven the evolution of multicellularity by offsetting the costs 
of diffusion limitation and oxygen deprivation. Our work systematically 
uncovers hitherto underappreciated mechanisms by which multicellularity 
can evolve, even under seemingly adverse conditions, and highlights the 
importance of ecology in explaining major evolutionary transitions.

All multicellular life has evolved from unicellular ancestors through a 
number of independent evolutionary transitions1–6. These evolutionary 
transitions required nascent multicellular organisms to persist—and 
eventually thrive—in a unicellular world. There is no reason to believe 
that this was an easy feat. Let us ponder, for instance, the evolution of 
multicellularity in the Proterozoic Ocean, the largely oxygen-deprived 
marine environment where the first multicellular red and green algae 
as well as the ancestors of animals originated at some point during the 
Proterozoic Eon (2,500 to 543 million years ago)4,7–14. In this environ-
ment, groups might have paid oxygen-diffusion costs with increasing 
size9,15–17. Moreover, groups might also have sunk to lower layers of the 
water column (for example, due to the loss of active movement18–20 
and/or increased sedimentation rates2,16,21–24), which are thought to 
have been even more deprived of oxygen at that time8,10,25,26. In light of 

these challenges—oxygen-diffusion limitation and possibly sinking 
to even more oxygen-deprived lower layers—it would appear that the 
decks were stacked against multicellularity, and one would naively 
expect that any multicellular mutant would perish in competition with 
its unicellular ancestor.

That grouping comes with potentially steep costs, especially stem-
ming from nutrient access limitation, has been recognized broadly 
across the study of the multiple origins of multicellularity27–30. Multi-
cellularity would only be able to evolve if some benefits were to offset 
these costs. And indeed, multicellularity could provide various ben-
efits that give cells in groups a net growth rate advantage over single 
cells (reviewed in refs. 23,31), either by increasing their birth rate (for 
example, via division of labour between cells or improved extracellular 
metabolism) or by improving their survival (for example, via predator 
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we explore several different life cycles (Fig. 1c). For a detailed model 
description, see Methods. To reflect the premise of no direct benefit, 
we assume that, regardless of environment, single cells have a higher 
intrinsic growth rate than cells in groups of size n > 1, that is, rn,A < r1,A and 
rn,B < r1,B. Under this assumption, multicellularity cannot evolve if cells 
are restricted to a single environment (Supplementary Information 
section 2.4), confirming the intuition that direct benefits are needed 
in the absence of spatial heterogeneity.

To investigate whether and when multicellularity can evolve in this 
two-environment setting, we characterize both the short-term fate of a 
multicellular mutant arising in a stable resident unicellular population 
(that is, does it invade or does it go extinct?) and the long-term out-
come of an invasion (that is, does the mutant displace or coexist with 
the ancestor?). We analytically derived a mathematical condition for 
a multicellular mutant to be able to invade from rare (Supplementary 
Information section 2.3), which we complemented with numerical 
simulations to determine the long-term outcome.

The invasion analysis captures the differences in performance 
between groups and single cells via two fundamental quantities, Rn 
and Cn, where

Rn =
pn,Arn,A + pn,Brn,B
qAr1,A + qBr1,B

(1)

is the average growth rate of cells in groups of size n, relative to the 
growth rate of the ancestor, and

Cn =
pn,AqA + pn,BqB

q2
A + q2

B
(2)

is the average amount of competition from ancestral cells experienced 
by cells in groups of size n, relative to the amount of competition expe-
rienced by the ancestor from itself. Here qA and pn,A are the fractions 
of ancestral solitary cells, respectively multicellular life stages of size 
n ≥ 1, that inhabit environment A during the invasion from rare (see 
Methods); the remaining fractions qB = 1 − qA and pn,B = 1 − pn,A inhabit 
environment B.

We can interpret Rn/Cn as the basic reproduction number of cells 
in groups of size n ≥ 1 (Supplementary Information section 2.3): cells 
in groups of size n perform better than the unicellular ancestor when 
Rn/Cn > 1. The necessary and sufficient condition for multicellularity 

avoidance or resistance to environmental stress). We refer to such 
advantages, in which cells in groups outperform solitary cells under 
the same conditions, as direct benefits.

While complex multicellular organisms clearly reap various direct 
benefits of multicellularity, it is unknown whether such benefits were 
present at the origins of multicellularity. Especially for those direct 
benefits that require coordination among cells (for example, con-
trolled cell differentiation), it seems unlikely (although not necessarily 
impossible32–34) that they would have emerged immediately at the onset 
of grouping. Recognizing this problem, some authors have proposed 
that, initially, multicellularity might have been neutral at best: perhaps 
multicellular groups ‘initially had neither advantage nor disadvantage 
and survived by drift until some further mutational change endowed 
them with a skill that was not possible for their single-cell relatives’1.

The intuition that the evolution of multicellularity would have 
required direct benefits stems from the idea of competitive exclusion: 
if cells in groups are at a net growth rate disadvantage compared to soli-
tary cells, then any multicellular mutant would necessarily be outcom-
peted by the unicellular ancestor. However, this competitive-exclusion 
framing implicitly assumes that the ecological niche of nascent multi-
cellular groups perfectly overlaps with that of their unicellular ancestor 
and, in particular, that they use space in the same way. In reality, the 
spatial distribution of emergent groups could differ from that of single 
cells, for example, due to sinking2,16,21–24,35, improved adhesion5,36, faster/
slower locomotion18,20,37 or improved chemotaxis38,39. The resulting 
spatial heterogeneity between solitary cells and multicellular groups 
complicates the ecological dynamics and raises the question whether 
differential use of space could immediately confer some indirect ben-
efits and whether those benefits could drive the evolution of multicel-
lularity even when there are costs to forming groups. Here we develop 
a general framework to systematically investigate these questions.

