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The emergence of agriculture and complex societies during the Near Eastern Neolithic

opened a new era in human evolution. Food production seriously affected the ecological

environment, and societies answered this challenge with large-scale division of labor

and specialization. In this paper we study this transition with an individual based

model. Our model captures the connections between the appearance of agriculture,

the social division of labor, and human behavioral diversity. Our two main settings

are different habitats: in the pre-Neolithic habitat, resources fluctuated in time and

there was no large-scale food storage. In the Neolithic habitat active food production

resulted in economic surplus. We consider a sexually reproducing social group, in

which individuals solve different tasks for survival. We assume that the task-solving

effectiveness has a partial genetic basis but also improves with experience and learning.

Since different tasks can require somewhat different skills, we assume trade-offs between

genetic propensities for different tasks. Individuals are born with inherited task-choice

strategies that they can improve by imitating more successful peers. We show that

for the Neolithic case, both phenotypic specialization (task choice strategy) and the

emergence of genetic polymorphism are possible, as long as scarcer goods are more

valuable. As the number of tasks increases, specialization can evolve only in very large

groups. Although phenotypic specialization often emerges in our model, the emergence

of genetic polymorphism requires strong assortativity during both imitation and mate

choice. In sum, our model shows that if an economic surplus becomes available,

behavioral specialization and large-scale division of labor are likely to appear. Thus, our

model can help understanding certain aspects of the Neolithic transition, and may have

implications for the present genetic polymorphism, too.

Keywords: neolithic transition, division of labor, behavioral diversity, human evolution, individual based model

1. INTRODUCTION

It is common sense that the adoption of agricultural food production and sedentary life changed
human societies immensely. This process, called the Neolithic transition, led to larger settlements,
changing morals, social stratification, and, later to urbanization and industrialization (Diamond,
1999; Boehm, 2001; Gowdy and Krall, 2013). It is less known that in different regions of the
world the Neolithic transition happened independently at very different times (Diamond, 1999).
Agriculture first appeared in the Near East, about 10–13 000 years ago, and soon it started its
worldwide dispersal (Bar-Yosef, 1998; Shennan et al., 2013; Boivin et al., 2016). However, there are
societies that still did not (or did not fully) take up agriculture. These societies, which fall under the
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categories of small-scale societies, subsistence societies, hunter-
gatherers, etc., are fairly good models of pre-agricultural (or
pre-Neolithic) human life (Boehm, 2000). In this paper we
concentrate on the first transition, and probably the best
documented, the Near Eastern Neolithic, hereafter the Neolithic.

Relative to agricultural societies, pre-agricultural societies
are thought to have shared several striking features, no strong
leadership, no strong hierarchy, no permanent homes and no
private property (Boehm, 2001). This paper is concerned with
two important outcomes of agriculture that affected human
societies: the presence of economic surplus and the emergence of
a social division of labor. Social division of labor (SDL) is defined
as a permanent division of labor (DL) between individuals that
is not linked to reproduction (Vásárhelyi et al., 2015). While
DL by gender is present in all subsistence societies (Ember,
1978), permanent DL between people of the same sex and age
group is absent frommobile hunter-gatherer groups (Bird-David,
2005; Gurven et al., 2009). Furthermore, it is only partly present
in sedentary hunter societies (Boas, 1895; Smith et al., 2003;
Alvard and Gillespie, 2004). Nakahashi and Feldman (2014)
recently studied the evolution of DL in subsistence societies and
shown that DL emerges if both group size and inter-individual
differences in resource acquisition are large enough and if there is
food sharing within the group (see also in the sectionDiscussion).
However, archaeological evidence suggests that SDL, either in the
form of specialized individuals representing the first professions,
or in the form of a strong hierarchy, only appeared during the
Neolithic (Wailes, 1996; Finlayson and Warren, 2010). Here,
we are interested in how economic surplus, one of the earliest
outcomes of agriculture might have brought about the emergence
of SDL, in the form of phenotypic specialization or of genetic
polymorphism, or both. To our knowledge, this is the first study
to investigate the emergence of human DL within sex and age
groups. By modeling the emergence of SDL, we hope to open the
discussion on this neglected topic.

Why is DL so interesting? Because it is present at all levels
of biological organization, and is usually a sign that cooperation
on a lower level has allowed the emergence of a higher level of
organization (Maynard Smith and Szathmary, 1997). Therefore,
it is interesting that the Neolithic transition brought about a type
of DL (that is, SDL) that had been absent before.

It is doubly interesting because no systematic data on
permanent SDL exists in non-human animals with advanced
cognitive abilities, despite being not just common but even
inevitable in post-agricultural humans. Our hypothesis therefore
is that the fundamentally different ecological environment of the
Neolithic not only set the stage for widespread SDL, but may have
left its fingerprint on human genetics as well.

