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Archaeological accounts of cultural change reveal a fundamental
conflict: Some suggest that change is gradual, accelerating over
time, whereas others indicate that it is punctuated, with long
periods of stasis interspersed by sudden gains or losses of multiple
traits. Existing models of cultural evolution, inspired by models of
genetic evolution, lend support to the former and do not generate
trajectories that include large-scale punctuated change. We propose
a simple model that can give rise to both exponential and
punctuated patterns of gain and loss of cultural traits. In it, cultural
innovation comprises several realistic interdependent processes that
occur at different rates. The model also takes into account two
properties intrinsic to cultural evolution: the differential distribution
of traits among social groups and the impact of environmental
change. In our model, a population may be subdivided into groups
with different cultural repertoires leading to increased suscep-
tibility to cultural loss, whereas environmental change may lead
to rapid loss of traits that are not useful in a new environment.
Taken together, our results suggest the usefulness of a concept of
an effective cultural population size.

toolkit | cultural accumulation | creativity | social stratification |
fluctuating environment

he breadth and diversity of cultural traits and their rates of

accumulation have received a great deal of scholarly atten-
tion. Scientific knowledge in many fields appears to accumulate
exponentially (1, 2). However, although the number of tool types
in the archaeological record also seems to fit this pattern of
exponential increase broadly (3), the number of tools and other
cultural traits does not increase steadily and monotonically over
time. Depending on the timescale studied, change in tool rep-
ertoire may appear punctuated and stepwise. Long, seemingly
static, periods are interspersed between “cultural explosions,”
periods of sudden cultural accumulation (3-13). Further, in some
populations, there is evidence that whole suites of cultural traits,
such as the ability to make tools, clothing, and fire (14-16), may be
lost, defying the general trend of cultural accumulation over time
4,7, 8).
( Reas)ons for the sudden changes in hominid material culture in
the archaeological record continue to be debated; they could be
related to demographic factors (17), rapid cognitive change (18-
21), relatively sudden changes in hand morphology (22, 23), or
dramatic climatic shifts (10, 24-28). Further, intermediate-scale
environmental change or migration to a new environment also
could affect the accumulation and loss of traits that are primarily
useful in specific environments (29-33). In addition, the re-
lationship between the number of cultural traits in a population
and population size has been debated (4, 14, 29, 34-41); this re-
lationship also might depend on the social learning strategies of
the population (42, 43). Further, there could be a feedback
process between the number of tools in a population and the
population size: A larger population might be able to invent
and retain more tools, but certain innovations also might sup-
port a larger population (44, 45). Finally, the distribution of traits
in the population (as a result, for example, of social stratification)
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might affect both stochastic and environmentally mediated
cultural losses.

Several models of the dynamics of cultural evolution explicitly
incorporate appearance, transmission, and in some cases disap-
pearance of cultural traits (14, 35, 40, 45-53). Sudden dramatic
changes in cognition, morphology, or climate are not invoked in
these models as a precursor to cultural change; instead, cultural
change derives from endogenous properties of the models.

Most models of cultural evolution focus on the dynamics of
the transmission of cultural traits (40, 50, 51), often omitting the
details of the creative processes underlying the origin of these
traits (e.g., refs. 14, 35, and 54). The source of cultural traits is
represented as a random process occurring at a constant rate,
analogous to a genetic mutation rate (40, 46, 48, 50, 51, 55). This
representation has proven useful but differs from realistic human
innovation (56). For example, a particular genetic mutation occurs
independently of previous mutations, whereas a cultural trait’s
likelihood of invention could depend on the configuration or fre-
quency of existing traits. For example, the invention of a snaring
method enabling new kinds of game hunting may lead to the
invention of specialized tools for processing this novel food
source. This dependence is one sense in which culture is fun-
damentally cumulative. A second intriguing difference is the cost
of failed attempts at adaptation; although deleterious mutations
are costly to the organism, the invention of a useless tool typi-
cally would not have long-lasting effects: it simply would be
discarded and forgotten. A few models do not assume a constant
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rate of creative invention: as the existing repertoire becomes
larger, they allow an increase (47, 57) or decrease (e.g., ref. 54)
in the invention rate, or more subtle dependencies among par-
ticular traits (49, 52); other models allow cultural traits to in-
fluence the dynamics of cultural transmission and homophily
(58-63).

