
lable at ScienceDirect

Quaternary Science Reviews 195 (2018) 1e20
Contents lists avai
Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev
The structure of the Middle Stone Age of eastern Africa

J. Blinkhorn a, b, *, M. Grove c

a Department of Geography, Royal Holloway, University of London, Egham, Surrey, UK
b Department of Archaeology, Max Planck Institute for the Science of Human History, Jena, Germany
c Department of Archaeology, Classics and Egyptology, University of Liverpool, 12-14 Abercromby Square, Liverpool, UK
a r t i c l e i n f o

Article history:
Received 12 February 2018
Received in revised form
9 June 2018
Accepted 8 July 2018

Keywords:
Middle Stone Age
Eastern africa
Behavioural variability
* Corresponding author. Department of Geography,
London, Egham, Surrey, UK.

E-mail address: james.blinkhorn@rhul.ac.uk (J. Bli

https://doi.org/10.1016/j.quascirev.2018.07.011
0277-3791/© 2018 Published by Elsevier Ltd.
a b s t r a c t

The Middle Stone Age (MSA) of eastern Africa has a long history of research and is accompanied by a rich
fossil record, which, combined with its geographic location, have led it to play an important role in
investigating the origins and expansions of Homo sapiens. Recent evidence has suggested an earlier
appearance of our species, indicating a more mosaic origin of modern humans, highlighting the
importance of regional and inter-regional patterning and bringing into question the role that eastern
Africa has played. Previous evaluations of the eastern African MSA have identified substantial variability,
only a small proportion of which is explained by chronology and geography. Here, we examine the
structure of behavioural, temporal, geographic and environmental variability within and between sites
across eastern Africa using a quantitative approach. The application of hierarchical clustering identifies
enduring patterns of tool use and site location through the MSA as well as phases of significant
behavioural diversification and colonisation of new landscapes, particularly notable during Marine
Isotope Stage 5. As the quantity and detail of technological studies from individual sites in eastern Africa
gathers pace, the structure of the MSA record highlighted here offers a roadmap for comparative studies.

© 2018 Published by Elsevier Ltd.
1. Introduction

Currently, our understanding of the geography of modern hu-
man origins is in a state of flux. Until recently, the earliest fossil
evidence for Homo sapiens was found in eastern Africa dating to
~195 thousand years ago (ka) associated with Middle Stone Age
(MSA) technologies (McDougall et al., 2005). Renewed dating of
fossil specimens from Jebel Irhoud, North Africa, now present
significantly older evidence for the earliest Homo sapiens ca 300ka,
broadly contemporaneous with the earliest evidence for MSA
technologies across Africa (Hublin et al., 2017; Potts et al., 2018).
This is supported by genetic studies from southern Africa which
indicate the differentiation of modern human populations within
the region at a similar time frame (Schlebusch et al., 2017). As a
result, eastern Africa no longer presents a discrete source region for
the origins of Homo sapiens. Nevertheless, due to its pivotal
geographic location, eastern Africa remains a potential source re-
gion for modern human dispersals out of Africa, offering access to
two key routes of expansion into Eurasia via the Bab al Mandeb
Royal Holloway, University of

nkhorn).
strait to Arabia or the Nile Valley to the Levant (Groucutt et al.,
2015; Lamb et al., 2018). Biological evidence (fossils; genetic
studies) increasingly supports a pattern of geographically struc-
tured populations amongst early Homo sapiens in Africa (Scerri
et al., 2018). As a result, eastern Africa may have played a central
role mediating interaction between populations split between
northern and southern Africa. However, the ability to resolve the
nature and configuration of such population structures within Af-
rica is restricted by the sparse fossil record, poor preservation of
ancient DNA in the region and limited ability to extrapolate from
contemporary populations. Examining the structure of behavioural
records offers a complementary approach to understanding the
nature of past population structures within Africa (Scerri et al.,
2014). Here, we illuminate the structure and variability of MSA
stone tool assemblages across eastern Africa using a rigorous
quantitative approach, combining data from a newly collated,
comprehensive database of stone tool typology and chronology
with geographic and environmental datasets.

The MSA of eastern Africa, broadly spanning 30-300ka, has a
substantial research history. Clark (1988) reviews the earlier history
of research and offers an overview of MSA occupations of the re-
gion. Critically, he notes that although certain aspects of technology
are commonplace, such as Levallois technology or retouched
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points, they vary across eastern Africa and no feature can be
considered ubiquitous. Clark provided an innovative combination
of descriptions of sites and stone tool assemblages from across the
region with geographic, ecological and environmental maps to
illustrate how behavioural diversity was grounded within a diverse
physical environment. This perspective on regional variability re-
mains as relevant as ever and has proved robust to the increasing
chronological resolution that has since developed.

Two more recent syntheses of the eastern African MSA record
have played important roles in establishing the nature of behav-
ioural variability in the region. Twenty years after Clark's review,
Basell (2008) presented a synthesis of chronometrically dated MSA
assemblages accompanied by a qualitative overview of assemblage
composition. This overview clearly illustrated the diversity of stone
tool use, highlighting considerable overlap between assemblages,
and again stressing the absence of any single fossil directeur of the
eastern African MSA. Extending Clark's focus on the interactions
between ecology and behaviour, Basell (2008) highlights the
placement of MSA sites within ecotonal settings, permitting access
to wooded ecologies, in contrast to the previously assumed central
importance of savannahs. Furthermore, the roles of volcanism and
tectonics are also recognised alongside patterns of climate change
as affecting the habitability of the region and permitting the
identification of potential regional refugia. In conclusion, Basell
(2008) hypothesised that following contraction of MSA occupa-
tions during the high aridity of Marine Isotope Stage (MIS) 6,
regional expansion andmovement into new environments in MIS 5
corresponded with increased mobility and changes in stone tool
use, promoted by climatic, volcanic and tectonic push and pull
factors.

Tryon and Faith (2013) augment the description of patterns of
stone tool technology with the introduction of a quantitative
appraisal of the presence/absence of a range of artefact types.
Again, descriptions of stone tool technologies broadly echo earlier
suggestions for considerable diversity across eastern Africa within
different artefact types and the absence of a single unifying type.
Notably, these authors suggest that the lack of regionally distinct
and derived typological traits is likely to hamper efforts to identify
human expansions from the region. Tryon and Faith (2013) evalu-
ated the presence and absence of a range of stone tool and other
artefact types using correspondence analysis from dated assem-
blages, differentiating early (MIS 6 and earlier) from later (MIS 5
and later) assemblages. Alongside considerable overlap between
early MSA and some later MSA assemblages, they identify a subset
of later MSA assemblages that appear distinct, associated with the
presence of blades and backed pieces, as well as beads, grindstones,
ochre and anvils. These latter categories appear critical in resolving
between earlier and later assemblages (Tryon and Faith, 2013:
Fig. 4). In addition, Tryon and Faith (2013) demonstrated aweak but
significant negative relationship between geographic distance and
assemblage similarity, suggesting that geography does have some
effect on the observed patterning. Whether this is due to
geographic distance per se, or to habitat differences within the
region, remains an open question.

These three reviews highlight a number of common themes in
their appraisal of eastern African MSA sites, such as the lack of clear
intra-regional structure in behaviour, the importance of ecotonal
site locations, and the absence of regionally specific stone tool use.
Typology remains a key means to evaluate variability across the
breadth of the MSA record, although it is not entirely unproblem-
atic. Not only have awide range of terms been employed to describe
stone tools in the MSA of eastern Africa over its extensive research
history, but it is broadly acknowledged that significant technolog-
ical diversity can exist within stone tool types. Elsewhere in Africa,
where a comprehensive, technological study of stone tools across a
wide area have been conducted within a single analytical system, it
has been possible to resolve distinctive, regionalised patterns of
behavioural variability within stone tool types (Scerri et al., 2014).
To date, no such analysis has been undertaken in eastern Africa.

The use of a broad typological approachmay somewhat limit the
detail of insight into the precise nature of inter-assemblage re-
lationships, but in advance of a fine-grained systematic appraisal of
technological approaches, it provides the ability to objectively
compare large numbers of sites and to elucidate generic patterns.
Any quantitative archaeological analysis faces a trade-off between
resolution at the assemblage scale and the number of assemblages
that are available for inclusion. The presence/absence approach
developed by Tryon and Faith (2013), and extended considerably
below, sacrifices fine-scale resolution in favour of analysing the
largest possible number of assemblages. This approach is particu-
larly apposite for the eastern AfricanMSA, as it has been established
by numerous authors that there exist no ‘typical’ assemblages that
fully characterise this region and period (such as the Aterian of
North Africa or Howieson's Poort of South Africa [e.g. Clark, 1988;
Tryon and Faith, 2013]). The goal of this paper is to build upon these
previous syntheses of behavioural variability in the MSA of eastern
Africa by extending the application of quantitative approaches. In
particular, we aim to illuminate the structure of eastern African
MSA behaviour, in terms of the typological composition of stone
tool assemblages, the variability of site locations with regards to
their geographic and environmental features, and how these
change through time.

2. Datasets

A broad synthesis of published literature reporting MSA sites
was undertaken to compose the dataset for the proposed analyses.
Where possible, this involved consulting primary reports on stone
tool assemblages, although in rare instances this was not possible.
In order to produce as large a database as possible, typological data
were also synthesised from secondary sources, principally Basell
(2008) and Tryon and Faith (2013), and details of site locations
were collected. Chronological data for the assemblages was also
collated, but the presence of secure dating was not a prerogative for
inclusion within the dataset.

