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Cumulative culture, the accumulation of modifications, innovations, and improvements
over generations through social learning, is a key determinant of the behavioral diversity
across Homo sapiens populations and their ability to adapt to varied ecological habitats.
Generations of improvements, modifications, and lucky errors allow humans to use
technologies and know-how well beyond what a single naive individual could invent
independently within their lifetime. The human dependence on cumulative culture may
have shaped the evolution of biological and behavioral traits in the hominin lineage,
including brain size, body size, life history, sociality, subsistence, and ecological niche
expansion. Yet, we do not know when, in the human career, our ancestors began to
depend on cumulative culture. Here, we show that hominins likely relied on a derived
form of cumulative culture by at least ~600 kya, a result in line with a growing body of
existing evidence. We analyzed the complexity of stone tool manufacturing sequences
over the last 3.3 My of the archaeological record. We then compare these to the achievable
complexity without cumulative culture, which we estimate using nonhuman primate
technologies and stone tool manufacturing experiments. We find that archaeological
technologies become significantly more complex than expected in the absence of cumu-
lative culture only after ~600 kya.
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Humans have expanded into and adapted to diverse habitats thanks to a culturally trans-
mitted body of knowledge that has evolved over generations, including complex technol-
ogies. The population process of cumulative cultural evolution is the primary mode of
human adaptation, and it supports all aspects of human subsistence (1-3). The human
reliance on cumulative cultural evolution places them squarely in a “cultural niche.”
However, the evolutionary history of this ability is unclear. When did hominins begin to
rely on, pass on, and modify complex technologies? Is this a derived trait of modern
humans or a primitive trait shared across hominins? Answering these questions will help
our understanding of the role technology and culture played in shaping hominin
evolution.

Here, we study changes in the complexity of stone tool manufacturing sequences across
hominin evolution. Chipped stone tools are the oldest, longest-lasting, and most widespread
technology in the archaeological record. After their appearance over 3 Mya in East Africa
(4, 5), stone tools gradually became a central component of the forager’s toolkit. Hominins
explored many stone tool-making practices, from simple Oldowan pebble-core reduction,
which requires only a few actions performed in sequence, to the more complex production
of Polynesian quadrangular adzes made by craft specialists in complex societies (6).

But why should hominins ever rely on complex technologies? In many circumstances,
expedient tools that are quick and easy to learn and make, such as simple flakes, may be
preferable to more complex ones. Thus, and unsurprisingly, simple flaked tools remained
present across the 3 My of the archacological record.

Nonetheless, exploring new regions of the design space for stone tool technology to
gain efficiency and function will inevitably require increased complexity. There are, for
example, only so many types of tools that can be made by striking a handheld core with
a hard hammer, and these are simple and easy to master relative to later technologies (7-9).
As new knapping techniques are discovered, the frontiers of the possible design space
expand. For example, soft hammer percussion and pressure flaking make bifaces much
thinner than possible through hard hammer percussion (10). These more complex tech-
nologies are also more difficult to discover, master, and teach (7-9, 11, 12).

Complexity also begets complexity. An important innovation engine is recombining
existing traits to form new ones (13-19). In stone tools, recombining existing steps in
novel ways may lead to new forms and tool types and increase the likelihood of new
technologies being discovered. For example, the development of hafting would have

PNAS 2024 Vol.121 No.26 2319175121

https://doi.org/10.1073/pnas.2319175121

Significance

Our species, Homo sapiens,
occupies a uniquely diverse set of
ecological habitats. Humans
expanded into tropical forests and
arctic tundra through cumulative
culture. Cumulative culture is the
accumulation of modifications,
innovations, and improvements
over generations through social
learning. Generations of variant
accumulations allow humans to
use technologies and know-how
well beyond what a single naive
individual could invent
independently within their lifetime.
We analyzed the stone tools made
during the last 3.3 My. We found
that these stone tools remained
simple until about 600,000 B.P.
After that point, stone tools rapidly
increased in complexity.
Consistent with findings from
other research teams, we suggest
that this transition signals the
development of cumulative culture
in the human lineage.