In this paper we describe a model that studies the connections
among food production, human social division of labor, and
behavioral diversity. We have two main settings representing
different social and ecological environments: the ones before and
the ones after the adoption of agriculture. We study a social
group of individuals who can choose and learn tasks, and who
can imitate other, more successful individuals. The behavior of
an individual is affected by her genetics, her task choices, and
whether she imitates others. This is in agreement with what we

FIGURE 1 | A schematic figure of our model’s main events and effects. White

arrows represent events of the days. The black arrows represent either

consequences or effects. For example, task solving is always followed by

learning in the model, and learning enhances one’s expertise in the given task,

Eij (t). One’s expertise then both increases her task solving efficiency, and

effects her task picking probabilities.

know about human personality: it is heritable to some extent with
numerous genes, epistatic, and gene-environmental interactions
involved, but also strongly affected by the so-called ”non-shared”
environment (Turkheimer, 2000; Penke et al., 2007; Plomin,
2011; Penke and Jokela, 2016). Therefore, in the model we
presume that behavior includes both a component of genetics and
a component of considerable plasticity. To our knowledge, this is
the first attempt to model personality in this way, and we aim to
answer these three questions:

1) Can economic surplus lead to SDL?
2) What are the necessary conditions for and the constraints on

the appearance of SDL?
3) Does SDL induce only phenotypic change, or can induce

genetic change too?

In the following we will first describe the model, then present and
discuss our results and their consequences.

2. THE MODEL: GENERAL DESCRIPTION

First we will give an overview of how the model works and then
we will discuss each process in detail.

We consider a sexually reproducing, well-mixed group with
group size N. In each time frame that we will call one round,
individuals choose between T ≥ 2 different tasks, and they spend
their time with that particular task or activity. We can imagine
these rounds as days, and tasks as daily activities (see Figure 1),
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FIGURE 2 | Increasing levels of expertise for different genetic values. A higher

genetic affinity grants faster learning and an altogether higher level of expertise

(see also Data Sheet 1 in the Supplementary Material). Solid lines are

calculated with the simulation’s initial genetic values, dashed ones with the

corresponding theoretical maximums after complete specialization. In other

words, dashed lines represent higher, solid lines lower genetic affinities. The

colors denote two main settings: blue lines represent stronger, red ones

weaker genetic trade-offs (see also Data Sheet 1 in the Supplementary

Material and the main text).

such as hunting or weapon making. Tasks differ in the sense
that they require and improve different skills. When someone
has spent a round with task j, this will not only gain her a
payoff, but also improve her future effectiveness in solving task j.
Individuals, denoted by i, increase their expertise in one or more
tasks during their lifetime. The more someone chooses a task, the
more her expertise in it will grow, but the speed of and ultimate
limit on this increase depends on genetic factors (see Figure 2).
An individual’s genetics, Gi consists of a quantitative genetic
background (talent or affinity) for each task. We imagine this
talent or affinity to be coded by a large number of genes, similar
to how personality or behavioral traits are coded by numerous
genes (Penke and Jokela, 2016).

At the end of each round, payoffs are assigned to individuals
according to their expertise in that round’s task. Each individual’s
aim is to maximize her fitness throughout her life, and fitness is a
function of these payoffs. Occasionally, individuals have a choice
to update their task choice strategy by imitating others, that is,
by socially learning from others. The purpose of such imitation
is to copy successful strategies, but we assume that one is only
willing to copy a strategy that is not too different from one’s own.
The reason for this is that the expected payoff of a complete
change of task choice strategy is rarely more beneficial than the
cost of the change, and we assume that individuals know this. At
the end of a generation, which includes a number of imitation
phases, individuals are paired up and sexual reproduction takes
place. Men and women are not differentiated in the model.
The number of surviving offspring per couple is proportional to
the average parental fitness. Offspring inherit genetics and task
choice strategies from both parents.

In the following we discuss the above processes in more
detail. For further details see Data Sheet 1 in the Supplementary
Material. For readers less interested in the mathematical detail,
we suggest reading Figure 1.

2.1. Task Choice, Expertise, Genetics, and
Payoff
In each round, denoted by t, every member of the group chooses
a task to spend her time on. Individual i chooses task j with
probability pij, where

∑

j pij = 1. Offspring inherit pij values from

their parents, but these can change via imitation (see later). After
individual i has solved task j, that is, at the end of the round, i’s
payoff increases as follows:

Bij(t + 1) = Bij(t)+ β Eij(t),

where Bij(.) is i’s net benefit from task j until round (t + 1). Eij(t)
denotes individual i’s expertise in task j in round t, and β is a
constant that converts expertise into benefit. In real life, the exact
value of the payoff would scatter around an expected value, but
for simplicity, we use the expected value. Per-round, per-task
payoffs are summed throughout an individual’s lifetime, and at
certain times fitness is calculated from these sums (see below).

