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While ecological specialization, social differentiation and division of labour
are found in many species, extensive and irreversible interdependence
among culturally specialized producers is a characteristic feature of
humans. By extending the concept of cultural ratcheting (or the evolution
of cultural products of such complexity that they become very unlikely
to be recreated from scratch by naive individuals), we present simulation
models showing how cumulative cultural evolution may have engendered
a parallel process of ‘social ratcheting’” or the origin of culturally
differentiated and irreversible interdependent individuals and groups.
We provide evidence that the evolution of cultural division of labour in
humans may have been associated with social network structures splitting
the cognitive costs of cultural production across differentiated specialists,
significantly reducing the burden of cultural learning on individual
cognition and memory. While previous models often assumed agents with
unlimited memories, we show that limiting individual memories to a
fraction of available cultural repertoires has a noticeable accelerating effect
on both cultural evolution and social differentiation among producers. We
conclude that cultural and social ratcheting may have been two linked
outcomes of cultural evolution in the hominin lineage.

This article is part of the theme issue ‘Division of labour as key driver of
social evolution’.

1. Introduction

Products of cumulative cultural evolution may reach a level of complexity
beyond which they become more unlikely to be recreated from scratch by
naive individuals [1-3]. Cultural products that can only be individually
acquired through social transmission define a cognitive threshold known
as cultural ratcheting [4]. A related feature of cumulative cultural evolution
is social division of labour [5]. For example, while an extreme example of
cumulative culture such as a space station consists of a large number of
interconnected components, it also requires the existence of space engineers
alongside many other specialized individuals. We proposed the term ‘social
ratcheting’ to describe the point beyond which cultural specialists can no
longer recreate cultural products on their own and become interdependent
agents within division of labour systems [6].

In comparison with the vast literature on human cumulative culture,
the evolution of human division of labour has remained relatively under-
studied [7,8]. This may be partially due to previous research not always
clearly delimiting the boundaries among the related but distinct processes
of specialization, differentiation among specialists and finally division of
labour among differentiated and interdependent specialists. For example,
Smolla & Akcay [9] have modelled the effect of cultural transmission on
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network structure and individual skill sets, concluding that selection for skill specialization was associated with increased n
network density and more proficient individuals. However, their model also predicted that interconnected specialists would
converge towards the same skill, leading to the loss of cultural differentiation and diversity at the population level, conclusions
at odds with what is observed in human societies. The reason seems to be that their model may be more appropriate to simulate
the evolution of ecological specialists [10], where there is no division of labour or interdependence within populations, in
contrast to human societies characterized by differentiated cultural specialists, and high cultural diversity at the population
level.

Apart from humans, another frequently discussed instance of social division of labour is eusociality and caste differentiation
in some arthropods and mammals, which can be satisfactorily explained by a combination of kin selection (reduced within-
group conflict among close relatives owing to haplodiploidy in Hymenoptera; or high relatedness in termites, aphids and mole
rats) and ecological factors (living in defensible nests, exploring abundant and concentrated resources; [11-13]). However, major
aspects of eusociality are absent from humans: non-human apes do not exhibit eusociality (and neither did our shared common
ancestor), Homo sapiens since its origins was likely to show lower levels of within-group relatedness than other apes, and we do
not observe a distinction between reproductive and non-reproductive castes in humans [14,15].

The main factor preventing a straightforward comparison between humans and eusocial species is that human division of
labour and interdependence are culturally rather than genetically established. Some field studies have suggested that culture
can promote differentiation of behaviours and skills in apes [16,17]. At the population level, nut-cracking in chimpanzees has
been found only in a few populations in Central Africa, despite the availability of nuts and stones in other locations [18,19].
Social learning studies [20,21], field observations [22,23] and correlations between genetic interconnectivity and tool sharing
[24] have strongly suggested that nut-cracking is culturally transmitted between populations. At the individual level, anecdotal
reports range from describing certain complex technologies as customary (nut-cracking shared among virtually all individuals
in Bossou; [25]), common (ant fishing being performed by over half of adults in Kasekela, Gombe; [26]) or rare (nut-cracking
using a wedge stone in Bossou; [27]). However, there is no evidence of extensive exchange of products or skills between adults,
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skill complementarity in a single task (with a single multi-step task being performed by individuals specialized in different
steps) or exchange of products requiring distinct skills, and so far there is no systematic summary of skill distribution at an
individual level in chimpanzees. Overall, although cultural specialization and differentiation may occur, evidence of division of
labour and interdependence is scant even in a culturally rich and diverse species such as chimpanzees.