Results
Spatial heterogeneity can drive the evolution of 
multicellularity through indirect benefits
We consider the simplest spatial setting that allows us to explore the 
possibility of indirect benefits: two environments, A and B, with possibly 
different growth conditions and linked by migration (Fig. 1a,b). These 
could be, for instance, different water layers, different substrates, or 
water and a liquid-surface interface. We compete a resident unicellu-
lar strategy against an invading multicellular strategy; for the latter, 
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Fig. 1 | Model overview. a, We model competition between a unicellular 
ancestor (life cycle 1 + 1, grey) and a multicellular mutant (here shown as the 
simplest possible life cycle, 2 + 1, in red). Cells and groups migrate between 
two environments; competition occurs locally. The one-cell stage of the 
multicellular mutant is subject to the same migration rates (m1,AB and m1,BA) 
as the unicellular ancestor. Groups of size n migrate at rates mn,AB and mn,BA, 
as indicated by the dark blue arrows for n = 2. b, Cell division rates (rn,A and 
rn,B) depend on the environment (A or B) and the group size (n ≥ 1). For the 
unicellular ancestor, cells separate upon division. For the multicellular mutant 

(here shown as 2 + 1), cells remain attached until a critical size is reached, upon 
which the group instantaneously fragments (see c). All life stages are subject to 
density-dependent death due to competition within their environment; TA and 
TB denote the total density of cells in each environment, and γ is the competition 
rate. c, We consider three different life cycles that differ in how they fragment: 
production of one single-celled propagule (N + 1 life cycle), dissolution into 
solitary cells (N × 1 life cycle) or splitting into two groups of equal size (N/2 + N/2 
life cycle). Here we show 3 + 1, 4 × 1 and 2 + 2 as examples. See Methods for the 
detailed model description.
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to invade from rare is a complicated expression that depends on the 
values of Rn/Cn across all stages n = 1, 2, …, N of the multicellular life 
cycle (equation (12) in the Methods) and thereby on the emergent 
spatial distribution of multicellular groups of different sizes. But, for 
the simplest multicellular life cycle, 2 + 1, this necessary and sufficient 
condition is simple enough to explore further:

R1
C1

⋅ (2 ⋅ R2
C2

− 1) > 1. (3)

To determine whether inequality (3) can be satisfied in the absence 
of direct benefits, we evaluated R1, R2, C1 and C2 for a large number of 
randomly sampled growth rates r1,A, r2,A, r1,B, r2,B (subject to r1,A > r2,A 
and r1,B > r2,B) and migration rates m1,AB, m1,BA, m2,AB, m2,BA (Methods). 
We found that multicellularity can indeed evolve in the absence of 
direct benefits: many sampled parameter sets fell inside the analytically 
derived hatched region in Fig. 2, where the invasion condition (3) holds. 
Moreover, we numerically simulated the invasion of a 2 + 1 multicellular 
mutant for each sampled parameter set, and in all cases the simulated 
invasion outcomes matched those predicted by (3), thereby confirming 
the analytical results.

While there are many combinations of parameters for which mul-
ticellularity invades, the results depend strongly on the timescale 
of migration relative to the timescale of reproduction. When migra-
tion is much slower than reproduction, multicellularity fails to invade 
(Fig. 2a; almost all points land outside the hatched region). Intuitively, 
this makes sense as in the limit of very slow migration we recover the 
case of isolated environments where the local growth disadvantage of 
multicellularity leads to competitive exclusion.

When migration and reproduction occur on similar timescales 
(Fig. 2b), the spatial distributions of the three populations of interest 
(the ancestral solitary cells and the one-cell and two-cell stages of the 
multicellular invader) can deviate substantially. As a result, it is now 
possible for multicellularity to invade. This can happen because of 
indirect benefits to both the one-cell and two-cell stages of the mul-
ticellular life cycle (upper right quadrant) but, interestingly, also via 

indirect benefits to the one-cell stage alone (that is, R1/C1 > 1 but R2/C2 
< 1; hatched region in the lower right quadrant).

Finally, when migration is much faster than reproduction (Fig. 2c), 
the one-cell stage of the multicellular strategy reaches essentially the 
same spatial distribution as the unicellular ancestor and, as a result, 
has very similar performance (R1/C1 ≈ 1; note that the points in Fig. 2c 
approach the vertical black line). However, the spatial distribution 
of two-cell groups can still be different, allowing cells in two-cell 
groups to enjoy indirect benefits (R2/C2 > 1) that lead to the invasion 
of multicellularity.

Altogether, we conclude that indirect benefits can indeed lead 
to the invasion of multicellularity for a broad range of parameters, 
provided that migration between the different environments occurs 
sufficiently quickly relative to the timescale of reproduction. The out-
come of the invasion can be either coexistence with or displacement 
of the ancestor (Fig. 2).

There are two kinds of indirect benefits: escaping competition 
and environmental exploitation
To better understand how spatial heterogeneity confers indirect ben-
efits, we first focus on the special case of the 2 + 1 life cycle in the limit 
of fast migration. In this extreme case, as we saw above, R1/C1 = 1, and 
condition (3) simplifies such that multicellularity can invade from 
rare if and only if

R2 > C2. (4)

Thus, indirect benefits must arise in the two-cell stage of the multicel-
lular life cycle. These indirect benefits can arise in two non-mutually 
exclusive ways: a reduction in the amount of competition experienced 
(C2 < 1) and/or an increase in the average growth rate (R2 > 1).

First, if the distribution of single cells is biased towards one of 
the two environments, cells in two-cell groups can escape competi-
tion from single cells if groups are biased towards the other environ-
ment or towards the same environment but less strongly (C2 < 1; blue 
and purple regions in Fig. 3a). An example of escaping competition 
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Fig. 2 | Spatial heterogeneity can drive the evolution of multicellularity 
through indirect benefits. Evolutionary outcomes for the 2 + 1 life cycle for 
randomly sampled migration rates m1,AB, m1,BA, m2,AB and m2,BA, and reproduction 
rates r1,A, r1,B, r2,A and r2,B (subject to r1,A > r2,A and r1,B > r2,B, that is, no direct benefits). 
The long-term outcomes (specified by the colour of the points) were determined 
by numerically simulating the dynamics of a rare 2 + 1 life cycle mutant 
introduced into a stable resident unicellular population. The location of each 
data point in (R1/C1, R2/C2) space was found by numerically evaluating qA, qB, p1,A 
and p1,B, p2,A and p2,B for a rare multicellular invader at the unicellular ancestor’s 
steady state (see Methods for details). The long-term simulations confirm that 

the 2 + 1 life cycle successfully invades (leading to dominance or coexistence) 
in—and only in—the hatched region, whose boundary is given by the analytically 
derived equation (3). All simulations led to a stable steady state (no oscillations 
were observed). In all panels, the vertical black lines indicate where R1/C1 = 1; 
the horizontal black lines indicate where R2/C2 = 1. No simulated points fell to 
the left of the R1/C1 = 1 line, and we confirmed this analytically (Supplementary 
Information section 2.4). a, Results for slow migration, M/R = 0.02. b, Results for 
intermediate migration, M/R = 1. c, Results for fast migration, M/R = 50. Here,  
M = m1,AB + m1,BA + m2,AB + m2,BA is the total migration rate and R = r1,A + r1,B + r2,A + r2,B.
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arises in an aquatic environment if groups sink to lower layers with 
a low density of single cells, even if those lower layers are largely 
deprived of resources. For instance, in the extreme case where soli-
tary cells are completely restricted to the upper layer and groups are 
completely restricted to the lower layer (Fig. 3d), multicellularity 
can invade as long as cells in groups are able to divide in the lower 

layer, even if the rate at which they do so is much lower than in the 
upper layer.

