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Overview
This supplementary information file is organized as follows. Supplementary Methods A re-examines key assump-
tions and approximations that simplified the analysis of the public goods model in the main text. Supplementary
Methods B considers several models for alternative biological systems leading to different kinds of public goods.
Both Supplementary Methods A and Supplementary Methods B demonstrate the robustness and generality of our
results when relaxing our assumptions and approximations. Supplementary Methods C gives details on the simu-
lation model that examines the possibility of intermediate coordination. Supplementary Discussion distinguishes
different kinds of fitness costs that can be incurred by a mechanism to divide labour and discusses the potential
role of functional constraints.
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Supplementary Methods A Alternative modelling assumptions

Supplementary Methods A.1 Discrete proportions of helpers
In the main text, we approximated the optimal proportion of helpers in coordinated groups as a continuous variable
p∗ ≈ p̂ ∈ [0, 1]. In reality, this quantity is discrete as it is given by p∗ = k∗/n and there can only be an integer
number of helpers in the group (since k∗ ∈ N , then p∗ ∈ P).

Here, we show that this assumption is relatively innocuous. First, it is clear that p∗ tends to p̂ as n grows
(Supplementary Figure 1A). Second, we find that even for relatively small group size n the predictions of the model
are relatively independent of this assumption. To show this, we repeat our analysis without making the continuous
approximation. That is, we evaluate wC(p∗) > wR(p∗) where p∗ is not approximated as p̂ but is calculated
numerically for each combination of parameters considered, so that p∗ ∈ P . The results of this analysis are
shown in Supplementary Figure 1B. As expected, we find the broad results are similar to those of the continuous
treatment, although we now find that in some cases division of labour is not favoured.

Supplementary Methods A.2 Optimal random specialisers
In the main text, we assumed that the probability of becoming a helper, q, was approximately equal to the optimal
proportion of helpers (i.e., we let q = p̂ ≈ p∗) (Supplementary Figure 1A). A more parsimonious assumption
is that the probability of being a helper in random specialisers is the one optimising fitness, so that random
specialisers play strategy q = q∗, with

q∗ = arg max
0≤q≤1

wR(q). (S1)

This alternative modelling assumption makes the fitness of random specialisers larger (as wR(q∗) ≥ wR(p∗)
necessarily holds) and thus will make, all else being equal, random specialisation more likely to be favoured over
coordinated specialisation.

To find q∗ for the linear public goods model, we take the derivative of Equation 17 in the main text with respect
to q:

w′R(q) = (1− cR)

(
−b+ h

n− 1

n
− 2h

n− 1

n
q

)
. (S2)

This derivative is decreasing in q (hence wR(q) is concave) and has a single root q∗ given by

q∗ =
h(n− 1)− bn

2h(n− 1)
=

1

2

(
1− n

n− 1

b

h

)
. (S3)

Such root lies in the interval (0, 1) if w′R(0) = h(n − 1)/n − b > 0 holds, or equivalently, if h/b > n/(n − 1)
holds, which we assume in the following. Expression (S3) is increasing in both n and h/b. We also note that

p̂− q∗ =
b

2h(n− 1)
≥ 0, (S4)

and hence (i) for essential cooperation (b = 0), p̂ = q∗, (ii) for non-essential cooperation (b > 0), p̂ always
overestimates q∗, but (iii) the difference between the two values is inversely proportional to n and goes to zero as
n grows large. Thus, p̂ approximates q∗ relatively well for relatively large n, which justifies our use of p̂ as an
approximation in the main text (see Supplementary Figure 1A).

We further note that the derivative (S2) can be understood as a selection gradient on q. As such selection
gradient is decreasing in q, the point q∗ is not only a fitness maximum, but also the value to which evolution by
small-step mutations would eventually lead, that is q∗ is a convergence stable strategy [2, 6].

We present numerical results in Supplementary Figure 1C, evaluating the condition wC(p∗) > wR (q∗) to
determine when coordinated specialisation is favoured over random specialisation. Overall, we find similar quali-
tative results hold as in the simplified model.

Supplementary Methods A.3 Non-linear benefits to cooperation
In the main model, we assumed that reproductive fecundity depends linearly on the proportion of helpers in the
group. Here, we consider the possibility that there is a non-linear dependence on the proportion of helpers by
modelling reproductive fecundity after the sequence

fk,n = b+ h (k/n)
ν
, (S5)
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where ν > 0 is a parameter controlling the shape of the return from an increasing proportion of helpers. If
ν < 1, there is a large initial return from the addition of the first helper, followed by a decelerating rate of
return as the proportion of helpers increases (i.e., fk,n is concave; see Supplementary Figure 2A). Otherwise, if
ν > 1 there is a small initial return from the addition of the first helper followed by an accelerating rate of return
as the proportion of helpers increases (i.e., fk,n is convex; see Supplementary Figure 2B). In all cases, (S5) is
monotonically increasing from zero to one.

We considered the parameter discretisation, n ∈ {2, 4, . . . , 38, 40} and h/b ∈ {1, 1 + 9/24, . . . , 1 + 23 ×
9/24, 1} and, for each combination of parameters, we solved numerically for the optimal proportion of helpers, p∗,
that maximisesG(p). For each combination of parameters, we then determined whether coordinated specialisation
is favoured over random specialisation (i.e., whether wC(p∗) > wR(p∗) holds), to ascertain whether accelerating
(ν > 1), or decelerating (ν < 1) returns affect the predictions of our analysis. We find that the same broad results
hold as in the linear public goods game (see Supplementary Figure 2C and 2D). We further find that accelerating
benefits, in which there is a low initial return from helpers, can only lead to division of labour being favoured for
a sufficiently high relative importance of cooperation (Supplementary Figure 2D).
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Supplementary Methods B Alternative forms of cooperation
In the main model, we assumed that the fecundity of reproductives depends on the proportion of sterile helpers
in the group, k/n. Here, we consider the conceptual underpinnings of this assumption (section Supplementary
Methods B.1) and analyse alternative scenarios where reproductive fecundity depends either on the number of
helpers in the group, k (section Supplementary Methods B.2), or on the ratio of helpers to reproductives, k/(n−k)
(section Supplementary Methods B.3). We also analyse a model in which helpers may also reproduce, albeit with
diminished fecundity (section Supplementary Methods B.4). Further, our main model assumed that division of
labour occurs only when groups reach their maximal size. Here we consider an extention of the model in which
division of labour occurs in every generation of group growth (section Supplementary Methods B.5).

