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Control of fire is one of the most important technological innovations within the evolution of humankind.
The archaeological signal of fire use becomes very visible from around 400,000 y ago onward.
Interestingly, this occurs at a geologically similar time over major parts of the Old World, in Africa, as
well as in western Eurasia, and in different subpopulations of the wider hominin metapopulation. We
interpret this spatiotemporal pattern as the result of cultural diffusion, and as representing the earliest
clear-cut case of widespread cultural change resulting from diffusion in human evolution. This fire-use
pattern is followed slightly later by a similar spatiotemporal distribution of Levallois technology, at the
beginning of the African Middle Stone Age and the western Eurasian Middle Paleolithic. These archaeological data, as well as studies of ancient genomes, lead us to hypothesize that at the latest by 400,000 y
ago, hominin subpopulations encountered one another often enough and were sufficiently tolerant toward one another to transmit ideas and techniques over large regions within relatively short time periods.
Furthermore, it is likely that the large-scale social networks necessary to transmit complicated skills were
also in place. Most importantly, this suggests a form of cultural behavior significantly more similar to that
of extant Homo sapiens than to our great ape relatives.
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Interaction with fire, including enhanced maintenance
and production (1), is generally considered one of the
most important processes within the cultural evolution
of humankind. Fire afforded hominins protection
against predators and cold, broadened the range of
edible foods and the amount of energy that could be
extracted from them through cooking (2), allowed manipulation of materials (3), extended the length of day,
and impacted the character of social interactions (4).
Fire gave hominins a means to increase the productivity of their habitats, over time significantly transforming natural landscapes (5, 6). Fire also came with
costs (7–9), as fire-using hominins had to collect fuel to
be brought to a central place, calling for cooperation
within a group (10). Given the impact pyrotechnology
must have had, understanding the origins and development of fire use is relevant for our understanding of
the development of the niche of hominin species
through time, including—as we argue here—the importance of cultural behavior. Indeed, we hypothesize

that the increasing evidence for the appearance of
regular fire use within a (relatively) restricted time window (400 to 350 thousand y ago, ka) and across
an extremely wide geographic region can be best
explained by cultural diffusion of skills related to fire
use. In fact, the fire record might provide the first clear
evidence of the emergence of cultural diffusion in the
evolution of humankind, indicating that a distinctive
characteristic of the cultural behavior of Homo sapiens
was in place at this time.
The importance of cultural behavior is clear for our
own species today: on a daily basis we use technology
that we could not invent ourselves, and contemporary
human cultures produce unique material and symbolic
artifacts from complex technologies to languages to
money and symbolic mathematics. Cultural behavior
changed the nature of human evolution, and some
argue it played a role in the evolution of large-scale
cooperation between nonfamily members (11), and of
aspects of cognition (12). Several authors see cultural
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behavior as the explanation for the near-global distribution and
success of H. sapiens (e.g., refs. 13 and 14). However, it is not clear
when key characteristics of cultural behavior present in H. sapiens
today emerged and it is possible that some characteristics first
appeared earlier than others. These characteristics include its often adaptive or inherent value, regional traditions, which are present in a number of species (15, 16), and the accumulation of
elements, or “ratcheting,” which is rare in nonhuman animals
(17), and may also include the rapid spread of socially learned
behaviors over large distances.
Cultural transmission is one of several processes by which
elements of cultural behavior (ideas, behavior, and artifacts) can
spread. It refers to the process of passing on, through social
learning, cultural traits from one individual to another. Cultural
transmission may give rise to several patterns: local traditions,
cumulative culture, and the focus of the present paper, the wide
distribution of cultural traits. Here, we use the term “cultural diffusion” to describe the spread of cultural traits from one population to the next, through processes of cultural transmission.
Studies of the diffusion of cultural traits have focused on major
innovations. Classic studies of the diffusion of innovation address
farming, hunting, pottery, architectural technology and the adoption of architectural styles [reviewed in Amati et al. (18)]. Cultural
diffusion can be responsible for the geographically wide distribution of innovations and other cultural traits and their presence in
different populations and societies. In other species, widespread
behaviors are generally explained in terms of processes of genetic
evolution. Large-scale cultural diffusion is an important, distinctive
characteristic of modern human culture, and we investigate a possible first appearance of it in the archaeological record.