In contrast, division of labour is a universal feature of current human societies, including the few extant hunter—gatherers,
and is likely to have evolved in the deep past of H. sapiens [6,8]. Hunter-gatherers from Central Africa show a variety of
specialists such as public speakers, spirit guardians, individuals in charge of communicating with external groups, song
composers and ritual runners [28], and even sub-specialists, including elephant hunters as opposed to regular hunters, and
healers catering specifically for infant health, sorcery, family issues or exorcism, among others [29]. The archaeological record
provides evidence of trade and exchange of ostrich eggshell beads from at least 33 ka in southern Africa [30], remarkably similar
to the hxaro gift system which circulates tools and ornaments among households and groups of extant San hunter—gatherers
from Namibia [31]. Since hxaro beads are now only produced by women, the fossil beads hint at the possibility of sex division of
labour at least since the Late Stone Age.

All this evidence suggests that ecological specialization and cultural differentiation seem insufficient to capture the key
feature of human social ratcheting, namely the evolution of irreversible interdependence among culturally differentiated
individuals. In addition, division of labour in eusocial species is as a rule associated with high relatedness among cooperators
and explained as an outcome of indirect fitness effects [32]. For those reasons, we believe that more appropriate biological
analogies to the evolution of cultural division of labour in humans seem to be cases where cooperation was more likely to have
evolved among unrelated individuals, such as in the symbiotic associations behind the first eukaryotic cells [33] or the evolution
of interdependent mating types in sexual species [34]. Such instances of biological aggregation [35] were later generalized
by the concept of major transitions in evolution [36], or unique evolutionary processes that led to the emergence of new
entities resulting from specialization, differentiation, division of labour and irreversible interdependence among cooperative
and complementary units. The logic of major transitions implies that new entities evolve owing to selective pressures at the
level of their ancestral components: kin selection in the case of multicellular organisms or eusociality, or cooperation among
unrelated individuals in the case of sexual reproduction or symbiosis [37].

Human societies were interpreted by Maynard Smith & Szathmary [37] as the most recent of the major evolutionary
transitions, with cooperation and interdependence both among related and and among unrelated individuals, interconnected by
language as a new form of transmission of biological information. However, it is widely recognized that culture as a whole has
played a more general role than language in the origins of human division of labour [38,39]. Rather than language alone, it may
be more appropriate to refer to cultural accumulation and transmission as the key drivers of human social organization, both to
highlight the overlap between the concepts of major transitions and dual inheritance systems [40,41], and to stress that language
itself is a product of gene—culture coevolution [42].

A few attempts were made at demonstrating the links between cultural transmission and division of labour in humans.
For example, Henrich & Boyd [7] examined the effect of variation in cultural learning strategies on division of labour, but
they assumed that groups were already sufficiently isolated to create opportunities for specialization. As pointed out by
Nakahashi & Feldman [5], their analytical model does not address how differentiation and stable division of labour would
emerge within a group of individuals originally with the same skills, a conspicuous feature of human societies. However,
Nakahashi & Feldman’s own equations assume that cultural specialists are limited by the number of available resources (in
their model, only two) and mostly apply to gender division of labour. Although the two studies have the merit of establishing
a link between cultural evolution and division of labour, they do not consider more generally the longer-term interactions



among cumulative cultural evolution, social structure and resource exploitation in the hominin lineage. For example, stepwise [ 3]
evolution of new lithic and non-lithic technologies was likely to have occurred hand-in-hand with an expansion of the range of
available resources to hominins [43], and this may have increased opportunities for increasing cultural division of labour.