Expertise is a sigmoid function (Leibowitz et al., 2010) of
both the time spent with a task and the genetic affinity (Gij)
assigned to it (see Figure 2). So the genetic background plays
an important role in how one can improve in one task or
another. Since different tasks can demand different skills, as
we will discuss later, we assume a trade-off between talents for
different tasks. This trade-off represents the idea that if someone
is talented in a task, she will be relatively less talented in another
task needing different skills, just as how people with different
vocational interests tend to have unlike abilities (Randahl, 1991).
The parameter α determines the strength of the trade off (for
details, see Data Sheet 1 in the Supplementary Material), so that
if the trade-off is stronger (α < 1) , then a greater talent for one
task necessarily means a much smaller for another. If the trade-
off is weaker (α > 1), then it is less costly for someone to have
affinity for more than one task (Levins, 1968).

2.2. Fitness
In the Introduction we proposed to show basic differences
between two kinds of social and ecological settings, the ones
before and after agriculture appeared. For this purpose we have
examined the above model framework with two different fitness
calculating procedures. The two different settings we will call the
pre-Neolithic or subsistence, and the Neolithic or producer case.
In the subsistence setting, individuals are better off when they
have some expertise in all activities, while in the producer setting
having a general knowledge or experience is no longer a necessity
(for details see the respective sections below).

2.2.1. The Subsistence Case

In the subsistence case, we attempt to model societies that are
similar to contemporary mobile hunter-gatherers. Most of these
people, especially in warmer environments, move their camps
several times a year, do not have the means for storing large
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amounts of food or other resources for long term (Binford, 1980),
and live in an environment where limiting resources fluctuate
strongly, so every individual has to acquire different resources
at different times. In other words, the ecological circumstances
force people to gain expertise in all possible tasks or activities.
Otherwise there would likely be at least one time in their lives
when the lack of a particular knowledge and experience reduces
their fitness seriously. To ensure that individuals who lack at least
one kind of experience will never be successful, we calculate the
subsistence fitness as follows:

W
(s)
i =

T
∏

j=1

Bij(t) (1)

That is, we calculate the fitness as the product of the net
benefit assigned to the different tasks (Sæther and Engen, 2015).
Equation (1) has a maximum where Bi1 = Bi2 = .. = BiT .
This will be attained most easily by a generalist individual who
has no outstanding expertise in any one task. We note here that
since we are only interested in SDL, our model does not include
gender-specific traits with their corresponding genetic differences
and life histories. Obviously, some sexual DL exists in all human
societies, but it is not the focus of this study.

2.2.2. The Producer Case

In the producer case, we model early agricultural societies.
Here we assume that economic surplus leads to large-scale food
storage, frequent trade, or most likely, both (Bar-Yosef, 2001).
Producer individuals can be more successful if they specialize
on one activity throughout their whole life, because they have a
better chance of becoming experts in that task. We also assume
that rare specialists are better off than frequent ones, in other
words, that success is negatively frequency dependent. For this,
we define a fitness coefficient that is a linear function of the focal
phenotype’s frequency in the group.

We calculate the specialist’s fitness as:

W
(p)
i =

T
∑

j= 1

[

Bij(t)
(

1− δ − (1− 2δ)fj(t)
)

]

,

where fj(t) ∈ [0; 1] is the frequency with which task j was chosen

till round t, and δ ∈ [0, 1
2 ] is a constant that scales the strength

of frequency dependence. The negative frequency dependence is
maximal if δ = 0; there is no frequency dependence for δ =

1
2 .

2.3. Imitation
In an individual’s lifetime there are several phases of imitation,
a form of social learning. Imitation is assortative, which means
that individuals are more likely to copy others who are similar
to themselves regarding their task choice strategies. Again,
similarity here does not refer to gender-specific traits, but other
behavioral traits. In a given pair of individuals, the one with
the higher fitness has a higher probability of being the model
of imitation than the one with the lower fitness (for the exact
probabilities see Data Sheet 1 in the Supplementary Material). If
assortativity is strong, individuals are prevented in two different

ways from copying strategies that are far from their own. First,
one will rarely switch to a task if she has no prior experience in it.
Thus, individuals can avoid decisions where the benefits are far
below the costs. Second, when one individual copies another, she
will get a mixture of the model’s strategy and her own interest. An
individual is involved on average in five imitation events during
her lifetime, so potentially she can end up with quite a different
task choice strategy from the one she had inherited.

2.4. Reproduction
At the end of a generation’s time, reproduction takes place.
Individuals reproduce sexually, which means the recombination
of traits. Similar to imitation, reproduction can also be assortative
with regard to task choice strategies, but not success or fitness.
There is evidence that people tend to prefer and pair with
individuals similar to themselves, and that similarity between
mates is associated with a higher reproductive success (Huber
and Fieder, 2011; Krzyzanowska and Mascie-Taylor, 2014;
Conley et al., 2016).

The number of offspring a pair produces is proportional
to the average relative parental fitness. An offspring inherits
its genetics from both parents (see Data Sheet 1 in the
Supplementary Material). The offspring’s task choice strategy is
simply determined by the average parental probabilities.