Typological terminology used to report MSA assemblages from
eastern Africa has varied considerably over the region's extensive
research history. In part, this may have stemmed from theoretical
differences underlying the methods and goals of stone tool anal-
ysis: whether types represent finished tools for either cultural or
functional purposes, or whether they occur as points within a
reduction continuum. Other factors include the introduction of
formal definitions of key technological systems, such as Levallois
methods (Boeda,1994), post-dating the excavation and reporting of
key sites. Finally, there is considerable variation in the level of detail
available on MSA assemblages, ranging from very basic typologies
simply indicating proportions of cores, flakes, tools and debris, to
detailed technological descriptions resulting from chaine
op�eratoire studies (e.g. Douze, 2012).

The goal here is not to present a new composite typology for
studying eastern African MSA assemblages, but to homogenize
methodologically diverse reports of stone tool assemblages into a
single framework for analysis; this is essential for a thorough ex-
amination of the structure of behavioural diversity in the region.
Rather than using the typology as an immutable representation of
past behaviour, we use it to structure our analysis, and note that
tensions within and between typological categorisations may offer
profitable lines of future enquiry. Typologies reported frequently
conflate reduction methods (e.g. blade production), artefact form
(e.g. denticulate), and artefact function (e.g. chopper). This mixture
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is retained for this analysis for consistency with previous ap-
proaches and to enable evaluation of the breadth of MSA behaviour.
An important caveat is that the identification and grouping of
artefact types is contingent upon the level of resolution afforded by
primary reports of stone tool assemblages. It is also important to
acknowledge the potential role of raw material variability and
flaking mechanics in structuring both past behaviour and the ty-
pologies employed by archaeologists studying the MSA of eastern
Africa. Again, the ability to evaluate the impact of raw material
variability upon stone tool use is constrained by the nature of pri-
mary reporting of assemblages and is beyond the scope of the
present analysis.

An extensive review of the eastern African literature indicates
that over 1000 discrete stone tool types have been reported;
inevitably, some categories overlap, and many are closely compa-
rable with one another. Preliminary categorisation aimed to stan-
dardise these types to the most common terms with minimal data
loss, ensuring the use of terms employed by more than 2 separate
authors and across more than 2 sites. In order to preserve infor-
mation this required the splitting of some terms (e.g. “flakes and
blades”) into more than one category (e.g. “flakes”, “blades”). Cat-
egories that were nearly ubiquitous (e.g. flakes; core; tool) were
then removed as their widespread occurrence offers limited means
to resolve patterns of behaviour within the analytical framework
adopted. Similarly, some stone tool types (e.g. core management
flakes) offer no useable information to resolve between alternate
reduction technologies or uses and have been excluded from the
analysis.

Secondary categorisation aimed to further standardise the use of
terminology while limiting the levels of subsets within groups. For
example, amongst heavy tools, artefacts may have been reported by
a single type (e.g. pick) or include further technological data (e.g.
bifacial pick). Similarly, many cores are simply described as Leval-
lois cores, whereas others are described as bidirectional recurrent
Levallois cores. In both cases the latter type is a subset of the former
and has been subsumed into the more extensive category.

In rare instances, single artefacts could not be grouped mean-
ingfully with other types or were best grouped with types that had
already been removed (e.g. a single instance of a “basally modified
retouched tool”) and were also excluded from the data set. Finally,
cores, flakes and retouched pieces from particular technological
types were combined, as the presence of one (e.g. a retouched
Levallois point) suggests the presence of the other two (Levallois
point core and Levallois points), and thus serves as an index of the
wider technology. A total of twenty-six types were identified for
use in the analysis and are described below. These broadly reflect
but expand upon other recent, predominantly qualitative, synthe-
ses (Basell, 2008; Tryon and Faith, 2013). Following the catego-
risation of typological terminology described above, only
assemblages that preserved at least two different types were pre-
served in the data set for the analyses presented below (see
Table SI.1 for a full list of sites and references). A total of 125 as-
semblages from 57 sites were identified (Fig. 1).

2.1. Reduction technologies

Three types used in the analysis conflate combinations of core
and flake types from the same technological systems. Bipolar
technologies involve striking a corewhile placed on an anvil. Core on
Flake technologies exploit flakes as masses of stone for further
debitage production, including Kombewa cores and flakes, where
flaking is orientated along the original axis of percussion, leading to
secondary flaking removing the original bulb of percussion. Point
technology involves the production of triangular flakes, including
pseudo-Levallois points. A further four types combine cores, flakes
and retouched types from particular technological systems. Blade
technologies focus upon the production of elongate flakes, typically
at least twice as long as they are wide. Following Boeda (1994),
Levallois technologies involve hierarchical shaping of core volumes
and convexities to predetermine flake shapes. Here, we differen-
tiate Levallois Flake, Blade and Point production. Although not all
primary sources clearly differentiate Levallois and non-Levallois
blade and point technologies, it is unclear from the literature
whether this results from the analytical terms used or represents
an actual absence of such artefact types. As all four types do occur in
some assemblages, we do not conflate them here, recognising they
may illuminate patterns of differentiation of reduction technologies
that could be further bolstered by reappraisal of the original
assemblages.

2.2. Core technologies

In addition to those specified above, a number of discrete core
reduction methods are included for analysis. Cores that exhibit a
distinct platform, but lack other formal preparation are classified as
Platform Cores, including Single, Multiple and Bidirectional forms.
Discoidal Cores are centripetally flaked from a platform onto a
peaked surface and appear as either unifacial or bifacial forms.
Here, Radial Cores are used to group cores reported either as such or
as prepared cores, as both indicate the use of prepared platforms to
exploit centripetally flaked, relatively flat core surfaces. In some
instances, this may overlap with modern definitions of Levallois
flake cores, especially from older reports, although it is worth
noting they are still reported as discrete types (e.g. Tryon et al.,
2015).

2.3. Retouched tools

Fourteen different forms of retouched pieces are included for
analysis. Some methods of retouching are distinct and form types
used in the analysis, such as Burins. The use of backing, or abrupt
retouch, in the production of diverseMicroliths, is a further example
of a distinct method of retouch, and here different forms of
microlithic tools (e.g. crescents, trapezoids) are not differentiated
from one another. Bifacially retouched tools are frequently reported
in eastern African MSA, and here Retouched (RT) Bifacial is used
where no further detail regarding tool form is used (e.g. bifacial
scraper or point). A number of retouched types are recognised
based on tool form. RT Points (including unifacial and bifacial forms)
have played a key role in the research history of the eastern African
MSA, and are widespread, although not ubiquitous. RT Knives are
often of similar sizes and shapes to retouched points in plan but are
only retouched on one edge that is opposite a distinctly thicker
edge. Borers incorporates all tool forms with a distinct drill-like bit,
such as awls. Scaled Pieces are typically reported as retouched tools,
and although the pattern of crushed retouch they preserve may
reflect a distinctive use, it may reflect their production through
bipolar reduction. The remaining four retouched types are some of
the most common, being Scrapers, Denticulates, Notches and
Notched Tools (i.e. notched scrapers or notched denticulates). While
extensive typologies are reported, especially for scrapers, differ-
ences between these tool forms may reflect cultural preferences for
particular shapes, their use for alternate tasks, or the accumulation
of increasingly invasive retouching through an artefacts life history.

2.4. Heavy tools

Five types comprise heavy tools represented at MSA eastern
Africa sites; these are Biface, Chopper, Handaxe, Pick and Large
Cutting Tools (LCT). These types have typically been differentiated



Fig. 1. Map illustrating the distribution of key sites and locations mentioned in the text on an SRTM digital elevation model (Jarvis et al., 2008).
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by their form, with the latter combining tools reported as LCT with
informal heavy tools as well as tool types which were reported at
very low incidence, including core axes and cleavers. In a similar
manner to retouched tools, these types may also reflect reduction
continua. Choppers and LCTs may have undergone more limited
flaking than Bifaces. Handaxes typically refer to tear-drop shaped
bifaces, whereas Picks may reflect one of these forms that has un-
dergone considerably more extensive reduction or use.

2.5. Geography and environments

Site locations were either collected as co-ordinates from the
literature or, where necessary, georeferenced from maps
(Table SI.1). Raw data used in the analyses includes SRTM DEM
(Jarvis et al., 2008) data for altitude, and two bioclimatic variables
(mean annual temperature, mean annual precipitation) for modern
conditions (1970e2000; Hijmans et al., 2005), as well as modelled
data for these variables for the Last Glacial Maximum (LGM) 21 ka
(Braconnot et al., 2007) and the Last Interglacial (LIG) in MIS 5e
(Otto-Bliesner et al., 2006). The physiographic landscape of eastern
Africa is impacted by ongoing tectonic activity (see Chorowicz,
2005), that complicates the use of the modern landscape to
directly characterise those of the past. However, the modern
landscape remains the most suitable analogue to past geographic
settings, with differences from past conditions partially mitigated
by sampling across a 50 km radius (see below). Equally, modelled
past environmental conditions for the LGM and LIG are used to
provide possible extremes of variability observed within a glacial-
interglacial cycle and the impact this could have upon human
populations, rather than used directly to represent specific condi-
tions during the LIG and LGM.