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The Spatiotemporal Pattern of Fire Use
A full review of the record for early fire use is beyond the scope of
this perspective paper; our goal is to describe a pattern, focusing
on contrasts between the record before and after 400 ka, to
propose an explanation and to stimulate debate and further research. Tracking the development of early fire use in time and
space has proven to be challenging, as identifying traces of fire as
anthropogenic is not straightforward. One reason for this is the
widely distributed, transient nature of its use by mobile huntergatherers, who rarely invest in structures around fires. Hence,
common proxies for their fires consist of materials exposed to
heating, and include charcoal, heated lithics, charred bone, and
the heat-altered sediments on which a fire was built (19, 20). In the
open air, many of these fragile traces are easily removed by natural processes (21), while natural fires can create a range of proxies
that mimic anthropogenic ones (22). To deal with these issues,
new analytical methods have been developed (for two recent
reviews, see refs. 23 and 24), with experimental studies testing the
effects of heat on wood, bone, and various types of artifacts, as
well as on sediments underlying fireplaces (25–27). As such
methods have still not been widely applied, one could assume
that earlier cases of fire use have gone undetected thus far.
However, despite the evidentiary constraints of the archaeological record, a review by Roebroeks and Villa (20) identified a clear
pattern for Europe: there the record strongly suggests that anthropogenic fire use was very rare to nonexistent during the first
half of the Middle Pleistocene, as exemplified by the absence—
bar a few dispersed charcoal particles—of fire proxies in deeply
stratified archaeological karstic sequences, such as the Atapuerca
site complex in Spain or the Caune de l’Arago at Tautavel
(France), as well as from such prolific open-air sites as Boxgrove in
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the United Kingdom. In contrast, the record from 400 ka onward is
characterized by an increasing number of sites with multiple fire
proxies (e.g., charcoal, heated lithics, charred bone, heat-altered
sediments) within a primary archaeological context (19, 20, 28).
Studies published following this review have strengthened this
pattern and identified its existence beyond Europe. In the Gruta
da Aroeira cave site (Portugal), for example, fire proxies in the
form of heated bones start to appear in layers dated to 400 ka (29).
At Bolomor Cave (Spain), 14 hearths associated with heated materials have been excavated from multiple levels dating from 350
to 100 ka (30). Fire proxies are present at open-air as well as rockshelter sites, and there are open-air sites at which such fire evidence is repeated many times, over long periods, such as at
Biache-Saint-Vaast (France) dating to 240 to 170 ka (31). Fire was
used to gain access to deep caves (32), for production of pitches
(3), and processes such as cooking, which are documented for late
Neandertals (33) but may have been relevant earlier too. Importantly, for the Levant, Shimelmitz et al. (34) estimate the emergence of habitual fire use at 350 to 320 ka, a date based on the
long and well-dated sequence of Tabun Cave (Israel), as well as on
a review of the evidence from a range of other sites in the Levant.
At Qesem Cave (Israel), in addition to evidence for extensive
burning throughout the occupation history of the site, 400 to 200
ka (35, 36), a very large and repeatedly used central hearth was
found, dating to around 300 ka (37). Beyond its western parts,
there is thus far very limited evidence for fire use in the Middle
Pleistocene of Asia (38). The putative fire evidence from Zhoukoudian (China) has been much debated (e.g., ref. 39), with recent
work identifying traces of anthropogenic fires in a layer for which
the age estimates obtained vary per dating technique but all point
to the 500- to 250-ka range (40) (i.e., to the same period in which
we see fire use emerge in western Eurasia).
This pattern is not limited to Eurasia, however. At the site of
Jebel Irhoud (Morocco), a clear fire signal is visible at 300 ka, with
abundant evidence for anthropogenic fire use, including heated
lithics and heated faunal remains (41). The Jebel Irhoud evidence
fits very well with other evidence from the African Middle Stone
Age (MSA), a period broadly spanning ∼350 to 35 ka, roughly
contemporary with the western Eurasian Middle Paleolithic.
Bentsen’s (42) review of the various kinds of fire evidence suggests
that pyrotechnology was very important in the early part of the
MSA in sub-Saharan Africa, although the number of sites is small
and dominated by cave sites in South Africa, reflecting the
amount of fieldwork done there. At Border Cave, hearths and ash
layers have been excavated from multiple levels dating from 230
ka to 1000 CE (43, 44). Fire was used to modify the properties of
stone raw material (45), for cleaning and possibly pest control (44),
and to cook starchy rhizomes (46).