Second, if the spatial distribution of two-cell groups is biased 
towards the environment with a higher r2 (in Fig. 3a, this is environment A),  
then, on the whole, cells in groups can experience a higher average 
growth rate than single cells (R2 > 1; orange and purple regions in Fig. 3a) 
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Fig. 3 | Multicellularity can evolve via escaping competition, environmental 
exploitation or both. a, Possible indirect benefits and invasion outcomes in the 
fast migration limit, depending on the steady-state proportion of single cells  
(qA = p1,A) and two-cell groups (p2,A) in environment A. As here we assume fast migration 
(which implies R1 = C1) the classification of indirect benefits depends solely on 
R2 = (p2,Ar2,A + p2,Br2,B)/(qAr1,A + qBr1,B) and C2 = (qAp2,A + qBp2,B)/(q2A + q2B), 
where the spatial distributions of single cells and groups are completely 
determined by the migration rates; see equations (5) and (6) in the Methods. 
Parameters: r1,A = 15, r2,A = 12, r1,B = 5, r2,B = 4, so that growth rates are 3 times higher in 
environment A than in environment B and cells in groups have a 20% reduction in 
growth rate relative to single cells in both environments. b, Region where indirect 

benefits are strong enough to lead to the invasion of multicellularity (R2 > C2).  
c, Subset of the region in b where the multicellular mutant eventually displaces 
(rather than coexists with) the unicellular ancestor, as determined by numerical 
simulation. d, When groups sink to a resource-poor lower layer (p2,A = 0) and 
solitary cells rise to a resource-rich upper layer (qA = p1,A = 1), multicellularity  
can invade through escaping competition as long as cells have a positive growth 
rate in the lower layer (r2,B > 0). e, When solitary cells are equally distributed 
between a resource-rich surface and a resource-poor liquid (qA = p1,A = 0.5), 
multicellularity can invade through environmental exploitation as long as the 
spatial distribution of groups is sufficiently biased towards the surface (p2,A > 0.75 
for the parameters in a).
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despite having a lower growth rate in either environment. This is an 
example of Simpson’s paradox, the statistical phenomenon that a 
trend that exists across different populations (that is, groups have a 
lower growth rate in both environments) may reverse when the popula-
tions are combined (that is, groups have a higher average growth rate 
across the environments). We call this second pathway environmental 
exploitation. An example of environmental exploitation can arise if 
groups are better than solitary cells at adhering to a surface (Fig. 3e), 
which could be desirable if the surface has more resources or protects 
from predators or environmental stress. Even if solitary cells are equally 
distributed between the surface and the liquid—making it impossible 
to escape competition from them—multicellularity can invade through 
environmental exploitation as long as the spatial distribution of groups 
is sufficiently strongly biased towards the surface.

Both escaping competition and environmental exploitation can 
drive the invasion of multicellularity on their own (hatched blue and 
hatched orange regions in Fig. 3b) if they confer a sufficiently strong 
indirect benefit. The pathways may also act simultaneously, in which 
case multicellularity automatically invades (hatched purple region in 
Fig. 3b) because C2 < 1 and R2 > 1 together imply R2 > C2. Conversely, when 
cells in groups are neither able to escape competition nor to exploit the 
environment (grey region in Fig. 3a), then multicellularity can never 
invade because C2 ≥ 1 and R2 ≤ 1 together imply R2 ≤ C2 (Fig. 3b). In terms 
of long-term outcome (Fig. 3c), simulations show, as before, that when 
multicellularity invades, it either eventually displaces the unicellular 
ancestor or stably coexists with it. The outcome, however, is not exclu-
sively determined by the underlying pathway: both escape from competi-
tion and environmental exploitation can lead to both possible outcomes 
depending on the parameters (in particular, although it does not occur 
for the parameters in Fig. 3, the unicellular ancestor can also be displaced 
when only environmental exploitation occurs; Extended Data Fig. 1).

The intuition behind the two pathways extends beyond the choice 
of the 2 + 1 life cycle and the fast migration limit. In particular, multicel-
lularity can only invade if at least one stage n ≥ 1 of the life cycle satisfies 
Rn/Cn > 1 (Supplementary Information section 2.4), which can be broken 
down into the same three alternatives discussed above: escape from 
competition (1 > Cn), environmental exploitation (Rn > 1) or both. In 
other words, a necessary (but in general not sufficient) condition for 
the invasion of multicellularity in the absence of direct benefits is that 
at least one life stage of the multicellular life cycle offers indirect ben-
efits through escape from competition or environmental exploitation.

The evolution of indirectly beneficial multicellularity can lead 
to diverse ecological outcomes
Finally, we investigate what stable ecological communities of unicellu-
lar and/or multicellular life cycles might arise in an evolutionary process 
where multicellular life cycles of different sizes can continuously arise 
via mutation. In this broader setting, we can also probe what group 
sizes will be selected for.

To constrain the scope of this broad question, we return to the 
example that motivated our theoretical inquiry into indirect ben-
efits—the Proterozoic Ocean, where several multicellular lineages 
originated, such as animals and the first red and green algae7,9,12,13,40. 
While much remains unclear about the unicellular ancestors of these 
lineages and their ecology, it is plausible that at least some were (a) 
facultative aerobes, able to perform both respiration and fermentation 
(which was likely the case for animals9,41 and might have even been the 
ancestral state of all eukaryotes9,41–43), and (b) planktonic, making use 
of oxygen that was primarily available in the upper layers of the Pro-
terozoic Ocean9,10,44–46. Starting from such a planktonic, facultatively 
aerobic ancestor, a mutant capable of group formation could have 
been subjected to downward movement to lower layers of the water 
column (as observed in the lab21,22,47–49 and thought to occur in marine 
ecosystems21,23,50,51), as well as to oxygen deprivation, as cells in the 
interior of the multicellular group would have had limited access to 

oxygen15,52. In the modern atmosphere, the depth of oxygen penetration 
into living tissues is about 1 mm, but, in the Proterozoic, oxygen levels 
were much lower, especially at depth, so oxygen deprivation should 
have kicked in at small group sizes8,17,25,53.