3. Methods

Dissimilarity matrices and hierarchical clustering are employed
to identify patterns of association between both assemblages and
typological variables, as well as for spatial datasets, including
geographic and environmental data. Dissimilarity (or distance)
matrices are produced from pairwise comparisons of cases using an
appropriate metric resulting in a measure of dissimilarity. Hierar-
chical clustering is a form of cluster analysis that iteratively merges
cases into a group or splits a group into cases using a measure of
closeness, with the results commonly presented in the form of a
dendrogram. These are common forms of multivariate analysis,
that are regularly described in both introductory and more
advanced textbooks (e.g. Krzanowski, 2000; Manly and Alberto,
2016). Two alternate metrics are used in calculating the dissimi-
larity matrices used and are described below. The complete linkage
methodwas employed for hierarchical clustering in all instances, as
it is the only method suitable for presence/absence data.

3.1. Behaviour

Jaccard's coefficient is used to calculate dissimilarity between
cases of assemblages and lithic types, as it is optimised for ana-
lysing presence/absence data. This coefficient treats mutual pres-
ence of a particular type in two assemblages as evidence of
similarity but gives no weight to mutual absence. The focus on
occurrence rather than absence data is particularly suitable given
the imperfect nature of archaeological sampling.

Two alternate approaches to hierarchical clustering were
employed. Divisive clustering was undertakenwith the assumption
that all cases form part of a cohesive group, i.e. that theMSA reflects
a shared behavioural background across the dataset. Each divisive
step of the clustering algorithm maximises dissimilarity between
cases until each assemblage is separated into an individual cluster.
Divisive clustering was undertaken using the DIANA tool in the
cluster package of R. In contrast, agglomerative clustering begins
with the assumption that all cases are distinct, i.e. that there is no
common MSA behavioural background across the dataset. Each
agglomerative step minimizes dissimilarity between cases until a
single group (i.e. the MSA) is formed. Agglomerative clustering was
undertaken using the hclust tool in the stats package of R. These
alternate approaches to clustering offer complementary informa-
tion as to how behavioural diversity in the eastern African MSA is
structured through time, space and with respect to environmental
conditions.

3.2. Geography and environments

Examining the diversity of site locations focuses upon a number
of geographic and environmental parameters, identified above. In
addition to altitude, a further geographic dataset representing the
energetic consumption for a 50 kg human walking within the
landscapewas created. The SRTMDEMwas used to generate a slope
raster in ArcGIS 10.3, which was then translated into a raster rep-
resenting energy consumption in joules for crossing 1m at the
different slopes encountered, producing an isotropic cost surface
based upon results of energy consumption presented by Minetti
et al. (2015).

In order to understand the landscape inwhich sites are situated,
rather than the individual sites alone, 50 km radius buffers around
the site were used to sample geographic and environmental data-
sets, informed by home range sizes from hunter-gather populations
(Binford, 2001) and patterns of raw material use (Blegen, 2017;
Faith et al., 2015). Individual raster datasets were created for each
site buffer for the raster datasets and histogram data were collated
using the Zonal Histogram tools in ArcGIS 10.3. Geographic, modern
andMIS 5e environment data sets resulted in ~9000 cells of data for
each site, while LGM data sets resulted in ~3000 cells of data for
each site. The exported datawere transformed from histogram data
to probability distributions. Using the HistDAWass package (Irpino,
2017) in R, dissimilarity matrices were calculated using the L2
Wasserstein distance, which enables characterisation of the scale,
skewness and kurtosis of histogram-based data. Hierarchical clus-
tering of the dissimilarity matrices was then employed to examine
grouping of sites according to geographic (SRTM DEM and energy
consumption cost surface) and three environmental (modern, LGM,
LIG) datasets using complete-linkage clustering algorithms.

3.3. Chronology

Chronological data is employed as an additional means to
describe patterns of variability amongst behavioural, geographic
and environmental datasets, focusing on change through time.
Given the wide variety in reporting of ages for MSA assemblages in
eastern Africa, and the variability of uncertainty associated with
different methods, we confine discussion of chronology in the main
text to Marine Isotope Stages. Assemblages are assigned to the MIS
with the greatest overlap with reported age constraints from either
directly dated assemblages, or those bracketed by overlying and
underlying units. Where only minimum or maximum age brackets
occur, they are assigned to the stage in which the date occurs. In
some instances, undated assemblages have been ascribed to a
particular MIS by previous studies based upon site geomorphology
(Basell, 2008; Tryon and Faith, 2013), and these are included here.
Marine Isotope Stages are used in the text as a shorthand to
describe changing patterns of stone tool typology through time, as
well as an index of climatic conditions, rather than as a definitive
assessment of eastern African MSA chronology.
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4. Results

Hierarchical clustering allows for the clustering of both stone
tool types (based on how frequently they are co-present in different
assemblages) and assemblages (based on howmany tool types they
share). Fig. 2 shows a binary heatmap of presence and absence data
for the 26 stone tool types in each of the 125 MSA assemblages for
which data were collated. The results of the analyses described
above are presented in three sections. Firstly, the results of clus-
tering of the stone tool types are reported, illuminating which
constellations of artefacts are commonly found in association with
one another. Secondly, the results of clustering the assemblages are
presented, illustrating patterns of similarity and difference in the
combinations of artefact types present between assemblages.
Thirdly, the results of clustering of geographic and environmental
datasets will be presented to examine diversity in the landscapes
occupied by eastern African MSA hominins, and correlations with
behavioural clusters explored.

4.1. Stone tool types

Agglomerative clustering identifies three discrete basal clusters
of stone tool types (AT1-3), whereas divisive clustering identifies
four discrete basal clusters of stone tool types (DT1-4) (Fig. 3). The
largest clusters produced by either method (AT1 and DT1) share
twelve of fifteen artefact types in common, structured into two
(divisive) and three (agglomerative) sub-clusters. Both methods
identify Levallois Flake Technology, Blade Technology, Platform Cores,
Discoidal Cores, Scrapers and RT Points in one of these sub-clusters,
and Levallois Blade and Levallois Point Technology, Point Technology,
Denticulates, Cores on Flakes, and Choppers in a second sub-cluster.
The third sub-cluster of AT1 is comprised of Burins, Notched Tools
and RT Knife, which form the discrete basal cluster DT2 using the
divisive approach. Borers, Notches and LCT's augment the first
subcluster of DT1, whereas using agglomerative methods they form
part of AT2. Both agglomerative and divisive methods identify the
association of Bipolar Technology,Microliths, Radial Cores, RT Bifacial
and Scaled Pieces in discrete basal clusters AT2 and DT3. Bifaces,
Handaxes and Picks are identified as discrete basal clusters by both
agglomerative (AT3) and divisive (DT4) clustering methods.

4.2. Assemblages

Agglomerative clustering identifies seven discrete basal clusters
of stone tool assemblages (A1-A7) while divisive clustering iden-
tifies eight separate groups (D1-D8) (Fig. 4). No direct overlaps
occur in the composition of the clusters identified by alternate
methods, although the three members of A2 (Abdur_N_C_S; Gar-
ba3_S1; Karungu_GS) are augmented by a fourth site
(Omo_KHS_gully) to form D8. Beyond this, numerous pairwise
combinations of assemblages are identified by both methods
leading to repeated partial overlaps in assemblage clusters identi-
fied by alternatemethods. At some sites withmultiple assemblages,
including Koobi Fora, Naisiusiu, Nasera, Olorgesailie, Porc Epic and
Prospect Farm, all assemblages form part of the same clusters
identified using both clustering methods, although elsewhere, such
as at Mumba, Mochena Borago, Lukenya Hill, Kon�e, alternate as-
semblages contribute to different clusters. The typological
composition of each assemblage cluster is presented in Fig. 5 and
the most commonplace traits are described in Tables SI.2 and SI.3.

4.2.1. Distribution of assemblage clusters
The largest agglomerative and divisive clusters (A1 and D1)

appear at sites that are widely distributed across eastern Africa, and
a similar lack of spatial structuring is also apparent amongst the
majority of the smaller clusters. Amongst agglomerative clusters,
A3 is particularly notable for appearing in a concentration of sites in
the Turkana Basin, supplemented by two sites from the northern
rift valley and one from the southern rift. Amongst divisive clusters,
D5 assemblages are only found in the northern rift. Although as-
semblages from cluster D7 do appear in both the Turkana Basin and
northern rift, they are much more numerous in the southern rift.

4.2.2. Chronology
The earliest MSA assemblages date fromMIS 9, appearing in two

different clusters using both agglomerative (A7 and A1) (Fig. 6) and
divisive (D6 and D7) (Fig. 7) methods. Amongst agglomerative
clusters, A7 is notable for spanning MIS 9e2, with particular con-
centration of sites apparent from late MIS 5 to early MIS 3. The
greatest diversity of agglomerative clusters appears in MIS 5, which
is the only period when all seven are present, with five agglomer-
ative clusters found in both MIS 7 and MIS 3. Of the seven
agglomerative clusters, five appear in both the Middle and Late
Pleistocene, with A2 only present during MIS 5, and A6 only
apparent in the Late Pleistocene. A1 is notable as it includes the
largest number of assemblages during the humid phases of MIS 7, 5
and 3.

No single divisive cluster is found in all Marine Isotope Stages,
but both D6 and D7 first appear in MIS 9 and are represented in all
subsequent stages, apart from MIS 6. While present in MIS 8, D1
comprises the largest number of assemblages in MIS 7 and in each
stage of the Late Pleistocene. Amongst the smaller clusters, two (D4
and D8) are found in the Middle Pleistocene and MIS 5, but not are
not apparent in the latter stages of the Late Pleistocene, whereas
two clusters (D2 and D3) first appear in MIS 5 and are only found in
the Late Pleistocene.