Large-scale cultural loss has been observed in human pop-
ulations; however, most existing models lack a mechanism to
account for this process. Many represent cultural loss as a
Poisson process (47, 49, 51, 52, 57), but, as with cultural accu-
mulation, this assumption of a constant rate may be an over-
simplification. In reality, factors such as population size (taken
into account in some of these models) and environmental change
(7) likely affect the rate and nature of cultural loss. Finally,
existing models also implicitly assume a uniform distribution of
knowledge in the population. This assumption is unrealistic in
human populations, where some knowledge may be concen-
trated in specific subgroups, such as medicine-women and -men
who know the uses and risks of medicinal plants. We suggest that
a concept of effective cultural population size as a cultural an-
alog to effective population size in genetics could be highly
useful in this context. Notably, Shennan (35) and Premo (64)
have suggested the use of an effective population size in the
context of cultural evolution for different reasons, stemming
from the details of the transmission process or from the geo-
graphical substructure of the population.

Existing models of cultural evolution cannot reproduce many
features of archaeological and anthropological observations of
cultural accumulation in hominids. Few models show an expo-
nential increase in the number of cultural traits (47, 49, 57) or
large-scale cultural losses (14, 45, 46), and we are unaware of any
that reproduce a pattern of cultural accumulation with punctu-
ated bursts of innovation separated by periods of relative stasis
(although ref. 45 suggests the possibility of bistability: a sudden
shift between two levels of cultural diversity).

We suggest that the assumption that all cultural traits originate
via a single process cannot generate an accurate representation of
human cultural accumulation. Indeed, researchers in fields such
as psychology and cognitive science often divide creativity into
multiple types or processes, such as everyday and genius-level
creativity (65-67, see also ref. 57). Other categorizations reflect
properties of the underlying cognitive processes (68, 69). Both ap-
proaches suggest that some creative events are rare and somewhat
unpredictable and others are more everyday occurrences that de-
pend on the current environment and preexisting knowledge in
a population.

The Model

We propose a model of cultural evolution that explicitly incor-
porates a number of pathways that give rise to innovations. The
model allows the stepwise accumulation of cultural traits as well
as other dynamics, depending on parameter values. We take into
account insights from recent theoretical and empirical work on
cognitive processes that might underlie creativity (57, 70), ideas
from developmental psychology and cognitive science (68-71),
and a detailed view of how technological innovations develop
(influenced by refs. 72-74). Our model also is inspired by the
long-standing debate regarding punctuation versus gradualism in
related fields (6, 8, 75-79).

We conducted computer simulations of a population of N
individuals, which remains constant during the simulation for
simplicity although the accumulation of cultural traits realistically
might influence population size in some situations. At each time
step, which can be viewed as a single generation but also could
refer to an arbitrary timespan, each of the processes described
below occurs with a certain probability. We will refer to the en-
tities whose dynamics are followed as “tools” (80). Our model
incorporates four pathways that give rise to novel tools. We use
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Combinations of main-axis tools

Toolkit associated with main-axis tools

Fig. 1. Schematic representation of the state of tool knowledge in a pop-
ulation. By a stochastic process of lucky leaps, novel tools are added to the
tool repertoire, indicated along the main horizontal axis of the figure (red).
A main-axis tool can facilitate the invention of a number of other tools: tools
that are part of a toolkit made useful by the new main-axis tool or tools that
are invented by functional analogy to the main-axis tool. These two pro-
cesses are grouped under the “toolkit” label (orange). Alternatively, new
main-axis tools can generate new tools by combining with existing tools to
make novel and useful combinations (yellow). Useful tools need not be
accumulated in a certain order: here, the population tested tool “5d”
before “5c¢.”

the size of a population’s tool repertoire as a proxy for its cultural
complexity (14, 81). Groundbreaking novel innovations can arise
via the first pathway, termed “lucky leap innovation” (Fig. 1).
These innovations can occur as a result of a lucky coincidence or
an unusually far-reaching analogy in an individual’s mind. This
process is independent of the current state of cultural diversity
and, like genetic mutation, is described by a rate parameter,
denoted Py, defined per individual, giving rise to a Poisson
process with an exponential distribution of waiting times between
occurrences. Tools that arise via this process are depicted along
the horizontal main axis in Fig. 1 and are referred to henceforth as
“main-axis tools.”