To minimally capture the above scenario, we assume perfect 
spatial segregation (Fig. 4a): single cells and groups smaller than a 
critical size, NS, inhabit the upper layer, owing to buoyancy or active 
taxis; groups of size equal to or larger than the critical size sink and 
inhabit the lower layer, owing to loss of buoyancy or inability to coor-
dinate taxis; when cells or groups smaller than the sinking size NS are 
produced by fragmentation in the lower layer, they instantaneously 
rise up to the upper layer. Subsequently, we relax this perfect segre-
gation assumption and allow for various degrees of mixing between 
the layers (Supplementary Information section 3.6). To model oxygen 
availability, we introduce two control parameters, NU and NL, which 
set the maximum size groups can grow to in the upper and lower 
layers before oxygen deprivation kicks in. In both layers, cells up to 
this maximum size have access to oxygen and divide at a rate ro; addi-
tional cells are restricted to fermentation and divide at a lower rate rf 
(Fig. 4a; Methods). The critical group sizes NU and NL reflect both the 
concentration of dissolved oxygen in the corresponding layer and the 
metabolic and biophysical properties of nascent multicellular groups 
(for example, denser clusters may face limitations at smaller group 
sizes than more branched or filamentous forms). For simplicity, we 
do not consider additional costs associated with increasing group size 
beyond oxygen-diffusion limitation, but we reflect on this assumption 
as we discuss our results.

Throughout the Proterozoic Eon, atmospheric oxygen levels 
increased, and, consequently, so did oceanic oxygen; however, the 
exact dynamics of this rise remain unclear10,53. Furthermore, lower-layer 
oxygen availability might have depended on oceanic depth—for exam-
ple, marine shelves might have been more oxygenated than the deep 
ocean10,25. Therefore, we arbitrarily vary NU and NL, subject to the con-
straint NL ≤ NU, to capture a range of plausible scenarios, including 
earlier (NU, NL low) versus later (NU, NL high) during the Proterozoic, 
and shallower (NU − NL smaller) versus deeper (NU − NL higher) oceans.

To simulate the evolutionary process, we start from the unicellular 
ancestor and allow any life cycle of the form N + 1 to arise by mutation 
and compete (Fig. 4b). We assume that mutations are rare and, thus, 
only introduce a new mutant when the ecological dynamics involving 
the previous mutant have stabilized. We continue the simulation until a 
community emerges that cannot be invaded by any other life cycle, that 
is, an evolutionarily stable community (ESC)54,55. We find four qualita-
tively different ESC regimes (Fig. 4c,d). Typically, one multicellular life 
cycle is present, either subject to directional selection for increased size 
(regime I) or stabilizing selection for an intermediate size (regimes II 
and III); regime IV is an exception in which all life cycles up to a given size 
coexist. The regimes also differ in the fate of the unicellular ancestor. In 
the Supplementary Information, we provide a detailed classification of 
the regimes (Supplementary Information section 3.5), complemented 
by an exhaustive mathematical analysis (Supplementary Information 
section 4); here we focus on the main patterns that arise.

What group sizes evolve depends on oxygen availability across 
the two layers (and thus NU and NL; Fig. 5a,b), which sets the trade-off 
between the benefits and costs of group formation. The largest groups 
evolve at either very low or very high oxygen availability (Fig. 5c). When 
oxygen is either abundant (sufficiently high NU and NL) or entirely 
absent (NU = NL = 0), group-formation costs are negligible and groups 
can grow large without penalty (regime IV). When oxygen is present 
but scarce (low NU and NL, but NU > 0), group-formation costs are steep, 
leaving groups at a strong competitive disadvantage against the uni-
cellular ancestor in the upper layer; so, selection favours large group 
sizes because they can more effectively escape upper-layer competi-
tion (regime I). By contrast, at intermediate oxygen concentrations, 
selection favours intermediate group sizes (Fig. 5c, regimes II and III): 
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large enough to sink and escape competition, yet small enough to avoid 
substantial oxygen deprivation.

The fate of the unicellular ancestor depends on the group sizes 
that evolve. Life cycles with sufficiently large groups mostly occupy the 
lower layer, leading to coexistence with the ancestor via niche partition-
ing (regimes I and IV; Fig. 4c). Intermediate-sized groups, by contrast, 
can lead to either coexistence (Fig. 4c, regime II) or displacement of 
the ancestor (Fig. 4c, regime III), depending on oxygen availability 
(Fig. 5a,b). Interestingly, intermediate-sized groups can also displace 
the ancestor at the extremes of oxygen availability (regime IV; Fig. 4c), 
but there the displacement is only temporary: the ancestor becomes 
able to re-invade once sufficiently large groups emerge. At this point, 
broad coexistence of all life cycles up to a given size establishes (Sup-
plementary Information section 4.4).

In summary, our exploration of indirectly beneficial multicel-
lularity in the Proterozoic Ocean reveals a diversity of ecological out-
comes and a non-monotonic relationship between evolved group 
size and oxygen availability. An extensive analysis shows that these 
qualitative results are robust to relaxing specific assumptions of 
our implementation, including the type of multicellular life cycle 
(Extended Data Fig. 2), the relative benefits of oxygen ro/rf (Extended 
Data Figs. 3 and 4) and the perfect spatial segregation between upper 
and lower layers (Extended Data Fig. 5).

Discussion
What selective factors drove the evolution of multicellular life is a 
long-standing open question56–58. Here we have introduced a new way to 
organize the various benefits that have been proposed: we distinguish 
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between direct benefits (for example, release from phagotrophic preda-
tion, improved stress resistance, division of labour) which yield some  
advantage to groups relative to single cells in the same local environ-
ment, and indirect benefits, which offer no local advantage to groups 
but emerge at the population level as a consequence of the average 
environment experienced by groups. The key distinction is that indi-
rect benefits require spatial heterogeneity and differential space use 
between unicellular and multicellular strategies, whereas direct ben-
efits can arise even in homogeneous environments. We show that two 
kinds of indirect benefits are possible—environmental exploitation and 
escaping competition—and that both are able to drive the evolution 
of multicellularity even in the absence of any direct benefits, that is, 
under adverse conditions in which multicellularity is selected against 
in each individual environment.

The first indirect benefit, environmental exploitation, refers to 
situations in which groups have improved access to a desirable environ-
ment, even though, in this desirable environment, they still perform 
worse than solitary cells. This potential benefit of multicellularity has 
been recognized across a range of different scenarios: in an aquatic 
environment, groups may sink to lower layers devoid of predators 
or pathogens23, groups may attach to a surface where they cannot be 
swept away by currents5,36,59, or groups may have improved chemot-
axis and be better at finding patches with resources38,39. There is less 
precedent for the second indirect benefit, release from competition 
with the unicellular ancestor (but see ref. 60), which depends not on 
the quality of an environment but on the extent to which the unicel-
lular competitor occupies it. Escaping competition is intrinsically less 
intuitive, because it can apply even when groups are biased towards less 
desirable environments. For example, in the Proterozoic Ocean, sinking 
to lower layers could have allowed multicellularity to evolve despite 
groups facing a double cost of increased diffusion limitation and exclu-
sion from oxygen, which was mostly restricted to the upper layer9,10,45,46.