That there is, from 400 ka onward, such a marked, geographically widely distributed pattern of regular fire use (24) does
not imply that hominins might not have used fire before 400 ka.
Indeed, it has been suggested that traces of anthropogenic fire
might be around 0.8 Ma old in Spain (47, 48) and Israel (49, 50), 1
Ma old in South Africa (51–54), or even older in East Africa (19,
55–57). Furthermore, based on paleoanthropological evidence
for anatomic changes, Wrangham and Carmody (58) have argued
that fire was first used by Homo erectus 1.8 Ma ago. However, the
anthropogenic status of most of the pre–400-ka traces remains
controversial (see, e.g., refs. 19, 29 and 59–62): as an example, the
origin of 1.5-Ma-old reddened patches of sediments at the
FxJj20, Koobi Fora, Kenya, has been debated from initial publication four decades ago to the present day (56, 57, 59, 63, 64).
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An in-depth review of the pre–400-ka evidence is beyond the remit
of our paper, but the record from several distinctive landscapes
illustrates the isolated and problematic nature of the early fire
record. A case in point is Wonderwerk Cave (South Africa), which
is located on the eastern slopes of the Kuruman Hills. If the heated
materials recovered at this site, dated at 1 Ma, were indeed the
result of anthropogenic fire [52; but see Goldberg et al. (60) for
results of new samples], it is striking that, among the millions of
roughly contemporary stone tools recovered at the western
slopes of the hills, not a single heated lithic has been found (1). In
Chazan’s view, this situation is difficult to reconcile with an important role of fire in this period, as inferred by Wrangham’s
cooking hypothesis (1, 2). Another interesting fire signal comes
from the Melka Kunturé open-air site complex, situated in the
Upper Awash valley in the northern Ethiopian highlands and located at about 2,000 m above sea level. The sites document
hominin adaptations to high-altitude environments over a very
long period, from ∼1.7 Ma to the Late Stone Age (LSA). In the
Pleistocene, these high altitudes witnessed severe cold periods,
probably too cold for a continuous hominin presence there, as
suggested for the occupation signal from the 850- to 700-ka sequence of Gombore II (65). Apart from one possibly heated
pebble from Garba 1, a late Acheulian site (66), there is no evidence for the presence of fire use until the LSA throughout the
whole of the spatially extensive Melka Kunturé complex.
While one needs to interpret the lack of solid evidence for the
pre–400-ka period with caution, given the taphonomic issues with
fire proxies (55) and the limited sampling in time and space of
early sites in general, nothing substantiates a pattern like the one
observed after 400 ka, with fire use recorded by multiple proxies
at multiple sites from each region and recurring within sites. The
current data for early fire use in Africa and Eurasia, described
elsewhere as “sketchy...to say the least” (67), not only show that
the dispersal of early hominins into Eurasia, at around 2 Ma ago,
was not associated with any type of archaeologically visible fire
use, but also strongly suggest that fire use as a regular component
of the hominin technological repertoire was a much later phenomenon, dating to the second half of the Middle Pleistocene.
Around that time Africa and Eurasia were home to a variety of
hominin (sub)populations, including early H. sapiens and Homo
naledi in Africa, Neandertals in western Eurasia and Denisovans,
and H. erectus populations further east, many interacting and
exchanging genes repeatedly with neighboring subpopulations
of the wider hominin metapopulation [in the sense of Pääbo (68);
see also refs. 69–71].
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Cultural Diffusion of Fire Use?
A striking characteristic of the fire signal that emerges from the
archaeological record is the strong increase in evidence for fire
use across a wide geographic area and in (geologically speaking)
the same period and in different hominin subpopulations. We
suggest that this represents the first clear instance of widespread
cultural diffusion in human evolution documented in the archaeological record. Cultural diffusion played an important role in the
fast spread of innovations in skills and technology over large regions in prehistory. As discussed above, we consider this to be
one of several distinguishing characteristics of present-day H.
sapiens’ culture, which also include cumulative cultural evolution
and the existence of regional traditions. Our hypothesis implies
that knowledge and techniques were transmitted across hominin
social networks, interacting within the wider metapopulation
inhabiting major parts of the Old World. Below we will counter

alternative explanations for the observed pattern and discuss
evidence supporting our hypothesis of cultural diffusion. We also
point to archaeological data that, independent of the fire record
and somewhat younger, strongly supports the interpretation of
the existence of cultural diffusion in the later part of the Middle
Pleistocene, particularly the archaeological record of a specific
stone-working technology (namely, the Levallois technique). Finally, we will explain why we interpret this as the first clearcut case of widespread cultural diffusion evidenced by the
archaeological record.