We have previously argued that a growing dependence of earlier hominins on lithic technologies [6] led to both cultural
ratcheting (the irreversible dependence on social learning for the acquisition of cultural skills) and social ratcheting (the
irreversible interdependence among cultural specialists). Therefore, cumulative culture may be seen as the factor favouring
selection for increasing division of labour in hominins to a point where benefits to specialists with complementary cultural skills
resulted in irreversible interdependence. A possible advantage of cultural specialization at the individual level is that storage
and learning of cumulative culture may be spread across networks [38]. Network memories [44,45] may significantly reduce
cognitive demands on individual memory and learning [46]. However, previous models have mostly postulated agents with
unlimited memories, an unrealistic assumption given the potential cognitive load of cultural repertoires growing in size and
complexity [47]. The potential effects of cognitive overloads on human memory and learning on division of labour have not yet
been investigated in detail.

Another feature of human division of labour is that it relates to cooperation at two distinct levels: distribution and pro-
duction. Food sharing in hunter—gatherers [48,49], gift systems [50] and trade [51] may have evolved as a result of general
advantages of product distribution among groups and individuals. In contrast, cooperation in production (sharing of comple-
mentary knowledge or tools) directly involves only producers. For this reason, cooperative processes behind production or
distribution may affect social structures and exchanges in different ways. For example, studies showing the positive effects of
partial connectivity in experimental networks [46] and of multilevel sociality of extant hunter—gatherers [44] on recombination,
innovation and the evolution of cultural complexity have mostly focused on the sharing of knowledge among producers.

In the following, we present agent-based models to investigate whether cumulative cultural evolution promotes not only
cultural ratcheting but also social ratcheting or division of labour in the form of culturally specialized, differentiated and
interdependent individuals and groups. Agent-based models have been frequently applied to systems where behavioural rules
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can be defined at the individual level, but outcomes on a social and evolutionary scale depend on various interactions among
multiple agents, between agents and physical or cultural environments, and over many generations. Agent-based modelling
is suited to evolutionary studies since agents can be designed with variable behavioural patterns, life histories, mutation
rates among other traits. They are particularly appropriate to the study of cultural evolution as they can easily incorporate
behaviours such as social learning and innovation, as well as the accumulation, loss, gradual improvement and recombination
of cultural traits. For example, agent-based models by Derex & colleagues [52] investigated the effects of population structure
on cumulative cultural evolution and demonstrated that more complex traits tend to evolve in populations characterized by
intermediate levels of social interconnectivity, as they provide a balance of cultural loss and diversity. Migliano et al. [44] have
also used agent-based simulations to demonstrate that the multilevel social structures found in extant hunter—gatherers exhibit
features of partial connectivity and accelerate cumulative cultural evolution. Cantor et al. [53] supplemented the previous
analyses by revealing that various network structures engender partial connectivity, and also that variation in social network
structure may have distinct effects on rates of creation and diffusion of complex cultural traits. Although the previous works
have furthered our understanding of cumulative cultural evolution, agent-based modelling has not yet been applied to the
problem of cultural division of labour.

In the following, we start by simulating cultural evolution, including both incremental improvements along differentiated
lineages and crossovers between lineages generating technological leaps in production. We propose various measures of
specialization, differentiation, division of labour and interdependence to assess social ratcheting. Our agent-based models
address how two factors, namely limited versus unlimited agent memory, and presence versus absence of cultural transmission,
affect rates of cultural and social ratcheting.

2. Methods

(a) Simulation parameters

In each simulation, an initial population of n = 300 individuals was divided into M = 15 groups (figure 1). Each group was
structured as a fully connected network, and its 20 members were split into four unrelated families (two parents and three
offspring each). We then simulated a process of cultural evolution closely following previous work [44,46]. Each individual was
initially endowed with a set of eight tools from four cultural lineages (two tools per lineage). Each tool was ascribed a baseline
fitness value (1 or 1.05).