5. Sites

5.1. Geography

Six geographic clusters (G1-G6) are broadly delineated into
higher (G1-3) and lower (G4-6) altitude groups (Fig. 8 [left] and
SI.2a; Table 1). Abdur (G6) is a unique environment, with particu-
larly high cost of movement relating to the high slope of the region
that spans the coastal plain to high-altitude hilly terrain. This
makes it distinct from other sites located on or near coastal plains
(G5), or those within the low altitude and broadly flat Turkana
basin (G4). The three high altitude clusters exhibit distinct altitude
ranges, the lowest of the three, G2, typically exhibiting a lower cost
of movement than either G1 or G3.

The three largest agglomerative assemblage clusters (A1, A4, A7)
appear in the four major geographic clusters (G1-4) (Figure SI.2).
While A7 appear evenly split amongst the middle and high alti-
tudes of G1-3 and A4 predominately occurs in the high-altitude
settings of G1, A1 is broadly split between the higher altitudes of
G1 and G3 and the low altitudes at G4. The broadest range of
agglomerative assemblage clusters is associated with the highest
altitude contexts of G3, with six of seven clusters present. All but
one assemblage from coastal contexts are associated with the
smaller agglomerative assemblage clusters, namely A6, A5 and A2.

Seven difference divisive assemblage clusters are found associ-
ated with the middle and low altitude settings of G2 and G4,
whereas six divisive assemblage clusters are found associated with
the high-altitude settings of both G1 and G3. D7 and D1 appear in
the most diverse range of geographic contexts, occurring in all four
main geographic clusters, comprising the majority of assemblages
associated with themiddling altitudes of G2, as well as in one of the
coastal groups (G5). D1 is notable for having the highest number of
assemblages associated with both the high-altitude contexts of G1



Fig. 2. Binary heatmap of presence (black) and absence (grey) of twenty-six stone tool types recorded in 125 eastern African MSA assemblages.
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Fig. 3. Dendrograms illustrating hierarchical clustering of stone tool type variables amongst eastern African MSA sites using (left) agglomerative and (right) divisive approaches.
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and low altitude contexts of G4.
MSA sites in eastern Africa are most consistently found in higher

altitude settings of G1, spanning MIS 9e2, and G3, spanning MIS
8e3 (Fig. 9). While the majority of occupations during MIS 9e8
relate to these upland contexts, the majority of assemblages in MIS
7 occur in the lowland contexts of G4. During MIS 5, occupation
appears to be evenly split amongst the five largest clusters and
marks the first evidence for occupation of both the coastlines (G5
and G6) as well as low latitude contexts (G2). Occupation inMIS 4 is
concentrated in the highest altitudes of G3, whereas in MIS 3 this
focus shifts to slightly lower contexts associated with G1.

5.2. Modern environments

Five clusters are identified based on characteristics of mean
annual precipitation and temperature, split between more
seasonally variably hot and arid environments (E1 and E2) and less
seasonal and more humid environments (E3-5) (Fig. 8 [right];
Table 2). E2 presents one extreme of environments in eastern Af-
rica, comprising arid environments with less than 400mm annual
rainfall, and mean annual temperatures ranging between 20 and
30 �C. E1 comprises sites in semi-arid to sub-humid settings
(400e800mm annual rainfall), that are slightly cooler than E2, but
with mean annual temperatures mostly above 18 �C. Amongst the
remaining three clusters, E5 is distinct, presenting the other
extreme of eastern African environments with very high levels of
humidity of around 1500mm annual precipitation. The remaining
two clusters exhibit similar temperature characteristics of
15e25 �C, but are split between semi-humid (800e1000mm) and
humid (1000e1200mm) precipitation regimes.

The distribution of these groups is shown in Figure SI.3.
Although many of the clusters appear widely distributed, elements
of spatial structure are evident in the modern environmental
characteristics of eastern African MSA sites. The most northerly
sites in the region all fall within the arid group of clusters E1 and E2,
and stand in stark contrast to the more humid habitats of the
central Ethiopian rift, where sites form part of E3 and E4. A similar
shift is observedwith sites clustering around Lake Turkana form the
major component of the most arid cluster, E2. A more mixed
pattern can be observed in the Kenyan rift, with a greater frequency
of sites from all three humid clusters, as well as closer overlap with
semi-arid cluster E1.



Fig. 4. Dendrograms illustrating hierarchical clustering of stone tool assemblages amongst eastern African MSA sites using (left) agglomerative and (right) divisive approaches.
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Fig. 5. Heatmaps illustrating percentage presence of artefact types within groups identified by agglomerative (top) and divisive (bottom) clustering ranging from 100% (red) to 0%
(white). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Environmental clusters E1, E2 and E3 all include members from
six of seven of the agglomerative assemblages. Three agglomerative
assemblage clusters appear across the full suite of modern envi-
ronmental clusters, with A1 assemblages appearing evenly split
across E1-4, A7 assemblages appearing sparsely in E2 compared to
other environments, while A5 assemblages are predominately
found in E2.

At least one assemblage from each divisive assemblage cluster



Fig. 6. Jitter plot illustrating the number of assemblages in each agglomerative cluster found within each Marine Isotope Stage.

Fig. 7. Jitter plot illustrating the number of assemblages in each divisive assemblage cluster found within each Marine Isotope Stage.
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occurs in E2, with 7 divisive clusters present in E1, 6 clusters pre-
sent in E3, with E4 split between five divisive assemblage clusters.
Both D6 and D7 appear in all five environmental clusters, with D6
concentrated in the semi-arid habitats of E1, while D7 is concen-
trated in more humid environments of E3 and E4. D1 and D2 as-
semblages both appear fairly evenly split across the four major
environmental clusters (E1-4).

The earliest MSA assemblages in eastern Africa are predomi-
nately found in either semi-arid (E1) or semi-humid environments
(E4) during MIS 9 and 8 (Fig. 10). Indeed, the semi-humid habitats
of E4 have been occupied in each MIS from MIS 9e2, including the
only examples of occupation dating from MIS 6 and 4. Occupation
of either wetter (E3) or drier (E2) habitats appears clustered in
more humid stages of MIS 7, 5 and 3. While evidence for occupying
the more humid settings of E3 during the Middle Pleistocene is
restricted to a single site, the majority of MIS 7 occupations are
associated with the arid settings of E2. In the Late Pleistocene,
occupation appears fairly evenly distributed between E1, 3 and 4,
with fewer sites appearing in arid E2.
5.3. Past environments

5.3.1. Arid conditions
Using environmental conditions during the LGM as a proxy for

drier and cooler phases in eastern Africa, five major clusters are
identified, split in to two groups, with the first group of arid to
semi-humid settings (LGM1-3) typically more seasonal than the
second group of humid habitats (LGM4-5) (Fig. 11 [left]; Table 3).
Amongst the first group, cluster 3 is distinct, and is composed of
sites with extremely arid and hot environments. Clusters LGM1 and
LGM2 share similar ranges of temperature and are split between
semi-arid and semi-humid environments. Within the second



Fig. 8. Dendrograms illustrating hierarchical clustering of eastern African MSA sites based upon geographic characteristics (altitude and energy) (left), and modern environments
(mean annual temperature and precipitation) (right) within a 50 km radius of site locations.
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Table 1
Key characteristics of geographic clusters.

Cluster Description

G1 High Altitude (~1320e1720m)
G2 Middle Altitude (~1075e1320m)
G3 Highest Altitude (~1890e2340m)
G4 Low Altitude (~450e720m)
G5 Coastal (~150e200m)
G6 Near Coastal (~790m)

Table 2
Mean characteristics of environmental clusters.

Cluster Description

E1 450e750mm; >18 �C
E2 <400mm; 20e30 �C
E3 950e1185mm; 15e25 �C
E4 800e940mm 15e25 �C
E5 1500mm;
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group, sites in LGM5 exhibit greater humidity and warmer tem-
peratures than LGM4. Although the relationship betweenmore arid
and more humid clusters has changed in comparison to modern
conditions, limited change is observed within the distribution of
the clusters themselves, suggesting a region-wide decrease in hu-
midity rather than reorganisation of environmental conditions
associated with more arid phases (Figure SI.4). For instance, little
difference is seen in the distribution of themost arid sites, while the
Kenyan rift remains a more environmentally diverse region, with
sites from different LGM clusters appearing in closer proximity
than seen in the Ethiopian rift.

Under peak glacial conditions, assemblages from all agglomer-
ative assemblage clusters appear in highly arid and semi-arid set-
tings (LGM2 and LGM3), with A5 assemblages predominantly
associated with highly arid LGM3 environments. Semi-humid
habitats (E1) are dominated by the presence of the three largest
agglomerative assemblage clusters, A1, A4 and A7. Both A1 and A5
are notable for appearing in all five LGM clusters.

Turning to divisive assemblage clusters, at least one instance of
each cluster is found in the arid contexts of LGM3, with seven of
eight clusters present in semi-arid LGM2 contexts. The largest
assemblage cluster (D1) is predominately found in the semi-arid
and semi-humid clusters E1 and E2, a pattern shared with D2.
Both D6 and D7 are found in a broad range of environmental set-
tings, spanning LGM1-4, with the former more numerous in LGM2,
and the latter occurring more frequently in LGM1, as well as three
of five assemblages in LGM5 habitats.