2.5. Simulation Settings and Questions
During the basic simulations we use a social group of 100
individuals. We initialize the group in a way that i everybody
has equal talent for all activities. Importantly, this does not
mean that everybody has the exact same genetics, only that they
have identical quantitative traits. Furthermore, everybody has
the same task choice strategy, ∀ i, j : pij =

1
T . Then we run the

simulations for 103 generations. Each generation lives for 103

rounds, during which 10 imitation phases take place with N/4
imitation events each. At the end of a generation’s time, we record

the Gij, pij, and theW
(.)
i values in the group.

3. RESULTS

3.1. Results With Two Tasks
We have picked a basic parameter set with which we can
demonstrate the main results and the differences between the
subsistence and producer cases. We tried to set these parameters
as realistically as possible while also producing obvious and
illustrative results. In the following we will only note parameter
values that are different from the basic values listed in Table 1.
Our primary question is whether the optimal behaviors in the two
ecological settings (pre-Neolithic andNeolithic) are different.We
also ask whether the behaviors have an effect on the genetics, and
whether the strength of the genetic trade-off alters these results.

It can be seen on Figures 3I, II that with this basic parameter
set our two settings show striking differences, and the results are
not affected qualitatively by the strength of the trade-off within
this range.

In the subsistence case, we can see that group members
are generalists both on the phenotypic and the genetic levels
(see Figures 3IA, IIA). This is so for both weaker and stronger
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TABLE 1 | Parameters of the simulations.

Description Value Range

N Group size 100 102 – 5·103

T Number of tasks 2 2 – 6

β A constant that converts

expertise to benefit

0.01 –

ǫ A constant scaling the expertise

function

0.04 0.01 – 0.2

E0 A constant basic expertise 0.2 –

µ A constant positioning the

expertise function

2T − 4E0 –

α A constant that determines the

trade-off

0.75/1.25 –

δ A constant scaling the strength

of the frequency dependence

0.01 0.01 – 0.5

σI The standard deviation regulating

the strength of assortativity at

imitations

0.03 0.03 – 1

γ A constant regulating the

strength of selection at imitations

20 20/5*

σp The standard deviation regulating

the precision of copying at

imitations

0.01 –

σR The standard deviation regulating

the strength of assortativity at

reproductions

0.05 0.05 – 1

σG The standard deviation regulating

the precision of genetic

inheritance

0.1 –

The value column contains the basic parameter set. The range column shows the

parameter ranges that we studied throughout the simulations. For the exact definition

of some of the parameters please see Data Sheet 1 in the Supplementary Material.

*In all cases of ǫ > 0.04 we used γ = 5 to avoid a numerical overflow error.

trade-offs, although there are more specialists in the group
when the trade-off is stronger. Specialists have a very low
fitness compared to generalists (see the top right plots on
Figures 3I,II). The appearance of specialists is not a product
of selection but an epiphenomenon of the trade-off and the
process of imitation. When the trade-off is stronger, the sum
of the genetic affinities of a non-specialist individual is lower
(see Data Sheet 1 in the Supplementary Material). Therefore
it is more difficult to become an expert in multiple tasks.
Meanwhile, imitation is strongly assortative, and therefore a
couple of specializing individuals are more likely to imitate each
other and get even more specialized. Note that the individual
who is the model of imitation does not need an absolute high
fitness; it is enough if she is fitter than the imitating one.
Furthermore, though most individuals are generalists, there is
still a positive correlation between the genetic affinity and the
probability of performing the same task (see the bottom right
plots on Figures 3I, 3II).

In the producer case we see specialization on the
phenotypic level and polymorphism on the genetic level
(see Figures 3 IB, IIB). While on the phenotypic level everyone
is completely specialized to one task, on the genetic this is not so.
Nonetheless, there is still a strong correlation between genetic
affinity and the probability of performing the same task (see

the bottom right plots on Figures 3I, II). Note also that the two
groups of specialists have different mean fitness values (see the
top right plots of Figures 3I,II). This temporary difference is
caused by stochastic fluctuations and frequency dependence, and
disappears on the long run. It is important to note here that all
of the plots on Figure 3 capture phenotypic and genetic values of
one task. As the same plots look quite similar for the other task,
we decided not to include them.

As a group size of N = 100 is not realistic as an effective
population size (see below), we have also tested the model for
a much larger group size, N = 1, 000. These latter results look
quite similar to the basic ones; the effect of enlarging the group
is only to lessen noise in the distribution of traits (see Figure S1).
Therefore, in the following we use the N = 100 case for most
model checks and assume that this focal group is part of a larger
population.

For our results on the strength of assortativity, the speed
of learning, the role of the frequency dependence and the
mechanisms generating the variance, see Data Sheet 1 in the
Supplementary Material and Figure S2 in Presentation 1 in the
Supplementary Material.