Supplementary Methods B.1 Reproductives benefit from the proportion of helpers
There are two key scenarios where reproductive fecundity can be modelled as depending on the proportion of
helpers in the group, k/n.

First, the benefits provided by helpers may constitute a good that is consumed by its beneficiaries (sometimes
termed a congestible or rivalrous good), wherein the benefit experienced by one individual proportionally de-
creases the amount of good that may benefit its neighbours [3, 5]. For instance, the secretion of an extracellular
product that must be absorbed and digested in order to provide benefits (as happens in populations of B. subtilis
and A. cylindrica) can be conceptualised as such a good [7, 12, 14]. In particular, if the good is non-excludible
(i.e., all individuals use the benefits) then the benefits conferred to each reproductive is the total amount of help
(in the linear case, approximated as the number of helpers, k) divided by the number of individuals in the group
(n; reproductives and helpers alike) [5]. The fact that helpers also partake in the consumption of the public good
may be considered a type of soaking [10].

Second, the amount of good that each helper provides may depend on the number of individuals in the group
such that, all else being equal, a larger size entails less of a benefit to the group. For instance, helpers in V. carteri
beat their flagella to keep the colony afloat at the optimal height in the water column for photosynthesis [9, 11]. In
this case, the contribution of each helper (the degree to which it helps keep the colony at the right height) depends
inversely on the size of the group as larger colonies are more difficult to keep afloat.

Supplementary Methods B.2 Reproductives benefit from the number of helpers
An alternative assumption is that the fecundity of reproductives depends on the number of helpers in the group, k.
This would imply that the contribution of each helper to the total good does not depend on the size of the group
and that the benefit conferred to one individual does not decrease the benefits available for another. The benefits
provided by helpers in S. enterica infections is an example of such a good (a non-congestible or non-rivalrous
good) [3, 5]. In this case, helpers trigger a host immune response that wipes out competing microbial strains so
that reproductives may then proliferate without competition [1, 4]. Thus, the competitive advantage afforded by
the host immune response is not used up or depleted by any of its beneficiaries, unless there are so few niches
vacated that reproductives then compete with one another.

We would like to know whether we recover similar results as the ones we obtained assuming that reproductives
benefit from the proportion of helpers in an alternative model in which the fecundity of reproductives depends on
the number of helpers in the group, k. To this end we posit the following specific sequence for reproductive
fecundity:

fk,n = b+ hk.

Replacing this expression into Equations 6 and 7, and by some abuse of notation (as now G depends explicitly on
the group size n), we obtain

G(p) = (1− p)(b+ hnp). (S6)

Treating p as a continuous variable, we calculate the first derivative of G with respect to p as

G′(p) = hn− b− 2hnp.

This derivative is decreasing in p (i.e., G(p) is concave), and has a single root p̂ given by

p̂ =
hn− b

2hn
=

1

2

(
1− 1

n

b

h

)
. (S7)
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Such root lies in the interval (0, 1) if h/b > 1/n, which we assume henceforth.
Using arguments similar to the ones we used in the Methods, it follows that we can approximate the fitness of

a coordinated group as

wC(p∗) = (1− cC)G(p∗) ≈ (1− cC)G(p̂),

while the fitness of a randomly specialising group randomising with probability q can be written as

wR(q) = (1− cR)

n∑
k=0

(
n

k

)
qk (1− q)n−k (1− k/n) (b+ hk)

= (1− cR)
(
b+ hnq − bq − hnq2 − hq(1− q)

)
= (1− cR) (G(q)− hq(1− q))
= (1− cR) (G(q)− hnVar(Q)) .

Assuming that random specialisers play q = p∗, the condition for coordinated specialisation to be favoured over
random specialisation is:

Var(P ∗)
h

G(p∗)
n >

cC − cR
1− cR︸ ︷︷ ︸

γ

. (S8)

Further endorsing our approximation p∗ ≈ p̂, we have

Var(P ∗) ≈ (hn− b)(hn+ b)

4n3h2
, (S9)

h

G(p∗)
≈ 4h2n

(hn+ b)2
, (S10)

so that condition (S8) becomes

hn− b
n(hn+ b)

> γ. (S11)

We present some numerical results in Supplementary Figure 3A evaluating the condition wC(p∗) > wR(p∗).
As in the main model where reproductives benefit from the proportion of helpers, we find that smaller group sizes
(smaller n) and relatively more important cooperation (higher h/b) favour coordinated specialisation. We also
find that less essential forms of cooperation (h/b < 1) may still favour division of labour.