The modelled environmental parameters for the LGM offer a
bracket for past climatic variability during arid phases, but may also
Fig. 9. Jitter Plot illustrating the occupation of alternate geographic clusters (G1-6) split betw
G3, and significant expansion observable in MIS 5.
offer more suitable analogues for other glacial stages than either
present conditions or modelled LIG environments. The earliestMSA
sites are found associated with the semi-arid habitats of LGM2,
which show some occupation in all MIS except for MIS 4 (Fig 12). It
is noteworthy that the most arid landscapes (LGM3) are only
occupied during interglacial phases (MIS 7,5 and 3). While limited
evidence is available for occupation of semi-humid environments
(LGM1) in the Middle Pleistocene, this cluster is particularly
populous in the Late Pleistocene, including all assemblages dating
from MIS 4.

5.3.2. Humid conditions
Using environmental conditions during the Last Interglacial

(MIS 5e ~125ka) as a proxy for hot and humid phases in eastern
Africa, four major clusters (LIG1-4) can be observed, principally
split on differences of humidity into two pairwise groups
(Fig. 11 [right]; Table 4). The first pairwise group comprises
LIG1, with a broad range of humidity from semi-arid to sub
humid and temperatures ranging between 15 and 25 �C, and
LIG2, which are hot (all but one >25 �C) and arid. The second
pairwise group exhibits a broadly similar range of mean annual
temperatures, that also overlaps the range observed for LIG1,
but exhibit greater humidity, with LIG4 showing greater hu-
midity than LIG3.

Some changes in the distribution of clusters can be observed
with respect to modern conditions (Figure SI.5). The most arid
cluster (LIG2) is now predominately clustered within the Turkana
basin, whereas semi-arid to sub-humid LIG1 is widely dispersed in
the Kenyan Rift as well as appearing in the Horn region. Sites
appearing in different clusters are again found in closer
een Marine Isotope Stages, with long term continuity of occupation evident in G1 and



Fig. 10. Jitter plot illustrating occupation of alternate modern environmental clusters (E1- 5) split between Marine Isotope Stages, with long-term continuity of occupation evident
in E4, pulsed occupations of E2 in odd-numbered stages (7,5,3), and expansions into new environments in MIS 5 and 3.
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juxtapositionwithin the Kenyan Rift, whereas greater homogeneity
is observed in the Ethiopian Rift.

Assemblages from all agglomerative assemblage clusters appear
in the humid LIG3 cluster, with all but one assemblage cluster
appearing in the most humid cluster (LIG4). The presence of as-
semblages in the most arid environments (LIG2) is typically sparse
and concentrated in A3. The majority of assemblages in A4, A5 and
A6 clusters occur in the semi-arid to sub-humid environments of
LIG1, with assemblages from the largest clusters (A1, A7) evenly
spread across LIG1, LIG3 and LIG4.

Amongst divisive assemblage clusters, seven out of eight
clusters are represented in the semi-arid to sub-humid environ-
ments of LIG1 and the humid settings of LIG3, with six divisive
assemblage clusters apparent in other environments (LIG2, LIG4).
Within the largest assemblage cluster (D1), assemblages are
relatively evenly spread between alternate environmental clus-
ters, though least populous in LIG2. Clusters D4, D6 and D7 are
found in all four LIG environmental clusters, with D6 occurring in
greater numbers in LIG1, while the D7 appears more concentrated
in LIG3.

The modelled environmental conditions of the Last Interglacial
(MIS 5e) offer an alternate bracket for environmental conditions in
eastern Africa to the LGM presented above, relating to humid
phases, whichmay serve as suitable analogues for MIS 9, 7, 5, and 3.
There is longstanding evidence for MSA occupation of the semi-arid
to sub-humid environments of LIG1, spanning MIS 9 to MIS 2,
which includes all known sites in MIS 9 as well as the largest
proportion of sites from MIS 3 (Fig. 13). Occupations of the humid
environments of LIG3 also span the Middle and Late Pleistocene,
but are heavily concentrated in MIS 5, representing the majority of
sites occupied during this stage, with sparse occurrences stretching
between MIS 8 and 3. Concentrated occupation of the most arid
environments of LIG2 occurs in MIS 7, with two sites occupied in
MIS 5 and a single site in MIS 8 in these environments. MSA oc-
cupations are not seen in the most humid environments (LIG4)
until the Late Pleistocene, appearing in MIS 5 and representing all
but one assemblages in MIS 4.
6. Discussion

Through the use of hierarchical clustering, we have set out a
detailed, quantitative appraisal of behavioural diversity in the MSA
of eastern Africa, both with regards to the constellations of stone
tool types used, and the landscape contexts in which they are
found. Here, the focus has been to use clusters of stone tools, rather
than individual artefact types, to describe patterns of behavioural
variability. The use of both agglomerative and divisive approaches
to hierarchical clustering of behavioural datasets offer two alter-
nate perspectives on the structure of stone tool use of the MSA in
eastern Africa. Divisive clustering starts from an assumption of
homogeneity, and subsequently identifies the divisions within the
dataset, with the top-level clusters used here marking the mini-
mum number of divisions within the data. As a result, divisive
clustering offers an approach to understand the structure of shared
technological repertoires across the MSA of eastern Africa.
Agglomerative clustering starts from an assumption of heteroge-
neity, and subsequently identifies bottom-up pairings within the
dataset, until the top-level clusters used here are formed. The dif-
ferential expression of shared technological repertoires in response
to distinct geographic and environmental factors may therefore be
best approached using agglomerative clustering.

6.1. Stone tool types

Both methods of clustering identify two common combinations
of MSA behaviour in the largest stone tool type clusters (AT1; DT1),
the first (a) including RT Points, Scrapers, Blade technology, Levallois
Flake Technology, Platform cores and Discoidal cores, and the second
(b) comprising Levallois Blade and Levallois Point technologies, Core
on Flake technologies, Point Technologies, Denticulates and Choppers.
Under divisive clustering, these groups form a single, large cluster
which offers a concise identification of the most common, co-
occurring features of MSA assemblages. When the frequency of
their occurrence is taken into account (see heatmap), these results
potentially indicate that (a) comprises the most widespread
manifestation of MSA technology, whereas (b) presents the most
common means to augment or diversify this technology.



Fig. 11. Dendrograms illustrating hierarchical clustering of eastern African MSA sites based upon modelled environmental parameters (mean annual temperature and precipitation)
for the Last Glacial Maximum (21ka) as a proxy for arid conditions (left) and for the Last Interglacial (MIS5e) as a proxy for humid conditions (right).
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Under both clustering methods, Bipolar Tech and Microliths form
pairwise clusters, as do Radial Cores and RT Bifacials, and these four
types group with Scaled Pieces to form a common cluster. While the
common co-occurrence of Bipolar Technology and Microliths is
widely noted, their association with alternate flaking and
retouching methods that is identified here has not been similarly
stressed in previous analyses.

Both approaches to clustering indicate that well defined
heavy tool types - Picks, Bifaces and Handaxes - form a distinct
group. This common grouping may be explained either as



Table 3
Mean characteristics of LGM environment clusters.

Cluster Details

LGM1 e semi humid 12e20 �C; 675e880mm
LGM2 e semi arid 13e22 �C; 400e650mm
LGM3 - arid 17e26 �C; 90e310mm
LGM4 - humid 11e19 �C; 1000e1130mm
LGM5 e v humid 15e22 �C; 1330e1530mm

Table 4
Mean characteristics of LIG environment clusters.

Cluster Details

LIG1 14e25 �C; 370e740mm
LIG2 22e28 �C; 145e275mm
LIG3 14e25 �C; 765e1005mm
LIG4 14e21 �C; 1060e1350mm
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reflecting positions on a shared reduction continuum, or as
relating to specific functional demands for diverse, specialised
heavy tools. In contrast, the poorly defined heavy tool types -
LCT and Choppers - appear embedded within more diverse stone
tool clusters. The requirement for heavy tools within MSA as-
semblages appears widespread, but the need for more for-
malised tools may relate to distinct behaviours in response to
specific functional demands. At an alternate end to the spec-
trum of stone tool types, smaller retouched tools types are
distributed across these clusters rather than grouping together.
If these are interpreted as positions along a reduction contin-
uum, then it appears retouched tools with differing use life
histories are associated with differing constellations of other
lithic technologies, which could be a result of practical factors,
such as distance from raw material resources, or functional or
stylistic constraints.

The most noticeable difference between clustering approaches
relates to the associations of Burins, Notched Tools and RT Knives as a
discrete subgroup on one hand, and Borers, Notches and LCT's as a
distinct subgroup on the other. Burins, Notched Tools and RT Knives
form a discrete basal cluster under a divisive approach, suggesting
they represent distinctive strategies amongst MSA technologies,
whereas their association with AT1 under an agglomerative
approach indicates that they are frequently deployed alongside the
most commonplaceMSA stone tool types. Likewise, the inclusion of
Borers, Notches and LCT's in DT1 suggests they are a consistent
feature of the most common and widespread manifestation of MSA
stone tool technologies, but their separation from AT1may indicate
that in practice they are less commonplace or occur in distinct
behavioural contexts.
Fig. 12. Jitter plot illustrating occupation of alternate arid environmental clusters (LGM1-5) s
are observed throughout the MSA of eastern Africa, only LGM1 preserves evidence for occu
6.2. Assemblages

Seven major clusters were identified by agglomerative clus-
tering. This bottom-up approach to identifying common patterns of
behaviour identifies one cluster (A1) which comprises ~37% of all
assemblages, suggesting widespread, common practices in using
different stone tool technologies. Although no single tool type is
shared amongst all assemblages in the cluster, Levallois Flake
Technology, Scrapers and RT Points are all abundant. Similarly, the
second largest cluster (A7) has no single ubiquitous stone tool types
amongst all members, but Levallois Flake and Levallois Blade Tech-
nologies occur in high frequencies. Amongst the smaller clusters,
Handaxes (A2), Scrapers (A3), Platform Cores (A4), RT Points (A5) and
Microliths (A6) are found amongst all members of their respective
clusters. Notably, even the smallest agglomerative clusters are
comprised of tool types spread across the agglomerative tool type
clusters, rather than being restricted to a single group.