(b) Partner selection

At every simulation round, each agent estimates its toolkit distance to the other 299 agents as the Jaccard distance | =
1 - number of common tools/total number of tools. The agent then selects a partner either from its own group or from another,

depending on the parameter P = Db_—DW, with Dy, as the mean toolkit distance to the 280 agents from other groups and D,, as
the mean toolkit distance to the other 19 agents within its group. When an agent is more similar to agents in its own group (p >
0), a random partner is selected from another group with probability P; otherwise (p < 0), a random partner is selected from the

same group. As seen, P is dynamic and changes as a function of toolkit differences at each step of the simulation.



POPULATION STRUCTURE
e N=300 agents split into 15 fully connected groups of 20
* Groups initially not connected to each other
* In each group, 4 unrelated families (2 parents, 3 offspring)

l

CULTURAL REPERTOIRES

* 8§ original tools per agent
* 2 tools per tool lineage (A, Ay, By 1> Boz Co.1> Cozo Dot Do)
* Each original tool has fitness value f=1 or f=1.05

!

PARTNER SELECTION
» Each agent selects a random partner from its own group, if its toolkit is more similar to
toolkits in other groups
e Otherwise, partner is selected from another group, creating a new network link between

groups

RECOMBINATION
* Agent and partner randomly select one tool each (weighted by f)
» The two selected tools are recombined

TOOL EVOLUTION
* At each stage, only one random combination creates a new, higher-value tool
* New tool is either an incremental lineage improvement (value increase of 5%); or a rarer
crossover of tool lineages (with double the fitness value)

!

STORAGE
e In simulations with unlimited memory, new tool is added to the toolkits of agent and partner
* In simulations with limited memory, new tool replaces the tool with the lowest fitness value

!

TRANSMISSION
* In simulations with social transmission, a new tool is shared in that round with all network
neighbours of agent and partner
* Sharing occurs with probability P, = 0.5 for a parent, offspring or partner; P, = 0.25 for a
sibling, and background probability P, = 0.05 for unrelated group neighbours

Figure 1. Flowchart of agent-based simulations.

(c) Tool creation and crossovers

After partners are selected, each agent in a dyad randomly selects one tool from their toolkit with probability proportional to
tool fitness. Among all possible tool combinations, a randomly chosen one results in the creation of a new and superior tool
with higher fitness value. If the selected tools do not generate a new tool, the simulation moves on to another agent until all 300
agents select a partner and a full round is complete. If a new tool is discovered, both agents add the new tool to their toolkit.
Simulations end after 150 rounds.

Lmn denotes a tool at the stage m and level n in lineage L. Each technological stage has three incremental levels: Ly, 1,
L2, Lm 3. For example, tool A3 is at the second incremental level of the third stage. Technological evolution has two modes:
incremental increases between levels or technological transitions between stages. To reach the incremental level n at the stage
m, agents must combine two randomly selected tools of level Ly (4-1) and Ly (z-2) from the same tool lineage. The agent is
classified as belonging to the tool lineage of its most evolved tool. Therefore, agents can shift across the four lineages during
a simulation. If at some point an agent has more than one most evolved tool from different tool lineages, it is randomly and
momentarily assigned to one of them. To achieve a crossover m + 1, agents must recombine two randomly selected Ly, 3 tools
from different cultural linages. When a crossover occurs, the newly created tool is placed in the same lineage as the tool
contributed by the first agent in the dyad. For example, if an agent with an A; 3 tool selects a partner with a By 3 tool, successful
recombination generates an Aj 1 tool; if the positions in the dyad were inverted, the outcome would be a Bj 1 tool. Incremental
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advances lead to a 5% increase in fitness compared with the previous level, while crossovers double the fitness value of the
discovered tool.

A newly created tool is added to the toolkit of both agent and partner and is shared in that round (in scenarios with social
transmission) with all their network neighbours with probability Ps = 0.5 for a parent, offspring or partner, Pg = 0.25 for a sibling,
and background probability Ps = 0.05 for unrelated group neighbours. Ps values are meant to broadly indicate that sharing
correlates with relatedness.