Once a new main-axis tool appears, it may bring about new
necessities, prompting creative innovations to address them. For
example, the invention of a fishing net could further facilitate
other related tools that are made useful by the existence of this
new tool, e.g., a weight to sink the net; we call this second
pathway of inventions, in which a main-axis tool creates the
cultural niche for associated toolkit tools, “toolkit innovation.” A
third pathway of tool invention is by direct analogy to the main-
axis tool in question: For example, once fishing nets are inven-
ted, similar nets soon may be designed to catch animals on land.
The two tools do not necessarily share a common context of use;
instead they share a common functional principle. In our model,
each main-axis innovation can be associated with between 1 and
20 toolkit and direct analogy tools (Fig. 1). Both toolkit and
direct analogy innovations are inspired by a single main-axis tool
and do not depend on comparisons with the rest of the tool
repertoire, and the number of possible toolkit and analogy tools
associated with a given main-axis tool does not depend on the
number of tools in the population; thus, these two processes have
similar effects on tool accumulation, and we do not model them
separately. Henceforth, the term “toolkit innovation” refers to
both processes and occurs with probability Py, Which typically
is greater than P, by at least one order of magnitude in our
simulations, reflecting a plausible relationship between these pro-
cesses. Finally, a main-axis tool also may prompt novel technol-
ogy through its combination with existing tools to generate an
“innovative combination,” which occurs with probability P.,pine
per individual. In our model, only some of the possible combi-
nations of tools are useful (each combination with probability
Pompusefur) and are retained following their invention; the rest
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are lost from the population immediately after their emergence.
The model was implemented in two modes: In one, only single
main-axis tools can combine with one another, and in the other a
main-axis tool may combine with previously constructed combi-
nations as well as with other main-axis tools. For simplicity, a
combination tool in our model is always regarded as associated
only with the tool that was invented last among the tools that it
combines. In Fig. 1, for example, the tool composed of main-axis
tools 2 and 5 is associated with the latter and would be lost if
main-axis tool 5 were lost but not if main-axis tool 2 were lost;
further details are given in SI Appendix, SI1: Extended Model
Description. A scenario in which each combination tool is asso-
ciated with both of its constituents is explored in SI Appendix,
S16: Loss of Combinations Following Loss of Their Constituents.
In SI Appendix, SI7: Groundbreaking Combinations as an Addi-
tional Source of Main Axis Tools, we explore a scenario in which a
combination tool may, with a certain probability, turn out to be
groundbreaking and thus become a main-axis tool with an as-
sociated toolkit and combination tools.

Tools may be lost in several ways that represent realistic cul-
tural forces. First, a main-axis tool may be lost immediately
following its invention because of drift, although such loss is rare.
The likelihood of this occurrence, 1 — s, is related to a tool’s
usefulness, determined by the selection coefficient s associated
with each tool upon its invention (SI Appendix, SII: Extended
Model Description). Second, tools of all types can be lost sto-
chastically because of drift even after having been widespread in
the population. This loss is less likely to happen to tools that are
used by many individuals; it occurs with probability Pgposmur.oss/
Nr1oo, Where N, is the number of individuals that know the tool
(SI Appendix, S11: Extended Model Description). Last, tools might
be useful only in particular environments and be lost quickly in en-

No combinations Combinations allowed

vironments in which they are useless (31-33). The environmental
state (representing different climatic conditions, for example)
changes with probability P, per time step, which typically is
low. Each tool is useful in the environment in which it was
invented and in each subsequent environment with probability
Py sefur; thus Pe,yysess Tepresents a measure of the degree of
similarity between environmental states. At every time step, each
tool that is not useful in the current environment is lost with
probability Pg,1 0ss/N1oor- Importantly, when a main-axis tool is
lost from the population via either of these processes, its asso-
ciated tools—both toolkit and combination tools—are immedi-
ately lost with it.

Finally, social subdivision of cultural knowledge may occur in a
population. For example, a population may contain a small sub-
group with specialized knowledge, such as shamans or medicine-
men and -women, with ramifications for both the accumulation
and loss of cultural diversity (e.g., ref. 82). We simulated two types
of populations. The first is not subdivided: All individuals share
the same tool repertoire. The second is divided into two social
groups, thus affecting Nz,,: One of the two social groups, com-
prising a fraction C,;. of the population, knows the full tool
repertoire; the rest of the population knows only half of the tool
repertoire. These groups are not separated spatially but rather by
societal roles so that knowledge in one subdivision (e.g., shamans)
is different from that in the population as a whole.

