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The transition to specialization of knowledge within populations could have
facilitated the accumulation of cultural complexity in humans. Specialization
allows populations to increase their cultural repertoire without requiring that
members of that population increase their individual capacity to accumulate
knowledge. However, specialization also means that domain-specific knowledge
can be concentrated in small subsets of the population, making it more suscep-
tible to loss. Here, we use a model of cultural evolution to demonstrate that
specialized populations can be more sensitive to stochastic loss of knowledge
than populations without subdivision of knowledge, and that demographic
and environmental changes have an amplified effect on populations with knowl-
edge specialization. Finally, we suggest that specialization can be a double-edged
sword; specialized populations may have an advantage in accumulating cultural
traits but may also be less likely to expand and establish themselves successfully
in new demes owing to the increased cultural loss that they experience during the
population bottlenecks that often characterize such expansions.

This article is part of the theme issue ‘Human socio-cultural evolution in
light of evolutionary transitions’.

1. Introduction

Human culture is extraordinarily diverse, and many studies have sought to
measure or predict cultural complexity in different populations [1-10]. Multiple
factors have been suggested as predictors of cultural repertoire size including
population size, population mobility, the resources used by the population and
the rate of fluctuation of the environment [3,11,12]. One major transition in
human cultural evolution that could have facilitated rapid cultural accumulation
is specialization, when subsets of a population become proficient at making cer-
tain tools and accumulate relevant knowledge that is not shared by the rest of the
population [13,14]. For example, the progression from non-specialized hunting-
gathering to hunting with specialized tools has been proposed as a hallmark of the
Middle Palaeolithic to Upper Palaeolithic transition, which was characterized by
a rapid diversification of cultural artefacts [15-18]; populations with a diverse set
of specialized tools could putatively have an advantage if individuals themselves
specialize in the production or use of these tools [19-22].

Imagine a population in which individuals produce cultural innovations
(tools) at a certain rate. Given that the population’s repertoire is the number
of unique tools across all individual toolkits, the smaller the overlap between
those toolkits, the larger the population’s cultural repertoire will be (figure 1).

© 2023 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. The smaller the overlap between individual toolkits (in this case, three individuals each with a toolkit of nine tools), the bigger the population’s overall
cultural repertoire can be. At the same time, smaller overlap also means fewer people know each tool, which can increase its chances to be lost.

Thus, a non-specialized population, in which all individuals
have similar toolkits, may be expected to have a smaller
total repertoire than, say, a population divided into 10
guilds that each have a different cultural specialization.
Thus, if small groups of individuals specialize in various
domain-specific subsets of knowledge, a population can
dramatically increase its overall cultural repertoire without
requiring that members of that population increase their
individual capacity for knowledge. This prediction is of
particular interest because while we know that individual
capacity for knowledge appears to have increased over the
course of evolution [23,24], we also observe growth in cul-
tural complexity on much shorter timescales in some cases.
This growth is, therefore, likely to result from other mechan-
isms such as cultural specialization or cultural innovations
that help preserve knowledge (as we explored in [25]). Fur-
thermore, cultural specialization could potentially benefit
the fitness of the entire population, e.g. by increasing its over-
all productivity and by allowing for more effective social
learning [26,27]. However, specialization might be a double-
edged sword in cultural accumulation, since cultural
knowledge that is known by only a small subset of a popu-
lation could be more likely to be lost, particularly during
periods of demographic change [14]. In this paper, we present
a computational model to test the assumptions underlying
this key question: whether a subdivision of knowledge can
lead to a richer cultural repertoire, and whether specialized
populations can be more vulnerable to loss of knowledge.
Underlying these ideas is the hypothesis that larger popu-
lations can accumulate larger cultural repertoires, which
has been supported by theoretical models, experimental
work and empirical analyses of the archaeological record
and of existing populations [5,25,28-40]. Other researchers,
however, did not find such correlation (e.g. [33], especially
in analyses of hunter-gatherer populations (summarized in
[12]). The degree of cultural specialization of a population
might thus be an important factor to consider in predicting
its cultural repertoire since a more specialized population
may have a different level of cultural complexity than a
non-specialized population at the same population size. In
other words, considering populations with different degrees
of cultural specialization in the same analysis could obscure
the relationship between cultural repertoire size and popu-
lation size. Here, using a model of cultural evolution, we
examine the relationship between cultural specialization,
cultural repertoire size and sensitivity of the repertoire to sto-
chastic losses and to demographic changes. We also assess

the empirical relationship between cultural specialization
and population size across human populations.

2. Methods

We propose a model of cultural evolution in which cultural traits,
hereafter referred to as ‘tools’, occur in specialized and in non-
specialized populations. The degree of population specialization
is defined as the number of guilds into which it is divided. Non-
specialized populations, hence, are considered as consisting of
one guild. The cultural dynamics within each guild are comple-
tely independent from other guilds, meaning there are no shared
tools between them. In other words, a guild of certain size within
a population is modelled exactly like an independent non-
specialized population of that size. In reality, of course, some
cultural features are shared between guilds, so our model can
be interpreted as simulating only the fraction of cultural features
that are guild-specific. The larger that fraction is (i.e. the more
culturally structured the population), the more relevant our
model’s predictions become.

Our model is roughly based on the modelling framework of
[39] for independent cultural innovations, termed main axis tools
in the original model, with adjustments for the division into
guilds. In the model presented here, new tools are invented at
a given rate per individual per time step, Pi,y. This means the
number of invented tools per time step is linearly dependent
on population size (regardless of division to guilds). Realistically,
the relationship can exceed linear (as demonstrated in [39])
because existing tools can be used or combined to invent new
tools, but for simplicity, our version of the model assumes the
inventions of tools are independent from one another.