Author affiliations: *Department of Anthropology, University
of Missouri, Columbia, MO 65211; and °School of Human
Evolution and Social Change, Institute of Human Origins,
Arizona State University, Tempe, AZ 85281

Author contributions: J.P. and C.P. designed research;
performed research; contributed new reagents/analytic
tools; analyzed data; and wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

Although PNAS asks authors to adhere to United Nations
naming conventions for maps (https://www.un.org/
geospatial/mapsgeo), our policy is to publish maps as
provided by the authors.

"To whom correspondence may be addressed. Email:
jprnr@missouri.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2319175121/-/DCSupplemental.

Published June 17, 2024.

1o0f6


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.un.org/geospatial/mapsgeo
https://www.un.org/geospatial/mapsgeo
mailto:jprnr@missouri.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2319175121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2319175121/-/DCSupplemental
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2319175121&domain=pdf&date_stamp=2024-6-13

Downloaded from https://www.pnas.org by 23.245.77.230 on October 28, 2025 from | P address 23.245.77.230.

20of6

opened up many possibilities for new forms, knapping strategies,
and kinds of tools to be used and invented (20). When recombi-
nation is an important driver of innovation, complexity can
increase rapidly as the number of known traits increases and the
number of possible recombinations expands exponentially (15).

Cumulative Culture

Cumulative culture refers to the accumulation of modifications,
innovations, and improvements over generations through social
learning. Generations of improvements, modifications, and lucky
errors can generate technologies and know-how well beyond what
a single naive individual could invent independently within their
lifetime. When a child inherits her parent’s generation's culture,
she inherits the outcome of thousands of years of lucky errors and
experiments.

Cumulative culture produces three related outcomes. First, it
increases a population's knowledge pool over time. Second, cumu-
lative culture finds improbable solutions, much like biological
evolution does. Ecological challenges can have many possible
solutions that are too difficult for individuals to discover or invent
on their own. Cumulative culture allows populations to explore
large fitness landscapes and, step-by-step, discover local optima
(21). This allows populations to develop useful practices even
when individuals have only a partial causal understanding of it
(1, 22). Third, cumulative culture tends to increase the complexity
of technologies and other know-how. Cumulative culture allows
for useful distinct parts and structures in a finished tool form (23)
or steps and procedures in the manufacture of an object (24, 25)
to accumulate over time, resulting in increasingly diverse, efficient,
and specialized toolkits.

Observational and experimental evidence suggest that nonhu-
man ape culture does not rely on copying know-how (26, 27).
Instead, nonhuman ape cultures appear to emerge from an inter-
play of genes, environments, and social learning, which all channel
the development of know-how without directly copying the par-
ticular steps involved in these behaviors (27). While these mech-
anisms can support ape traditions and technologies that are
complex to a degree (28, 29), they cannot achieve the complexity
of traditions passed on and elaborated on through copying
know-how more directly. Humans, in contrast, can copy behav-
ioral processes and their results, which likely enables cumulative
culture (27).

Reliance on cumulative culture placed humans in a new cultural
niche that profoundly impacted behavior and biology (1). As the
cultural pool of observable behaviors evolved, so did the genes
that control learning. This may explain why specialized cognitive
abilities emerge early in life (1, 30, 31). The cultural adaptation
of cooking created new selective pressures on our bones, muscles,
teeth, and guts (32). Other products of this gene-culture coevo-
lution process may include an increase in relative brain size, a
prolonged life history, and other keystone traits underlying human
uniqueness (33, 34).

But when did humans enter the cultural niche? Suggestions
have ranged from the early Oldowan to this being unique to mod-
ern humans in the late Pleistocene (35-38). Answering this ques-
tion demands measuring proxies of cumulative culture, such as
technological complexity, over evolutionary time scales. It also
requires an expectation for what such a proxy should look like
without cumulative culture. We expect the advent of cumulative
culture to leave two signatures in the archacological record: 1) it
will produce behaviors more complex than what extant nonhuman
primates are capable of and more complex than what individual
humans can learn on their own (21, 35), and 2) it will lead to a
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rapid increase in the degree of cultural complexity hominins were
capable of achieving. Because we do not expect simple tools always
to be replaced by more complex ones, these two signatures should
leave their mark at the upper limit of the distribution of techno-
logical complexity over time.

Materials and Methods

We collected data on stone tool manufacture sequences from published studies.
We aimed for a broad spatial and temporal coverage, surveying lithic technology
from the Pliocene to the Holocene in Africa, Eurasia, Oceania, and the Americas.
The decision to code a particular published study was based on the degree of
detail in descriptions of the lithic technology, including information on how cores
were managed, how pieces were retouched, and the presence of illustrations
(39-41) (SI Appendix).