Arguments against: Independent Innovation, or Genetic or
Demic Explanations. The spatiotemporal pattern of the appearance in the archaeological record of an innovation provides evidence relevant for identifying how the innovation came to be
widely distributed: that is, through independent innovation,
demic processes, cultural diffusion, or genetic processes. The fact
that regular fire use appeared relatively quickly across the Old
World and in different hominin subpopulations strongly suggests
that the behavior diffused or spread from a point of origin rather
than that it was repeatedly and independently invented. Additional evidence comes from environmental data. If the product of
convergent evolution, fire use would be expected to correlate
with environmental pressures. So a scenario could be suggested
in which hominin subpopulations developed similar technology in
different places in response to similar challenges in their environments. In such a scenario we would expect the change in the
fire record to correspond to or follow a change that had comparable effects on regional environments over the whole geographical area, most likely a global change in climate. We might
also expect to see fire use appear and disappear depending on
environmental conditions, until hominins displayed adaptations to
regular fire use. Fire use has several benefits that may be particularly advantageous in cooler conditions; at the same time, the
costs of fire use, specifically fuel collection, are considered to be
higher in open conditions (8).
Two environmental hypotheses are possible regarding increasing use of fire by hominins: this occurred 1) in cooler conditions driven by necessity or 2) in wooded conditions when costs
were lower. By 500 ka ago, the 100-ka-long glacial–interglacial
cycle characteristic for the later part of the Pleistocene was firmly
established, associated with a high global volume of ice. This
pattern became dominant following the mid-Pleistocene transition (∼1.25 to 0.7 Ma ago), which had a profound effect on biota
and landscapes and was complete about 300 ka before the
prominent change in the fire record (72). The very severe glaciation of Marine Isotope Stage (MIS) 12, which was associated with
cooler and more arid conditions worldwide, had ended before the
fire record picked up. Sites at which convincing evidence for fire
has been recovered from the period 400 to 300 ka are associated
with both cool and warm conditions (73). In addition, relatively
wooded periods recurred throughout the Pleistocene. Environmental change therefore does not seem to be in keeping with a
scenario of convergent evolution.
Furthermore, the spatiotemporal pattern tells us something
about the underlying processes. In general terms, the diffusion of
a new technology over a large region can be explained in genetic,
demic, or cultural terms, or combinations thereof (18, 74, 75). Of
these, ceteris paribus, genetic diffusion (across subpopulations or
an entire species) is the slowest process, demic diffusion is
somewhat faster, and cultural diffusion leads to the fastest spread
of a novel behavior (76, 77). In genetic diffusion, heritable traits
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(including behaviors) become more frequent within a (sub)population as a result of natural selection or drift. Depending on,
among other things, the size of the subpopulations and the
strength of the selective pressures, this process will minimally take
a couple of generations (77). If the trait is to be genetically diffused across multiple subpopulations—recall that regular fire use
did travel across a high number of subpopulations—many more
generations are needed. Rapid, genetic spread of behavior is only
feasible within a local population or when genetic diffusion is
accompanied by processes of strong demic diffusion. In demic
diffusion, the diffusion of traits is driven by demographic and range
expansions, the fusion of subpopulations, and the replacement of
local populations by other populations. Such demographic and
migratory processes might take place at timescales of a couple of
decades rather than generations. Finally, cultural diffusion can work
at even shorter timescales (years rather than decades). Here the
transmission of behavioral traits is driven by cultural learning, that is,
learning of traits by observing others, or by being instructed by
them. As long as contacts among individuals or subpopulations
are friendly and sufficiently frequent, behavioral traits might
travel great distances even in 1 single year (77).
While cultural and demic diffusion processes can in principle
be distinguished based on diffusion rates calculated from the archaeological record (e.g., ref. 78), this is significantly more challenging for the Paleolithic period, due to the limitations of the
dating methods (76, 79). The large margins of error associated
with radiometric dates for the Middle Pleistocene make it impossible to quantitatively distinguish between demic and cultural
diffusion. However, in qualitative terms, the phenomenon that we
observe, involving the appearance of fire use in a relatively small
time frame and widely dispersed areas, suggests a rapid process.