Invented tools can be lost in two ways. First, newly invented
tools can be lost before being established in the population.
Each new tool is associated with a positive selection coefficient
s, which is drawn from an exponential distribution for which
we specify the mean (8). We do not explicitly simulate the
cultural transmission process that would result in this type of
loss; instead, as in [39], we use an approximation that a newly
invented tool is stochastically lost with probability 1—s [41].
Thus, with probability s, a newly invented tool is established
and is immediately considered to have reached its equilibrium
frequency in the population.

In addition, after a tool has been established in the popu-
lation, it can still be lost owing to drift. Kolodny et al.
[25,39,40] did not attend to the issue of specialization, and there-
fore did not consider each individual’s potential capacity to
accumulate cultural traits or the level of overlap between individ-
ual repertoires [7,42]. Hence, in the original model, the
probability of loss of an individual tool was defined as Pj,ss/N,
where N is the population size.
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In our model, by contrast, we consider that the repertoire size
may also be limited by each individual’s capacity to accumulate cul-
tural traits. We thus assume that the probability of loss of a tool is
also exponentially dependent on the existing repertoire size. That
is, the bigger the cultural repertoire, the harder it becomes to
remember all tools and transmit them to the next generation.
Hence, we multiply the probability of loss by a parameter C to
the power of the number of tools in the population (¢):

Ploss t
(N).c.

Also, note that since in our simulations guilds are culturally inde-
pendent, N represents the size of the guild rather than the size of
the entire population.

In our simulations, the cultural repertoire size of a population
plateaus, reaching a steady state at which the number of tools fluc-
tuates stochastically around a stable value. The repertoire size of a
population at this steady state, termed here the repertoire size at
equilibrium, can be analytically estimated. At equilibrium, the
rate at which new tools are acquired by the population is equal
to the loss rate of existing tools. Thus, at equilibrium:

P,
Pinv‘N'B: (%)‘Ct't.

From this, we can calculate the expected repertoire size for a given
non-specialized population:

_ (W(NZ . ln(C) . Pinv : B)/Ploss)

! In(C) !

where W signifies the Lambert W function [43]. Throughout all
simulations, we used the same default values (Pj,, =0.001, Pjoss-
=0.002, 5=0.1 and C =1.001), which were similar to those used
in previous studies using this model. However, using different par-
ameter values did not qualitatively change the results.

We also examined alternative approaches to simulate the
relationship between the existing repertoire and the probability
of loss, which yielded similar results. One such example (demon-
strated in the electronic supplementary material, figure S1) was
to assume that probability of loss of tools is independent of
repertoire size (as in [39]), but that there is a maximal repertoire
that a guild can achieve, which is derived from the individual
capacity for knowledge. This follows from the assumption that
within a guild, most individuals know most tools, so the total
repertoire of a guild cannot greatly exceed what one person
can learn individually.

First, we examine the relationship between population size and
repertoire size in non-specialized populations; then, we examine
the average cultural repertoire sizes achieved by different numbers
of guilds for different population sizes. Increasing the level of
specialization can potentially allow a population to maintain a
larger cultural repertoire, but subdividing into too many guilds
might lead to increased cultural losses as the number of individ-
uals in each guild decreases. The number of guilds that leads to
the largest average cultural repertoire size of a population is
termed the repertoire-maximizing number of guilds.

Assuming a guild that loses a high percentage of its reper-
toire within a short time frame may collapse, highly specialized
populations composed of many small guilds may not be sustain-
able. Thus, we compare repertoire-size stochasticity for guilds of
different sizes.

Finally, we demonstrate how demographic and environmental
changes might affect repertoire size differently in non-specialized
and specialized populations. In all analyses in this section,
we start by allowing both populations to reach a steady-state reper-
toire size. In the first analysis, we then let population size fluctuate:
with a default probability of 0.00001 per time step, the population
can increase or decrease by 200 individuals, with the total popu-
lation size constrained to between 600 and 1000 individuals. In

the second analysis, we impose a fluctuating environment. We
define a probability of 0.0001 for shift between two environments,
assuming that 90% of tools invented in a given environment are
only useful in that environment, which results in a 10-fold increase
in their probability of loss in the alternative environment.

One of our model’s predictions is that larger populations
would maximize their repertoire size at equilibrium by dividing
into more guilds (figure 2), which may suggest larger populations
will tend to be more specialized. To conduct a preliminary assess-
ment of the empirical correlation between population size and the
degree of craft specialization, we analysed data from the Ethno-
graphic Atlas [44], digitized in D-PLACE [45]. There were eight
cultural specializations listed in the database (metal working,
leather working, house construction, pottery making, boat build-
ing, animal husbandry, hunting and fishing), and we assessed
that each of these was a craft specialization in a subset of popu-
lations, coded in the database as ‘Craft specialization, i.e. the
activity is largely performed by a small minority of adult males
or females who possess specialized skills’, suggesting that related
tools are known to only a subset of the population. We tallied the
number of such craft specializations in each population for which
population size estimates were available in the Ethnographic
Atlas (953 out of the 1291 populations). To account for the non-
independence of related populations, we used a phylogeny of
these populations based on linguistic classification [46], and to
account for potential ecological variables that might influence
the degree of cultural specialization, we included time-series
assessments by National Aeronautics and Space Administration
imagery of the amount and predictability of the resources in the
geographical area of each population [45,47]; all data were avail-
able for 900 populations. To assess the relationship between
population size and number of specializations while accounting
for these other potentially confounding factors, we use a phyloge-
netic generalized linear model (R package phylolm) and applied
the Poisson version of the phyloGLM function, which solves the
generalized estimating equations for Poisson regressions [48].
The response variable was the number of specializations, and the
population size and ecological variables were predictor variables
(table 1); the results of the model indicate that population size is
a significant predictor of the number of specializations, but eco-
logical variables were not. It should be noted that while our
model predicts a correlation between the population size and the
number of specializations, the existence of such correlation could
also be attributable to additional factors that are not modelled here.