Under divisive clustering the smallest number of clusters that
MSA assemblages can be divided into is eight. Amongst these, four
large clusters comprise the majority of assemblages (D1, D2, D6 and
D7), and offer a characterisation of the most common modalities of
MSA behaviour, whereas the four smaller clusters (n< 10 assem-
blages) highlight more uncommon combinations of stone tool
technologies. No single tool type appears in all assemblages in the
largest cluster (D1), although Scrapers, Levallois Flake Technologies
and RT Points appear in over 90% of these assemblages. Members of
D2 and D6 all include scrapers, with distinct patterns of both other
stone tool types present and their frequency. Levallois Flake Tech-
nology is ubiquitous in D7, but other tool types are present in low
frequencies. Amongst the smaller clusters, D4 is notable for having
three tools types, Levallois Flake Technology, Blade Technology and
plit between Marine Isotope Stages. Although repeated occupations of LGM2 and LGM3
pation during MIS4.



Fig. 13. Jitter plot illustrating occupation of alternate humid environment clusters (LIG1-4) split between Marine Isotope Stages. Both LIG1 and LIG3 indicate occupation within both
the Middle and Late Pleistocene. Occupation of LIG2 and LIG4 overlaps during MIS 5 but are otherwise split between the Middle and Late Pleistocene respectively.
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Scrapers in all assemblages, whereas other clusters are unified by
the presence ofMicroliths (D3), Bifaces (D5) and Handaxes (D8). In a
similar manner to the agglomerative clusters, divisive assemblage
clusters comprise tool types that are spread across the divisive tool
clusters.

Subtle variation in the constellation of artefact occurrence that
define the different assemblage clusters and their members occurs
between the two methods that precludes easy, direct comparisons.
As above, the clusters identified through divisive methods perhaps
best characterise the broad groups of technological practice,
whereas agglomerative methods identify groups with distinct ex-
pressions of varied technological practices. A number of assem-
blages consistently cluster together under both methods, with 28
assemblages shared by the largest agglomerative (A1) and divisive
(D1) assemblage clusters. In a similar manner, 8 of 10 assemblages
in A3 are found together in D2, while 12 of 21 assemblages in A4
occur together in D1, and three quarters of assemblages in D4 occur
together in A7. While multiple assemblages from single sites often
cluster together under one method, a more limited number of sites
have multiple assemblages that cluster together consistently under
both methods, namely Koimilot (Kapthurin Formation), Koobi Fora,
Naisiusiu, Nasera, Olorgesailie, Porc Epic and Prospect Farm.

The methods used here do not neatly identify individual stone
tool types, or even combinations of tool types, that are ubiquitous
across all assemblages, supporting previous assessments that the
MSA is a polythetic group, lacking hard and fast rules to ascribe
groupmembership. Instead, the results demonstrate that stone tool
assemblages typically contain artefacts spread across clusters of
commonly co-occurring stone tool types, but rarely express all the
same elements. Similarly, the use of clustering has enabled quan-
titative assessment, from awider range of sites andmore numerous
stone tool variables, of qualitative appraisals of patterns of spatial
variability, suggesting little intra-regional variability.

6.3. Sites

Clustering using geographic as well as modern and modelled
past climate data sets readily identify structure both within these
data, and with respect to their distribution. Amongst the variables
analysed, gross differences in altitude and precipitation present the
main differences between clusters formed, with energy expendi-
ture and annual temperature overlapping considerably between
groups and presenting more subtle modulation to cluster forma-
tion. Notably, both precipitation and altitude have tangible impacts
upon the make-up, distribution and seasonality of both faunal and
floral populations (Siepielski et al., 2017; Rosenzweig, 1995).

Across datasets, the Kenyan rift presents the most heteroge-
neous habitats for MSA sites. Sites within the region fall in all three
of the higher altitude clusters identified by analysing geographic
variables, yet for environmental datasets, sites in the Kenyan rift
occur across major divisions of clusters, such that even with the
expansion of arid conditions, modelled for the LGM, a balance of
arid to humid habitats are found. In contrast, broad latitudinal
banding of habitats can be noted in site contexts from the Turkana
basin and through the Ethiopian rift. The Turkana basin, presenting
low-altitude contexts which consistently present the hottest, most
arid site environments, presents a clear break in the landscape
structure of eastern Africa, separating the mountainous and humid
Kenyan and Ethiopian Rift. To the north, high altitude site contexts
stretch through the Ethiopian Rift and the Horn, separating the
northernmost lower altitude sites from the Turkana basin. Simi-
larly, the sites in the middle Ethiopian Rift experience higher levels
of humidity either than the Turkana basin sites to the south, or the
Horn and lowland sites to the north. As well as their distinct
topographic setting on the Kenyan coast, Panga ya Saidi and
Mtongwe repeatedly fall within more humid environmental clus-
ters, which under some conditions diverge from sites in the Kenyan
Rift at a comparable latitude. Similarly, the environmental charac-
teristics of Nyara River, the southernmost site under consideration
here, frequently stand in contrast to the rest of eastern Africa. These
three sites all fall within more heavily forested regions today, and
persistent humidity under past conditions may have perpetuated
this distinction from the majority of eastern African MSA site
habitats.

Only limited evidence for distinct spatial structure amongst
stone tool assemblages in MSA eastern Africa is apparent. This
may well reflect the influence of the mosaic geographic and
environmental make-up of the region, with both considerable
distances occurring between areas presenting similar habitats,
such as in higher altitude areas of the Kenyan and Ethiopian Rift,
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as well as distinctly different landscapes occurring in relative
proximity in the former. Similarly, no clear-cut patterns of certain
assemblage clusters associating solely with single geographic or
environmental site clusters were identified. Rather, patterns of
emphasis, instead of exclusivity, are observed in associations be-
tween the two. Although certain packages of stone tools may have
been most frequently used in some environments, the results here
support scenarios in which they were not bound to those
environments.

6.4. Chronology

Larger numbers of assemblages appear in interglacial stages
(MIS 9,7,5 and 3), with warmer and more humid conditions
potentially favouring both population growth and geographical
expansion across the eastern African landscape. Whilst there may
be a taphonomic component to this pattern, it is not simply a
chronological preservation bias: for example, fewer sites are
documented for the later MIS 4 than for the earlier MIS 5.
Furthermore, the increase in numbers of sites in humid periods is
accompanied by correlated increases in both the variety of tool
forms present and the range of environments inhabited. Fig. 9
demonstrates this geographical expansion, whilst Figs. 10, 12 and
13 show that a wider range of environments is inhabited during
MIS 5 and MIS 3 in particular, regardless of which environmental
dataset is employed for reconstruction. MIS 5 is shown to be the
most varied stage in terms of technology, geography, and envi-
ronments inhabited; indeed, this is the only stage inwhich all of the
26 tool types are present. Sites during MIS 5 also demonstrate an
increased habitation of coastal areas and a spread into mid-altitude
areas. Collectively, these results support earlier suggestions that
during humid stages hominin populations expanded into a broader
variety of geographical regions, encountered a broader array of
environments, and produced lithic assemblages of more diverse
composition (e.g. Basell, 2008).

Focusing on more archaeologically abundant phases, MIS 7, 5,
and 3, there are a limited number of important chronological pat-
terns in the tool forms present. Of the 16 types that are recorded in
all of these stages, some steadily increase through time (i.e. the
proportion of assemblages in which they are present follows a
pattern showing MIS7<MIS5<MIS3). These types include Blade
Technology, Radial Cores, Notched Tools, and Bipolar Technology.
Types that decline include an associated group of Levallois Flake and
Levallois Blade Technology, and Discoidal Cores, as well as LCTs, Point
Technology, Denticulates, and RT Knives. Some of these types are
closely associated in the dendrograms of Fig. 3, whilst others are
more distantly related. It remains a likely, therefore, that the
gradual replacement of older tool forms by newer technologies is
due to a complex interaction of reduction method and function, as
well as the need to deal with changes in the resources encountered
in an increasing variety of habitats.