Supplementary Methods B.3 Reproductives benefit from the ratio of helpers to repro-
ductives

In a second alternative scenario, only reproductive individuals benefit from the collective good. In this case,
the fecundity of reproductives is determined by the number of helpers (approximate amount of collective good)
divided by the number of reproductives (the number of beneficiaries of the good). This gives the following
expression for the fecundity of a reproductive in a group of size n with k helpers:

fk,n =

(
b+ h

k

n− k

)
[k < n], (S12)

where [k < n] indicates that fk,n = 0 if k = n.
Replacing this expression into Equations 7 and 6 of the main text and simplifying, we obtain

gk,n =

(
b+

(h− b)k
n

)
[k < n]. (S13)

for the fitness of a group of size n with k helpers. This sequence is unimodal (first increasing, then decreasing) in
k if h > b holds, which we assume henceforth. In this case, k∗ = n− 1 maximises gk,n for all n, and the optimal
proportion of helpers is then p∗ = (n− 1)/n. It follows that the fitness for coordinated specialisers is given by

wC(p∗) = (1− cC)gk∗,n = (1− cC)gn−1,n = (1− cC)
b+ (n− 1)h

n
. (S14)
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In contrast, the expected fitness for random specialisers can be calculated as

wR(q) = (1− cR)

n−1∑
k=0

(
n

k

)
qk (1− q)n−k [b+ (h− b)k/n]

= (1− cR)

{
n∑
k=0

(
n

k

)
qk (1− q)n−k [b+ (h− b)k/n]−

(
n

n

)
qn (1− q)0 [b+ (h− b)]

}
= (1− cR) (b+ (h− b)q − hqn) . (S15)

At this point we deviate from our previous approximations and compare the fitness of coordinated specialisers
and the fitness of random specialisers by evaluating the condition wC(p∗) > wR(q∗), where q∗ is the optimal
probability of becoming a helper for random specialisers. We do this because this model results in a highly
asymmetric group fitness gk,n for which the approximation q∗ ≈ p∗ is less accurate.

The derivative of wR(q) (S15) with respect to q is given by

w′R(q) = (1− cR)(h− b− hnqn−1).

For h > b, this expression has a single root in the interval (0, 1), given by

q∗ =

(
h− b
hn

) 1
n−1

, (S16)

which maximises wR(q). Evaluating (S15) at q = q∗, and simplifying, we obtain the coordinated specialisation is
favoured over random specialisation (wC(p∗) > wR(q∗)), when

b/n+ h(n− 1)/n

b+ (h− b)
(
h−b
hn

) 1
n−1 − h

(
h−b
hn

) n
n−1

>
1− cR
1− cC

(S17)

holds.
Supplementary Figure 3B, graphically shows when coordinated specialisation is favoured over random spe-

cialisation. We find that that smaller group sizes (n) and relatively more important cooperation (higher h/b) favour
coordinated specialisation.

In contrast to what we found when benefits depend on the number of helpers (cf. Supplementary Figure 3A),
when the benefits depend on the ratio of helpers to reproductives (Supplementary Figure 3B) and the relative
importance of cooperation (h/b) is high, larger group sizes (n) may still favour fully coordinated specialisation.

Supplementary Methods B.4 Reproductive division of labour with non-sterile helpers
Here, we consider the possibility that helpers also reproduce. For instance, this happens with the subset of Bacilus
subtilis cells that produce protein degrading proteases (i.e., act as helper cells) but still produce offspring. Let
x ∈ [0, 1] be the degree to which helpers are specialised in the production of a public good. We assume that no
specialisation (x = 0) entails no production of public goods and no personal fecundity cost, but that increasing
specialisation (higher x) leads to a higher production of public goods at a linearly increasing personal cost to
fecundity such that full specialisation (x = 1) means that helpers are sterile. At a given level of specialisation, the
amount of public good produced by a helper is modelled as xα, where α > 1 is the scale of the efficiency benefit
from specialisation. Combined, these assumptions give rise to

G(p) = p(1− x)(b+ hxαp) + (1− p)(b+ hxαp), (S18)

where the first term is the per capita fitness of the group due to the fecundity of helpers, and the second term is the
per capita fitness of the group due to the fecundity of reproductives. To find the fitness of coordinated specialisers,
we assume that p is a continuous variable, and calculate the derivative

G′(p) = −2hxα+1p− xb+ hxα,

which is decreasing in p (i.e., G(p) is concave) and has a single root, p̂, given by

p̂ =
hxα−1 − b

2hxα
=

1

2

(
x−1 − x−α b

h

)
. (S19)
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Such a root lies in the interval (0, 1) if and only if hxα−1 > b holds. Otherwise, the maximiser ofG(p) (and hence
the optimal allocation of helpers) is given by p̂ = 0 (i.e., it is optimal to have no helpers). To make progress, we
approximate the optimal allocation of helpers, p∗, by p̂.

Note that the approximate optimal proportion (S19) (i) is independent of n; (ii) is an increasing function of
h/b such that p̂ = 1/(2x) when cooperation is essential (b = 0); and (iii) is an increasing function of the degree
of helper specialisation x such that p̂ = (h− b)/(2h) when helpers are sterile (x = 1; this recovers Equation (S7)
as a particular case).

On the one hand, we obtain an approximation to the fitness of fully coordinated specialisers by letting p∗ ≈ p̂,
which leads to

wC(p∗) = (1− cC)G(p∗) ≈ (1− cC)G(p̂). (S20)

On the other hand, the fitness of random specialisers can be calculated as

wR(q) = (1− cR)

n∑
k=0

(
n

k

)
qk (1− q)n−k [(k/n)(1− x)(b+ hxαk/n) + (1− k/n)(b+ hxαk/n)]

= (1− cR)
{
b(1− x)E [K/n] + hxα(1− x)E[K2/n2] + bE [(1−K/n)] + hxαE[K/n−K2/n2]

}
= (1− cR)

{
b(1− x)q + hxα(1− x)

nq(1− q) + n2q2

n2
+ b(1− q) + hxα

[
q − nq(1− q) + n2q2

n2

]}
= (1− cR)

{
b(1− x)q + hxα(1− x)

[
q(1− q)

n
+ q2

]
+ b(1− q) + hxα

[
q(1− q)− q(1− q)

n

]}
= (1− cR)

{
q(1− x) (b+ hxαq) + hxα(1− x)

q(1− q)
n

+ (1− q) (b+ hxαq)− hxα q(1− q)
n

}
= (1− cR)

{
G(q)− hxα+1 q(1− q)

n

}
(S21)

= (1− cR)
(
G(q)− hxα+1Var(Q)

)
, (S22)

where we have made use of the first two moments of the binomial distribution, E[K] = nq, E[K2] = nq(1− q) +
(nq)2, of expression (S18), and of the fact that Var(Q) = q(1− q)/n.

