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Abstract

Identifying when hominins first produced Lomekwian, Oldowan and Acheulean technologies is
vital to multiple avenues of human origins research. Yet, like most archaeological endeavors, our
understanding is currently only as accurate as the artifacts recovered and the sites identified.
Here we use optimal linear estimation (OLE) modelling to identify the portion of the archaeological
record not yet discovered, and statistically infer the date of origin of the earliest flaked stone
technologies. These models provide the most accurate framework yet for understanding when
hominins first invented these tool types. Our results estimate the Oldowan to have originated
2.617 to 2.644 Ma, 36,000 to 63,000 years earlier than current evidence. The Acheulean’s origin
is pushed back further through OLE, by at least 55,000 years to 1.815 to 1.823 Ma. We were
unable to infer the Lomekwian’s date of origin using OLE, but an upper bound of 5.1 million years
can be inferred using alternative nonparametric techniques. These dates provide a new
chronological foundation from which to understand the emergence of the first flaked stone
technologies, alongside their behavioral and evolutionary implications. Moreover, they suggest

there to be substantial portions of the artifact record yet to be discovered.
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1. Introduction

The invention of Lomekwian, Oldowan and Acheulean stone tool technologies
during the late Pliocene and early Pleistocene represent major advances in early human
adaptive behavior (Harmand et al.,, 2015; Toth, 1985; de la Torre, 2016). These
technologies allowed hominins to access novel foods and increase the ease of resource
acquisition (Key and Lycett, 2017), while also potentially conveying social and other
benefits (e.g., Pope et al., 2006; Kuhn, 2012; Morgan et al., 2015). Each is technically
more demanding than its immediate precursor (Roche et al., 1999; de la Torre and Mora,
2008; Braun et al., 2019; although see Sahle and Gossa [2019] for additional information
on the Lomekwian-Oldowan transition), and is often associated with cognitive or
anatomical change (Stout et al., 2010; Marzke, 2013; Lewis and Harmand, 2016; Key and
Lycett, 2018). Together, these three stone technologies account for a substantial

proportion of current knowledge on hominin behavior and evolution between 3.5-1.5 Ma.

Such is their importance, that their emergence can be considered “a momentous
threshold in hominin evolution” (Hovers, 2012: 62). Yet, like most archaeological
endeavors, our understanding of when hominins first started to produce novel lithic
technologies is only as accurate as the artifacts recovered and the sites identified.
Indeed, more so than any other archaeological field, Early Stone Age (ESA)
archaeology suffers from a paucity of behavioral remains. This is mainly due to a unique
combination of poor preservation, challenges in artifact identification, and the obstacles

(e.g., cost, remoteness, politics) of undertaking fieldwork in East Africa (e.g., Isaac,



1984). It is for these reasons that the Lomekwian was only first described in 2015
(Harmand et al., 2015), and after 60+ years of ESA research the origin of the Acheulean

was able to be pushed back by ~300,000 years in 2011 (Lepre et al., 2011).

Archaeology is not, however, alone in its quest to reconstruct behavioral and
population data from temporally and geographically fragmented evidence. Nowhere is
this felt more acutely than in conservation science. When an extant species becomes
rarer, evidence demonstrating the existence of that species also decreases (McKelvey et
al., 2008; Roberts et al. 2010; Brook et al. 2019). In turn, and in the quest to help preserve
species from extinction, a considerable amount of effort has gone into developing
techniques able to reconstruct the timing of past species extinctions, or calculate the rate
of population decline in extant populations, from limited evidence (see reviews of the
literature by Solow 2005; Rivadeneira et al. 2009; Clements et al. 2013; Boakes et al.

2015).

Optimal linear estimation (OLE) modelling (Roberts and Solow, 2003) has been
shown to be a reliable method of inferring the timing of species extinctions based on last
confirmed evidence of species presence (Rivadeneira et al. 2009; Clements et al., 2013).
That is, the technique models the length of time a species is likely to have continued to
survive after the last known evidence (e.g., spoor, photographs, museum specimens) for
its existence. Here, we adapt the OLE method to work in reverse, to estimate the origin
dates for the earliest human stone technologies in East Africa based on earliest confirmed

records from current archaeological finds. The results of the models presented in this



study provide the most accurate estimates yet for when hominins invented the first flaked

stone tool technologies.