Investigating the appearance of the largest assemblage clusters
with respect to geographic and modern environmental clusters
through time highlights a number of familiar patterns. In partic-
ular these are (1) continuity of using particular clusters of
behaviour through time within the same geographic and envi-
ronmental contexts, and (2) expanding the use of existing
behavioural clusters in new contexts under favourable climates.
Rarely do assemblage groups appear in very different settings (e.g.
both extreme arid and humid) outside of interglacial phases, but
overall these are patterns of emphasis rather than exclusivity.
Refining our knowledge of spatial, environmental, and behav-
ioural distinctions through time will remain vitally important to
establishing how strong these patterns are, and where informa-
tive exceptions to them occur.
7. Conclusions

The Middle Stone Age of eastern Africa exhibits a diverse range
of behaviour, in terms of the stone tools used by past populations
and the geographic and environmental contexts which they
inhabited. Through the application of a quantitative approach, we
have been able to explore behavioural variability in greater detail
than ever before and set out how this diversity is structured in time,
space and across environments. Hierarchical clustering is an ideal
method to employ to examine complex patterns of presence and
absence across multiple, though at times sparse, typological vari-
ables. Importantly, adopting this approach has enabled us to
effectively integrate data from sites that have been overlooked from
previous, qualitative assessments, and especially those that lack
clear chronometric control. The synthesis we present is also unique
in the means of integrating data regarding the geographic and
environmental contexts of the sites, and particularly for evaluating
the variability of the wider landscapes surrounding sites.
Combining these complementary approaches has enabled us to
identify new patterns in the structure of behavioural variability of
the eastern African MSA.

The typology employed here is not presented as an authoritative
description of MSA stone tool technology but is used as a means to
evaluate patterns of variability. It is noteworthy that both top-down
(divisive) and bottom-up (agglomerative) methods of identifying
clusters of co-occurring stone tool types identify one major cluster
with two common, distinct components, from a range of common
pair-wise associations. This offers some insight into what may
count as a ‘classic’ MSA repertoire, with the introduction of addi-
tional elements resulting from different interactions with the
environment as well as patterns of cultural transmission through
time and across space. These findings may be consolidated upon
further by refining the typology employed; such research will
necessitate renewed analyses of existing assemblages where
possible, to differentiate, for example, preferential from recurrent
Levallois technologies.

Engaging with the breadth of MSA data that is available exhibits
how varied constellations of stone tools were used to occupy a
variety of geographic and environmental contexts. Typically, we
identified patterns of emphasis, rather than exclusivity, both for the
configuration of stone tools found together and where they have
been used, offering support to qualitative approaches that have
struggled to identify clear patterns. Nevertheless, this quantitative
approach has been able to clarify a number of trends, particularly
with respect to changes through time. The use of some constella-
tions of stone tools and occupation of some landscape contexts
appear to span most of the timeframe of the MSA, indicative of
enduring behavioural adaptations, and potentially highlighting
refugia for periods of enhanced climatic stress. Previous studies
have split the MSA into early (MIS6 and older) and late (MIS5 and
later) components (e.g. Tryon and Faith, 2013), emphasising the
appearance of new elements of behaviour in MIS 5. Rather than
seeing a shift from early to lateMSA behaviour, we have illuminated
that MIS5 is a phase in which Middle Pleistocene MSA behaviours
continue to occur but are significantly augmented with new com-
binations of stone tools appearing alongside the colonisation of
significantly different landscapes that are characteristic of the Late
Pleistocene. Further, targeted study is required to identify whether
any particular stone tool technologies offered different function-
ality that enabled such diversification, and the results presented
here can be significantly refined in the future by the inclusion of
additional technological data.

This study illustrates the importance of combining archaeo-
logical assemblage data with information on the geographic,
topographic, and environmental differences between the
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locations from which those assemblages are recovered. Only with
more comprehensive data of this kind can we begin to link
archaeological patterns with their potential abiotic causes. It is
clear from the analyses above that there do exist patterns of
differences between sites, and that there are partial explanations
of such differences to be found in more detailed considerations of
chronology, geography, and various elements of the local envi-
ronmental setting. Environments inevitably change both across
space and through time, and it is therefore essential to consider
all these components simultaneously if we are to arrive at a
comprehensive understanding of the archaeological record. It is
also clear from the analyses reported here that there is much
unexplained variation within the MSA of eastern Africa. Much of
this no doubt arises from the stochastic nature of human
behaviour and may relate both to individual differences and to
the patterns of contact and conflict between subpopulations that
were almost certainly isolated, both genetically and culturally, for
long periods during the later Middle and Late Pleistocene.

It is now apparent that considerable chronological overlap oc-
curs between eastern Africa's MSA industries with both the pre-
ceding Late Acheulean (e.g. Mieso dating to ~212ka [de la Torre
et al., 2014]) and the succeeding Later Stone Age (e.g. Panga ya
Saidi dating from 67ka [Shipton et al., 2018]). Beyond changes in
emphasis in typological inventories, two key, inter-related ele-
ments associated with both major transitions in eastern African
prehistory are raw material choice and artefact size. Due to the
availability of comparable data, it has not been possible to examine
these features as potential contributing factors to changing con-
stellations of stone tool types. Similarly, to engage with the breadth
of MSA assemblages in eastern Africa, it has not been feasible to
examine varying constellations of artefact typology relating to the
nature of different site types to explore, for instance, differences
between logistical foraging compared to residential sites. Both offer
potential avenues to extend the application of the quantitative
analyses that are presented here.

Research into both the genetic and cultural foundations of
Homo sapiens populations will continue to add to the debate
concerning the patterns of material culture observed here, and in
archaeological contexts from elsewhere in Africa and beyond.
Analyses of the kind reported above, however, enable us to
formulate questions regarding contact and isolation between
groups that may be particularly amenable to future analyses of
genetic and cultural transmission. For example, these analyses
demonstrate that many tool forms e borers, LCTs, Levallois blade
and point technologies, notched tools, and retouched knives e

are always present to some degree in the humid Marine Isotope
Stages in eastern Africa, and yet they are never present in the
drier glacial stages. With various taphonomic caveats accepted,
we can ask whether such technologies are reinvented during the
geographic and demographic expansions associated with each
humid stage, or whether they remain as unexpressed elements of
the repertoire throughout dry stages when, for reasons as yet
unclear, they are never physically realised. Similarly, Figs. 9 and
10 establish geographic and environmental clusters that are
inhabited throughout the period studied here, and such refugial
areas should contain both the minimal distillation of MSA tech-
nology required for survival through arid periods and the core
populations from which subsequent expansions result. There is
therefore likely to be a close relationship between the smaller
populations that survive less hospitable stages and the contrac-
tion of technological diversity found here among assemblages
from MIS 8, 6, and 4. This relationship merits further study by
archaeologists, but also by geneticists and researchers working
on the dynamics of cultural evolution in fluctuating
environments.
Competing interests

The authors declare no competing interests.

Acknowledgements

This research has been supported by the Natural Environment
Research Council as part of Grant: NE/K014560/1, “A 500,000-year
environmental record from Chew Bahir, south Ethiopia: testing
hypotheses of climate-driven human evolution, innovation, and
dispersal”, which forms part of the Hominin Sites and Paleolake
Drilling Project. We thank two anonymous reviewers and the editor
for their thoughtful comments that have helped to improve the
presentation of this research.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.quascirev.2018.07.011.

References

Basell, L.S., 2008. Middle Stone Age ( MSA ) site distributions in eastern Africa and
their relationship to Quaternary environmental change, refugia and the evo-
lution of Homo sapiens. Quat. Sci. Rev. 27, 2484e2498. https://doi.org/10.1016/
j.quascirev.2008.09.010.

Binford, L., 2001. Constructing Frames of Reference: an Analytical Method for
Archaeological Theory Building Using Ethnographic and Environmental Data
Sets. University of California Press.

Blegen, N., 2017. The earliest long-distance obsidian transport : evidence from the ~
200 ka middle stone age sibilo school road site, Baringo, Kenya. J. Hum. Evol.
103, 1e19. https://doi.org/10.1016/j.jhevol.2016.11.002.

Boeda, E., 1994. Le concept Levallois, Variabilit�e des m�ethodes, CCRA Monographie
9. CNRS Editions, Paris.

Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Peterchmitt, J.-Y., Abe-
Ouchi, a., Crucifix, M., Driesschaert, E., Fichefet, T., Hewitt, C.D., Kageyama, M.,
Kitoh, a., Laîn�e, a., Loutre, M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes, P.,
Weber, S.L., Yu, Y., Zhao, Y., 2007. Results of PMIP2 coupled simulations of the
Mid-Holocene and Last Glacial Maximum e Part 1: experiments and large-scale
features. Clim. Past 3, 261e277. https://doi.org/10.5194/cp-3-261-2007.

Chorowicz, J., 2005. The east African rift system. J. Afr. Earth Sci. 43 (1e3), 379e410.
Clark, J.D., 1988. The middle stone age of east Africa and the beginnings of regional

identity. J. World PreHistory 2, 235e305. https://doi.org/10.1007/BF00975618.
Douze, 2012. Le Early Middle Stone Age d’�Ethiopie et les changements techno-

�economiques �a la p�eriode de l’�emergence des premiers Homo sapiens. L'Uni-
versit�e Boredaux 1.

Faith, J.T., Tryon, C.A., Peppe, D.J., Beverly, E.J., Blegen, N., Blumenthal, S., Chritz, K.L.,
Driese, S.G., Patterson, D., 2015. Paleoenvironmental context of the middle
stone age record from Karungu, lake victoria basin, Kenya, and its implications
for human and faunal dispersals in East Africa. J. Hum. Evol. 83, 28e45. https://
doi.org/10.1016/j.jhevol.2015.03.004.

Groucutt, H.S., Petraglia, M.D., Bailey, G., Scerri, E.M.L., Parton, A., Clark-Balzan, L.,
Jennings, R.P., Lewis, L., Blinkhorn, J., Drake, N.A., Breeze, P.S., Inglis, R.H.,
Dev�es, M.H., Meredith-Williams, M., Boivin, N., Thomas, M.G., Scally, A., 2015.
Rethinking the dispersal of Homo sapiens out of Africa. Evol. Anthropol. Issues
News Rev. 24, 149e164. https://doi.org/10.1002/evan.21455.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high reso-
lution interpolated climate surfaces for global land areas. Int. J. Climatol. 25,
1965e1978. https://doi.org/10.1002/joc.1276.