3.2. Results With More Than Two Tasks
In the next section, because of technical reasons we will not
attempt to compare results with previous ones explicitly (see
Data Sheet 1 in the Supplementary Material), but only give an
overview of the trends we saw.

First we introduced a third task into the model and did not
change any other parameter. When the trade-off was stronger,
in the producer case one task disappeared, and then individuals
specialized to one of the two remaining tasks, similar to the
T = 2 case (see Figure 4A). In the subsistence case, we
also saw specialization, but only on the phenotypic level, and
consequently, in this group everyone had very low fitness. When
the trade-off was weaker, the results were similar except with
the difference that in approximately half of the cases no groups
of specialist disappeared in the producer case (see Figure 4B).
Also, in the subsistence case there were a couple of individuals
who were able to stay generalists. The latter had very high fitness
compared to others, so the next generation practically contained
only their offspring.

Because of the previously mentioned demographic
stochasticity, we have studied the problem of specialization
with larger group sizes, and in a meta-population structure. Also,
we studied the subsistence case with increased learning speed.
To summarize the results, when there are three tasks that are
moderately slow to learn, a small group of 100 is not big enough
for complete and stable specialization. Also, the cost of learning
three tasks instead of two drives the subsistence group into
specialization and to a very low fitness state, unless the speed of
learning increases too. For further details, see Figures 4C,D, and
Figure S3 in Presentation 1 in the Supplementary Material.

After studying the model with three tasks, we introduced a
fourth one. In this case, an even larger group size is needed for
coexistence of four subgroups of different specialists. We have
studied the N = 500, N = 1, 000, and N = 2, 500 cases, and the
following results qualitatively hold for N ≥ 1, 000. As shown in
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FIGURE 3 | Summary of the basic results in both settings with stronger (I) and weaker (II) trade-offs. The figure shows the task choice probabilities (top row) and the

distribution of the genetics (bottom row) for one task throughout all generations. The top right plots show the fitness of individuals as a function of their average

life-long task choice probabilities. The bottom right plots show these average probabilities as function of the genetic affinity assigned to the same task. The greenish

colors (A columns) represent the subsistence, the reddish (B columns) the producer case. For the parameters see Table 1.

Figure 5, phenotypic specialization is almost complete, and there
is a clear direction toward genetic polymorphism with a weaker
trade-off, even if the specialist groups are less distinct than in the
previous cases. However, when the trade-off is stronger (α =

0.75), specialization is not stable, one task typically disappears,
similar to the T = 3 case (see Figure S4). In the subsistence
case, we have a similar situation as before. When the trade-off is

stronger, it is far too difficult to remain generalist, and therefore
only a very small number of individuals end up with high fitness
(see Figure S4). However, when the trade-off is weaker, there is a
large number of generalists in the group (see Figure 5).

To summarize, as we increase the number of tasks, it is more
and more difficult to become a pure specialist in the producer
case, or to remain truly generalist in the subsistence case. The
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FIGURE 4 | Phenotypic and genetic profiles in the T = 3 case with varying trade-off and group size. In the top row simplexes capture the probability distribution

between the three tasks, in the bottom row the relative genetic value distribution between the three tasks. Each point corresponds to an individual, and plots contain

all group members. Panels A and B represent smaller groups with stronger (A) and weaker (B) trade-offs, while panels C and D represent larger groups with stronger

(C) and weaker (D) trade-offs. Panel D is the only one depicting the subsistence case. Reddish colors represent the producer, greenish the subsistence case. For

further parameters, see Table 1.

FIGURE 5 | Phenotypic (top) and genetic (bottom) profiles in the T = 4 case with weaker trade-off (α = 1.25). The figure captures tetrahedron nets, where each

triangle is a simplex calculated from the three noted tasks, similarly to the simplexes on Figure 4. Thus, the faces of the tetrahedrons show projections of the 3D mass

of points. Each point corresponds to an individual, and plots contain all group members. Reddish colors represent the producer, greenish the subsistence case. For

further parameters, see Table 1.
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more tasks are available, the larger the group size needed for
stable specialization. The reason for this is that if there are
more tasks in a small group, stochastic effects are stronger,
reducing the strength of selection. Due to the different ecological
settings, a weaker selection results in different patterns in the
two environments. Note however that the two settings are quite
different from each other qualitatively.

When there are several tasks, our original assumption that all
tasks are completely independent in their genetic background
seems overly strong, so we designed a further variant of the
model with overlapping genetics. In this version of the model,
we assumed that while the four tasks need four different kinds
of expertise, they have only two underlying quantitative genetic
backgrounds. This way, even if someone is born with specialist
genetics, she still has two tasks to choose from. To summarize
these results, it is easier for phenotypic specialization and genetic
polymorphism to arise, but a large group size of 2,500 is
needed (see also Figures S5 and S6 in Presentation 1 in the
Supplementary Material). Higher numbers of tasks probably
require even larger group size for specialization.