2. Methods

2.1. Sampling procedure

As recommended for OLE modelling, ten dates were required for each model run
(Solow, 2005; Rivadeneira et al., 2009). In this instance, we required the ten earliest
archaeological occurrences of Lomekwian, Oldowan and Acheulean technologies (Fig.
1). A detailed literature review of African ESA sites was undertaken to identify these data.
From each site, we collected the main estimated date and date range. The ten earliest
occurrences of the Oldowan and Acheulean are detailed in Table 1. The Lomekwian is
currently only known from one site (Harmand et al., 2015), and therefore it was not

possible to use the OLE method to infer the origin date for this technology.

Our definitions of each technology follow widely accepted standards within the
literature (Toth, 1985; Roche et al., 1999; Gowlett, 2006; Diez-Martin et al., 2015;
Harmand et al., 2015), and our designation of sites to the Lomekwian, Oldowan or
Acheulean follow those with first-hand experience of the assemblages (i.e., the authors
of the associated research articles). To our knowledge the technological definitions

applied to the 20 sites listed in Table 1 have broadly been accepted within the discipline.



Absolute dates were required in all instances, and we did not sample from sites
dated using faunal or sedimentary evidence alone. Some ESA sites, such as Gona and
Konso (both in Ethiopia), display multiple artifact-bearing layers that are chronologically
close. In these instances, each layer was counted as a distinct datum entered into the
models as long as their associated date ranges do not overlap. Konso, for example,
contributes three distinct artifact dates to the Acheulean model. When overlap did occur,
the oldest date was used. Subsequently, the next artifact level displaying no date range
overlap with the first became the next date to be used. In addition, if two or more sites
from a single localized area (within 5km in the same river valley or gorge, for example)
displayed the same date, only one contributed to the model. Very occasionally there were
assemblages older than those in Table 1 not included here as their date ranges
overlapped with older alternatives from the same site, or they were from a site displaying
an identical age to another from the same localized region (for example, EG12 and EG10
at Gona are only slightly younger than OSG-7, but because their date range overlaps with
the latter they were not included). These sampling rules were implemented as OLE

modelling assumes each datum to be a distinct ‘observation’ (Solow, 2005).

It is important to highlight that some of the sites included in this analysis are subject
to ongoing debate. Of most relevance are discussions concerning their geochronology.
As the oldest current occurrence of the Oldowan, the site of Ledi-Geraru provides a
suitable and important example. Braun et al. (2019) provide an age of 2.581 Ma based
on the overlaying sediment’s normal geomagnetic polarity being assigned to the Gauss

Chron, and thus after the known Gauss-Matuyama reversal. As highlighted by Sahle and



Gossa (2019), however, it remains to be proven beyond doubt that the Ledi-Geraru

sediments do not reflect a later normal polarity from the Réunion subchron 2.14 Ma.

It is not, however, the intent of this study to critically appraise the geochronology
of each archaeological site. Indeed, we only use archaeological sites from widely cited
and accepted peer-reviewed sources, and as such their inclusion reflects the current state
of understanding within the field as a whole. This does not discount the views of
individuals who raise issue with a specific published date, but it is necessary for a
standardized site sampling procedure to be used here, and as such we have to trust in
the value of peer-review while simultaneously acknowledging ongoing debate. If we were
to exclude sites because a specific researcher or research group raises issue with
another teams’ published interpretation, we would be left with no sites. If we were to make
exceptions for some individuals’ views but not others, we would invalidate the integrity of
the site-sampling procedure. Thus, we acknowledge that some individuals’ site sample
preferences may be different to the one used here, but we also stress that these views

will vary among individuals.