3. Results

(a) The relationship between population size and
repertoire at equilibrium

In our model, the relationship between population size and
average cultural repertoire size in a non-specialized popu-
lation (consisting of one guild) is sigmoid-like (figure 3).
For small population sizes, the relationship has an increasing
slope, e.g. doubling the population size from 10 to 20 quad-
rupled the number of tools from 5 to 20, and at larger
population sizes has a decreasing slope, e.g. doubling popu-
lation size from 10 000 to 20 000 increases the number of tools
by a factor of only 1.18, growing from 6630 to 7850). Given
this relationship, we can predict when the average cultural
repertoire of a specialized population in our model is
expected to exceed that of a non-specialized population.
Whenever doubling the population size from N to 2N less
than doubles the average repertoire size (which starts hap-
pening around N=170 individuals) it means a non-
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Figure 2. (a) A comparison between the relative repertoire sizes of populations that are either non-specialized (one guild) or specialized (2, 5 or 10 guilds), for
different population sizes. For each population size (100, 500, 1000 or 5000), each population’s average repertoire size was divided by the highest average repertoire
size achieved for that population size. (b) A heat map showing the repertoire-maximizing number of quilds for different population sizes. The size of the largest
cultural repertoire is indicated in each population size column; as in (a), all cultural repertoire sizes in a given column are divided by this number such that the
largest repertoire size is set to 1. For smaller populations in this simulation (100 and 250), non-specialized populations have larger repertoires than specialized
populations with the same number of individuals, but for larger populations (500 and above) specialized populations have larger repertoires. Note that in
both panels of this figure, for comparability, the repertoire sizes of each population were normalized by the maximal number of tools found in a population
of that size. Thus, the value shown for the maximal number of tools, for each population size, is 1. The figure allows comparison of the tool repertoire achieved
under scenarios of splitting to different numbers of guilds for each given population size, but not comparison of absolute repertoires of populations of different sizes.

Table 1. Results of a phylogenetic generalized linear model comparing number of specializations to population size and ecological variables. (Population size
was a significant predictor of the number of specializations, but the ecological variables from MODIS were not. We controlled for the relationships between
populations by including the Glottolog linguistic phylogeny of the sampled populations. The ecological variables examined here are based on measurements of
the grams of carbon uptake per square metre of land per month, termed the ‘net primary production’ of a geographical location. We tested the mean and
variance of this measure, as well as the predictability of the environment, measured as its constancy (extent to which climate patterns are predictable because
conditions are constant) and contingency (extent to which climate patterns are predictable because conditions oscillate in a very predictable manner). An asterisk
indicates that a variable is significant after Bonferroni correction.)

estimate standard error p-value
intercept —1.46002 0.486563 0.002694*
log(population size) 0.341712 0.042714 1.245 x 107 *
variance in net primary pfoduction per month —0.015278 0.11112 0.890643
mean net primary production per month —0.08807 0.06863 0.199399
net primary production tonstancy —0.859744 0589957 0.145034
net primary production contingency —1.372803 1.100054 0.212052

specialized population of 2N individuals will have a higher state between time steps 200 000 and 500 000). We find that
for a guild of 10 individuals, the maximal difference in reper-
toire size was 100% (from a maximum of 12 tools to a

minimum of 0 tools); for a guild of 100 individuals it was

average repertoire if it divides into two guilds.

Thus, we examine the number of guilds that will maxi-
mize the average repertoire size for populations of different
22.5% (from a maximum of 395 tools to a minimum of 306
tools) and for a guild of 1000 individuals it was 6.7% (from
a maximum of 2964 tools to a minimum of 2766 tools).

sizes (figure 2). We show that at smaller numbers of individ-
uals, non-specialized populations achieve higher repertoire
sizes than specialized ones, but as populations get larger,
the repertoire-maximizing number of guilds increases.

Next, we examine the relationship between the size of a
guild and the stochasticity in its repertoire at equilibrium
(figure 4). We show that the bigger the population, the smal-
ler the relative stochasticity. We run simulations for

(b) The effects of demographic and environmental
changes on non-specialized versus specialized

populations sized 10, 100 and 1000 for 500 000 time steps
and measure the difference between the maximal and mini-
mal repertoire size achieved at equilibrium, i.e. the highest
and lowest number of tools observed during the steady

populations
We compared the effect of fluctuations in population size on
a non-specialized population and a specialized (10 guild)
population (figure 5). To make the results straightforward
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Figure 3. The relationship between population size and average cultural repertoire size in our model. (a) In small non-specialized populations (see the zoomed
panel), the relationship has an increasing slope, which decays as population sizes increase. (b) At small population sizes, non-specialized populations can reach
higher average repertoire sizes, while in larger populations, specialized populations (in this case, divided into 10 guilds) surpass them. Here, specialized populations
with 10 guilds have larger cultural repertoires than non-specialized populations only in populations with more than 813 individuals. For specialized populations with
fewer guilds, this threshold population size would be smaller.
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Figure 4. Relative cultural stochasticity is increased in small guilds. (a) Repertoire fluctuations in a quild sized 10; (b) in a guild sized 100 and (c) in a quild sized
1000. For these parameters, once the population plateaued, the mean and variance of number of tools differed by quild size: (a) mean: 4.826, var: 4.787, (b) mean:

349.744, var: 231.568, (c) mean: 2867.851 var: 702.58. The analytically derived repertoire size at equilibrium is shown as a black line.

to compare, we chose to begin from a population size of 800
individuals, for which the average repertoire sizes will be
similar between both populations (i.e. where the lines in
figure 3b intersect). For this population size, both populations
plateaued around approximately 2500 tools. After the reper-
toires reached equilibrium, we then allowed the population
size to vary between 600 and 1000 individuals. We found
that the corresponding variance in repertoire size was
larger in the specialized population (varying between 1520
and 3580 tools, while the non-specialized population varies
between 2140 and 2850). Although we chose an initial
population size of 800 to examine the degree of cultural
repertoire fluctuations when a non-specialized and special-
ized population each had a similar repertoire size, different
population sizes showed similar results: specialized popu-
lations had larger relative fluctuations in cultural repertoire
size than non-specialized populations experiencing the
same changes in population size, regardless of the mean
repertoire size of the population (electronic supplementary
material, figure 52).

