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Abstract

Regionalisation is considered to be a hallmark of the Middle Stone Age
(MSA) compared to the Early Stone Age. Yet what drove diversification
around a shared technological substrate that persisted across Africa for
hundreds of thousands of years remains debated. Non-mutually exclusive
hypotheses include region-specific styles in manufacture, social
signalling, cultural drift between geographically isolated populations, ,
and diverse environmental adaptations, as well as the impacts of unequal
research histories and intensities. We explore the potential ecological
bases of behavioural diversity during the MSA between two well-studied
and diverse areas: eastern and northwestern Africa. We utilise a set of
standardised bioclimatic simulations, as well as a time series
decomposition algorithm, to determine the nature and extent of regional
differences in terms of environmental productivity, seasonality and
predictability at MSA sites through time. Our results highlight that,
compared to human occupations of eastern Africa, northwestern African
MSA occupations are associated with colder, drier and less productive
environments, albeit wetter, colder, and more productive compared to
surrounding areas, with higher temperature seasonality and more
predictable climates across millennia. We then theoretically consider the
implications of our results for technological diversification between these
two regions during the Middle to Late Pleistocene, such as for the
investment in specific risk mitigation strategies for dealing with
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seasonally mobile resources in northern localities, and the diversification
of flexible MSA toolkits in tropical eastern Africa.

Keywords; human-environment interaction, African archaeological
record, hunter-gatherer adaptations, Aterian, palaeoclimatic change
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1. Introduction

The Middle Stone Age (MSA) represents the earliest behavioural
signature of our species, Homo sapiens, across Africa from ca. 300,000 to
30,000 years ago (ka)[1-3].The early MSA is denoted by the consistent
appearance of prepared-core and flake stone technology and the use of
standardised pointed pieces [4], but the MSA is also notable for its later
regional diversity, with clearly identifiable elements appearing in some
but not all areas of Africa [5-7]. Such regional innovations include
localised hunting and processing technologies on both stone and bone [8-
9], such as bow-and-arrow use, as well as personal shell beads [10-11],
and the engraving of objects [4, 6, 8, 12]. For this reason, the MSA in
certain areas (e.g., parts of northern and southern Africa) has historically
been divided into actual or perceived cultural turnovers, whereas the
archaeological records in equatorial Africa tend to be emphasised as
highly variable without such (relatively) clear spatiotemporal boundaries
in material culture [7,13].

Many hypotheses have been put forward to explain these differences in
the emergence and diversification of the MSA. Some have suggested that
increased climate variability during the Middle Pleistocene led to the
onset of ‘generalist’” MSA behaviours, contributing to the increased
ecological and technological flexibility of Homo sapiens [14-16]. Others
have pointed to cognitive differences between early modern populations
[17], including in specific cognitive domains that are shaped by local
environmental and phylogenetic pressures [18]. However, a multitude of
ecological, demographic and social factors, as well as their interplay,
were possibly responsible for the differential adoption of certain MSA
traits in different regions of Africa across time [6,7,19]. This model better
accounts for the loss of distinctive innovations in certain regions at times
of pressure exerted by these different factors [20]. Recent analyses
support a hierarchy of interlinked influences on modern hunter-gatherer
behaviour, where variation in the toolkit at the most proximate level is
driven by the type of resources being consumed, which in turn shapes
the size and structure of the population that can be supported in a given
area [21-22]. Most clearly this is linked to fluctuations in the availability
of plant resources, as these foodstuffs can be exploited with the
‘simplest’ tool forms [22], defined by Oswalt [21] as those with the fewest
number of individual components. Conversely, hunter-gatherers
occupying areas with reduced plant availability tend to require higher
fish and meat consumption, which are associated with more complex
(i.e., modular) tools, decreased population density, and greater maximum
seasonal settlement sizes—at the cost of additional energetic investment
[21-22].