Our finding that spatial heterogeneity can allow a multicellular 
mutant to persist, even when faced with competition from the unicel-
lular ancestor, comports with the general ecological idea that spatial 
heterogeneity can support coexistence61–64. In particular, our model 
evokes the notion of a competition–colonization trade-off65–67, as an 
inferior competitor (the multicellular mutant) is able to persist thanks 
to spatial heterogeneity. However, while competition–colonization 
models predict either coexistence or exclusion of the inferior competi-
tor, in our model, the superior competitor (the unicellular ancestor) 
can end up being excluded by the inferior competitor (the multicel-
lular mutant). This type of outcome is more consistent with ecological 
models where different life stages inhabit different environments, 

which have been built to study the dynamics of species with complex 
life cycles (for example, frogs where the tadpole is aquatic but the adult 
is terrestrial)68–70.

Our in-depth exploration of indirectly beneficial multicellularity 
in the Proterozoic Ocean uncovered a diversity of ecological outcomes 
and a non-monotonic relationship between group sizes and oxygen 
availability. Large group sizes evolve when there is either little oxygen 
(and all or almost all cells are restricted to fermentation) or abundant 
oxygen (when all or almost all cells can access oxygen), which generally 
leads to coexistence between unicellular and multicellular strategies. 
By contrast, at intermediate oxygen concentrations, selection favours 
intermediate group sizes: large enough to sink, yet small enough to 
avoid substantial oxygen deprivation. This generally results in the 
exclusion of the unicellular ancestor, because the smaller stages of 
the multicellular strategy still exert a strong competitive pressure on 
the upper layer. Of course, all these results assume the existence of an 
oxygen-mediated trade-off, which may not exist for some multicellular 
forms (for example, some filaments).

This non-monotonic relationship may have implications for 
the timing of multicellular origins across major eukaryotic lineages, 
which are typically thought to have arisen only towards the end of the 
Proterozoic9,12–14, despite some apparent, but controversial, deeper 
time fossil evidence of macroscopic multicellularity40,71–74. Our finding 
that large groups evolve at low oxygen concentrations suggests that 
macroscopic multicellularity could, actually, have evolved earlier in 
the Proterozoic. However, if macroscopic multicellularity did, indeed, 
evolve in the early Proterozoic, our model also predicts that it would 
have gone extinct, displaced by smaller multicellular forms, as oxy-
gen levels continued to increase. But this displacement would have 
been possible only if the larger multicellular forms did not evolve—
for lack of time or metabolic/biophysical capabilities—additional 
benefits of group living that could have offset the oxygen-mediated  
trade-off.

A detailed comparison is worth making between the results 
of our Proterozoic Ocean model and empirical work in snowflake 
yeast. Multicellular snowflake yeast evolves in experiments where 
unicellular yeast is exposed to selection for fast growth (favouring 
single cells and smaller groups that minimize oxygen deprivation) 
and selection for settling (favouring larger groups that sink faster)22. 
Thus, much like our set-up, this system features a size-dependent 
trade-off between the benefits and costs of multicellularity. But it 
fundamentally differs from our set-up because the benefits of mul-
ticellularity are direct rather than indirect. Nonetheless, empirical 
work on snowflake yeast has also revealed suppression of group size 
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at intermediate oxygen concentrations15. This convergence in find-
ings reinforces the robustness of the non-monotonicity and can be 
explained from the size-dependent trade-off, which exists in both the 
indirect and direct settings and is most pronounced at intermediate 
oxygen concentrations.

Altogether, our results make a theoretical case for indirect ben-
efits as a worthwhile research avenue. But is there evidence that they 
exist in reality? Lab experiments that explicitly incorporate spatial 
heterogeneity provide some promising examples. For instance, in spa-
tially structured experimental microcosms, Pseudomonas fluorescens 
bacteria evolve to form sticky multicellular mats that take advantage 
of a high-oxygen air–liquid interface75–78. The glue necessary to form 
and maintain the mat is costly, giving the multicellular mutants an 
intrinsic growth rate disadvantage relative to their unicellular ances-
tor (that is, no direct benefits), which is compensated by the indirect 
benefits of being exposed to the oxygen-rich environment. In fact, 
when cells in the mat mutate back to their ancestral non-sticky pheno-
type—thereby avoiding the costs of group formation while still reaping 
the indirect benefits—they are able to outperform their sticky rela-
tives76. Thus, this experiment provides an example of the emergence 
of multicellular groups through indirect benefits, in the absence of 
direct benefits. Although the multicellular mats are not yet part of a 
proper multicellular life cycle at this stage, they can become part of 
one, as it has been shown that a life cycle could naturally emerge in a 
metapopulation setting77,79.

It is not yet clear whether there are any examples of organisms that 
indirectly benefit from being multicellular in their natural environment. 
However, indirect benefits offer a potential candidate explanation for 
multicellularity in some primitively multicellular organisms80–87 where 
the benefits of multicellularity remain elusive. Many of these organisms 
navigate different environments throughout their life cycle85–87, which 
provides the spatial heterogeneity required for indirect benefits to 
apply. If multicellularity were to indeed be only indirectly beneficial, 
that would also explain why these benefits are difficult to detect in a 
lab setting: multicellularity would not provide any advantage when 
solitary cells and multicellular groups are compared under the same 
conditions. Only an experimental set-up that incorporates spatial 
heterogeneity—as in the Pseudomonas example above—would allow 
potential indirect benefits to be revealed.

Even for extant complex multicellular organisms (for example, 
animals and plants), which today derive obvious direct benefits of 
multicellularity (for example, controlled cell differentiation), it is pos-
sible that indirect benefits played a role in a deep evolutionary past. 
At the origins of multicellularity, these lineages might have initially 
persisted through indirect—rather than direct—benefits, which could 
have provided a critical time window during which directly beneficial 
innovations such as cell differentiation could evolve.