4. DISCUSSION

In this paper we have studied a so-far neglected aspect of the
Neolithic transition, the emergence of social division of labor.
Given their ecological differences, our model shows that it is not
surprising that SDL is widespread in producer groups, despite
rarely present in subsistence groups.

In the subsistence groups, individuals typically stay
generalists, that is, neither phenotypic specialization, nor
genetic polymorphism emerges, if groups are large enough
and tasks are sufficiently easy to learn (see Figures 3–5). In
the poducer case, the typical result is the opposit; individuals
get completely specialised phenotypically in one of the tasks,
and a corresponding genetic polymorphism arises, too (see
Figures 3–5). However, if there are more than two tasks,
specialists for all tasks only appear if the group size is larger (see
Figure 4).

Our model not only studies the emergence of SDL in two
different ecological settings, but incorporates both phenotypic
and underlying genetic aspects of proficiency. However, this
complexity presents difficulties and limitations, too. In the
following we will discuss the detailed results and implications of
the subsistence and producer settings, and the limitation of our
study separately.

4.1. The Subsistence Case
Our subsistence case is intended to mimic a mobile hunter-
gatherer group. Individuals have a need to gain experience in
all tasks, just as hunter-gatherers have to participate in all group
activities (Boehm, 2001; Marlowe, 2010). We have not included
all possible fitness affecting factors into the model though. For
example, while food sharing decreases payoff differences by
helping the less successful (Kaplan et al., 1984; Marlowe, 2010),
reputation gains from doing so can increase fitness differences
(Kaplan and Hill, 1985) thus counteracting the effect of food
sharing. We decided that instead of further increasing model

complexity, we let the fitness function capture these effects. We
also did not incorporate external determinants of behavior into
the model. There are numerous narratives about how hunter-
gatherers shape each other’s behavior by means of teasing,
mocking, or in extreme cases, ostracising (Boehm, 2001). This
culturally transmitted system of social pressure can help younger
individuals to find the “optimal" behavior in a given social and
ecological environment. In the context of this model, such a
mechanism could help individuals in the subsistence group to
avoid the positive feedback loop of specialization.

In our model there are two conditions that are necessary
for the subsistence group to remain generalist: learning a task
has to be relatively fast, and there has to be at least one
moderately large variance-generating mechanism, either during
reproduction, imitation, or both. If there are more than two tasks
and learning a task is not easy, members of the subsistence group
specialize to certain tasks and have very low fitness. The reason
for this is combinatorial: with a linearly increasing number
of tasks the probability of choosing all of them equally often
decreases not linearly, but more quickly. Therefore, chance alone
leads generalist individuals to preferences, and initial preferences
easily drive these individuals into specialization. Despite this, if
the task learning speed increases with the number of tasks, the
subsistence group can still remain generalist. However, it is not
clear that task learning can be a function of the number of tasks
one learns. One argument could be that learning one task makes
the next one easier to learn. For example, some studies find that
children with music training outperform their peers in one or
more other disciplines (dos Santos-Luiz et al., 2016). However,
there can be an argument against this: if tasks are sufficiently
different, there could be a task switching cost (Goldsby et al.,
2012), or simply different tasks could need mutually exclusive
skills. Therefore, we can conclude that according to our model,
remaining generalist is only possible if learning is fast or if
the tasks need overlapping skills. For example, mobile hunter-
gatherers are truly generalist; they participate in all tasks, such
as hunting, gathering, weapon making, and collective decision
making (Boehm, 2001; Marlowe, 2010), but these tasks may share
the need for several skills, such as hand-eye coordination and
patience. But in other small-scale societies, weak or temporary
SDL does seem to appear when new skills are needed. One
example could be the specialization in weapons or foraging
techniques when opportunities are more varied (Dwyer and
Minnegal, 1991). Another example is temporary DL during the
season of agricultural work (Stieglitz et al., 2013).

A further consequence of the above is that it may provide
insight into the so-called Sapient Paradox, which is the question
of why behaviorally (and probably genetically) modern humans
had no technological revolution between the Upper Palaeolithic
and the Neolithic (Renfrew, 2008). Homo sapiens went through
several revolutionary changes during its evolution, but between
its cognitive explosion about 40,000 years ago and the appearance
of agriculture, surprisingly few technological novelties appear
in the fossile record (Renfrew, 2008). According to our model,
until the ecological environment allowed large groups, and thus
division of labor, behavioral diversity must have been lower and
innovation scarcer. Interestingly, the oldest European remains
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of representational art (e.g., the Altamira cave of Lascaux) are
relatively close to the sea, which serves as a more reliable
source of food than do terrestrial habitats. Indeed, contemporary
marine hunter societies have both some SDL and specialization
(Smith et al., 2003; Alvard and Gillespie, 2004), suggesting that
marine hunting is somewhere between mobile hunter-gatherer
and producer ecologies.