We then examined the effect of environmental switches
on repertoire size of both population types (figure 6). We
allowed a non-specialized population and a 10-guild popu-
lation of 1000 to reach equilibrium repertoire sizes in a

given environment. Then, we let the environment switch
between two states with a fixed probability per time step
(assuming that 90% of tools invented in a given environment
are only useful in that environment and are, therefore,
10 times more likely to be lost in the alternative environment).

While at equilibrium, repertoire size is greater in the
specialized population; however, when environments start
switching, the specialized population is at a disadvantage:
both the average and the minimal repertoire sizes are
higher in the non-specialized population.

Next, we simulate the effects of a demographic bottleneck
on a non-specialized population and a specialized population
(figure 7a). Our first comparison is between two populations
of 1000, with a bottleneck that reduces the population size to
200 individuals. For a population of size 1000, the average
repertoire size of a population divided into 10 guilds is
higher (approx. 3540 tools) than that of a non-specialized
population (approx. 2850 tools). After the bottleneck, on the
other hand, the repertoire of the non-specialized population
(approx. 850 tools) exceeded that of the specialized popu-
lation (approx. 170 tools). This result indicates that the
cultural loss experienced by this specialized population is
bigger both in absolute and relative terms: the specialized
population lost 3370 tools in comparison to 1730 in the
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Figure 5. Cultural repertoires of specialized populations (here, a population divided into 10 guilds, in orange) are more sensitive to changes in population size than non-
specialized populations (blue). Until time step 500 000, population size (represented by the green line) is kept constant at 800 individuals, and afterwards it can vary
between 600 and 1000. When population size is fixed, the cultural repertoire of the populations is similar in size (approx. 2500 tools). However, the specialized population
is far more sensitive to fluctuations in population size (varying between 1520 and 3580 tools, while the non-specialized population varies between 2140 and 2850).
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Figure 6. The cultural repertoire of specialized populations is more sensitive to environmental shifts than that of non-specialized populations. In a population of
1000 individuals, we find that when the environment is stable, the average cultural repertoire size of a 10 guild population (in orange), standing at approximately
3540 tools, is higher than in the non-specialized population (in blue), standing at approximately 2850. When environments start fluctuating (starting at time step
200 000, with environmental switches marked in dark red on the x-axis) the average repertoire size is higher in the non-specialized population (approx. 2150 versus
approx. 1700 tools) and the minimal repertoire is, similarly, higher in the non-specialized population (1774 versus 1142 tools in the specialized population).

non-specialized one, and maintained only 5% of its repertoire
size, in comparison to 30%.

However, the repertoire-maximizing number of guilds fora
population of 1000 is neither 1 nor 10; it is 4 (figure 2b). In other
words, under our assumptions, it may not be realistic for a
population of 1000 individuals to have either 1 or 10 guilds.
Thus, it may be more sensible to compare between two popu-
lations for which 1 and 10 are the optimal numbers of guilds.
This means that, if populations tend to have a repertoire-max-
imizing number of guilds for their population size, a 10 guild
population is likely to be larger than a non-specialized popu-
lation. To examine whether the intuition that specialized
populations tend to be larger is supported by empirical evi-
dence, we used data on population size and the number of
cultural specializations in 953 human populations (surveyed
in the Ethnographic Atlas [44] and digitized in D-PLACE
[45], and found a significant positive correlation (table 1;

electronic supplementary material, figure S3). Therefore, for
the specialized population, we chose a population size of
2500 (for which 10 is the repertoire-maximizing number
of guilds), and for the non-specialized population a size of
300 (which is close to the highest population size for which
one guild has a larger repertoire than two guilds). When we
did this (figure 7b), the results became even more extreme:
the specialized population maintained only 1% of its original
repertoire size, while the non-specialized populations
managed to save 68% of its repertoire.

4. Discussion

Here, we present a model of cultural evolution that simulates
the accumulation of tools in specialized and non-specialized
populations under different demographic and environmental
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Figure 7. Repertoire size is reduced more drastically in specialized populations after bottlenecks. At time step 1 000 000, the size of each population is reduced to
200 individuals, representing, for example, a migration event of a subset of the population to a new region, or a severe bottleneck following an environmental
catastrophe. The blue line represents a non-specialized population, and the orange line represents a population divided into 10 quilds. (a) simulates a reduction from
1000 individuals to 200 in both populations, in which the non-specialized population maintained approximately 30% of its repertoire size while the specialized
population maintained only approximately 5%. (b) simulates a reduction from 300 individuals in the non-specialized population (which maintained approx. 68% of
its repertoire size) and from 2500 individuals in the specialized population (which maintained approx. 1%).

scenarios. Our model predicts that the relationship between
population size and repertoire size is nonlinear and can
differ between non-specialized and specialized populations.
For small population sizes, non-specialized populations
maintain knowledge better than specialized populations
and therefore reach higher average repertoire sizes. In large
populations, on the other hand, specialized populations can
reach higher average repertoire sizes. This is because a non-
specialized population’s total repertoire size is limited by
the capacity of individuals to accumulate cultural traits,
while in specialized populations, each individual needs to
know only a fraction of the population’s repertoire (figure 1).