Methods
Model description
Migration. Single cells and multicellular groups can migrate between 
the two different environments, A and B, but at possibly different rates 
(Fig. 1a). Single cells (whether belonging to the unicellular or multicel-
lular strategy) migrate from environment A to environment B at rate 
m1,AB and from environment B to environment A at rate m1,BA. Similarly, 
groups of size n migrate at rates mn,AB and mn,BA. For instance, if A and 
B represent upper and lower layers of the water column, then mn,AB 
would increase with n (larger groups sink faster), while mn,BA would 
decrease with n.

Growth dynamics. The rate at which cells divide may depend on the 
environment and on the size of the group that they are in (Fig. 1b). Single 
cells (whether belonging to the unicellular or multicellular strategy) 
divide at a rate r1,A in environment A and at a rate r1,B in environment  
B. Cells that belong to groups of size n divide at rates rn,A and rn,B. In our 

main analysis, we omit density-independent death, so that the intrinsic 
growth rate of cells is equal to their division rate. Our results remain 
qualitatively unchanged when we include density-independent death of 
solitary cells or whole groups (Supplementary Information section 2.6).  
To reflect the premise of no direct benefits, we assume that, for cells 
in groups of every size n > 1,

rn,A < r1,A and rn,B < r1,B.

Thus, we assume that in both environments single cells have a higher 
intrinsic growth rate than cells in groups of any size.

Competition. Groups and single cells die from competition with oth-
ers in the same environment (Fig. 1b). Specifically, cells and groups in 
environment A experience density-dependent death due to competi-
tion for the same resources at rate γTA, where TA is the total density of 
cells in environment A and γ is the competition rate. Similarly, cells and 
groups in environment B experience density-dependent death at rate 
γTB. This form of density-dependent death does not bring a selective 
advantage to any life cycle, unicellular or multicellular88.

Life cycles. In the unicellular strategy, each cell division gives rise to 
a new single cell (Fig. 1c). For the multicellular strategy, we consider 
three qualitatively different types of multicellular life cycles that cap-
ture some of the diversity in reproduction modes across simple mul-
ticellular organisms89: producing a single unicellular propagule (for 
example, some bacteria90–92), dissolution into many propagules (for 
example, some green algae93 and ichthyosporeans94) and fission into 
two groups of roughly equal size (for example, some choanoflagel-
lates95 and golden algae96). We assume that cells stay together after cell 
division until a critical group size is reached, upon which fragmentation 
occurs according to a specific fragmentation pattern97:

N + 1: Once groups reach size N + 1, they instantaneously split into 
a group of size N and a single-cell propagule.
N × 1: Once groups reach size N, they instantaneously disintegrate 
into N single-cell propagules.
N/2 + N/2: Once groups reach size N, they instantaneously split into 
two groups of equal size. If N is odd, one of the fragments ends up 
with an extra cell (that is, one group with (N + 1)/2 cells and another 
with (N − 1)/2 cells).

Spatial distributions. To keep track of the emergent spatial distribu-
tions of solitary cells and multicellular groups, we define qA as the 
fraction of ancestral solitary cells that inhabit environment A at steady 
state; the remaining fraction qB = 1 − qA inhabits environment B. Simi-
larly, we denote by pn,A the fraction of groups of size n ≥ 1 in environ-
ment A at steady state; the remaining fraction pn,B = 1 − pn,A of groups 
of size n inhabits environment B. In particular, p1,A and p1,B describe 
the spatial distribution of single cells belonging to the multicellular 
strategy. Even though these cells are subject to the same migration 
rates as the ancestral solitary cells, they may nonetheless differ in their 
spatial distribution because of where they are produced. In general, 
the spatial distributions emerge from the interplay between migra-
tion, reproduction and competition. But, when migration occurs on a 
much faster timescale than reproduction and competition, the spatial 
distributions are entirely determined (Supplementary Information 
section 2.5) by the migration rates as

qA = p1,A =
m1,BA

m1,AB +m1,BA
(5)

and

pn,A =
mn,BA

mn,AB +mn,BA
. (6)
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Model equations
Here we present the model equations for the competition between a 
multicellular mutant with life cycle N + 1 and the unicellular ancestor. 
The models for the N × 1 and N/2 + N/2 life cycles can be found in the 
Supplementary Appendix.

We denote the time-dependent densities of ancestral single cells 
in environments A and B by yA and yB, respectively. Furthermore, xn,A is 
the time-dependent density of mutant groups of size n in environment 
A and xn,B in environment B. The total time-dependent density of cells 
in environment A becomes

TA = yA + x1,A + 2x2,A + 3x3,A +… (7)

and similarly for TB. The population dynamics in environment A are 
therefore given by

dyA
dt

= r1,AyA − γTAyA −m1,AByA +m1,BAyB (8)

for the unicellular ancestor and by

dx1,A
dt

= NrN,AxN,A − r1,Ax1,A − γTAx1,A −m1,ABx1,A +m1,BAx1,B, (9)

dxn,A
dt

= (n − 1)rn−1,Axn−1,A − nrn,Axn,A − γTAxn,A

− mn,ABxn,A +mn,BAxn,B (where 1 < n < N),
(10)

dxN,A
dt

= (N − 1)rN−1,AxN−1,A − γTAxN,A −mN,ABxN,A +mN,BAxN,B (11)

for the multicellular mutant. The equations for environment B are 
analogous. The terms γTA and γTB reflect the competition-driven 
density-dependent mortality in the two environments. For more 
details, see Supplementary Information section 1.

Condition for the invasion of a multicellular mutant
We show in Supplementary Information section 2.3 that a necessary 
and sufficient condition for the N + 1 life cycle to invade the unicellular 
ancestor is

N!RN
CN

N−1
∏
n=1

1
n + Cn

Rn

> 1. (12)

The left side of (12) equals the basic reproduction number of an N + 1 
life cycle: the expected number of single-cell propagules generated 
by one instantiation of the life cycle. For the 2 + 1 life cycle, condition 
(12) becomes

2 R2
C2

1
1 + C1

R1

> 1, (13)

which can be rearranged to obtain (3).

Invasion experiments with random parameters
For each panel in Fig. 2, we first fixed the total migration rate M = m1,AB 
+ m1,BA + m2,AB + m2,BA and the total reproduction rate R = r1,A + r1,B + r2,A + 
r2,B. We set R = 1 and used M = 0.02 for slow migration, M = 1 for inter-
mediate migration and M = 50 for fast migration. Then, for each of 
these scenarios, we performed 104 simulations with randomly sampled 
parameters. We randomly sampled migration rates m1,AB, m1,BA, m2,AB and 
m2,BA with sum M by setting

m1,AB =
u1

∑4
i=1ui

M, m1,BA =
u2

∑4
i=1ui

M, m2,AB =
u3

∑4
i=1ui

M, m2,BA =
u4

∑4
i=1ui

M,

(14)

with ui ∼ U(0, 1) uniformly distributed for i = 1, 2, 3, 4. We used a similar 
approach to randomly sample growth rates r1,A, r1,B, r2,A and r2,B with 
sum R. To impose the premise of no direct benefits, we re-sampled the 
growth rates until they satisfied r1,A > r2,A and r1,B > r2,B. Every simulation 
had the same rate of competition γ = 1.