We measured the complexity of manufacturing sequences by counting
the number of procedural units it involved. Procedural units are discrete,
mutually exclusive manufacturing steps that can be chained together in the
production of technologies (25,41, 42). We considered 33 possible procedural
units in stone tool-making sequences that were marked as either present or
absent within each sequence (43, 44). These procedural units include steps
involved in core preparation, the tools used to produce flakes, and retouching
(SI Appendix, Table S1).

To build an expectation of technological complexity achievable by early hom-
inin individuals without cumulative culture, we collected data on 1) nonhuman
primate technologies, 2) the complexity of stone tool technologies spontaneously
invented by naive flintknappers, and 3) the complexity of technologies observed
during randomized flaking experiments (S/ Appendix, Table S2).

We fitted a descriptive statistical model to the data. We modeled procedural
unit counts as a Poisson regression with a smooth spline to describe its relation-
ship with age (S/ Appendix) (43).

Results

The complexity of tool-making sequences sampled in our dataset
increases over time (Fig. 1), in line with previous assessments of
trends in complexity over the Paleolithic period (7, 25, 45). The
simplest technologies are the ~3.3 ma bipolar percussion sequences
from Lomewki (3 PU), Oldowan pebble cores from EG12 (~2.6
ma, 3 PU), and the simple flakes produced at Bokol Dora 1 in
Ethiopia (~2.6 ma, 3 PU). The most complex sequences are from
the Holocene: A pressure blade technology involving 19 procedural

151

Procedural Units

3 mya 2 mya 1 mya 100 kya

Years before present

Fig. 1. Count of procedural units (n = 64) as a function of time. The line
represents the mean of the statistical model posterior predictions, and the
shaded ribbon is the 80th percentile interval. Posteriors are sampled from the
global grand mean with no site-specific deviations. The horizontal dash line
at PU = 6 marks the most complex nonhuman primate technology, i.e., the
brush-tipped termite probe production reported among chimpanzee groups
(29). Other nonhuman primates and human experiment values fall below this
line (S/ Appendix, Table S2).
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units was found in ~10 ka deposits at the Early Mesolithic site of
Sujala, Finland (46).

The sequences from nonhuman primates, naive human experi-
ments, and random-flaking experiments vary from 1 to 6 PU
(81 Appendix, Table S2). We assume here a baseline of 6 PU for the
complexity that can be achieved without cumulative culture.

The upper limit of the complexity distribution over time can
be divided into three periods. The first period started around 3.3
Mya and ended ~1.8 Mya. During this time, the manufacture
sequences ranged between 2 and 4 procedural units in length—
below the most complex baseline.

'The second period spans ~1.8 to ~0.6 Mya and includes much of
the Acheulean industry. The ceiling of complexity during this period
ranges from 4 to 7 PU. This range overlaps and surpasses our baseline
value by one PU. The predictions drawn from our statistical model’s
posteriors include PU counts above what has been observed empir-
ically, such as eight or even nine PU by 1.8 Mya. We think this is a
limitation of the model. Our overall understanding of the stone tools
of the period is greater than the eight data points in our dataset. There
are, for example, 175 published Acheulean sites reported in the
ROCEEH database (47), and they do not contain complex technol-
ogies like a blade, Levallois core, or tranchet flaking. We expect that
the absence of observed technologies with a complexity PU of 7 or
greater is a real empirical trend, not a sampling error.

The third period starts near the beginning of the Middle
Pleistocene, around 600 kya, and extends into the late Holocene,
as early as ~800 kya, given the uncertainty in the statistical model’s
parameters. During the third period, hominin species relied on
technologies more complex than the experimental and nonhuman
primate technological baselines. The complexity observed ranges
from 5 to 18 PU. By ~300 kya, some technologies are twice as
complex as perishable chimpanzee tools. This suggests that hom-
inins consistently relied on technologies that likely required cumu-
lative culture to develop and persist across generations.
Technologically, the rapid increase in maximum complexity is
marked by the development of blade production, Levallois reduc-
tion, soft hammer, and pressure flaking.