4.2. The Producer Case
Our basic parameter set enables the producer group to separate
into specialized subgroups that engage in SDL. However, not
every parameter set is ideal for such specialization, especially
not for genetic branching. One absolute requirement for parallel
phenotypic specialization and genetic polymorphism is strong
assortativity during imitation and reproduction (see Table 1 in
Data Sheet 1 in the Supplementary Material). If only one of these
events is strongly assortative, phenotypic specialization is still
present, but genetic branching is absent. Another requirement for
genetic branching is a big enough group or population size. This
is not surprising: if the group is small and not connected to other
groups, each specialized subgroup is in danger of disappearing
due to stochastic events. For example, in the case of three tasks
and a small group, one task disappears in the producer case, but
not in the subsistence case, while both group’s average fitness is
relatively low. Interestingly, in a small group the only chance for
solving all difficult tasks is to value generalist tendencies even
if eventually everybody ends up being a specialist. (If tasks are
faster to learn, the case is similar, only the subsistence group ends
up consisting of generalists and having a higher average fitness.)
A final requirement is a large enough variance when inheriting
genetics. This is in agreement with the previous point, too, as the
equilibrium variance a population can reach depends on the size
of the population itself. To summarize, as the number of tasks
grows, an ever larger group or a well-connected meta-population
is needed for maintaining specialist groups, and the minimum
size of the group increases very fast with the number of tasks. This
pattern corresponds to the general finding that in several animal
societies DL is more pronounced in larger groups (Cartwright,
2003; Thomas and Elgar, 2003; Jeanson et al., 2007). It is also in
agreement with the somewhat connected observation that larger
group or population sizes contribute to larger cultural complexity
(Henrich, 2004; Derex et al., 2013).

Naturally, if tasks have overlapping genetics, the problem
of specialization is simplified back to one with only two or
three tasks. In these cases, a medium size group is big enough
for several groups of genetic and phenotypic specialist to
coexist. Again, this assumption that different task types share
the necessary genetic background is not far-fetched since those
who share a genetic background will sometimes choose the
same professions, and often similar ones. Indeed, several twin
studies have shown that the variation in vocational interest
is significantly influenced both by genetic and environmental
factors (Schermer and Vernon, 2008), similar to personality.

This model setting with the overlapping genetics seems more
realistic than the ones without it, albeit still too simplified. We
intend to investigate a model where the amount of genetic
overlap behind tasks is also a variable parameter.

4.3. The Limitations of Our Study
Our model examines a problem that has to date been rarely
explored in the literature, but it still has several limitations. Some
limitations arise from decisions that render the model more
tractable. These include non-overlapping generations and a stable
group size, neither of which applies to humans. However, these
restrictions or simplifications probably do not alter the results
qualitatively.

Another simplification is that we only focus on one social
group of N = 100 individuals, which is the cultural unit,
and we assume it to be part of a larger reproductive pool, a
metapopulation. Thus, we essentially assume that the genetic
variance is larger than it would be if the effective population
size were really N = 100. We have shown that this assumption
does not alter most results qualitatively, but a reasonable
extension would be to generalize our model with an extended
metapopulation structure, similar to the one we have discussed
before. In such a model, it would also be possible to evaluate the
role of competition among groups, that is, the role of multilevel
selection in the evolution of SDL.

Finally, as we have already mentioned before, this simple
model did not contain some important elements of the typical
subsistence life, such as sexual DL, food sharing, reputation-
based mate choice, or social pressure. As for sexual DL, it is
a consequence of the different life history of the sexes, which
was not in our focus. As for the others, we believe that our
fitness calculating procedure roughly capturedmost of their main
effects.

4.4. The Neolithic Transition and Human
Behavior
During the Near Eastern Epipalaeolithic and early Neolithic,
climatic fluctuations became larger, human density grew, and
populations of megafauna became scarcer (Diamond, 1999; Bar-
Yosef, 2001; Simmons, 2012). At the same time, human groups
gradually changed their subsistence from mobile hunting and
gathering toward sedentary food production (Maher et al., 2012;
Willcox, 2012). Agriculture first appeared at the Fertile Crescent
about 10–13 000 years ago (Willcox, 2012). Then, within a
couple of thousand years, the first professions, the first stratified
complex societies, and symbolic writing appeared (Wailes, 1996;
Gowdy and Krall, 2013). Interestingly, this whole line of changes
originated in the transition frommobile hunting and gathering to
sedentary food producing. Our model shows how the economic
surplus generated by food production may have set the stage for
SDL and specialization. Our study may or may not apply to other
Neolithic transitions, as these can vary greatly according to the
different ecological circumstances.