After parameters were sampled, we evaluated the steady state of 
the unicellular ancestor in isolation ( y∗A and y∗B) by numerically simulat-
ing (8) until t = 107 (there is always a unique stable equilibrium; Sup-
plementary Information section 2.1). With the unicellular ancestor’s 
population density at steady state ( y∗A and y∗B), the spatial distribution 
of ancestral cells is evaluated as

qA =
y∗A

y∗A + y∗B
, andqB =

y∗B
y∗A + y∗B

. (15)

Then, at this steady state, we evaluated the Jacobian matrix M for the 
differential equations associated with the 2 + 1 life cycle ((9) and (11) 
for N = 2). That is,

M =

⎛
⎜
⎜
⎜
⎜
⎝

−r1,A − γy∗A −m1,AB 2r2,A m1,BA 0

r1,A −γy∗A −m2,AB 0 m2,BA

m1,AB 0 −r1,B − γy∗B −m1,BA 2r2,B
0 m2,AB r1,B −γy∗B −m2,BA

⎞
⎟
⎟
⎟
⎟
⎠

,

(16)

with x⃗ = (x1,A, x2,A, x1,B, x2,B) .  From the dominant eigenvector 
v⃗ = (v1,A, v2,A, v1,B, v2,B), associated with the dominant eigenvalue λ, we 
obtain the spatial distribution of one-cell groups (p1,A and p1,B) and 
two-cell groups (p2,A and p2,B) during the invasion from rare. The expres-
sions are given by

p1,A =
v1,A

v1,A + v1,B
, p1,B =

v1,B
v1,A + v1,B

, p2,A =
v2,A

v2,A + v2,B
andp2,B =

v2,B
v2,A + v2,B

;
(17)

see Supplementary Information section 2.2 for more details. Then, the 
values of R1, R2, C1 and C2 were calculated using (1) and (2).

The evolutionary outcome for each set of parameters was deter-
mined by numerically simulating the invasion of the 2 + 1 life cycle into 
a resident unicellular population. First, the unicellular ancestor was 
simulated in isolation (equation (8)). We then introduced 10−4 single 
cells of the 2 + 1 life cycle into each environment and simulated the full 
system using equations (8)–(11). Both simulations were run until t = 107, 
a duration considered sufficient to ensure that the system had reached 
steady state. We classified the ecological outcome as dominance when 
either the unicellular or multicellular total cell population (summed 
across both environments) fell below 10−6, a threshold small enough 
to consider the corresponding population displaced. Otherwise, the 
outcome was classified as coexistence. Points were further categorized 
as stable equilibria when, over the last 103 time steps, the maximum 
variation of every variable in equations (8)–(11) was below 10−6; other-
wise, the outcome would be classified as oscillatory. No oscillations 
were observed.

The Proterozoic Ocean example
We assume that single cells are buoyant and inhabit the upper layer 
of the water column (environment A). Groups below a critical size 
NS are also buoyant and stay in the upper layer. Once the critical size 
is reached, groups instantly sink to a lower layer (environment B). In 
other words, the spatial distribution of groups of any given size n is
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pn,A = {
1 ifn < NS;

0 ifn ≥ NS,
and pn,B = {

0 ifn < NS;

1 ifn ≥ NS.
(18)

In the upper layer of the water column, single cells and cells in small 
multicellular groups perform respiration and divide at high rates (ro); 
after a critical group size NU, we assume that oxygen cannot diffuse 
deeper into the multicellular body, and any cells past the critical size 
are limited to doing fermentation with a lower division rate rf. Thus, 
the growth rates in the upper layer are given by

rn,A = {
ro ifn ≤ NU;
NU⋅ro+(n−NU)⋅rf

n
ifn > NU.

(19)

In the lower layer, diffusion limitation can occur at even smaller group 
sizes. Thus, the maximal number of respiring cells in each group is 
reduced from NU to NL ≤ NU. The growth rates in the lower layer are

rn,B = {
ro ifn ≤ NL;
NL⋅ro+(n−NL)⋅rf

n
ifn > NL.

(20)

Dynamical equations are provided in Supplementary Information 
section 3.3.

Finally, we relax the assumption of perfect spatial segregation 
between the water layers by introducing the possibility of mixing: a 
proportion 0 ≤ qL ≤ 0.5 of single cells and groups below the sinking 
size NS now inhabits the lower layer. More details are provided in Sup-
plementary Information section 3.3.

Evolutionary simulations
To investigate the evolutionary dynamics of the Proterozoic Ocean 
example, we simulated the repeated introduction of rare mutants—
that differ in their fragmentation size—in a resident community until 
an ESC (that is, a community that cannot be invaded by any life cycle 
not already present) was reached. Here we present the set-up and 
the procedure for our simulations. Detailed information on the evo-
lutionary simulations is provided in Supplementary Information  
section 3.4.

Simulation set-up. The maximum fragmentation size allowed in our 
simulations is 121. Only one life cycle type (N + 1, N × 1 or N/2 + N/2) is 
allowed per simulation. Mutations are assumed to be global (that is, 
life cycles with fragmentation size M can produce mutants of any other 
fragmentation size 2 ≤ M′ ≤ 121 with the same probability); our results 
stay the same if the probability of mutations from M to M′ decreases 
with |M −M′|). Even though the introduction of mutants is stochastic, 
all simulations with the same set of parameters eventually reach the 
same ESC.

Simulation procedure. Starting from a resident community exclu-
sively composed by the unicellular ancestor (life cycle 1 + 1), we ran-
domly sample a life cycle N + 1 (1 ≤ N ≤ 120) that is not present and is 
capable of invading (see Supplementary Information section 3.2 for 
the invasion conditions). Then, we simulate the invasion and let it reach 
steady state (a stable equilibrium is always reached; we never find oscil-
lations). The invasion results in a new resident community (as some life 
cycles may have been competitively excluded), which could potentially 
be invaded again. If that is the case, we sample a new invader and repeat 
the process above. If the new resident community cannot be invaded 
by any life cycle that is not already present, we have reached an ESC, 
and the simulation is terminated. The specific details for the procedure 
above are detailed in Supplementary Information section 3.4.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The study is theoretical; no new empirical data were generated. All 
simulated data are available via Zenodo at https://doi.org/10.5281/
zenodo.18749114 (ref. 98).