Results

Lucky Leaps Only. When tools are added only along the main axis
and are not lost, the mean accumulation of tools is linear (see
analytical derivation in SI Appendix, SI2: Analytical Predictions).
This plot appears punctuated and stepwise (Fig. 24, Left Inset),
but not in the way that the empirical data appear punctuated

Low rate of environmental loss (0.09) High rate of environmental loss (0.9)
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Fig. 2. Simulated cultural evolution in constant (A-D) and alternating (E-H) environments. The black line indicates the total number of tools, and a stacked
histogram shows the types of tools at each time step. (A-D) Main-axis (red), toolkit (orange), and combination (yellow) tools; (E-H) tools that are useful only in
environment 1 (blue), only in environment 2 (green), or in both environments (yellow). Each graph depicts a single simulation run. (A) The lucky leap in-
novation process is the only source of new tools. (Left Inset) The first 500 time steps, during which no loss occurred. (Right Inset) The dynamics of tool in-
vention and loss when the number of tools is near steady state. (B) Here, main-axis tools have an associated toolkit (mean size 10.5 tools); Psooikit = 0.5 per tool.
(Left Inset) Early tool accumulation. (Right Inset) The dynamics near the steady state. In A and B, Pspontioss = 0.001 per tool. (C) Here, main-axis tools can
combine both with one another and with existing combinations. Toolkit tools initially outnumber combinations (Inset), but combinations quickly dominate
the tool repertoire. Pspontioss = 0.01, Piooikit = 0.5, Peombine = 0.5, Pcombuserur = 0.2. (D) Main-axis tools can combine both with one another and with existing
combinations; Pspontioss = 0, Ptooikit = 1, Pcombine = 1. There is exponential increase in the tool repertoire size, dominated by combination tools. In A-D, N = 100,
Plucky = 0.002 per individual. (E-H) Alternating environments. The bar at the top of each graph indicates the environmental state (green/blue) at each time
step. Population size is 50 in £ and G and is 500 in F and H; the probability of loss of tools that are not useful in the current environment is low (0.09) in E and F
and high (0.9) in G and H. Additional parameters are Pj,cx, = 0.001, Psgontioss = 0, Ptooikit = 0.05, Pcompine = 0.05, Psyitch = 0.001, Pepyuserur = 0.1. The y axes differ
in all panels, and comparisons between panels should reflect relative changes and not the absolute number of tools. Full parameter lists for Figs. 2 and 3 can

be found in S/ Appendix, Table S1.
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(3-5): Each step in the left inset of Fig. 24 represents the ad-
dition of a single innovation.

In simulations with stochastic cultural loss, the number of
main-axis tools in a population approaches equilibrium (Fig. 24
and SI Appendix, SI2: Analytical Predictions); several existing
models showed similar results (35, 40, 47, 48, 50, 51, 53). For
given rates of lucky leaps and stochastic losses, this equilibrium,
which depends on population size, N, is characteristic of the
population and can be regarded as its cultural carrying capacity.
[Here, “carrying capacity” differs in meaning from its use in the
literature of human demography (e.g., ref. 83)].

Lucky Leap and Toolkit Innovation. In simulations with toolkit in-
novation, patterns occur that have been reported in the archaeo-
logical record, namely periods of stasis interspersed with bursts
of rapid change (Fig. 2B, Left Inset and SI Appendix, SI2: Ana-
lytical Predictions and Figs. S4.1-S4.3). With stochastic tool loss,
we again observe that the number of tools in the population
approaches a cultural carrying capacity, dependent on N (SI
Appendix, SI2: Analytical Predictions, SI3: Analytical Simulations,
and SI4: Extended Results). The trajectory of the tool repertoire
is strongly affected by both the number of time steps in the
simulation and the interplay of the various parameters (SI Ap-
pendix, SI4: Extended Results and SI5: Sensitivity of the Model to
Parameter Values).

Strikingly, most cultural losses are small, resulting from the
loss of individual toolkit tools, but occasionally the size of the
tool repertoire drops sharply, reflecting the loss of a main-axis
tool together with the tools that are associated with it (Fig. 2B,
Right Inset). The rates of recovery following these occurrences
differ: Recovery from the loss of a main-axis tool requires a rare
occurrence, whereas a tool lost from a toolkit is likely to be
reinvented swiftly because the specific context in which it is useful
still exists in the population.