Additionally, the genetic and fossil evidence undermines explanations in terms of genetic and demic diffusion. Fossil evidence
[reviewed by Hublin (80)] supports the hypothesis of population
divergence of Neandertals and H. sapiens before this period,
between 500 and 400 ka, while genetic studies suggest a much
earlier divergence, situating the last common ancestor of the H.
sapiens and the Neandertal/Denisovan branches at 550 and 765
ka (70). A recent study of dental evolution suggests an age before
800 ka (81). In line with these age estimates, genetic studies of a
fossil population from Sima de los Huesos, Spain, suggest a date
of >430 ka for the Neandertal/Denisovan divergence (70). These
hominin subpopulations diverged genetically and phylogenetically before the period in which we are interested and were present in different continents throughout. Since multiple hominin
subpopulations persisted and left evidence of fire use, it is unlikely
that practices associated with fire use were transported by a single
dispersing hominin subpopulation. Furthermore, as we have indicated above, it is unlikely that “genes for fire use” developed
repeatedly, in different hominin populations, and in response to
environmental change.
Arguments for a Cultural Explanation. We turn now to our arguments for cultural diffusion of skills related to fire use. Middle
Pleistocene hominins are often characterized as “thin on the
ground” (82), and the world of hominins in the later Middle
Pleistocene featured multiple subpopulations (68) and major
geographical barriers. However, genetic evidence suggests that
populations encountered one another sufficiently for cultural diffusion to occur: specifically, recent genetic studies demonstrate
direct contact between subpopulations with a repetitive exchange of genes within the hominin metapopulation, including
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introgression from ancient H. sapiens into Neandertals occurring
200 to 300 ka (69–71). Members of these subpopulations therefore encountered each other, repeatedly and over very long
timespans, providing a canvas for cultural diffusion. Even though
individuals may have lived in relatively isolated and small populations most of the time, as suggested for Late Pleistocene
Neandertals in Siberia (83), the genetic record shows that interactions between individuals from different regional populations
did occur repeatedly.
There are several reasons to believe that the social structure of
hominins in the period of interest would, at a minimum, have
supported adequate levels of intergroup tolerance necessary for
the transmission of fire skills, discussed below. First, the skills associated with using and making fire would have included knowledge of the properties and location of materials (e.g., flint, pyrite,
tinder, fuel), and might also have included techniques for starting
a fire. These could be passed on quickly, easily, even from a
distance (within a matter of days, without much effort by a learner,
with or without instruction). Second, there is little specialization in
relation to fire skills: in a survey of fire use practices among 93
recent hunter-gatherer groups, McCauley et al. (9) found only 5
that mentioned fire production as a task for males and 10 that
mentioned fire maintenance as a task for females. Because it requires little specialization, group members could easily pick up
the required knowledge for starting and maintaining a fire by
observation. Third, analyses of nonhuman primates indicate that
the last common ancestor of humans and chimpanzees probably
already had a degree of social tolerance supporting this level of
learning between individuals in different groups. For example,
tolerant intergroup encounters in nonhuman primates have been
documented for reasons of increased foraging returns, extragroup
mating, and inspecting a new group before transferring (84), while
bonobos have recently been observed sharing meat outside their
group (85). Such nonhuman primate encounters last from a matter
of hours to a few days, which is long enough for the diffusion of
fire-related skills by observation. In addition, the chances of tolerant encounters and learning opportunities are higher in the
context of resources like fire, for which the costs of defending the
resource outweigh the benefits of exclusive access (especially
since the benefits of using a fire are not diminished when extra
people use it) (84).
Above, we described a minimal scenario for intergroup interaction, requiring nothing more than tolerance among individuals
of different groups. However, a less minimal scenario involving
more intricate cultural and cooperative interactions between large
numbers of individuals, similar to those of recent hunter-gatherers,
is also plausible. By 400 ka, brain size and corresponding energy
needs had increased substantially in the (at least) 6 Ma of evolution
since the last common ancestor with chimpanzees and bonobos
existed (86). Enhanced intergroup cooperation might have been a
strategy to manage increasing risks of shortfalls associated with
high energy requirements by maintaining access to and information
about distant resources (84).