'The development of cumulative culture may predate the diver-
gence of the Neanderthal and Modern Humans and be a shared
derived feature of both lineages. This is reflected in the overlap in
the complexity of both groups during the late Pleistocene. The
complexity of technologies made by Neanderthals ranges from 9
to 13 PU (n = 6), and those produced by Modern Humans during
the Pleistocene range from 8 to 15 PU (n = 11). This is in line
with other independent lines of evidence that have found that
Neanderthal Middle Pleistocene Levallois technologies are more
complex than the blade technologies associated with Modern
Humans in the late Pleistocene (7, 8).

Discussion

The long-term pattern of rise in complexity relative to what we
described above can be accounted for by at least two evolutionary
scenarios: an early entry into the cultural niche and a late one. In
both scenarios, hominins relied on cumulative culture by ~600 kya.

An Early Entry into the Cultural Niche Scenario. According to
this scenario, hominins stepped into the cultural niche before 600
kya and possibly as early as 3.3 Mya. After all, complexity levels
below our baseline of PU~6 may be consistent with an absence
of cumulative culture, but they don’t exclude it. Thus, the rise in
the cumulative maxima of the distribution of PU over time may
be due, in its entirety, to a mixture of gene-culture coevolution
and cumulative culture.
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Tool-assisted meat extraction may have been an impetus for the
evolution of cumulative culture. The earliest potential evidence
for these extractive, tool-assisted behaviors in the hominin lineage
is represented in the tool marks at Dikkika ~3.4 Mya (48), slightly
older than earliest percussive and flaked stone tools date to ~3.3
Mya at Lomekwi 3, and predating later Oldowan flaked tools ~2.8
Mpya (5). Early hominins may have relied on percussive tools to
access marrow (49) and chipped stone tools to scavenge meat
(50-52). After ~2 Mya, the evidence for a reliance on hunting as
a method of obtaining protein and fat becomes more persistent
(53, 54), and this increase in access to meat would have helped
provide the energy for the increases in brain and body size observed
across hominin evolution (55).

The slow increase in complexity over the first 2.5 My of stone
tool history, including long periods of stasis at complexity levels
below the degree of complexity seen in perishable chimpanzee tech-
nologies, could be the signature of gradual and step-wise gene-culture
coevolution. As cumulative culture begins to produce adaptive
know-how, selective pressures on brains and developmental pro-
cesses facilitate the acquisition, storage, and use of that cultural
information (56, 57). The timing and tempo of the evolution of
these biological traits, in turn, could put a check on cumulative
culture (3, 58). For instance, replicative knapping experiments sug-
gest that skill and motor control requirements increased across the
Paleolithic (7, 59). Early hominins likely did not have the same
capacity for both delicate and forceful manual manipulation that
would have made some of the tool-making actions seen in the later
record, like platform preparation, easier to perform and which ena-
bled things like thinned bifaces and Levallois cores (10, 59). The
plateau in maximum complexity after 1.8 Mya may be due to a
stasis in skill and motor control that improved only after ~600 kya.
However, technological stasis can occur for many other reasons
besides biology (3). Technology may have reached a plateau in dif-
ficulty that required to be escaped the discovery of a hard-to-find
solution. The hominin foraging niche before ~600 kya may not
have favored innovation and investment in complex technologies
(60). In addition, since cumulative culture is a population process,
demography, population structure, and environmental change can
affect innovation rates (14, 61), the maintenance of complex traits,
or the longevity of technologies (62, 63).

A Late Entry into the Cultural Niche Scenario. In this scenario,
hominins entered the cultural niche late during the Middle
Pleistocene when they began producing technologies with
complexity levels not observed in contexts with no cumulative
culture. While other forms of social learning may have influenced
stone tool-making before this, it is only around 600 kya that
hominins relied on process copying (35). This timeline is similar to
prior work suggesting culture was truly cumulative in the Middle
Pleistocene (20, 38, 64, 65).

We also think this is the more likely scenario. First, experiments
have shown that early knapping technologies can be learned
through individual learning alone (66) or minimal information,
such as observing flakes, but not the flintknapping process (63).
The experimental studies that have found how easily randomized
flaking actions can produce handaxe-like artifacts lend credence
to the hypothesis that handaxe technology results from serial rein-
vention instead of cultural transmission (35). In contrast, the stone
tools developed after 600,000 y have a high learning cost, even
with the benefit of formal teaching expertise in other flintknap-
ping domains (8, 12).