Lucky Leap Innovation and Innovative Tool Combination. Polynomial
or exponential growth of the number of tools accumulated by a
population has been reported from analysis of empirical data (1-
3). The two schemes of innovative combination described earlier
lead, respectively, to these two patterns (SI Appendix, SI2: An-
alytical Predictions and SI4: Extended Results). This growth con-
sists of bursts of change interspersed by static periods, as seen
before; however, when innovative combinations occur, every
additional main-axis tool can lead to larger increases in the tool
repertoire, because the number of possible combinations asso-
ciated with a main-axis tool depends critically on the number of
previously existing tools (Fig. 2C and SI Appendix, SI1: Extended
Model Description, SI3: Analytical Simulations, SI4: Extended
Results, and Fig. S4.1D). Accordingly, the loss of a main-axis tool
that arose at a later time step can lead to a greater drop in the
size of the tool repertoire. This decrease is in contrast with re-
ductions in the repertoire size associated with the loss of whole
toolkits, because a toolkit’s size is independent of the repertoire
size. The differential magnitude of loss that is associated with the
loss of a main-axis tool depends on the scheme by which com-
bination tools are associated with main-axis tools: The increase
in the magnitude of loss does not occur when every combination
tool is associated with its constituent tools (SI Appendix, SI6:
Loss of Combinations Following Loss of Their Constituents).

An additional invention pathway in which a main-axis tool can
be the result of a combination of existing tools is explored in S/
Appendix, SI7: Groundbreaking Combinations as an Additional
Source of Main Axis Tools. This pathway is somewhat similar to
Schiffer’s cascade model, in which a set of interacting artifacts
can spur a burst of invention as people attempt to improve on
them (84-86). In our model, this pathway creates a positive
feedback loop in which combinations give rise to main-axis tools,
which in turn increase the number of possible combinations. In
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some parameter regimes this process leads to the accumulation
of tools at a rate greater than that described by a simple expo-
nential. In some cases it also leads to a transition, as the tool
repertoire grows, from a punctuated trajectory of tool accumu-
lation to a smooth trajectory.

All Three Processes: Lucky Leap Innovation, Toolkit Innovation, and
Innovative Combination. Combining the three creative processes
leads to punctuated accumulation of tools triggered by each
occurrence of a lucky leap. The size of the toolkit associated with
each main-axis tool is independent of the momentary repertoire
size, but the number of potential innovative combinations asso-
ciated with each main-axis tool increases with repertoire size.
Accordingly, toolkit tools dominate the repertoire in earlier
stages of cultural accumulation and combination tools dominate
at later stages (Fig. 2C and Inset).

This pattern is not observed under all parameter regimes; if
toolkit and combination tools appear at very low rates, near the
rate of lucky leaps, many of the potentially useful niches for
these two types of tools might remain unfilled, and toolkit and
combination tools might accumulate at similar rates. In general,
different rates for the toolkit innovation and innovative combi-
nation processes can give rise to a range of curves between the one
that describes the main-axis tools alone (Fig. 24) and the one
describing the case in which the toolkit and combination axes are
populated almost immediately (Fig. 2D and SI Appendix, SI2:
Analytical Predictions and SI3: Analytical Simulations).

In addition to their effect on the shape of the curve that de-
scribes change in the repertoire size, the relative rates of the
creative processes dramatically affect the extent to which this
curve is punctuated (SI Appendix, SI5: Sensitivity of the Model to
Parameter Values and Figs. S5.1-S5.4). Additionally, whether the
accumulation of tools appears smooth or stepwise can depend on
the total number of time steps observed (compare Fig. 2 A-C
with their respective Insets).

For a wide range of parameter combinations, stochastic loss of
tools alongside all three creative processes leads the repertoire
size to reach a steady state that reflects the population’s cultural
carrying capacity, dependent on its size and the rates of loss and
invention (SI Appendix, SI2: Analytical Predictions, SI3: Analytical
Simulations, and SI5: Sensitivity of the Model to Parameter Values).