Assuming that random specialisers play the strategy q = p∗, their fitness can be approximated by

wR(p∗) = (1− cR)
(
G(p∗)− hxα+1Var(P ∗)

)
, (S23)

where P ∗ = K∗/n and K∗ ∼ Binomial(n, p∗) (and hence Var(P ∗) = p∗(1 − p∗)/n). Comparing expressions
(S20) and (S22), it follows that coordinated specialisation is favoured over random specialisation (i.e., wC(p∗) >
wR(p∗) holds) if

Var(P ∗)
hxα+1

G(p∗)
> γ. (S24)

Again, condition (S24) makes it explicit that the fecundity benefit of coordination over random specialisation can
be decomposed into a measure of the deviation from the optimal allocation of labour, Var (P ∗), and a quantity
that captures the relative cost of deviating from the optimal proportion of helpers, hxα+1/G(p∗).

To obtain a simple expression of condition (S24) in terms of our parameters n, b and h, we approximate p∗ by
p̂ as given in (S19). Substituting this approximation, condition (S24) becomes:

(hxα−1 − b)(hxα−1(2x− 1) + b)

n(hxα−1 + b)2
> γ. (S25)

The left-hand side of equation S25 is decreasing in the size of the group n. Numerical examination also reveals
that the left-hand side is increasing in the degree of helper specialisation, x, and that it is unimodal in the relative
benefits of cooperation, h/b, and in the efficiency benefits of specialisation, α (increasing and then decreasing). We
show these results graphically in Supplementary Figure 3C and 3D for two different values of helper specialisation.

When helpers are less specialised (smaller x), more essential cooperation (h/b) can lead to coordinated spe-
cialisation being less likely to evolve (Supplementary Figure 3C). This occurs because more essential cooperation
leads to a higher proportion of helpers (p̂), which can increase to values greater than 1/2 when helpers are not
sterile (x < 1) (Equation S19). When a high proportion of non-sterile helpers is favoured (p̂ ≈ 1), the expected
variance in the proportion of helpers can become very small (Var(P ∗) ≈ 0) and thus random groups are much
less likely to deviate from the optimal proportion of helpers.
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Supplementary Methods B.5 Reproductive division of labour as groups grow
We outline here a simulation model in which cells divide labour in every generation of the group-growth cycle.
We simulate group-growth cycles using either random specialisation or coordinated specialisation in order to
estimate the average fitness of each mechanism to divide labour in different scenarios. We assume that the social
interactions are given by a linear public goods game as the one presented in the main text. For simplicity, although
we investigate division of labours in groups of finite size, we implicitly assume that the size of groups is large. In
particular, we make the approximation p∗ ≈ p̂, with p̂ given by Equation 14 of the main text.

For each simulation, we assume that groups start with one reproductive and that one cell is added to the group
each generation of the group-growth cycle until the group has reached a total of n cells. Let t ∈ T = {1, 2, . . . , n}
index the generation of the group growth such that in generation t, there are t cells in the group. Let pt be the
proportion of helpers in the group at generation t. Since groups start with one reproductive, p1 = 0.

For groups that specialise randomly with helper probability q, we assume that each generation of the group
growth cycle the new cell adopts a helper phenotype with probability q and otherwise is a reproductive. Thus,
at generation t > 1, we have pt = (pt−1(t − 1) + 1)/t with probability q and pt = (pt−1(t − 1))/t with
probability 1 − q. The proportion of helpers in the final group of the life cycle, pn, can take a value in the set
{0, 1/n, . . . , (n− 1)/n}.

For groups that specialise with coordination, we assume that new cells adopt the phenotype that minimises the
absolute difference between the proportion of helpers in the group and the optimal proportion of helpers, p∗ ≈
p̂ = (h− b)/(2h) (cf. Equation 14 of the main text). Hence, in generation t > 1, if |(pt−1(t− 1) + 1)/t− p∗| >
|pt−1(t− 1))/t− p∗| then the new cell adopts a reproductive phenotype, and pt = (pt−1(t− 1))/t. On the other
hand if |(pt−1(t− 1) + 1)/t− p∗| < |pt−1(t− 1)/t− p∗|, then the new cell adopts a helper phenotype, and
pt = (pt−1(t− 1) + 1)/t.

For each combination of parameter values considered, we simulated a large number of group-growth cycles
(500 replications) for each mechanism in order to estimate the average fitness of each mechanism (wC and wR).
In each simulation, the fitness of the group at the end of the life cycle was calculated as the product of the group
fecundities at each generation, ∏

t∈T
(1− c)(1− pt)(b+ hpt), (S26)

where (1 − pt)(b + hpt) is the average fecundity of the group in generation t (cf. Equation 12 of the main text)
and where we set c = cC for coordinated groups, and c = cR for randomly specialising groups. Once again,
we assume that the probability that random specialisers adopt a helper role is equal to the optimal proportion of
helpers, q = p∗ ≈ p̂. We also assumed that the cost of the mechanisms cC and cR is independent of group size, n,
for both mechanisms.