Hublin, J., Ben-ncer, A., Bailey, S.E., Freidline, S.E., Neubauer, S., Skinner, M.M.,
Bergmann, I., Cabec, A., Le, Benazzi, S., Harvati, K., Gunz, P., 2017. New fossils
from Jebel Irhoud, Morocco and the Pan-African Origin of Homo Sapiens, vol.
546. Nature Publishing Group, pp. 289e292. https://doi.org/10.1038/
nature22336.

Irpino, A., 2017. HistDAWass: Histogram-valued Data Analysis. https://doi.org/
10.1007/s11634-014-0176-4.

Jarvis, A., Reuter, H.I., Nelson, A., E.G, 2008. Hole-Filled SRTM for the Globe Version
4. Available from: the CGIAR-CSI SRTM 90m Database. http://srtm._csi._cgiar._
org, 15.

Krzanowski, W., 2000. Principles of Multivariate Analysis, 23. Oxford University
Press, Oxford.

Lamb, H.F., Bates, C.R., Bryant, C.L., Davies, S.J., Huws, D.G., Marshall, M.H.,
Roberts, H.M., 2018. 150,00-year palaeoclimate record from northern Ethiopia
supports early, multiple dispersals of modern humans from Africa. Sci. Rep. 1e7
https://doi.org/10.1038/s41598-018-19601-w.

McDougall, I., Brown, F.H., Fleagle, J.G., 2005. Stratigraphic placement and age of
modern humans from Kibish, Ethiopia. Nature 433, 733e736. https://doi.org/
10.1038/nature03258.

https://doi.org/10.1016/j.quascirev.2018.07.011
https://doi.org/10.1016/j.quascirev.2008.09.010
https://doi.org/10.1016/j.quascirev.2008.09.010
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref2
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref2
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref2
https://doi.org/10.1016/j.jhevol.2016.11.002
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref4
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref4
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref4
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref4
https://doi.org/10.5194/cp-3-261-2007
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref6
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref6
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref6
https://doi.org/10.1007/BF00975618
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref8
https://doi.org/10.1016/j.jhevol.2015.03.004
https://doi.org/10.1016/j.jhevol.2015.03.004
https://doi.org/10.1002/evan.21455
https://doi.org/10.1002/joc.1276
https://doi.org/10.1038/nature22336
https://doi.org/10.1038/nature22336
https://doi.org/10.1007/s11634-014-0176-4
https://doi.org/10.1007/s11634-014-0176-4
http://srtm._csi._cgiar._org
http://srtm._csi._cgiar._org
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref15
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref15
https://doi.org/10.1038/s41598-018-19601-w
https://doi.org/10.1038/nature03258
https://doi.org/10.1038/nature03258


J. Blinkhorn, M. Grove / Quaternary Science Reviews 195 (2018) 1e2020
Manly, B.F., Alberto, J.A.N., 2016. Multivariate Statistical Methods: a Primer. CRC
Press.

Minetti, A.E., Gaudino, P., Seminati, E., Cazzola, D., Minetti, A.E., Moia, C., Roi, G.S.,
Susta, D., Ferretti, G., Holt, N.C., Askew, G.N., Minetti, A.E., Moia, C., Roi, G.S.,
Susta, D., Ferretti, G., Alberto, E., Moia, C., Roi, G.S., Susta, D., Ferretti, G., 2015.
Energy Cost of Walking and Running at Extreme Uphill and Downhill Slopes
Energy Cost of Walking and Running at Extreme Uphill and Downhill Slopes,
pp. 1039e1046. https://doi.org/10.1152/japplphysiol.01177.2001.

Otto-Bliesner, B.L., Marshall, S.J., Overpeck, J.T., Miller, G.H., Hu, A., 2006. Simulating
Arctic climate warmth and icefield retreat in the last interglaciation. Science
311, 1751e1753. https://doi.org/10.1126/science.1120808. New York, N.Y.

Potts, R., Behrensmeyer, A.K., Faith, J.T., Tryon, C.A., Brooks, A.S., Yellen, J.E.,
Deino, A.L., Kinyanjui, R., Clark, J.B., Haradon, C.M., Levin, N.E., 2018. Environ-
mental dynamics during the onset of the Middle Stone Age in eastern Africa.
Science 360 (6384), 86e90.

Rosenzweig, M.L., 1995. Species Diversity in Space and Time. Cambridge University
Press, Cambridge.

Scerri, E.M.L., Drake, N.A., Jennings, R., Groucutt, H.S., 2014. Earliest evidence for the
structure of Homo sapiens populations in Africa. Quat. Sci. Rev. 101 https://
doi.org/10.1016/j.quascirev.2014.07.019 e179ee179.

Scerri, E.M.L., Thomas, M.G., Manica, A., Gunz, P., Stock, J., Stringer, C.B., Grove, M.,
Groucutt, H.S., Timmermann, A., Rightmire, G.P., d'Errico, F., Tryon, C.,
Drake, N.A., Brooks, A., Dennell, R., Durbin, R., Henn, B., Lee-Thorpe, J.,
deMenocal, P., Petraglia, M.D., Thompson, J.,A., Scally, A., Chikhi, L., 2018. Did our
species evolve in subdivided populations across Africa, and why does it matter?
Trends Ecol. Evol. https://doi.org/10.1016/j.tree.2018.05.005.
Schlebusch, C.M., Malmstr€om, H., Günther, T., Sj€odin, P., Coutinho, A., Edlund, H.,

Munters, A.R., Vicente, M., Steyn, M., Soodyall, H., Lombard, M., Jakobsson, M.,
2017. Southern African ancient genomes estimate modern human divergence to
350,000 to 260,000 years ago. Science. https://doi.org/10.1126/science.aao6266.

Siepielski, A.M., Morrissey, M.B., Buoro, M., Carlson, S.M., Caruso, C.M., Clegg, S.M.,
Coulson, T., DiBattista, J., Gotanda, K.M., Francis, C.D., Hereford, J., 2017. Pre-
cipitation drives global variation in natural selection. Science 355 (6328),
959e962.

Shipton, C., Roberts, P., Archer, W., Armitage, S., Bita, C., Blinkhorn, J., Courtney-
Mustaphi, C., Crowther, A., Curtis, R., d'Errico, F., Douka, K., Faulkner, P.,
Groucut, H., Helm, R., Herries, A., Jembe, S., Kourampas, N., Lee-Thorp, J.,
Marchant, R., Mercader, J., Marti, A., Prendergast, M., Rowson, B., Tengeza, A.,
Tibesasa, R., White, T., Petraglia, M., Boivin, N., 2018. 78,000-year-old record of
middle and later stone age innovation in an east african tropical forest. Nat.
Commun. 9, 1832.

de la Torre, I., Mora, R., Arroyo, A., Benito-Calvo, A., 2014. Acheulean technological
behaviour in the middle Pleistocene landscape of Mieso (East-Central Ethiopia).
J. Hum. Evol. 76, 1e25.

Tryon, C.A., Crevecoeur, I., Faith, J.T., Ekshtain, R., Nivens, J., Patterson, D., Mbua, E.,
Spoor, F., 2015. Late Pleistocene age and archaeological context for the hominin
calvaria from GvJm-22. Proc. Natl. Acad. Sci. Unit. States Am. 112, 2682e2687.
https://doi.org/10.1073/pnas.1417909112.

Tryon, C.A., Faith, J.T., 2013. Variability in the middle stone age of Eastern Africa.
Curr. Anthropol. 54 (S8), S234eS254. https://doi.org/10.1086/673752.

http://refhub.elsevier.com/S0277-3791(18)30124-0/sref18
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref18
https://doi.org/10.1152/japplphysiol.01177.2001
https://doi.org/10.1126/science.1120808
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref30
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref30
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref30
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref30
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref30
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref21
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref21
https://doi.org/10.1016/j.quascirev.2014.07.019
https://doi.org/10.1016/j.quascirev.2014.07.019
https://doi.org/10.1016/j.tree.2018.05.005
https://doi.org/10.1126/science.aao6266
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref25
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref25
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref25
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref25
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref25
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref26
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref27
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref27
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref27
http://refhub.elsevier.com/S0277-3791(18)30124-0/sref27
https://doi.org/10.1073/pnas.1417909112
https://doi.org/10.1086/673752

	The structure of the Middle Stone Age of eastern Africa
	1. Introduction
	2. Datasets
	2.1. Reduction technologies
	2.2. Core technologies
	2.3. Retouched tools
	2.4. Heavy tools
	2.5. Geography and environments

	3. Methods
	3.1. Behaviour
	3.2. Geography and environments
	3.3. Chronology

	4. Results
	4.1. Stone tool types
	4.2. Assemblages
	4.2.1. Distribution of assemblage clusters
	4.2.2. Chronology


	5. Sites
	5.1. Geography
	5.2. Modern environments
	5.3. Past environments
	5.3.1. Arid conditions
	5.3.2. Humid conditions


	6. Discussion
	6.1. Stone tool types
	6.2. Assemblages
	6.3. Sites
	6.4. Chronology

	7. Conclusions
	Competing interests
	Acknowledgements
	Appendix A. Supplementary data
	References