These predictions align well with prior research on
human societies, which has highlighted an association
between the number of specialized guilds (termed ‘occu-
pational specialties” in the paper) and the overall cultural
repertoire size of populations [13]. Indeed, the degree of cul-
tural specialization in a population has been itself used as a
metric of cultural complexity [13,14]. However, this previous
research did not consider in detail that cultural specialization
might not lead to increased cultural repertoires in smaller
populations. Relatedly, an analysis of empirical research
noted that a positive correlation between population size
and cultural repertoire size was consistently observed in
studies of food-producing populations, which tend to be
larger and more sub-divided into guilds, but this correlation
was not observed in studies of hunter—gatherer populations,
which tend to be smaller and less specialized [12].

One question regarding cultural specialization is whether
the degree of specialization is predictable for a population of
a given size. In other words, what determines the number of
guilds in a population? One possibility, examined in this
study, is that populations will divide into the number of
guilds that maximizes their cultural repertoire size, which
suggests larger populations will be more specialized. Such
correlation was indeed found in our analysis of the empirical
data from the Ethnographic Atlas (table 1; electronic
supplementary material, figure S3). However, there could be
different mechanisms that influence the observed number of
guilds. In the electronic supplementary material, figure S4,

we explore a mechanism by which a population stabilizes on
the number of guilds that can maintain a consistent repertoire
size over time, which may be smaller (but are more resilient)
than the maximal repertoire that the population could have
reached by subdividing into more guilds. In this scenario (elec-
tronic supplementary material, figure S4), a guild that loses
more than a certain percentage of its repertoire within a short
time window collapses, and its members are divided between
the surviving guilds. Of course, under such assumptions differ-
ent numbers of guilds can emerge depending on the
demographic scenario, the collapse threshold and stochastic
differences. This highlights the importance of considering not
only a population’s mean repertoire but also its volatility.

Another related question is how predictable cultural
repertoire size is for a given population size. Our model,
while assuming repertoire size at equilibrium is a product
of population size, yields different repertoire sizes for differ-
ent numbers of guilds. Thus, our model predicts that
populations which experience many environmental changes
will tend to be less specialized, and as a result will have smal-
ler cultural repertoire than equally sized populations from
stable environments.

Our results demonstrate that the repertoires of small
guilds are particularly prone to stochastic changes. Accord-
ingly, we suggest that populations divided into many small
guilds may be less sustainable in the long term, even though
their mean number of tools could be greater than that of
a non-specialized population. This is true even under stable
conditions, because a tool’s loss in our model—and in
reality—may occur stochastically. If, in addition, environ-
mental conditions fluctuate, rendering some tools irrelevant
in certain periods of time, during which they are then more
likely to be lost, this phenomenon is exacerbated: a population
with small specialized guilds in a fluctuating environment
may lose a disproportionate amount of its necessary cultural
knowledge. A similar finding emerges with respect to a
population’s ability to withstand fluctuations in its size:
specialized populations with small guilds suffer dispro-
portionate losses if population sizes fluctuate, compared to
non-specialized populations.
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Finally, we considered population-level bottlenecks in our
simulations: extreme fluctuations in population size that may
occur following natural disasters such as epidemics or extreme
climatic events, as well as scenarios such as a population’s
expansion to new regions. We find that bottlenecks may
lead to loss of the vast majority of a population’s cultural
knowledge. By contrast, the relative proportion of cultural
knowledge that a non-specialized population experiences is
much smaller, probably allowing such populations to maintain
their subsistence patterns, social structure, and lifestyle even
under a regime of repeated bottlenecks. This observation has
interesting implications: it suggests, for example, that special-
ized populations may be less successful than non-specialized
populations in spreading to new regions. Similarly, it implies
that habitats that can support only a small population might
not be colonizable by specialized populations.

An example for a historical case where our model may
offer a new interpretation is the collapse of the Norse settle-
ment in Greenland. Specialized farmers did succeed in
colonizing Greenland in AD 986 and survived until disap-
pearing mysteriously near the end of the fifteenth century.
Many explanations have been offered to explain why this
Norse settlement ceased to exist [49-51]. Some researchers
(e.g. [49]) have suggested that one of the contributing factors
to their collapse could have been a poor realization of the cul-
tural repertoire of their population of origin, perhaps a result
of cultural deterioration or loss of cultural elements. These
researchers have also noted a decrease in the connectivity
between Greenlanders and other Norse populations towards
the end of their existence. While many differences between
the Norse and the Inuit may have influenced their distinct
fates, the results of our model suggest that the settlement in
Greenland, which was estimated to number several thou-
sands of individuals at its highest, might not have been
large enough to sustain an independent specialized popu-
lation once their connection to other populations was lost.
The Inuits, on the other hand, who had a culture with less
occupational specialization [45], were perhaps better able to
survive even in small populations.

Several factors that may render specialized cultures
unstable are not considered in our model, suggesting that
its results may be conservative regarding the realistic costs
of specialization. First, we used equal sized guilds. In reality,

some guilds may be much smaller than others and thus par-
ticularly prone to cultural loss, and yet crucial for a
population’s survival, such as traditional healers. Second,
we assumed all guilds are equally represented in the bottle-
necked population. In reality, after a bottleneck, populations
might happen to include only few representatives from
some guilds, or even none at all. Finally, subdivision of
knowledge may have direct negative consequences, indepen-
dent of the risk of cultural loss. For example, if knowledge of
certain tools is siloed within a guild, individuals might not be
aware of potentially useful tools that already exist in the
population. Furthermore, a combination of two existing
tools from different guilds may be useful yet remain undis-
covered owing to restricted knowledge sharing between
them. The extent of overlap of cultural knowledge among
subgroups in different societies is a promising avenue for
future empirical exploration. In addition, it would be interest-
ing to assess the degree to which tools themselves become
specialized in populations divided into specialized guilds
[52]. To this end, interdisciplinary studies at the intersection
of theory and empirical research on this topic are particularly
important [53-56].

Data and code are available from Figshare: https://
doi.org/10.6084/m9.figshare.20180264 [57].
The data are provided in the electronic supplementary material
[58].