Environmental Shifts. A shift in environmental conditions may
bring about loss of tools that are not useful in the new envi-
ronment. Because the parameter that determines the rate at
which this loss happens, Pg,,,1.0s5, may be quite high, and because
this loss process could act on many tools at once, sudden and
dramatic decreases in the number of tools may follow an envi-
ronmental change, even in large populations. The pattern of tool
loss as a result of environmental change thus may appear less
dependent on the size of a population than stochastic loss through
drift, demonstrated in Fig. 2 E-H. When Pg,,,; o is high, nearly all
tools that are useful in a single environment are lost following
each environmental shift, for both small and large population sizes
(Fig. 2 G and H, respectively). In larger populations, many new
tools that are useful in the new environment are invented by the
time that all non-useful tools are lost (Fig. 2H). In small pop-
ulations, however, a sharper decrease in the overall number of
tools occurs following an environmental change (Fig. 2G). Im-
portantly, if Pg,,10s 1S small, the qualitative differences between
populations of different sizes are greater (Fig. 2 £ and F): In a
large population, not all tools that lose usefulness are lost fol-
lowing environmental change, and the overall relative change in
tool repertoire size is small, whereas in a smaller (but otherwise
similar) population, losses are large relative to the number of tools
in the population, and these losses are quite sudden.

The rate of environmental change affects both the type of
tools that accumulate in a population and the severity of a cultural

Kolodny et al.
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Fig. 3. Simulated cultural evolution with lucky leap, toolkit, and combination
processes as well as environmentally mediated loss of tools. The environment
switches between two possible states. In A the rate of environmental change is
0.0001 per generation, and in B it is 0.01 per generation; other parameters are
the same. (A) When the environment changes infrequently, each change can
initiate a large crash in the number of tools. (B) When the environment
changes frequently, tools that are useful in both environments accumulate
over time. Note that the y axes differ in A and B. Additional parameters are
N =100, P/ucky =0.002, PSpontLoss =0, Ptooikit = 0.05, Pcombine = 0.05, Pepyusefur =
0.1, Pepvioss = 0.1.

loss event. If the environment changes very rarely, a population’s
tool repertoire can become highly specialized to the environ-
ment; then a rare environmental switch can lead to a precipitous
drop in the number of tools (Fig. 3). In contrast, if environmental
changes occur frequently, the population mainly accumulates
tools that are useful in multiple environments. Each environ-
mental change thus is less disastrous for these cultural generalists
because a higher percentage of their tools are retained after an
environmental switch (Fig. 3).

Population Subdivision and Unequal Distribution of Tools. Cultural
population structure, in the sense that different subpopulations
possess knowledge about different subsets of the tool repertoire,
can lead to very different trajectories of cultural accumulation.
Fig. 4 graphs the mean number of tools near equilibrium for
various population sizes in unstructured populations (black curve).
This number is compared with the mean number of tools in
100-individual populations divided into two subgroups, with the
knowledge of half of the tools concentrated in one subgroup (the
cultural elite) and the rest of the tools known by all individuals in
the population (red curve). The red points are simulation results
for different sizes of this cultural elite subgroup. The number of
tools at equilibrium in each structured population is similar to
the number of tools in a smaller unstructured population, sug-
gesting that the notion of cultural effective population size (N¢g)
is useful in such cases. Thus, for example, the tool repertoire in a
structured population of 100 individuals in which 10% of indi-
viduals know the full tool repertoire and the rest of the population
knows only 50% of the tools is similar to the tool repertoire in an
unstructured population of less than 75 individuals. To demon-
strate the potential effect of the unequal distribution of knowledge
among subgroups, we simulated a population divided into two
subgroups, in which the cultural elite subgroup consists of 10% of
the population and a different fraction of the overall tools is
known only to this subgroup (blue curve). As one might expect,
the distribution of knowledge has a dramatic effect on the pop-
ulation tool repertoire. Near the extreme of the simple knowledge
distribution studied here (the leftmost section of the blue graph in
Fig. 4), we find a population of 100 individuals carrying a tool
repertoire that is smaller than that of a 50-individual unstructured
population.

Note that all three graphs are nearly overlapping, demonstrat-
ing that, under our assumptions about substructure and knowledge
distribution in the population, a simple linear term relates Ncg to
N to a reasonable approximation. This relationship is not neces-
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sarily the case in general: There are multiple possible pop-
ulation structures and many possible distributions of knowl-
edge among subgroups in the population, and the overall
dependency pattern of tool repertoire size on population size
is itself nonlinear.

Discussion

We have constructed a model that takes into account realistic
aspects of the processes that produce cultural innovations. The
model leads to trajectories of cultural evolution that appear
qualitatively similar to those found in the archaeological and
historical record on different time scales. We provide a plausible
explanation for several seemingly conflicting observations that
have been the source of much recent debate. In the evolutionary
history of humans, these observations include evidence for ex-
ponential increases in culture (1-3); for bursts of cultural accu-
mulation and rapid cultural change together with long periods of
little observed change in the material culture (4, 11, 14, 21, 34,
35, 53, 87); and for dramatic losses of cultural diversity (8, 14—
16). These observations cannot be explained by the mutation rate
analogy, and the latter two have not been observed even in
existing models that treat the innovative process more elab-
orately (e.g., refs. 47, 49, and 52).