Supplementary Figure 3E and 3F illustrate our results. We can see how smaller final group sizes (n), more
essential cooperation (higher h/b), and lower relative costs of coordination (γ) favour coordinated specialisation.
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Supplementary Methods C Evolution of the level of coordination (indi-
vidual based simulations)

In the first analysis of the main text, we assumed that all individuals in a coordinated group interact with one
another and so have complete information about the phenotypes of their social partners when specialising. Conse-
quently, coordinated groups are fully coordinated and always contain the optimal proportion of helpers to repro-
ductives, p∗. Here we relax this assumption and use individual based simulations to determine the optimal level
of coordination.

We provide a heuristic model where increasing the number of cell-to-cell interactions within the group can
lead incrementally to a more precise allocation of labour. We consider a costly trait s ∈ [0, 1] (the level of
coordination) that is equal to the independent probability that any two cells in the group interact with each other.
When a focal individual specialises, it adopts a helper role depending on how the proportion of helpers amongst
cells that it interacts with compares to a critical threshold, t ∈ [0, 1]. Variables s and t are co-evolving traits in
our simulations; they influence both the degree to which groups are coordinated and the degree to which labour
is divided (i.e., the realised proportion of helpers, p). As the expected connectivity of the group increases (i.e.,
higher s, more one-to-one interactions), there is a higher cost of coordination paid by the group. However, this
higher cost of coordination may be offset by the increased amount of information afforded to each individual when
specialising and thus an increased chance that the group ends up with the optimal proportion of helpers, p∗. This
trade-off means that in some cases the optimal strength of coordination may in fact be intermediate (0 < s < 1),
rather than the full coordination considered in the main analysis (s = 1).

In the following, we outline our individual-based model. First, we specify how the simulations are initialised
(section Supplementary Methods C.1). Second, given a group with a particular level of coordination (s), we spec-
ify how we determine which individuals interact with one another (section Supplementary Methods C.2). Third,
given a group with an interaction network and target proportion of helpers (t), we describe how the allocation of
labour within the group is determined (sec Supplementary Methods C.3). Fourth, given the allocation of labour,
we specify how the fitness of each group is determined (section Supplementary Methods C.4). Finally, we describe
how the individuals in the population compete globally from one generation to the next, and how mutation may
affect the trait values of s and t (section Supplementary Methods C.5). Results for the evolved level of coordina-
tion and target proportion of helpers (section Supplementary Methods C.6) are shown in Supplementary Figure
4.

Supplementary Methods C.1 Simulation initialisation
We create a population of approximately NT cells, sorted into groups of n cells. Specifically, we set the number
of groups in the population as Ng = dNT/ne, where dae is the least integer larger than or equal to a. Thus,
the population size, Ngn, is relatively constant while the number of groups increases as the group size decreases.
This reduces the effect of demographic stochasticity across simulations. All individuals in the population are
characterised by their trait values s and t. We assume that all groups are founded by a single asexual individual,
and thus that groups are clonal and that all individuals in the same group have the same trait values. At the
beginning of the simulation, we assume that all individuals in the population have no propensity for either division
of labour or coordination (i.e., s = 0, t = 0).

Supplementary Methods C.2 Coordination network
Given a group with a particular level of coordination, s, we determine the between-cell coordination network by
constructing a random graph G(n, s) where the n nodes correspond to the n cells in the group and where each
possible edge (representing the interaction between a given pair of cells) occurs independently with probability s
[8]. Thus, for a given s, the expected number of interacting pairs is sn(n− 1)/2. If s = 0, there are no interacting
pairs and individuals do not know the phenotypes of any other group members. If s = 1, all individuals interact
with all other individuals in the group and know whether they are helpers or reproductives. In between these two
extremes, individuals may only interact with a subset of the cells in the group and know only partial information
about the proportion of helpers in the group.

Supplementary Methods C.3 Individual specialisation
Before we can describe how individuals within the group specialise in this framework, we need to establish a few
definitions. For a given interaction network, G, let V = {v1, . . . , vn} be the set of nodes (individuals or cells)
and E be the set of edges, such that eij ∈ E if individuals vi and vj interact. We define an allocation of labour
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as the map a : V → {0, 1} such that a(vi) = 1 if individual vi is a helper and a(vi) = 0 if vi is a reproductive.
The realised proportion of helpers to reproductives in the group is then given by p =

∑n
i=1 a(vi)/n. We denote

by NG(vi) the open neighbourhood of individual vi. The degree of vi, di, is the number of cells in its open
neighborhood, that is, di = |NG(vi)|. Using these definitions we can write the open proportion of helpers in
the neighbourhood of individual vi as p(i) =

∑
vj∈NG(vi) a(vj)/di, that is, the fraction of its neighbours that are

helpers. If an individual has no neighbours (di = 0), then the open proportion of helpers is not defined and the
allocation of labour proceeds differently.

For a particular group (given a set of cells V and an interaction network E), we determine the allocation
of labour, a, using a threshold model. First, we assume that the group begins with an initial allocation of all
reproductives (a(v) = 0,∀v ∈ V). This implicitly presupposes that reproduction is the default phenotype of cells.
Then, for τ ≥ n time steps, we randomly sample with replacement one cell vi ∈ V at a time from the group. We
sample with replacement and set τ ≥ n so that a cell that has “committed” to a particular phenotype may still
switch if too many of its neighbours have adopted the same choice. This emphasises that the allocation of labour
process is dynamic and that developmental trajectories are plastic/responsive to their social environment. Each
chosen cell, vi, considers the open proportion of cells in its neighbourhood p(i) and chooses to adopt a helper or
reproductive phenotype depending on its target proportion of helpers, t. If p(i) < t, then the cell adopts a helper
phenotype (a(vi) = 1) as there are fewer helpers in its neighbourhood than its target proportion of helpers. If
p(i) > t, then the cell adopts a reproductive phenotype (a(vi) = 0) as there are more helpers in its neighbourhood
than its target proportion of helpers. If the open proportion of helpers is equal to the target proportion of helpers
(p(i) = t), then the cell adopts either phenotype with equal probability. If the individual has no neighbours
(di = 0), then the individual behaves as a random specialist with helper probability equal to the target proportion
of helpers (q = t).