Y.B.O: data curation, formal analysis, investi-
gation, methodology, resources, software, validation, visualization;
O.K.: conceptualization, investigation, methodology, project adminis-
tration, resources, software, supervision, writing—original draft,
writing—review and editing; N.C.: conceptualization, data curation,
formal analysis, investigation, methodology, project administration,
resources, software, supervision, visualization, writing—original
draft, writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
We declare we have no competing interests.

O.K. and Y.B.O. are supported by the US-Israel Binational
Science Foundation (BSF) and the Israel Science Foundation (ISF;
grant no. 1826/20). N.C. is supported by the National Science Foun-
dation (NSF BCS-1918824) and the John Templeton Foundation
(grant no. 62187).

We thank Joe Henrich, Yael Sapir Ben-Oren, Sarah
Saxton Strassberg, Ehud Lamm and members of the Creanza Labora-
tory for insightful comments and discussions.

Read D. 2008 An interaction model for resource
implement complexity based on risk and number of
annual moves. Am. Antig. 73, 599—625. (doi:10.
1017/50002731600047326)

Creanza N, Kolodny 0, Feldman MW. 2017 Cultural
evolutionary theory: how culture evolves and why it
matters. Proc. Natl Acad. Sci. USA 114, 7782-7789.
(doi:10.1073/pnas.1620732114)

Henrich J, Boyd R, Derex M, Kline MA, Mesoudi A,
Muthukrishna M, Powell AT, Shennan SJ, Thomas
MG. 2016 Understanding cumulative cultural
evolution. Proc. Natl Acad. Sci. USA 113,
E6724-E6725. (doi:10.1073/pnas.1610005113)
Fogarty L, Wakano JY, Feldman MW, Aoki K.

2015 Factors limiting the number of independent

cultural traits that can be maintained in a
population. In Learning strategies and

cultural evolution during the Palaeolithic

(eds A Mesoudi, K Aoki), pp. 9-21. Tokyo,

Japan: Springer Japan.

Kline MA, Boyd R. 2010 Population size predicts
technological complexity in Oceania. Proc. R. Soc. B
277, 2559-2564.

Mesoudi A, Thornton A. 2018 What is cumulative
cultural evolution? Proc. R. Soc. B 285, 20180712.
(doi:10.1098/rspb.2018.0712)

Strimling P, Sjostrand J, Enquist M, Eriksson K.
2009 Accumulation of independent cultural traits.
Theor. Popul. Biol. 76, 77-83. (doi:10.1016/j.tpb.
2009.04.006)

10.

.

12.

Lehman HC. 1946 The exponential increase of man’s
cultural output. Soc. Forces 25, 281. (doi:10.2307/
3005665)

Enquist M, Ghirlanda S, Jarrick A, Wachtmeister C-A.
2008 Why does human culture increase
exponentially? Theor. Popul. Biol. 74, 46-55.
(doi:10.1016/j.tpb.2008.04.007)

Boyd R, Richerson PJ. 1996 Why culture is common,
but cultural evolution is rare. Proc. Brit. Acad. 88,
77-93.

Strassherg SS, Creanza N. 2021 Cultural evolution
and prehistoric demography. Phil. Trans. R. Soc. B
376, 20190713. (doi:10.1098/rsth.2019.0713)
Fogarty L, Creanza N. 2017 The niche construction
of cultural complexity: interactions between


https://doi.org/10.6084/m9.figshare.20180264
https://doi.org/10.6084/m9.figshare.20180264
http://dx.doi.org/10.1017/S0002731600047326
http://dx.doi.org/10.1017/S0002731600047326
http://dx.doi.org/10.1073/pnas.1620732114
http://dx.doi.org/10.1073/pnas.1610005113
https://doi.org/10.1098/rspb.2018.0712
http://dx.doi.org/10.1016/j.tpb.2009.04.006
http://dx.doi.org/10.1016/j.tpb.2009.04.006
http://dx.doi.org/10.2307/3005665
http://dx.doi.org/10.2307/3005665
http://dx.doi.org/10.1016/j.tpb.2008.04.007
http://dx.doi.org/10.1098/rstb.2019.0713

Downloaded from https://royalsocietypublishing.org/ on 16 August 2024

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

innovations, population size and the environment.
Phil. Trans. R. Soc. B 372, 20160428. (d0i:10.1098/
rsth.2016.0428)

Naroll R. 1956 A preliminary index of social
development. Am. Anthrapol. 58, 687-715. (doi:10.
1525/aa.1956.58.4.02a00080)

Carneiro RL. 1967 On the relationship between size
of population and complexity of social organization.
Southwest. J. Anthropol. 23, 234-243. (d0i:10.1086/
soutjanth.23.3.3629251)

Bar-Yosef 0. 2008 Modern humans, emergence of.
In Encyclopedia of archaeology (ed. DM Pearsall),
pp. 1643-1648. New York, NY: Academic Press.
Orquera LA et al. 1984 Specialization and the
Middle/Upper Paleolithic transition (and comments
and reply). Curr. Anthropol. 25, 73-98. (doi:10.
1086/203082)

Mellars P. 1973 The character of the Middle-Upper
Paleolithic transition in south-west France. Explan.
Cult. Change Models Prehistory 1, 225-276.

White R et al. 1982 Rethinking the Middle/Upper
Paleolithic transition (and comments and replies).
Curr. Anthropol. 23, 169-192. (doi:10.1086/202802)
Yang X, Borland J. 1991 A microeconomic
mechanism for economic growth. J. Political Econ.
99, 460—482. (doi:10.1086/261762)

Smith A. 2010 The wealth of nations: an inquiry into
the nature and causes of the wealth of nations.
Petersfield, UK: Harriman House Limited.

Yang X. 1995 Specialization and division of labor: a
survey. Adelaide, Australia: Centre for International
Economic Studies, University of Adelaide.