2.2. Optimal Linear Estimation

We applied the OLE method as proposed by Roberts and Solow (2003) for dating
extinctions. The OLE method has proved to be robust in the inference of extinction under
a variety of scenarios (Rivadeneira et al. 2009; Clements et al. 2013). We apply it here

with the reverse temporal direction, with record age increasing towards the past, since



they are expressed as a number of years before present time, where T1>T2>...>Tk are the
k earliest records, ordered from the earliest record (with Tx being the most recent record
in the dataset). Interest focuses on using this record of site dates to estimate the origin
time, 6. In this context, the optimal linear estimation is based on the fact that the joint
distribution of the k earliest sites has the same approximate ‘Weibull form’, regardless of

the parent distribution of the complete record of dated sites.

The optimal linear estimator of 6 (inferred time of origin, To) has the form of a

weighted sum of the site date times (Roberts and Solow, 2003),

where the vector of weights is
a= (A te)yTale
Here e is a vector of k 1’s and A is the symmetric k X k matrix with typical element 4;; =

re+rw+j))/(r@+ir(),j <iand where I' is the standard gamma function.

Further,

- 1 l+1



is an estimate of the shape parameter of the joint Weibull distribution of the k oldest sites

date times.

Following Solow (2005), an approximate one-sided upper bound of a 1—«a

confidence interval (CI) for 6 is

SU — Tl_c(a)Tk1

1-c(a)

-9
) ; hote that in Solow (2005) there is an error where the equation

where c(a) = (_loga

for c(a) was incorrectly inverted.

An advantage of the OLE method is that it takes into consideration the distribution
of only the last existing records (in this case the oldest Oldowan and Acheulean sites),
which obviated the need for including more recent archaeological sites in the analysis.
We used the 10 (k) oldest sites for each region as suggested by Solow (2005) and
Rivadeneira et al. (2009). However, as there is no specific start date for the time series,
the 10th youngest site date was used as the beginning of the period. As the end point is
non-independent to the time series records, k reduces by 1 (Solow 1993; Clements et al.
2013). The OLE method produces two types of estimates relevant to understanding the
timing of extinctions. The first is To, which here represents the estimated origin date for
Oldowan and Acheulean technology in a given model. To is presented as years before
present (BP). The second, Tci, represents the upper bound of each model's 1 — a
confidence interval. This is effectively the time beyond which the probability of the

8



technology already existing is below a. We used a = 0.05 as the origin threshold value
(Roberts and Solow, 2003). The origin date for each of the two technologies was

calculated in R v. 3.4.4 using the R software package sExtinct (Clements 2013).

Artifact dates were taken from original research articles describing a site or
assemblage. When only a date range was provided, we used the central point of this
range. Additionally, to address the uncertainty of some age estimates within known date
ranges, a resampling approach was also applied. Dates of each site were randomly drawn
from a normal distribution, with the mean value represented by the mean of the age range,
and standard deviation equal to the half of the difference between the mean value and
range bounds. Such randomly generated datasets were consequently assessed with the
OLE method, and the whole procedure was repeated 10,000 times, with results

expressed as mean and median values across all iterations.

As stated earlier, multiple techniques able to estimate faunal extinction dates
exist (e.g, McFarlane, 1999; Crees and Turvey, 2014; Du et al., 2020). Nevertheless,
OLE is widely recognized as the most robust approach within a variety of extinction
scenarios, and performs well under different sighting probabilities and trends, and
different search effort intensities and trajectories (Rivadeneira et al. 2009; Clements et
al. 2013), which obviates the need for using additional techniques. It is also important to
emphasize that its underlying assumptions are not specific to biological organisms, and
the method can readily be applied to diverse phenomena so long as they are

characterized by sporadic observations through time prior to their extinction. It takes into



account the intervals between the last known observations of a phenomenon and their
distribution, irrespective of whether it is applied to model the extinction of biological
species or cultural traditions. OLE is based on the result that most recent (or oldest)
sightings have the same 'Weibull form' regardless of the characteristics of the full

record, its density and distribution (Roberts and Solow, 2003; Solow 2005).