Supplementary Methods C.4 Fitness
Once labour is allocated within the group, we calculate the fitness of the group using the fecundity equation of the
linear public goods model (Equation 12 of the main text) with b = 1− ε and h = ε, where ε is a measure of how
essential cooperation is. We assume that the cost of coordination is given by cC = c(1 − e−χsn(n−1)/2), where
sn(n− 1)/2 is the expected number of cell-to-cell interactions, c ∈ [0, 1] controls the scale of the cost, and χ > 0
determines how diminishing the cost is. We assume that the cost of coordination depends directly on the expected
number sn(n−1)/2 of cell-to-cell interactions rather than the realised number of cell-to-cell interactions because
the former captures the effort that each individual puts into coordination instead of how successful its efforts
actually were, and so is under evolutionary control.

Supplementary Methods C.5 Creating a new generation
Each generation, we create the new population by sampling group founders from individuals of the previous
generation. That is, we randomly pick individuals with a probability proportional to the relative fitness of each
group. The process repeats Ng times with replacement. Each sampled individual forms a group of n individuals
with inherited trait values s and t. When the founder individual is sampled, we assume that there is a chance µ
of having a mutation in one of the traits. If a mutation happens, the trait value is perturbed by adding a normally-
distributed random number, δ ∼ Normal(0, σ2), where σ2 is the variance in the size of the mutation, truncated
between zero and one.

Supplementary Methods C.6 Simulation results
We performed simulations for each combination of group size n ∈ {2, 4, . . . , 38, 40} and essentiality of coop-
eration ε ∈ {1/2, 1/2 + 1/38, . . . , 1/2 + 18/38, 1}. For each simulation we determined the number of groups
as Ng = dNT/ne, where NT = 10, 000. All individuals are initialised with no coordination or no propensity
for division of labour (i.e., s = t = 0). Next, we proceeded in each generation by determining the interaction
network of each group (given its strength of coordination, s), and then each group’s allocation of labour (given its
target proportion of helpers, t). We then calculated the fitness of each group and sampled individuals for the next
generation with a probability proportional to fitness. We assumed that mutations occur with probability µ = 0.001
and that the expected variance in the mutation size was σ2 = 0.1. We set c = 0.1 and χ = 0.01 (parameters of
the cost of coordination).

The results of the simulations are shown Supplementary Figure 4. We examined 400 combinations of group
size and essentiality and ran the simulation 10 times for each parameter combination. Each simulation lasted
30,000 generations. For each simulation, we denote by ŝ and t̂ the average trait values across the population
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for a given generation. We denote by s̄ and t̄ the across-simulation average of ŝ and t̂ for each generation.
The evolutionary outcomes, s∗ and t∗, are estimated as the average s̄ and t̄ in the last 3,000 generations of the
simulations. We show the evolutionary outcome s∗ as the main results but also plot 10 individual time series of ŝ
and t̂ and the across-simulation average s̄ and t̄. To account for simulation stochasticity, we categorised random
specialisation as any strategy for which s∗ < 0.1, fully coordinated specialisation as any strategy for which
s∗ > 0.9 and intermediate specialisation as any strategy for which 0.1 < s∗ < 0.9. In Supplementary Figure 4,
we show the results for s∗ and t∗ in these simulations, finding that smaller group sizes (n) and higher essentiality
of cooperation (ε) favours higher levels of coordination (s∗) and that more essential cooperation (higher ε) favours
a higher proportion of helpers (t∗). This is in agreement with the results of the previous analyses, while also
highlighting that the level of coordination can also be a factor shaped by natural selection.
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Supplementary Discussion Costs, benefits, and functional constraints
When considering the relative costs and benefits of random versus coordinated specialisation, it is useful to keep
in mind some key distinctions.

There are two key categories of costs that groups may pay. Firstly, a group pays what we term a “metabolic”
cost from its mechanism to divide labour. This is a fixed cost that occurs at the time of differentiation into a helper
or a reproductive role. It can arise from the resource cost of the molecular machinery required to coordinate or from
the feedback mechanism that allows for random specialisation. This cost can also arise from the reproduction delay
that may be required for between-cell signalling and coordination. The more complex the machinery required to
coordinate phenotypes or the longer it takes to coordinate, the larger the metabolic cost of coordination will be.

Secondly, there is a relative cost paid when groups deviate from the group phenotype with the highest fitness
value. Generally, this may be termed the “stochastic” or “functional cost” of the mechanism. In our main model,
this cost is only paid by groups composed of random specialisers, which may deviate from the optimal proportion
of helpers in the group. In the simulation model with a simple spatial structure, a functional cost can arise from an
uneven distribution of helpers. When division of labour is only effective with a precise group composition, then
the functional cost of deviation will be high.

When evaluating the different costs of each mechanism, it is useful to distinguish between two different time
periods in the group life cycle. Cells differentiate into helpers or reproductives during the first time period. Helpers
then provide benefits to reproductives during the second time period. Metabolic costs arise during the first time
period, whereas functional costs are relevant to the second time period. For instance, all Salmonella enterica cells
are located in the gut lumen during the first time period, in which some cells differentiate into helpers [1]. The
second time period begins after a time gap, at which point helpers have migrated to the gut tissue to trigger a host
immune response while reproductives remain safely in the gut lumen.