Henrich J, Boyd R. 2008 Division of labor, economic
specialization, and the evolution of social
stratification. Curr. Anthropol. 49, 715-724. (doi:10.
1086/587889)

Muthukrishna M, Doebeli M, Chudek M, Henrich J.
2018 The cultural brain hypothesis: how culture
drives brain expansion, sociality, and life history.
PloS Comput. Biol. 14, e1006504. (doi:10.1371/
journal.pchi.1006504)

Rendell L, Fogarty L, Laland KN. 2011 Runaway
cultural niche construction. Phil. Trans. R. Soc. B
366, 823-835. (doi:10.1098/rsth.2010.0256)
Kolodny 0, Creanza N, Feldman MW. 2016 Game-
changing innovations: how culture can change the
parameters of its own evolution and induce abrupt
cultural shifts. PLoS Comput. Biol. 12, €1005302.
(doi:10.1371/journal.pchi.1005302)

Brahm F, Poblete J. 2021 The evolution of
productive organizations. Nat. Hum. Behav. 5,
39-48. (doi:10.1038/541562-020-00957-x)

Brahm F, Poblete J. 2022 Cultural evolution theory and
organizations. Organ. Theory 3, 26317877211069141.
(doi:10.1177/26317877211069141)

Collard M, Ruttle A, Buchanan B, 0'Brien MJ. 2013
Population size and cultural evolution in
nonindustrial food-producing societies. PLoS ONE 8,
€72628. (doi:10.1371/journal.pone.0072628)
Carlino G, Hunt R, Chatterjee S. 2006 Urban density
and the rate of invention. Philadelphia, PA: Federal
Reserve Bank of Philadelphia.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bettencourt LMA, Lobo J, Strumsky D. 2007 Invention
in the city: increasing returns to patenting as a scaling
function of metropolitan size. Res. Policy 36,
107-120. (doi:10.1016/j.respol.2006.09.026)
Buchanan B, 0'Brien MJ, Collard M. 2016 Drivers of
technological richness in prehistoric Texas: an
archaeological test of the population size and
environmental risk hypotheses. Archaeol. Anthropol.
Sci. 8, 625—634. (doi:10.1007/s12520-015-0245-4)
Collard M, Buchanan B, O'Brien MJ, Scholnick J.
2013 Risk, mobility or population size? Drivers of
technological richness among contact-period
western North American hunter—qgatherers. Phil.
Trans. R. Soc. B 368, 20120412. (doi:10.1098/rsth.
2012.0412)

Vaesen K, Collard M, Cosgrove R, Roebroeks W.
2016 Population size does not explain past
changes in cultural complexity. Proc. Natl Acad.
Sci. USA 113, E2241-E2247. (doi:10.1073/pnas.
1519657113)

Kempe M, Mesoudi A. 2014 An experimental
demonstration of the effect of group size on cultural
accumulation. Evol. Hum. Behav. 35, 285-290.
(doi:10.1016/j.evolhumbehav.2014.02.009)

Derex M, Perreault C, Boyd R. 2018 Divide and
conquer: intermediate levels of population
fragmentation maximize cultural accumulation. Phil.
Trans. R. Soc. B 373, 20170062. (doi:10.1098/rsth.
2017.0062)

Derex M, Boyd R. 2016 Partial connectivity increases
cultural accumulation within groups. Proc. Natl
Acad. Sci. USA 113, 2982-2987. (doi:10.1073/pnas.
1518798113)

Shennan S. 2001 Demography and cultural
innovation: a model and its implications for the
emergence of modern human culture. Camb.
Archaeol. J. 11, 5-16. (d0i:10.1017/
$0959774301000014)

Henrich J. 2004 Demography and cultural evolution:
how adaptive cultural processes can produce
maladaptive losses—the Tasmanian case. Am.
Antig. 69, 197-214. (doi:10.2307/4128416)
Kolodny 0, Creanza N, Feldman MW. 2015 Evolution
in leaps: the punctuated accumulation and loss of
cultural innovations. Proc. Natl Acad. Sci. USA 112,
£6762—E6769. (d0i:10.1073/pnas.1520492112)
(reanza N, Kolodny O, Feldman MW. 2017 Greater
than the sum of its parts? Modelling population
contact and interaction of cultural repertoires.

J. R. Soc. Interface 14, 20170171. (doi:10.1098/rsif.
2017.0171)

Kimura M. 1962 On the probability of fixation of
mutant genes in a population. Genetics 47,
713-719. (doi:10.1093/genetics/47.6.713)
Lehmann L, Aoki K, Feldman MW. 2011 On the
number of independent cultural traits carried by
individuals and populations. Phil. Trans. R. Soc. B
366, 424—435. (doi:10.1098/rstb.2010.0313)
Weisstein. 2002 Lambert W-function. See https://
mathworld.wolfram.com.

Murdock GP. 1967 Ethnographic atlas. Pittshurgh,
PA: University of Pittsburgh Press.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kirby KR et al. 2016 D-PLACE: a global database of n

cultural, linguistic and environmental diversity. PLoS
ONE 11, e0158391.

Hammarstrom H. 2015 Glottolog: a free, online,
comprehensive bibliography of the world's
languages. In 3rd International Conference on
Linguistic and Cultural Diversity in Cyberspace,

pp. 183—188. Paris, France: UNESCO.

Salomonson VV, Barnes WL, Maymon PW,
Montgomery HE, Ostrow H. 1989 MODIS: advanced
facility instrument for studies of the Earth as a
system. IEEE Trans. Geosdi. Remote Sens. 27,
145-153. (doi:10.1109/36.20292)

Paradis E, Claude J. 2002 Analysis of comparative data
using generalized estimating equations. J. Theor. Biol.
218, 175-185. (doi:10.1006/jtbi.2002.3066)
Dugmore AJ, Keller C, McGovern TH. 2007 Norse
Greenland settlement: reflections on climate
change, trade, and the contrasting fates of human
settlements in the North Atlantic Islands. Arctic
Anthropol. 44, 12-36. (doi:10.1353/arc.2011.0038)
Barlow LK, Sadler JP, Ogilvie AEJ, Buckland PC,
Amorosi T, Ingimundarson JH, Skidmore P, Dugmore
AJ, McGovern TH. 1997 Interdisciplinary
investigations of the end of the Norse Western
Settlement in Greenland. Holocene 7, 489-499.
(doi:10.1177/095968369700700411)

Diamond J. 2005 Collapse: the dozen most serious
environmental problems and what we can do about
them. Skeptic 11, 36.