3. Results

OLE modelling was used to infer the origin dates of Oldowan and Acheulean stone
tool technologies based on current archaeological evidence. For each technology two
models were run; one that relied on the main date assigned to each artifact occurrence
(often a central range estimate), and an additional resampling approach drawing dates
from associated date ranges. An upper and lower bound for each technology can be

identified through the combination of these two dates.

The Oldowan is inferred to originate (To) between 2,616,897 and 2,644,446 years
ago, with the upper bound resulting from the resampling technique (Fig. 2). The Tci of
each estimate, and thus the upper bound of each model’'s 1 — a confidence interval is
2,749,452 and 2,831,069 (same technique order). This represents the date beyond which
the probability of the Oldowan occurring prior to this is <5%. The Acheulean’s To, and
therefore estimated date of origin, is between 1,814,551 and 1,823,194 years ago. Its

upper confidence interval (again, a = 0.05) is estimated to be between 1,966,847 and
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1,986,306 years ago. Earlier estimates again result from the resampling technique (Fig.

2).

4, Discussion and Conclusions

It is highly likely that the current oldest known Lomekwian, Oldowan, and
Acheulean artifacts do not represent the earliest of their kind. To address this issue, we
applied OLE modelling to statistically infer dates of origin for each technology, and thus
identify the portions of the ESA archaeological record not yet discovered. This provides
the most robust picture yet for understanding when hominins first produced these stone
tool types. Moreover, it highlights that there are likely to be substantial portions of the

artifact record waiting to be discovered.

Oldowan stone tools are inferred through OLE to have originated by 2.617 to 2.644
Ma, 36,000 to 63,000 years earlier than current evidence demonstrates (Semaw et al.,
2003; Braun et al., 2019). The Acheulean’s origin has been pushed back by a minimum
of 55,000 years relative to current understanding (Lepre et al., 2011), with the OLE
models inferring an origin date between 1.815 and 1.823 Ma. These dates push the origin
of each technology beyond current known archaeological discoveries, opening up new
time frames within which to discuss the evolution of human technological capabilities and

associated dietary shifts.

A new date of origin for the Oldowan at least 2.617 Ma suggests hominins to have

been practicing complex, effective stone tool production behaviors earlier than indicated
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by current artifactual evidence. Indeed, the OLE models assume the Oldowan to have
originated in the form we currently recognize at Ledi-Geraru, Gona, Lokalalei and
elsewhere (e.g., Roche et al., 1999; Braun et al., 2019). Although it has been previously
stated that the sites of Ledi-Geraru and OGS-7 may not represent the earliest instances
of hominins producing Oldowan flake and core technologies (Semaw, 2000; Panger et
al., 2002; Wynn et al., 2011; Hovers, 2012), it is only now that there is quantitative support
for this widely held notion. In light of this new timeframe, the earliest members of the
genus Homo (2.8-2.3 Ma) can still be considered primary candidates responsible for first
producing Oldowan tools and the associated shift towards increased animal protein
consumption (de Heinzelin et al., 1999; Anton, 2012; Villmoare et al., 2015). Although this
does not, of course, rule out australopithecine species also using such flake technologies

(e.g., Asfaw et al., 1999; Skinner et al., 2015).

An inferred origin of the Acheulean at least 1.815 Ma brings this technology in line
with the earliest known occurrences of Homo erectus, supporting well established links
between the two (de la Torre, 2016, Semaw et al., 2020). Recent discoveries at Drimolen
(South Africa) have identified H. erectus-like cranial fossils 2.04—1.95 Ma (Herries et al.,
2020), while longer-known east African sites confirm H. erectus’ presence by 1.9-1.8 Ma
(Antén, 2012). Although the species originated prior to the technology, this is not
unexpected due to cognitive and anatomical thresholds needing to be reached in advance
of handaxes and cleavers being produced or effectively used (Stout et al., 2015; Key and

Lycett, 2018; Pargeter et al., 2020). What the OLE estimates have done, however, is
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reduce the discontinuity between the two, bringing the origin of the Acheulean in-line with

the lower date-ranges for H. erectus’ appearance.