This highlights that functional costs depend on the group composition when cooperation occurs and not when
cells are differentiating. For instance, in Dyctiostelium discoideum, pre-stalk cells are initially distributed seem-
ingly at random across the cell-mass [13]. Subsequently, differential migration (behaviour) of pre-stalk and pre-
spore cells leads to the formation of the fruiting body in the second time period. Whether the mechanism produces
a viable group phenotype (low functional cost) depends on the arrangement of cells at the end of cell migration
and not on the initial spatial distribution of cells in the cell mass. In particular, a group could have random spe-
cialisation (to cell types), and then coordinated or uncoordinated migration to positions appropriate for each cell
type.

Finally, the canonical examples of division of labour in microorganisms are the end points of an evolutionary
process, wherein group phenotypes such as those of D. discoideum and Volvox carteri have been refined into in-
tricate forms [11, 13]. When division of labour initially arose, group phenotypes will have been less elaborate and
thus the potential metabolic and functional costs of each mechanism could have been much reduced in comparison
to their modern forms.
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Supplementary Figure 1: Alternative modelling assumptions. A) Optimal proportion of helpers (p∗; open cir-
cles), its continuous approximation (p̂; dashed line), and the probability optimising fitness for random specialisers
(q∗; solid line) as a function of group size n. In the model presented in the main text, we assumed that the proba-
bility that random specialisers adopt a helper role was equal to the optimal proportion of helpers in the group (p∗)
as opposed to the probability that optimises fitness for random specialisers (q∗). In turn, we approximated this op-
timal proportion of helpers by a continuous variable p̂. These three quantities converge to the same value as group
size (n) increases. Here, b = 1/4 and h = 3/4, leading to p̂ = (1/2)(1 − b/h) = 1/3. B) Favoured mechanism
(coordinated specialisation if wC(p∗) > wR(p∗); random specialisation if wC(p∗) < wR(p∗)) without approx-
imating p∗ by p̂ (as in the main text). Instead, we evaluate the optimal value p∗ numerically for each parameter
combination considered. Division of labour is not favoured (i.e., the optimal proportion of helpers is zero) in the
red region. C) Favoured mechanism (coordinated specialisation if wC(p∗) > wR(p∗); random specialisation if
wC(p∗) < wR(p∗)), while allowing for the probability that random specialisers adopt a helper role to evolve to
the value that maximises the fitness of random specialisers (q∗). In both scenarios B) and C), we find that smaller
group sizes (smaller n), relatively more important cooperation (higher h/b), and smaller relative metabolic costs
of coordination (smaller γ) favour coordinated specialisation, in agreement with the results presented in the main
text. In both cases, the relative importance of cooperation, h/b, is plotted on a log scale. In both cases we set γ to
either 1× 10−3 (smaller relative cost of coordination) or 2× 10−3 (larger relative cost of coordination).
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Supplementary Figure 2: Non-linear public goods. We consider an extension of the model allowing the fecundity
of reproductives to depend non-linearly on the proportion of helpers in the group. (A) If ν < 1, then the presence
of helpers provides an initially large increase in the fecundity of reproductives but then only provides benefits at a
decreasing rate as the proportion of helpers goes up (decelerating cooperation; here ν = 2/3). (B) If ν > 1, then
the presence of helpers provides no initial increase in the fecundity of reproductives but then provides benefits at
an increasing rate as the proportion of helpers goes up (accelerating cooperation; here ν = 3/2). In both A) and
B) we have set b = h = 1/2 for non-essential cooperation and b = 0 and h = 1 for essential cooperation. (C and
D) Favoured mechanism (coordinated specialisation if wC(p∗) > wR(p∗); random specialisation if wC(p∗) <
wR(p∗)) with fecundity sequence given by Eq. (S5) and either ν = 3/4 (decelerating cooperation; panel C)
or ν = 4/3 (accelerating cooperation; panel D). In both scenarios, we find that smaller group sizes (lower n),
relatively more important cooperation (higher h/b) and a smaller relative metabolic cost of coordination (lower γ)
favour coordinated specialisation. In both cases, the relative importance of cooperation, h/b, is plotted on a log
scale. We set γ either to = 0.02 (lower relative cost of coordination) or 0.04 (higher relative cost of coordination).
The red region shows where division of labour is not favoured, that is, where the optimal proportion of helpers is
zero.
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Supplementary Figure 3: Alternative biological scenarios. We consider the relative fitness advantage of coor-
dination over random specialisation as a function of the final size of the group n and the relative importance of
cooperation, h/b, in different biological scenarios. (A) Fecundity of reproductives depends on the number of
helpers in the group. γ = 1 × 10−3 (lower relative costs of coordination) or γ = 2 × 10−3 (higher relative cost
of coordination). (B) Fecundity of reproductives depends on the ratio of helpers to reproductives. γ = 1 × 10−2