(d) Simulation scenarios

We have run the simulations under four distinct scenarios based on two variables, namely agent memory and social transmis-
sion. We treated memory (unlimited versus limited) and social transmission of tools to neighbours (present versus absent)
as independent factors, resulting in four simulation scenarios: (i) unlimited memory, no transmission; (ii) limited memory, no
social transmission; (iii) unlimited memory, social transmission; and (iv) limited memory, social transmission. In simulations
where agents have limited memory (eight items), a new tool (either created or transmitted from another agent) replaces the tool
with the lowest fitness value. In simulations with social transmission, Pg probabilities above are applied. We ran simulations
50 times for each scenario and report mean and standard errors in the figures. In the electronic supplementary material, we
explore two parameters in more detail, namely population size (both group size and number of groups) and agent memory size
(ranging from eight to unlimited tools).

(e) Entropy estimator

Information or Shannon entropy was calculated as
HX)=~- ) p(x)logp(x)

where x can take four values of the cultural lines. The probabilities p (x) rendering unweighted entropies were calculated as

(A) = number of toolsin A
p total number of tools

Entropies weighted by the fitness values of tools were calculated as

_ Yie afitness(i)
PA)i = = ness()

where fitness(i) is the function that assigns a fitness value to tool i.

3. Results

(a) Memory limitation and social transmission accelerate cultural evolution

Our simulations revealed noticeable differences in tool evolution across the four scenarios. Technological evolution was slowest
when agents had unlimited memories, and pairs could not transmit newly created tools to their network neighbours (figure
2a). After 150 rounds, the maximum number of technological leaps (crossovers between lineages) was 2, with the resulting tools
reaching stage 3. The introduction of social transmission had a pronounced effect, with tools evolving to stage 8 (figure 2c). This
confirms that the partial spread of innovations primarily to family members, and less likely to other unrelated group members,
favours cultural accumulation [54].

We also identified an independent effect of memory limitation. In the scenarios without social transmission, a limitation of
agent memory to eight items also facilitates technological leaps, and tools evolve to stage 5 (figure 2b). The finding that a limited
memory that reduces the size of individual toolkits can accelerate tool evolution seems counterintuitive. However, it suggests a
trade-off between individual memory and collective tool repertoire, confirmed by additional simulations showing that increases
in maximum item memory from eight to unlimited items gradually slow down tool evolution (see electronic supplementary
material, figures S1 and S2 ). Finally, the combination of memory limitation and social transmission had an even stronger effect,
with cultural innovations reaching stage 12 in some populations (figure 2d). The trade-off between memory size and tool
complexity is observed under different population sizes, which we explored by varying both group size and group number
(electronic supplementary material, figures S3-S5). In summary, the combination of limited agent toolkits and partial spread
of innovations seems to accelerate both the rates of incremental technological evolution and occurrence of rarer technological
leaps.
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(a) Unlimited memory & no transmission (b) Limited memory & no transmission (c) Unlimited memory & transmission (d) Limited memory & transmission
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Figure 2. Cultural evolution simulations under four scenarios: (a) agents with unlimited memory and no social transmission, (b) limited memory (eight items) and no
social transmission, (c) unlimited memory and social transmission, and (d) limited memory and social transmission. The y-axis represents evolved technological stages
and levels. Vertical bars on the x-axis correspond to the 15 groups in each of the four scenarios. Colours represent the four evolving technological lineages (a—d). Colour
shades in each vertical bar represent the fraction of agents storing a given tool.

(b) Memory limitation and social transmission increase agent specialization and differentiation

Next, we evaluated possible effects of memory and transmission on cultural specialization and differentiation of agents. In
principle, unlimited agent memories should allow the accumulation of newly created tools and skills without cognitive costs,
and for this reason might be expected to favour the evolution of cultural generalists rather than specialists. On the other hand,
general transmission of new findings to all nodes in a network tends to reduce diversity in individual toolkits [46]. To assess
levels of toolkit specialization among individuals, we selected information entropy as a metric estimating the probability of
a given toolkit among all possible tool combinations when tools are classified into one of the four available technological
lineages. A high-entropy toolkit contains a relatively homogeneous distribution of tools across the four lineages, identifying an
agent with low cultural specialization. Low entropy corresponds to agents concentrating tools from fewer or a single lineage
and hence highly specialized. If all tools in a toolkit come from one lineage alone, entropy = 0 and the agent is maximally
specialized. We estimated agent entropy both weighting and not weighting tools by their fitness values. Weighting was included
to account for the fact that high-value tools are more likely to be selected in recombination events, and to prevent artificial
inflation of entropy in unlimited memory scenarios where no tools are discarded.