The Lomekwian is currently known from a single 3.3 million-year-old site in Kenya
(Harmand et al., 2015) and it is not possible to run OLE modelling without additional
discoveries. When this single date is combined with (contentious; see Dominguez-
Rodrigo et al., 2010) evidence of hominin-made cut marks 3.39 Ma (McPherron et al.,
2010), which could have been made with Lomekwian flake tools, it does, however,
become possible to infer an upper bound date (Tci) of 5.1 Ma. This is following Solow and
Roberts’ (2003) nonparametric method (which is not as robust as OLE), and infers the
origin of Lomekwian technology to only have a 5% chance of preceding this date. Thus,
this date is not the Lomekwian’s inferred time of origin, and instead represents a
maximum point of origin with 5% probability. Given recent discoveries concerning
accidental stone flaking by nonhuman primates (Proffitt et al., 2016) and the cognitive
and manual complexity of Pan tool-production and use strategies (Sanz et al., 2009;
Gowlett, 2015; Neufuss et al., 2017; Musgrave et al., 2020), a Lomekwian origin up to 1.8
Ma prior to the current Lomekwi 3 artifacts would not be surprising. Current fossil evidence
does not preclude this possibility, and an earlier origin to the Lomekwian would provide
important implications for the cognitive, anatomical and behavioral evolution of hominins.
However, we want to reemphasize that 5.1 Ma is an upper bound derived using debated
cut-marked bones and nonparametric procedures. We look forward to further discoveries

of Lomekwian technologies, to allow use of the OLE method in the future.
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Although well established in other disciplines, OLE is new to archaeological
science and it is our hope that the technique will be used widely in the future. Indeed,
for a discipline heavily concerned with the chronology of human material culture and its
linear expression through time, OLE has wide application across multiple subdisciplines.
This includes through established routes, such as modelling the extinction of fauna and
flora relevant to human prehistory, or new applications such as determining the
terminus date of specific cultural expressions in the artifact record (e.g., Bicho et al.,
2015; Manclossi et al., 2019; Shott, 2020). Indeed, OLE can be applied at any timescale
and to any cultural tradition, from the very earliest stone artefacts (as demonstrated

here) to historic organic material culture.

Our understanding of the earliest stone technologies is only as accurate as the
artifacts discovered to date, and the same is true for the present models. As a result, it is
possible that our inferences may not stand the test of time. New discoveries that push the
origins of these technologies beyond the model’s predictions would be welcome.
However, the present origin dates are robust in light of current archaeological discoveries,
and the close bracketing of current sites at 2.58 (Oldowan) and 1.75 (Acheulean) Ma
supports this inference. Similarly, these estimates are based on 60+ years of
archaeological discovery in East Africa conducted by numerous field teams; arguably a
robust database from which to model origin dates for lithic technologies. Yet, as the West
Turkana Archaeological Project and others have previously demonstrated, future

archaeological finds that overhaul our understanding of ESA archaeology cannot be ruled
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out. In such an event, renewed modelling will be able to provide additional insight into

these discoveries.
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Figure legends

Figure 1. The locations of the 20 stone tool assemblages contributing to the optimal linear
estimation models, along with the only current known location of Lomekwian technology.
(1) LOM3, Lomekwi, (2) Ledi-Geraru, (3) OGS-7, Gona, (4) AB-Lw, Ain Boucherit, (5) AL
666, Hadar, (6) Lokalalei 1, (7) Omo 57 and 123, (8) Lokalalei 2C, (9) Member 5,
Sterkfontein, (10) Kanjera South, (11) Trench 168, Western Olduvai Basin (12) Kokiselei
4, West Turkana, (13) KGA6-Al, Konso, (14) FLK West, Olduvai Gorge, (15) KGA4-A2,
Konso, (16) Level D, Garba IV, (17) Val River, (18) OGS 12, Gona, (19) EF-HR, Olduvai,
(20) KGA10-A11, Konso, (21) MW2-L3, Melka Wakena. Original satellite image credit:

NASA Visible Earth Project.

Figure 2. Violin-boxplots detailing predicted origin dates for the Oldowan and

Acheulean, derived from 10,000 iterations of the random sampling method.
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