(lower relative costs of coordination) or γ = 2×10−2 (higher relative cost of coordination). (C and D) Helpers are
non-sterile but less specialised helpers spend a proportion x of their resources on producing the public good (panel
C: x = 1/2; panel D: x = 3/4). In both cases smaller group sizes (n), relatively more important cooperation
(higher h/b) and smaller relative costs of coordination (γ) favour coordinated specialisation. More specialised
helpers (higher x) favours more coordinated specialisation. In both cases, α = 2. For both panels C and D:
γ = 6 × 10−4 (lower relative costs of coordination) or γ = 1 × 10−3 (higher relative cost of coordination). (E
and F) Division of labour occurs in every generation as the group grows (panel E: γ = 0.03; panel F: γ = 0.015).
Smaller group sizes (n), relatively more important cooperation (higher h/b) and smaller relative costs of coordi-
nation (γ) favour coordinated specialisation. In all cases, the relative importance of cooperation, h/b, is plotted on
a log scale. In the red region division of labour is not favoured, that is, the optimal proportion of helpers is zero.
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Supplementary Figure 4: Evolution of the level of coordination. (A) If the level of coordination may evolve,
then a spectrum of possible mechanisms could arise. At one extreme (s = 0), individuals may not coordinate at all
(random specialisation). At the other extreme (s = 1), all individuals coordinate with one another and the variance
in the realised proportion of helpers is minimised (fully coordinated specialisation). In between (0 < s < 1),
intermediate forms of coordination may arise in which not all individuals coordinate with one another and sub-
optimal proportions of helpers can occur. (B and C) We present the across-simulation average level of coordination
(s̄, solid line) and target proportion of helpers (t̄, dashed line) that evolves. We also plot individual simulation time
series for the trait values (gray lines), where each line corresponds to a population average. We find that the traits
converge stably within hundreds of generations. Moreover, the evolutionary outcomes (estimated by s∗ and t∗),
depend on demographic and environmental conditions (panel B corresponds to the red box, solid line in panel D,
whereas panel C corresponds to the red box, dashed line in panel D). Separate simulations show that these results
are independent of starting conditions. (D) Smaller groups (lower n) and more essential cooperation (higher ε)
favour the evolution of fully coordinated specialisation (s∗ ≈ 1). Intermediate coordination (0 < s∗ < 1) may
evolve in more moderate conditions. (E) Higher essentiality of cooperation (higher ε) leads to a higher proportion
of helpers. Group size (n) has less of an effect on the target proportion of helpers. c = 0.1 and χ = 0.01.
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Supplementary Figure 5: Convergence to optimal trait values (cyanobacteria model). We show the conver-
gence of trait values and average filament fitness across 5 independent simulations for the case of essential coop-
eration (φ = 0) and very local cooperation (η = 0.1). A) Convergence of the helper probability, q. B) Convergence
of the signal production, s. C) Convergence of the signal threshold, d. D) Convergence of the signal response
sensitivity, v. E) Convergence of average filament fitness. In each case, the grey lines show the trait and fitness
values for each of the 5 independent simulations, the black line shows the average trait value or fitness across the
5 independent simulations for that particular generation, and the red line shows the rolling average over the last
1000 generations (truncated if simulation generation is less than 1000). Combined, these show that the rolling
averages are stable by the end of the simulations, and that the trait values have approximately converged to the
final rolling average within 100-200 generations of being allowed to evolve. The convergence of average filament
fitness is particularly stable.
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Supplementary Figure 6: Simulation results for alternate starting conditions (cyanobacteria model). We
repeated the main simulations analysis while assuming that filament spores consist of 4 cells with no helpers
(i.e., a sequence of 4 reproductives: R-R-R-R). We found the same qualitative results as for the main analysis
(Figure 5 in the main text): a lower background density of fixed nitrogen (smaller φ) and more limited diffusion of
fixed nitrogen (smaller η) produced filaments that evolved to a relatively more precise allocation of labour (higher
coordination).
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Supplementary Figure 7: Growing groups produces larger helper clumps (cyanobacteria model). We con-
sidered the distribution of average helper clump sizes for the cases where: A) helper and reproductive roles are
randomly assigned in the final generation of group growth (uncoupling division and differentiation), and B) helper
and reproductive roles are assigned as the group grows (division and differentiation coupled). We specifically
examined the case where cooperation was essential (φ = 0) and very limited diffusion of fixed nitrogen (η = 0.1),
performing 10,000 independent simulations for each strategy. We found that helper clumps still occur when di-
vision and differentiation are uncoupled but that average clump size increases when differentiation occurs as the
group grows (average clump size for uncoupled: 2.14 and coupled: 2.69). Source data are provided as a Source
Data file.
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Supplementary Table

Supplementary Table 1: Notation and values (cyanobacteria model). Evolutionary traits, model parameters, and
simulation parameters of the cyanobacteria model, with their definitions and associated values in the presented
simulations. Parameters of the evolutionary simulation such as the number of generations per simulation, the
mutation rate or size, or the number of independent replicates are not shown here (but see Methods).

Evolutionary traits

Notation Definition Value(s)

q Helper probability in the absence of coordination. 0 ≤ q ≤ 1

s Relative amount of signal produced by helpers. 0 ≤ s ≤ 1

d Response threshold to signal by new cells. d ≥ 0

v Response sensitivity to signal by new cells. v ≥ 0

Model parameters

Notation Definition Value(s)

φ Environmental background density of fixed N2. φ ∈ {0, 0.5, . . . , 9.5}

η Relative diffusivity of fixed N2 produced by
helpers. Lower values means that benefits are
shared more locally.

η ∈ {0.1, 0.2, . . . , 1}

φ̄ Maximum rate of N2 production by helpers. 50

ψ Maximum growth-rate of reproductives. 10

µ Shape of reproductive growth-rate as a function of
fixed N2 intake. Higher values means more di-
minishing.

0.25

π̄ Critical size at which reproductives replicate (with
no response sensitivity.)

100

β Shape of increase in critical replication size due to
higher response sensitivities. Larger values means
a more accelerating cost.

0.5

λ Maximum signal production rate by helpers. 30

ζ Shape of trade-off between signal production and
N2 fixation.

2.5

ξ Diffusion range of the signal. Lower values means
that the signal decays rapidly along the filament.

0.5

σ2
ε Noise in local signal detection by new cells. 0.01

L Size of filament at end of group life-cycle. 50

Simulation parameters

Notation Definition Values

σ2
q Mutation variance in helper probability, q 1× 10−3

σ2
s Mutation variance in signal production, s 1× 10−5

σ2
d Mutation variance in signal response threshold, d 1× 10−2

σ2
v Mutation variance in signal response sensitivity ,

v
5× 10−2
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