At the end of simulations, the highest mean entropy was observed in the unlimited memory and no transmission scenario
(both with and without fitness weighting), followed by the scenario with unlimited memory and transmission (figure 3a,b).
This suggests that the lack of individual cognitive costs to accumulation of growing toolkits is a factor preventing tool
specialization. In simulations where agent memory was limited, mean entropy was lower and reached the lowest level when
social transmission was also present. The multiple peaks of entropy values in scenarios with limited memory can be explained
by the finite combinations of eight tools from the four lineages. This is more evident in the case of limited memory and social
transmission, where similarity in toolkits is further enhanced by transmission to other agents. In summary, the scenario where
tool evolution occurs more quickly also exhibits the highest levels of specialization and concentration of tools into fewer cultural
lineages.

A related question is whether specialized agents were also differentiating their toolkits among themselves. As discussed
earlier, agents across the whole network might in principle specialize in the same lineage, thus reducing overall cultural
diversity. To measure levels of differentiation, we calculated Jaccard distances among all individuals in the population. Notice
that Jaccard distances are expected to be highest when agents specialize in different lineages, compared with a case where
agents are either generalists or specialize in tools from the same lineage. The distribution of Jaccard distances within each
scenario shows that agent differentiation is highest under the conditions of memory limitation and social transmission, and
lowest when memories are unlimited and there is no social transmission (figure 3c). This means that limiting agent memories
has also a strong and positive effect on differentiation. Therefore, technological diversity is highest at population level when
memories are limited and social transmission takes place, even though agents only master the production of a small number of
tools.

(c) Emergence of group specialization and differentiation

Next, we asked whether cultural evolution is associated with specialization and differentiation also at the group level. To
address group specialization, we estimated mean agent entropy within each of the 15 groups across the four scenarios. Results
confirm that limited memories and social transmission are also associated with the lowest toolkit entropies at the group
level (figure 3d,e). As reported above, when fitness values of tools are taken as weights, the effect of memory limitation on
specialization is more pronounced.
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(a) Agent specialization (weighted) (b) Agent specialization (unweighted) (c) Agent differentiation
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Figure 3. Comparison of specialization (information entropy) and differentiation (Jaccard distance) in four scenarios. (a,b) Individual entropies, respectively weighted
and unweighted by tool fitness value; (c) Jaccard distances between individual agents. (d,e) Group entropies, weighted and unweighted by tool fitness value;
(f) Jaccard distances between groups. In (a—e), dashed lines represent mean values for each scenario. Error bars in (f) are standard errors multiplied by 5 for better
visualization. See (f) for colour coding of scenarios in all panels.

The following step assessed group differentiation or whether groups specialize in the same lineage (leading to overall loss
of tool diversity) or different tool lineages. We aggregated the 20 agent toolkits from each group into 15 virtual group toolkits
and then estimated Jaccard distances between the groups. This showed that differentiation is higher in the two scenarios with
memory limitation (figure 3f). The result is not trivial, since agents with limited memories could have instead specialized
in the same lineages in the different groups. Higher differentiation occurred both in the scenarios with and in the scenarios
without social transmission, even though they differ in their final number of tools. In summary, memory limitation and social
transmission seem to promote both group specialization and differentiation.