Creativity in humans is not a single process, as noted in studies
of cognitive science and psychology (57, 65, 68, 69). Further,
numerous population-level factors, such as population size, en-
vironmental change, stochastic cultural losses, and population
subdivision, also can affect the origin and spread of cultural traits.
Here, we propose a modeling framework capable of accounting
for all these processes. We include three types of creativity: one
in which independent large creative leaps can occur (main-axis
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Fig. 4. Effects of population size, population subdivision, and distribution
of knowledge among subgroups on tool repertoire of a population at
equilibrium. After 100,000 time steps of each simulation, the equilibrium is
estimated by averaging the number of tools in the last 10,000 time steps.
Each point is a mean of this estimated equilibrium for 20 runs with the same
parameter values; error bars bound two SEs. The plot has three x axes cor-
responding to the points of the same color. These axes have been scaled to
illustrate the effect of population subdivision on effective cultural pop-
ulation size: The effect of changes in population subdivision is similar to the
effect of changes in absolute population size. The black points represent the
equilibrium number of tools for nonsubdivided populations of varying sizes
(N). The red points represent the equilibrium number of tools for pop-
ulations (N = 100) with varying subdivision sizes, where Cgjite is the percent of
the population with knowledge of the entire tool repertoire and the re-
mainder of the population knows only 50% of the tools. The blue points
represent the equilibrium number of tools for a subdivided population (Cjire =
0.1, N = 100) in which a certain proportion, indicated along the blue axis, of
the overall tool repertoire is known only to the cultural elite and the rest is
known to all individuals.
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tools), another in which tools are created as part of a toolkit of
tools that are made useful by a main-axis tool (or by functional
analogy to that main-axis tool), and a third in which existing tools
can be combined to make new tools. Of course, these three are not
an exhaustive list of human innovation processes, but this frame-
work represents a step forward in characterizing creativity as a
multifaceted process. In addition, we consider populations that are
subdivided into groups with different subsets of cultural knowl-
edge, and we include processes of both stochastic and environ-
mentally mediated cultural loss. By combining analytical derivations
with a separate exploration of each of the various processes in our
model and by simulating cultural evolution under a range of pa-
rameter regimes, we were able to tease apart the effects of each
process and pinpoint which processes, or combination of pro-
cesses, account for each observation in the range of outputs pro-
duced by our model.

We find that the process of innovation of tools via lucky leaps,
with or without the invention of tools that are part of a toolkit,
leads to a mean linear increase in tool repertoire size. For any
given simulated population, however, tools accumulate in a
stepwise trajectory whose step sizes—sudden increases in the
tool repertoire—are determined by the size of the toolkit asso-
ciated with each main-axis invention.

A similar stepwise trajectory, with bursts of change and pe-
riods of relative stasis, is seen when the innovative process in-
cludes invention through the combination of previously invented
tools. This scenario differs from the previous one in that the
magnitude of these bursts depends on the existing tool repertoire
at the time of their occurrence, giving rise to a mean rate of
cultural accumulation that may be polynomial or exponential
depending on the details of the innovative combination process.
For simplicity and tractability, we set limitations on which tools
may combine with others, but in reality these limitations may not
exist, further accelerating cultural accumulation.

Importantly, we find that the relative rates of the different
innovation processes set not only the timescale of cultural change
but also the form of the curve that describes this change. The clear
trends described above are produced when invention of associated
toolkit and combination tools is rapid compared with the lucky
leap innovation process, a condition we view as realistic. However,
in a scenario that includes all three processes, reduction in the
rates of toolkit and combination tool invention leads to smoother
curves, with fewer sudden bursts and with less stasis in the periods
between lucky leaps (SI Appendix, SI5: Sensitivity of the Model to
Parameter Values). Further reduction affects the overall trend and
could even produce a nearly linear curve. Intermediate curves,
ranging from linear to exponential, may be produced depending
on the relative rates of the three invention processes.

Our framework also accommodates a number of loss pro-
cesses. One is the loss of tools following their invention, when
they are still rare, because of stochasticity or to a low adaptive
value associated with the tool. Stochastic interindividual trans-
mission, which accounts for such loss, is not modeled explicitly.
Instead, we use mean rates of loss and fixation (justified in refs.
49 and 52) (SI Appendix, SI1: Extended Model Description); this
type of loss can be viewed as analogous to a decrease in the rates
of the various innovation processes.