Palaeolithic humans lived in small mobile groups, presumably
had no hierarchy, no food storage, and no SDL (Boehm, 2000;
Simmons, 2012; Gowdy and Krall, 2013). In contemporary small-
scale societies, people are usually skilled in all subsistence-related
activities and use varying skills throughout a year. Everyone goes
foraging, and large proportions of food are shared extensively
(Kaplan et al., 1984; Marlowe, 2010). In these societies, fitness
is related both to foraging success and food sharing (Kaplan
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and Hill, 1985; Boehm, 2001; Gurven and von Rueden, 2006).
According to our model, in such a group, successful individuals
are generalists, and therefore selection creates a unimodal,
symmetric distribution of the group’s genetic affinities (see
Figure 3). If there is a genetic trade-off, too, an extreme talent
will impose a cost on its owner.

However, economic surplus creates a chance to engage
in SDL. We believe that this is what happened during the
Neolithic. If there is no pressure on individuals to learn all
possible skills, they will become more expert in tasks they
have more talent for. Thus, the cost/benefit ratio of task
solving will decrease, and SDL will soon appear at the group
level. SDL will lead to an increasing behavioral diversity, if
specialized individuals differ from each other a great deal.
Furthermore, if SDL and frequency dependence is present,
selection will favor a multimodal distribution of the group’s
genetic affinities (see Figure 3). Thus, SDL can also lead to
a greater genetic diversity on the group level, and the more
collective tasks a society solves by SDL, the more diverse it will
get both behaviorally and genetically. However, while phenotypic
diversity appears very easily, genetic diversification needs special
circumstances.

As we have mentioned in the Introduction, Nakahashi and
Feldman (2014) studied a similar question to ours. They explored
the conditions for DL to emerge if there are two types of
resources that require different skills in a group living society
with food sharing. For the sake of analytic tractability, they
assumed asexual reproduction and individual learning. They
have found that in certain circumstances, permanent DL can
emerge in a typical subsistence society. However, this is not in
agreement with either the archaeological or the anthropological
record. As the only type of permanent DL observed in most
typical mobile small-scale societies is between the sexes, we
interpret their model capturing the emergence of gender-based
DL. In contrast, our model captures the effect of the Neolithic
transition on SDL, as SDL seems only to have appeared with
or following food production. Applying an individual based
model, we incorporated sexual reproduction with recombination
of parental traits and social learning (imitation). We also make a
distinction between the phenotypic and genetic characteristics of
individuals. Finally, we extended our model to cases with more
than two tasks. Interestingly, despite all the differences, the two
models find results in agreement with each other: a larger group
size and an increased importance of learning a skill facilitates
the emergence of DL, and thus seem to be crucial and robust
requirements.

The above argument has implications not only for the
Neolithic transition, but also for the more recent evolution of
humans. In our model, the size of the group represents a major
limit for genetic diversification. We have chosen a small basic
group size that corresponds to the natural human social group
size of about 150 people (Dunbar, 1993). Presumably,Palaeolithic
groups had sizes in this order of magnitude, where specialization
would indeed have been problematic. However, during and
since the Neolithic, human groups have been getting larger and
larger, thus we posit that group size is no longer a constraint
on diversification. Moreover, with the IT revolution, group size

during imitation or social learning is effectively equal to the
online global population. Now that people’s connectedness has
grown so drastically, SDL has became global, and specialization
can be ever more extreme. Thus, in the near future we may
experience the greatest growth in behavioral and genetic diversity
ever seen in human history.

CONCLUSIONS

In this paper we were interested in whether the emergence of
agriculture was able to trigger SDL and behavioral diversification
in human populations. To study this question we created a
strategic model, in which individuals had to solve different tasks
for survival. We compared groups in two different ecological
environments, one resembling small-scale societies, the other
resembling food-producers.

In the subsistence case, individuals typically stay generalists.
The exception is when tasks are difficult to learn, in which case
phenotypic specialization can arise, but genetic polymorphism
never does. An example could be the above-mentioned
temporary DL during the season of agricultural work in
the forager-horticulturalist Tsimane (Stieglitz et al., 2013). In
the producer case, individuals typically become phenotypically
specialized, but genetic branching is relatively rare. Genetic
branching can evolve under some conditions: a low number of
tasks, a large group size, and strong assortativity during both
imitation and reproduction. We therefore conclude that during
the Neolithic, a previously unprecedented amount of behavioral
diversification could occur, probably accompanied with little
genetic diversification.

Even though this model is more detailed than strategic
models usually are, it has several limitations and simplified
assumptions because of the high complexity of the studied
phenomenon. These we have already discussed in detail above.
However, the limitations themselves could lay the path for further
investigations based on this model framework. Such further
directions could be the incorporating of food sharing, studying
the effect of social stratification, or including sexes with different
life histories and sexual DL.

We believe that the importance of our work reaches beyond
the technical investigation of a strategic model. First, the
immense literature on the evolution of division of labor neglects
social division of labor, which is DL within sex and age groups.
With this paper we hope to direct more attention toward SDL,
so typical of post-agricultural humans. Second, it may bear
implications for recent social processes. Globalization creates an
environment where both social connectedness, and the scale of
SDL reaches ever higher levels. According to our model, such an
environment selects for an enormous phenotypic, and perhaps
genetic diversity.
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