(d) Tool evolution and social structure

We also investigated how selection for tools of higher values might affect link creation among groups and overall network
structure. At the start of our simulations, the 15 groups were disconnected from each other. However, links between groups
could be created: the simulations assumed that the probability of selection of a recombination partner from another group
increased when agents from other groups carried relatively more diverse toolkits. We tracked the creation of between-group
links under the four scenarios and observed that simulations with limited memory and social transmission exhibited by far the
highest level of group interconnectivity, with the number of between-group links outnumbering other scenarios by a factor of at
least 5 (figure 4a). The larger number of interconnections reduced path length (the average number of minimum steps between
agents in a network) in the scenario with limited memory and social transmission (figure 4b), implying that the circulation
of newly created tools across the whole network occurred on average through fewer steps. Overall, the effect of increased
group interconnectivity on the scenario with limited memory and social transmission was a higher value of global efficiency
(figure 4c), a metric that quantifies the extent to which a given network structure favours exchanges across nodes [55]. The least
interconnected and globally efficient networks were created when agents had unlimited memories and did not socially transmit
findings. Together, the results associate memory limitation and social transmission with the emergence of more interconnected
networks (figure 4d).

(e) Division of labour and interdependence

Finally, we wanted to assess whether tool evolution, specialization and differentiation were associated with division of labour
and interdependence among producers. As argued above, role differentiation is not enough to demonstrate division of labour,
since it is compatible with independent strategies, while under division of labour the differentiated roles evolve owing to
their interdependence. Furthermore, our simulations only address division of labour in production and not in distribution of
products. Therefore, we assessed whether producers that specialize in one tool lineage also interact more closely with producers
of other tool lineages. We observed that agents with limited memory and social transmission create a much larger number of
tools over 150 rounds (figure 5a), resulting in a larger toolkit at the population level. This occurs even though individual agents
must discard their less valuable tools (forgotten tools) when a high-value tool is created and added to the toolkit. While by
definition agents with infinite memory can accumulate more tools (figure 5b), an unexpected result is that the total number
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Figure 4. Division of labour, cultural diversity and network structure. Barplots display mean values of (a) number of new links between groups, (b) path length, and
(c) global network efficiency in the four scenarios. Error bars represent standard errors multiplied by 5 (50 simulations each). The figure also shows a representative
example of the network structure after 150 rounds of simulation under (d) unlimited memory, no social transmission, (e) limited memory, no social transmission,
(f) unlimited memory, social transmission, and (g) limited memory, social transmission. Node colours represent the technological lineage of each agent at the end of
the simulation.

of tools within ego networks (consisting of an agent and all its network neighbours) is also smallest under the conditions
of memory limitation and social transmission (figure 5c). Since this is the scenario where most tools are created, it means
that on average these producers have direct access to a smaller fraction of the population pool required for incremental steps
or crossovers. Confirming the inference, we first observed that agents with limited memory (both with and without social
transmission) kept a relatively small fraction of the tools found in their own focal networks (figure 5d).

Second, the fraction of tools kept by ego networks relative to the population pool was much smaller in the scenario with
limited memory, but now the scenario with social transmission was a clear outlier (under 25%), compared with all other
scenarios, where the fraction was over 50% (figure 5e). Since this scenario is also where mean tool value is the highest (figure 5f),
a possibility is that agents end up in ego networks with the highest levels of toolkit diversity, thereby increasing the probability
of innovation. A comparison of mean Jaccard distances within ego networks confirms this interpretation, showing that the two
scenarios with limited memories show the highest levels of differentiation (figure 5g). The same is observed considering only
the new between-group links established during the simulations (figure 5h), which are also created in larger numbers when
agents have limited memories (see figure 4a above).