The second type of loss is the result of stochastic drift of tools
that previously had reached their equilibrium frequency. In line
with refs. 49 and 52, which model tool transmission explicitly, this
loss may happen to every tool, with a probability inversely pro-
portional to the number of individuals that know it. In most
scenarios, this loss leads to the overall repertoire size reaching a
steady state at a level that is dependent on the population size,
the loss rate, and the invention rate, i.e., the population’s cultural
carrying capacity (SI Appendix, SI2: Analytical Predictions). Im-
portantly, in our framework, stochastic loss of a main-axis tool
brings about the immediate loss of all its associated toolkit and
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combination tools. Apart from affecting the value at which the
repertoire size stabilizes, this process leads to sudden losses of
suites of tools because of endogenous features of the model and
without the need to invoke external factors such as changes in
environment or population size. Such punctuation has been
regarded as characteristic of cultural evolution (3-5).

Third, tools can be lost in our framework following an envi-
ronmental change that renders some of the tools useless, which
may provide an alternative explanation for empirical observations
of sudden cultural losses. The rate of environmental change and
number of possible environments affect the trajectory of cultural
evolution; for example, a low rate of environmental switching
would lead to a major decrease in the repertoire size when change
does occur, whereas frequent switching selects for tools that are
useful in multiple environments and leads to modest decreases
following each switch. Finally, environmental loss appears to be
much less dependent on population size than the other loss pro-
cesses: A tool that is useless in a new environment may be lost
regardless of the number of individuals that know it; hence, if loss
of tools occurs primarily as a result of environmental change, large
cultural losses should be observed in populations of all sizes;
however, if cultural losses seem strongly tied to population size,
stochastic loss might be the dominant process. We have explored a
simple representation of environmental change; our model can be
used to explore additional scenarios, such as a series of non-
recurrent environmental changes such that each new environment
has never been encountered before, potentially representing the
changes experienced by a population during migration.

Finally, our model includes the realistic possibilities that knowl-
edge is not evenly distributed among individuals and that some
knowledge may be concentrated in a subgroup, such as medicine-
men and -women. We explore a simple scenario in which a subset
of knowledge is concentrated in a single elite subgroup, and we vary
both the fraction of the population in the subgroup and the per-
centage of knowledge confined to it. Changes to either of these
parameters can mimic changes in the overall population size of
an unstructured population, demonstrating the utility of an
effective cultural population size (Fig. 4). This scenario is
simple, and further exploration is necessary to understand the
effect of interactions between these parameters, including dif-
ferent knowledge distributions and more complex population
structures.

Our results suggest that whether the cultural trajectory ap-
pears smooth or punctuated may depend critically on the studied
scales of space and time. In empirical data, these scales are likely
to be confounded with archaeological, anthropological, and evo-
lutionary processes, lending importance to such questions as what
was the rate of migration between populations? What was their
population structure? What is the correct timescale to study cul-
tural accumulation? To what extent is each population a separate
experiment of cultural development?

Different relative rates of the various processes in our model
can lead to qualitatively different trajectories. Thus, seemingly
contradictory observations of trajectories of cultural evolution
can be reconciled within our framework. Notably, our model
offers a parsimonious explanation for the puzzling observation
that cultural evolution on a long timescale consists of long pe-
riods of little change separated by short periods in which bursts
of rapid change take place.

There are two alternate explanations of the punctuation. The
first, suggested directly by our model, is that the periods of little
change are waiting times between occurrences of large leaps, and
each of these rare occurrences brings about rapid change in the
form of the invention of functionally related tools, functionally
analogous tools, or innovative combinations. Alternatively (e.g.,
refs. 18-20, 22-27, and 45), these are stretches of time in which
the population is at steady state in its cultural evolution. Bursts
of cultural change are hypothesized to occur following a change
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in one or more of the parameters that determine the cultural
carrying capacity (the size of the tool repertoire at equilibrium).
Such changes may involve the environment, population size,
cognitive ability that determines the rates of tool invention, or
cultural or genetic change that affects the rate of transmission and
hence the rate of tool loss. In addition, a shift to a new equilibrium
level may result from changes in the structure of the subgroups in the
population or in the norms regarding the distribution of knowledge
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