Second, the rapid and continuous increase in complexity after
~600 kya is consistent with how cumulative culture operates in a way
that million-years-long gaps at low levels of complexity are not. Third,
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this late-entry scenario is supported by many separate lines of archae-
ological and fossil evidence. Several lines of behavioral evidence show
substantial differences in complexity between the record before and
after ~600 kya. Indeed, a similar pattern of relative stasis before 600
kya, followed by rapid diversification, can be detected in the diversity
of reduction methods and tool types found in archaeological sites
worldwide (Fig. 2, 70p). A similar trend can also be seen in the effi-
ciency of reduction strategies at producing sharp working edges per
unit of mass (Fig. 2, second panel from the top). The efficiency data
have a gap in its coverage between ~800 and ~250 ka, but it shows
that efficiency remained low and unchanging between 2 ma and 800
ka and that by 250 kya, it has doubled and, at times, tripled. Other
hominin behaviors only developed in this recent period (Fig. 2, lower
panel) and most markedly during the Middle Stone Age of Africa, after
~300,000 y (67, 68). The middle Pleistocene also bears some of the
most substantial evidence for hearths and domestic spaces, likely essen-
tial components of the development of cumulative culture (69, 70).
Wooden structures, constructed with logs hewn using hafted tools,
represent a combinatorial and additive technological behavior, dating
to at least 476 kya (64). Finally, patterns in phonemic diversity across
space suggest that language also emerged over the last 500,000 y (71).

Encephalization also increased rapidly in absolute and relative
terms over the last 600,000 y (80). Before this, increases in brain
mass are linked to increases in body mass and are marked by a
prolonged period of stasis that extends through 1.8 Mya. In line
with our result, this trend includes Neanderthal and modern
humans (81). Sequences of dental development indicate that
the early Homo species, including erectus, had a pace of life
history similar to that of contemporary and fossil African apes.
The prolonged life-history schedule of modern humans appears
in the later stages of human evolution and possibly, again, with
the origin of Neanderthals and modern humans (82), an
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inference supported by many other aspects of the fossil record
(83-85). The fast tempo of maturity of early Homo species sug-
gests that mere larger brains and body sizes were not the primary
selective agent for prolonged maturity and extended life stages
(82—84). A better candidate selective force may be a reliance on
cumulative culture that started ~600 kya.

Conclusion

Discriminating between an early and a late entrance into the
cultural niche will largely hinge on assessing more accurately how
the procedural units and the various ways they can be combined
are accessible to individual learners who are culturally isolated.
Further randomized flaking experiments and knapping experi-
ments with chimpanzees and humans remain promising. These
experiments, of course, are not without caveats. They tend to be
of short duration (hours, days), whereas, in the past, an individual
would have a lifetime to experiment and learn from trial and error,
as well as a lifetime to learn from others. Moreover, to what extent
chimpanzees and modern humans are good models of early hom-
inin cognition and manual dexterity is unclear. Modern humans
may be able to converge through trial and error alone on manu-
facturing sequences that are more complex than what early hom-
inins could have achieved, even with cultural transmission.

Finally, taphonomic biases, chief among them that technologies
based on organic material are mostly invisible archaeologically,
necessarily distort our view of technological behavior over evolu-
tionary timescales. We note, in particular, that the most complex
nonhuman primate technology in our sample is based on organic
data. It is possible that early hominins relied on cumulative culture
to develop complex social, foraging, and technological behaviors
that are archaeologically invisible.
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Fig. 2. Top panel. The total number of tool and core types present across assemblages is summarized using the technological Modes A-l system (39, 72-75)
(N =1,192). Middle panel: The efficiency of stone tool technology is measured as the ratio between edge length and flake size. Data represent the median ratio
among N = 81 assemblages (76). Bottom panel: Hominin behavioral timeline (20, 64, 77-79).
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Data, Materials, and Software Availability. All data described and R code for
the statistical analysis are available on Zenodo except the chimpanzee termite
brush manufacture sequence, which is provided in the main text: https://doi.
0rg/10.5281/zenodo.11398650 (43).The codebook used to generate the proce-
dural unit data (version 1.1) is also stored on Zenodo: https://doi.org/10.5281/

zenodo.7847876 (44).
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