088 § 2054wy g qsyfeuwnolSioBuysiqndeposieior [

L£70£¢0C



(a) Number of tools (b) Tools at the end (c) Number of tools (d) Agent tools as fraction
ever discovered of the simulation per ego network of ego network tools

140 Tools discovered 35 | | | |
Tools discovered 50 0.6
120 and forgotten 30
o 0 0
2 2 2 05
g 100 g g%
ey et ) bey 04
S 80 S 20 © 30 ®
1 1 1
o o [ j=
S 60 215 2 g03
8
: : £ -
Z 40 o Z 10 Z g 0.2
B ’ . l . . N
0 0 0 0.0

(e) Ego network tools as fraction (f) Tool fitness values (g) Agent differentiation (h) Agent differentiation

of total network tools (log scale) within ego networks (between groups)
0.8 i

0.7 0.8

e
<
®

ercentage
c o o o o o
P T

log(fitness)

o N - o

Jaccard dista
o o o o o o
PR R

Jaccard distance
o S o o
> o - >

odo oéo odo odo od/\\ odo oéo odo odo odo oéo odq odq odo odo oéo
& & F FP F & F FP F & F FP & F F FO
CF FF S S CF S S S CF S SF S CF FF SF S
DD Y DD > > > L E > > F B >
& F T F G F &P & F T F g F &P & @ F G FE P & @ & &
WSS S S P S WSS S S P S S S S S WS SR S
Sow Voo W o o W o Vo A% o Vo v
SV RN SV RN SV RN SV RN

Figure 5. Division of labour and interdependence across four simulation scenarios. Mean values of (a) number of tools ever discovered (created) across 150 rounds
of simulations, including both tools found in toolkits at the end of simulations, and tools created but later forgotten (replaced by others in the scenarios with limited
memories); (b) number of tools at the end of simulations; (c) tools per ego network; (d) ego tools as fraction of ego network tools; (e) ego network tools as fraction
of total network tools; (f) log of tool fitness values per agent; (g) Jaccard distances between toolkits within ego networks; (h) mean Jaccard distances between toolkits
only considering the newly created between-group links. Error bars represent standard errors times 5 (from 50 simulations).

4. Discussion

Division of labour is found in various social species. Characteristic features of human division of labour are the smaller
role played by kinship in reducing within-group conflict, interdependence in production and distribution among unrelated
individuals, and above all, the fundamental role that cultural evolution and transmission have played in determining individual
specialization and differentiation. While it is widely assumed that cultural evolution may result in cultural ratcheting, our
purpose was to provide evidence that cultural evolution will also generate social ratcheting, the growing division of labour
and interdependence among specialized producers to a point where they can no longer produce or innovate their own
technologies in isolation. This argument draws a clear distinction between human division of labour and instances of ecological
specialization or social differentiation. The fact that such distinction is not always made may explain, for example, why our
simulations show a direct association between specialization, cultural diversity and network interconnectivity, while previous
studies [9] had reported an inverse relationship between specialization and cultural diversity. More studies of human division
of labour explicitly considering its relation to cultural ratcheting and evolution are required.

We have also directly addressed the relation between cumulative cultural evolution and individual cognition. Often the
cultural ratcheting argument is phrased in terms of the limited ability of individuals to reinvent from scratch certain traits
whose creation required generations of individuals and various innovation steps. However, cumulative culture poses an equal
challenge to aspects of individual cognition other than innovation, namely memory and even learning itself. In fact, humans are
not only unable to reinvent various cultural traits from scratch but also unable to acquire the vast majority of human culture
even when assisted by teaching and social learning. One of our main results was the demonstration that limited memories
accelerate rather than hinder cultural accumulation, revealing a trade-off or inverse relationship between memory size and tool
complexity. This can be explained by the role played by social networks in distributing the burden of storage and creation
of cultural items. The result highlights the fact that human division of labour also takes place at the cognitive level, with
individuals learning only a fraction of the totality of culture.

Finally, we mentioned that human division of labour refers to at least two interconnected dimensions: distribution and
production, which may require distinct patterns of cooperation. Our study focused on interdependence only regarding the
transmission of tools and skills in the context of production. Such production interactions may involve a limited number of
specialists rather than the whole population. To model division of labour more generally in human societies and investigate
interdependence also at the level of distribution of products, other models addressing food sharing, gift networks and trade
are required. In summary, our simulations show that cultural evolution is faster when individual memories are limited and
promotes cooperation at the production level among partners with more differentiated toolkits. We conclude that cultural and
social ratcheting may have evolved as two outcomes of the same processes of cultural evolution in hominins.
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