Another factor that strengthens our cultural diffusion explanation relates to changing views of the fluidity and scale of past
hunter-gatherer social organization. A growing body of ethnographic studies emphasizes this characteristic, with individuals
being part of larger social networks than commonly acknowledged. In the words of Bird and colleagues, “If small-scale social
organization characterized ancestral hominin communities, such
communities have no clear analogue in contemporary mobile
hunter-gatherers. This general disconnect between traditional
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views of hunter-gatherer social organization and quantitative
ethnographic evidence highlights an important weakness in current
paleoanthropological/neurological models of the co-evolutionary
relationships between human cognition, pro-sociality, and huntergatherer group size and organization” (87). Hominin group sizes or
“distributed communities” estimated based on primate trends increase after 600 ka, although the largest level of grouping is argued
to be restricted to H. sapiens (88–91). Migliano et al. (92) suggest
that a fluid social structure with multiple levels of clustering in social
networks was already characteristic for late Middle Pleistocene
hunter-gatherers, at around 330 ka. As these authors point out, raw
materials were transported over long distances in the early MSA
(93), suggesting changes in mobility and social connections. We
find parallels for these new extended distances in the Middle Paleolithic record (94, 95). If individuals were indeed members of
much larger and more fluid groups in the Middle Pleistocene, if not
much earlier (96), the changes in the archaeological record of the
Old World discussed above, occurring at geologically similar times
over vast areas, might very well be the result of occasional friendly
contact between individuals from different groups, which over time
supported cultural transmission over widespread areas and over
long periods. In addition to skills relating to fire, this social structure
may have been important in the transmission of other relatively
complex cultural artifacts and skills (13), as discussed further below.
Note that increasing cooperative interactions might, but need
not, be correlated with increasing hominin population sizes. The
best available evidence suggests that hominin populations only
started to grow at the end of the Pleistocene (97–100). Still, given
that population size estimates are notoriously difficult to make,
the data might misrepresent Pleistocene demographic patterns.
In any case, demography is not the only mechanism that might
prompt more intricate cooperative networks. These might just as
well be the result of increasing mobility and changes in social
organization (101).
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Intensified Intergroup Interactions
There is another feature that becomes prominent in the Middle
Pleistocene archaeological record, ∼100 ka later than the fire
phenomenon: the so-called Levallois technique of stone knapping, which entails a very specific way of preparing a core for the
production of one or more large and thin flakes. The chronology
of the appearance of the Levallois technique has been reviewed
extensively (e.g., refs. 102–105). If properly differentiated from
simple forms of prepared-core technology (102–104), its appearance can be assigned to a narrow time slot around 300 ka
(104). Levallois was used by different hominin groups, including
early H. sapiens (e.g., at Jebel Irhoud) and Neandertals, and over
major parts of the Old World, in Africa (41, 106, 107), western Asia
(108, 109), and Europe (102, 110). Levallois technology has not
been recovered in the Middle Pleistocene record of East Asia thus
far, with a claim for its possible occurrence at 170 ka in southwest
China (111) at best presenting products of the simple preparedcore techniques referred to above (104). In a recent study,
Hérisson and Soriano (110) situate the transition of the Lower to
Middle Paleolithic, exemplified by the full adoption of Levallois
technology, between 280 and 250 ka, in northwestern Europe as
well as in the Near East. The spatiotemporal distribution of the
Levallois technique is thus similar in geographic area and yet more
sharply constrained in time than regular fire use. Accordingly,
early Levallois technologies provide additional evidence that
cultural diffusion played a role in changes in technology and behavior in the period 400 to 250 ka. Furthermore, the complexity of

Levallois stone knapping, demonstrated in extensive experimental knapping and refitting studies [reviewed by Schlanger (112)],
means that it can in all probability only be learned through close
and prolonged observation combined with active instruction (113,
114), supporting our earlier argument for intensified intergroup
interactions around 400 ka.
Interestingly, Hérisson and Soriano (110) make an argument
that is similar to the one that we are making here about fire use.
These authors observe “...a possible pseudosynchrony of technological changes at a continental scale for the LP/MP [Lower
Paleolithic/Middle Paleolithic] time period [...] The simultaneity of
the timing of changes across Europe, Asia and Africa is perceived
when we examine global data with an error margin of more or less
10 ka, a third of the duration of the Upper Palaeolithic” (italics
added). That these fast technological changes occur in a wide
range of environments, over major parts of the Old World, in their
view negates “. . . the impact of biological human species and
environmental factors” (110) (italics added). Additionally, the authors emphasize that against the canvas of these swift and largescale changes, each region shows specific technological traits and
trajectories strongly linked to regional cultural patterns, suggesting that Levallois was introduced relatively quickly and integrated
with local technological traditions, a conclusion supported by a
study of early Levallois assemblages from central Italy, dated
between 295 and 290 ka (104).