Code availability
All scripts needed to replicate the results presented here are available 
via Zenodo at https://doi.org/10.5281/zenodo.18749114 (ref. 98).
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Extended Data Fig. 1 | Ecological outcomes of 2+1 invasion: coexistence or 
exclusion. Possible outcomes of the invasion of 2+1 in the fast migration limit, 
depending on the spatial distribution of solitary cells (qA = p1,A) and 2-cell groups 
(p2,A). The space is colored based on the presence of indirect benefits: escaping 
competition (blue), environmental exploitation (orange), or both (purple). In (a), 
the white hatched region indicates where indirect benefits are strong enough to 

facilitate the invasion of multicellularity (R2 > C2). In (b), the white hatched region 
indicates where the multicellular mutant eventually displaces the unicellular 
ancestor. In each panel of (a) and (b), a different reduction in growth rates for 
cells in groups, relative to single cells, is assumed: (i) r2 = 0.8r1, (ii) r2 = 0.94r1, and 
(iii) r2 = 0.98r1. We set r1,A = 15 and r1,B = 5.
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Extended Data Fig. 2 | Robustness analysis across life cycles: results for N + 1, 
N × 1 and N/2 + N/2 life cycles. Evolutionarily stable communities (ESCs) for the 
different life cycle types: (a) N + 1, (b) N × 1, (c) N/2 + N/2. Colored regions indicate 
the different types of ESCs. For each life cycle type, we present: (i) ESC outcomes 
as a function of NU and NL (as in Fig. 5, when NU≥NS, the value of NU becomes 
irrelevant as all cells in the upper layer have access to oxygen); (ii) Maximum 
attained group sizes as a function of oxygen concentration, under the assumption 
that NU = 2NL; (iii) The full life cycle community present at each NU = 2NL (each black 
square indicates the presence of the corresponding life cycle in the ESC). In (ii)  
and (iii), the colors in the background indicate the ESC reached for the given NL. 

For the N × 1 and N/2 + N/2 life cycles, the dominance ESC region is characterized by 
either a single dominant sinking life cycle or two adjacent sinking life cycles (two 
life cycles whose fragmentation sizes N and M differ by one cell, that is, ∣N − M∣=1). 
Across different life cycles, the results remain qualitatively consistent. The only 
exception is a new ESC (purple) that appears for NL = 0 in the N/2 + N/2 life cycle, 
where all non-sinking life cycles that do not experience oxygen limitation coexist 
with all life cycles that never inhabit the lower layer (that is, N + N with N≥NS). 
Simulations used ro = 6.8, rf = 1, and γ = 1. Life cycles N + 1 and N/2 + N/2 used NS = 20 
while N × 1 used NS = 10. See Section S3.6 of the Supplementary Information for a 
brief discussion of these results.
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Extended Data Fig. 3 | Robustness analysis across fermentation growth rates: 
N + 1 results for low rf. Evolutionarily stable communities (ESCs) for different 
fermentation growth rates: (a) rf=0.01, (b) rf=2, (c) rf=3. Colored regions indicate 
the different types of ESCs. For each fermentation rate, we present: (i) ESC 
outcomes as a function of NU and NL (as in Fig. 5, when NU ≥ NS, the value of NU 
becomes irrelevant as all cells in the upper layer have access to oxygen);  
(ii) Maximum attained group sizes as a function of oxygen concentration, under 

the assumption that NU = 2NL; (iii) The full life cycle community present at each  
NU = 2NL (each black square indicates the presence of the corresponding life 
cycle in the ESC). In (ii) and (iii), the colors in the background indicate the ESC 
reached for the given NL. Simulations used ro=6.8, NS=20, and γ =1. Across low 
fermentation growth rates (0.01≤ rf≤ 3), the results for N+1 remain qualitatively 
consistent relative to Fig. 5 (rf=1). See Section S3.6 of the Supplementary 
Information for a brief discussion of these results.
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Extended Data Fig. 4 | Robustness analysis across fermentation growth  
rates: N + 1 results for high rf. Evolutionarily stable communities (ESCs) for 
different fermentation growth rates: (a) rf = 4, (b) rf = 5, (c) rf = 6. Colored regions 
indicate the different types of ESCs. For each fermentation rate, we present:  
(i) ESC outcomes as a function of NU and NL (as in Fig. 5, when NU≥NS, the value  
of NU becomes irrelevant as all cells in the upper layer have access to oxygen); 
(ii) Maximum attained group sizes as a function of oxygen concentration, under 
the assumption that NU = 2NL; (iii) The full life cycle community present at each 
NU = 2NL (each black square indicates the presence of the corresponding life 
cycle in the ESC). In (ii) and (iii), the colors in the background indicate the ESC 

reached for the given NL. Simulations used ro = 6.8, NS = 20, and γ =1. Across high 
fermentation growth rates (4≤rf≤6), the results for N + 1 remain qualitatively 
consistent, except when rf becomes too high. For rf = 5 (b) and rf = 6 (c), we find a 
new evolutionary outcome (purple): non-sinking life cycles are displaced, and 
all sinking life cycles that grow past a threshold coexist neutrally (iii). In Section 
S4 of the Supplementary Information, we analytically show that the ESC regimes 
described in the main text, together with the additional regime highlighted above 
(purple), are the only possible ESCs for the N + 1 life cycle. See Section S3.6 of the 
Supplementary Information for a brief discussion of these results.
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Extended Data Fig. 5 | Robustness analysis across different degrees of mixing. 
(a) ESC outcomes when there is some mixing and a proportion qL of single cells and 
groups below size NS inhabit the lower layer (see Section S3.6 of the Supplementary 
Information for a brief discussion of these results). In part of the gray region, 
evolving non-trivial multicellularity is impossible altogether; in the other part, it 
can only evolve for very high fragmentation sizes, not captured in our simulations. 
Thus, for the N + 1 life cycle, we calculate the smallest fragmentation size able to 

invade the unicellular ancestor as a function of NU and NL, and across different 
mixing (qL) values (b). To determine if multicellularity can invade, we first 
numerically evaluate Result S2.3 (see Section S2 of the Supplementary 
Information) for all N + 1 life cycles up to fragmentation size 121. If none of these life 
cycles can invade but ρ(N) is increasing with N for N > NS (and, therefore, T∗B > rf/γ), 
we know that eventually a very large life cycle (N + 1 with N > 120; darkest orange in 
the figure) will invade (see Section S4.5 of the Supplementary Information).

http://www.nature.com/natecolevol
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