Deffner D, Kandler A. 2019 Trait specialization,
innovation, and the evolution of culture in
fluctuating environments. Palgrave Commun. 5,
1-10. (doi:10.1057/s41599-019-0360-4)

Kolodny 0, Feldman MW, Creanza N. 2018
Integrative studies of cultural evolution: crossing
disciplinary boundaries to produce new insights.
Phil. Trans. R. Soc. B 373, 20170048. (doi:10.1098/
rsth.2017.0048)

Kolodny 0, Feldman MW, Creanza N. 2018 Bridging
cultural gaps: interdisciplinary studies in human
cultural evolution. Phil. Trans. R. Soc. B 373,
20170413. (doi:10.1098/rsth.2017.0413)

Fogarty L, Creanza N, Feldman MW. 2015 Cultural
evolutionary perspectives on creativity and human
innovation. Trends Ecol. Evol. 30, 736-754. (doi:10.
1016/j.tree.2015.10.004)

Fogarty L, Creanza N, Feldman MW. 2019 The life
history of learning: demographic structure changes
cultural outcomes. PLoS Comput. Biol. 15,
€1006821. (doi:10.1371/journal.pchi.1006821)
Ben-Oren Y, Kolodny 0, Creanza N. 2023 Data from:
Cultural specialization as a double-edged sword:
division into specialized guilds might promote
cultural complexity at the cost of higher susceptibility
to cultural loss. Figshare. (doi:10.6084/m9.figshare.
20180264)

Ben-Oren Y, Kolodny 0, Creanza N. 2023 Cultural
specialization as a double-edged sword: division into
specialized guilds might promote cultural complexity
at the cost of higher susceptibility to cultural loss.
Figshare. (doi:10.6084/m9.figshare.c.6331198)


http://dx.doi.org/10.1098/rstb.2016.0428
http://dx.doi.org/10.1098/rstb.2016.0428
http://dx.doi.org/10.1525/aa.1956.58.4.02a00080
http://dx.doi.org/10.1525/aa.1956.58.4.02a00080
http://dx.doi.org/10.1086/soutjanth.23.3.3629251
http://dx.doi.org/10.1086/soutjanth.23.3.3629251
https://doi.org/10.1086/203082
https://doi.org/10.1086/203082
https://doi.org/10.1086/202802
http://dx.doi.org/10.1086/261762
http://dx.doi.org/10.1086/587889
http://dx.doi.org/10.1086/587889
http://dx.doi.org/10.1371/journal.pcbi.1006504
http://dx.doi.org/10.1371/journal.pcbi.1006504
http://dx.doi.org/10.1098/rstb.2010.0256
http://dx.doi.org/10.1371/journal.pcbi.1005302
http://dx.doi.org/10.1038/s41562-020-00957-x
http://dx.doi.org/10.1177/26317877211069141
http://dx.doi.org/10.1371/journal.pone.0072628
http://dx.doi.org/10.1016/j.respol.2006.09.026
http://dx.doi.org/10.1007/s12520-015-0245-4
http://dx.doi.org/10.1098/rstb.2012.0412
http://dx.doi.org/10.1098/rstb.2012.0412
http://dx.doi.org/10.1073/pnas.1519657113
http://dx.doi.org/10.1073/pnas.1519657113
http://dx.doi.org/10.1016/j.evolhumbehav.2014.02.009
http://dx.doi.org/10.1098/rstb.2017.0062
http://dx.doi.org/10.1098/rstb.2017.0062
http://dx.doi.org/10.1073/pnas.1518798113
http://dx.doi.org/10.1073/pnas.1518798113
http://dx.doi.org/10.1017/S0959774301000014
http://dx.doi.org/10.1017/S0959774301000014
http://dx.doi.org/10.2307/4128416
http://dx.doi.org/10.1073/pnas.1520492112
http://dx.doi.org/10.1098/rsif.2017.0171
http://dx.doi.org/10.1098/rsif.2017.0171
http://dx.doi.org/10.1093/genetics/47.6.713
http://dx.doi.org/10.1098/rstb.2010.0313
https://mathworld.wolfram.com
https://mathworld.wolfram.com
http://dx.doi.org/10.1109/36.20292
http://dx.doi.org/10.1006/jtbi.2002.3066
http://dx.doi.org/10.1353/arc.2011.0038
http://dx.doi.org/10.1177/095968369700700411
http://dx.doi.org/10.1057/s41599-019-0360-4
http://dx.doi.org/10.1098/rstb.2017.0048
http://dx.doi.org/10.1098/rstb.2017.0048
http://dx.doi.org/10.1098/rstb.2017.0413
http://dx.doi.org/10.1016/j.tree.2015.10.004
http://dx.doi.org/10.1016/j.tree.2015.10.004
http://dx.doi.org/10.1371/journal.pcbi.1006821
http://dx.doi.org/10.6084/m9.figshare.20180264
http://dx.doi.org/10.6084/m9.figshare.20180264
http://dx.doi.org/10.6084/m9.figshare.c.6331198

	Cultural specialization as a double-edged sword: division into specialized guilds might promote cultural complexity at the cost of higher susceptibility to cultural loss
	Introduction
	Methods
	Results
	The relationship between population size and repertoire at equilibrium
	The effects of demographic and environmental changes on non-specialized versus specialized populations

	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