Given the narrow timeframe, large area, and multiple populations involved, we agree with these authors that demic diffusion (e.g., refs. 109 and 115) is unlikely to explain the large-scale
pattern, despite evidence suggestive of occasional expansions of
the ranges of Middle Pleistocene early H. sapiens (e.g., ref. 116).
Note also that, given the more complicated nature of transmission
of Levallois technology compared with fire use, and probable role
of active teaching (113, 114), questions are raised about the developmental and social context involved. The long juvenile period
of Neandertals and early modern humans has been linked to the
need to learn extensive, complex physical and social skills (117,
118). A longer life span allows more time spent on learning and
more chances to observe others, including those in other groups
(13). A modern human pattern of life history may have emerged by
the middle part of the Middle Pleistocene (86, 119), creating
opportunities for learning complex technical skills and for the
diffusion of such skills. In addition, Kuhn and Stiner (120) have
highlighted changes in spatial organization in this period, in particular the persistent reuse of places to which hominins were
attracted by the availability of imported resources and other
hominins, providing a new “evolutionary arena for social interaction”; this could have involved teaching. A further change in the
archaeological record for stone tools, the appearance of identifiable regional traditions in the MSA in Africa, may be linked to the
learned traditions of long-lived subpopulations, among other
factors (121). This provides additional support for the emergence
of characteristic forms of cultural behavior, present in H. sapiens
now, in this period.

Discussion
A thorough review of the spatiotemporal patterns of early fire use
and Levallois was beyond the remit of our paper; instead, we focused on pattern interpretation and generating a hypothesis that
in our view can push archaeological studies of the Middle Pleistocene in a new direction, if only by stimulating new work explicitly aimed at proving our hypothesis wrong, and by doing
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so, advance the field’s knowledge about the timeline of past
behavioral developments.
The Levallois and fire records can be contrasted with that for
Acheulean handaxe technology (the main, other widely distributed, distinctive, and chronologically somewhat constrained example of skill transfer occurring early in the Paleolithic). A striking
and important difference with Levallois and with regular fire use is
that it took hundreds of thousands of years from the first appearance of handaxes in the African record (1.75 Ma) (122) or in
the Levant (1.4 to 1.2 Ma) (123) before handaxe technology first
showed up in the technological repertoire of the early occupants
of Europe, at 0.6 to 0.7 Ma (124–127). Hence, the Acheulean record seems more consistent with a demic scenario (128–130).
Indeed, the appearance of Acheulean handaxe technology outside of Africa (its identifiable source area) is widely seen as the
result of hominin dispersals (125, 130), a hypothesis supported by
phylogeographic analysis of the Acheulean record (131) and, in
Europe, by fine-grained patterns of its presence and absence
(128, 130, 132). According to some, the Acheulean record even
suggests a genetic transmission scenario. Corbey et al. (133) have
emphasized the “noncultural” character of the Acheulean “type
fossil” and interpreted the “conservative” handaxe as primarily
the result of genetic rather than of cultural transmission (see also
ref. 134). This interpretation has received several rebuttals highlighting the variability of the Acheulean record (e.g., refs.
135–137), which is considerable, certainly in its later phases (e.g.,
ref. 125). While we are not negating the possibility of earlier cultural diffusion, the contrast with the Acheulean record, which
seems to be best described by demic explanations, supports our
argument that fire use and Levallois represent the first clear-cut

examples of widespread cultural diffusion of technology during
human evolution.
We hypothesize that around 400 ka, cultural processes supported change in technology across wide areas. This indicates, at
a minimum, a degree of social tolerance for individuals from different groups, and suggests the less minimal but still plausible
hypothesis that more intensive cooperative interactions within
larger-scale networks were already in place, occasionally crossing
the boundaries between what we usually infer to have been different biological populations within the wider hominin metapopulation. We conclude that the spatial and temporal pattern of
the appearance of regular Middle Pleistocene fire use documented in the archaeological record signals more than the advent
of an important tool in the hominin toolbox: the presence of
cultural behavior more like that of humans today than of our great
ape relatives. We suggest that long before the cultural florescence
associated with the late MSA/Middle Pleistocene and to a greater
extent LSA/Upper Paleolithic periods, hominins were beginning
to develop the capacities for complexity, variability, and widespread diffusion of technology and behavior that we tend to associate only with H. sapiens.
Data Availability. All study data are included in the main text.
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