In this context, numerous authors have emphasised the importance of
“ecological risk” in governing behavioural investment at large [21, 23-
25], whereby selective pressures favouring specific technological

adaptations only become apparent where there is no viable alternative
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[22]. At the same time, researchers disagree on how to operationalise the
nature of ecological risk for hunter-gatherer populations. For Oswalt
[21], risk is related to the mobility of the resources being targeted and
their respective media (i.e. land vs water), because the probability of
capture strongly declines for highly mobile, and especially aquatic,
resources. Torrence [23] argues that, while the speed and success of
resource capture is the proximate driver of technological composition,
risk is an overarching concept defined by the probability of not meeting
overall dietary requirements and the related cost of such a failure.
Collard et al. [24] take latitude and effective temperature as proxies for
risk, while Thompson et al. [25] tie risk in the African context to reduced
precipitation and general water availability. All of these non-independent
metrics are likely contributors to ecological risk across different
geographic and temporal scales, as well as environmental contexts, with
diverse implications for technological variability for hunter-gatherers
during the MSA. For example, behavioural adaptation in inter-tropical
environments with high plant availability is more likely to be driven by
rainfall and its seasonality, whereas fluctuations in temperature are more
important for understanding changes to hunting and fishing patterns
amongst groups that occupy temperate and arctic zones [22].

On the other hand, technological variability within individual foraging
strategies is likely driven by demographic structure and how it relates to
the total amount of environmental and cultural information that can be
sustained by a population. For example, higher encounter rates between
populations, greater population density, and/or increased raw population
sizes have been hypothesised to provide the capacity for innovation
through increased cultural transmission and sharing, and the population-
level distribution of technological know-how [26-29]. Clark and Linares-
Matas [30-31] have previously argued that increases in such “landscape
knowledge” are critical for further technological investment because
they govern the predictability of corresponding returns. This allows
individuals and groups to decide whether returns are high and consistent
enough for behavioural adaptation to be worthwhile.

However, there is no reason to think of these different processes as
mutually exclusive, but instead they act in different ways, at different
scales, and on different elements of the behavioural system [7, 22, 28].
Both ecological risk and demographic structure are also subject to
change through time, alongside broader shifts in climate, that are crucial
for linking ecology to evolutionary processes [32]. Variation in the
density and the spatio-temporal availability of resources is associated
with the development and investment in different technological and
demographic risk-management systems, to mitigate fluctuation in the
variance and overall returns of foraging [31]. With regards to technology,
specifically, increased unpredictability in resource distributions between
years constrains the amount of landscape knowledge that can be
accumulated within the population, and therefore the amount of
investment that can be put into the toolkit [31]. Instead, technological
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strategies in these circumstances should be focused on ‘generalised’
toolkits that can be used in several different tasks with suboptimal
efficiency, following key principles from evolutionary biology regarding
the links between (phenotypic) plasticity and temporal climatic variability
[33-35]. It is only within predictable environments that enough landscape
knowledge can be accumulated within each foraging domain to invest in
specialised tools for highly specific tasks [31].

We use this theoretical framework as a lens through which to explore
differences in the potential ecological bases of technological diversity
between different regions of the African MSA. As a large and ecologically
variable continent, rates and the extents of change in temperature,
precipitation, and net primary productivity (NPP) are experienced
differently in different areas, with some regions showing greater levels of
diversity through space and time. Populations inhabiting tropical Africa,
for example, may be more insulated against the extremes of change
compared to those at more extreme latitudes where glacial periods would
have been felt relatively harsher [36-37], with localised dispersals along
steep altitudinal gradients during periods of climatic fluctuation in
eastern Africa [38-39]. In the same way, the Atlantic and Mediterranean
coast of northwestern Africa may have acted as a refugia throughout the
last ca. 100 ka for human populations [40] and some floral and
micromammal species [41-44], thanks to buffer effects of the ocean and
mountains. Furthermore, asynchronous climate responses to orbital
forcing and the impacts of the Walker Circulation in different latitudinal
and longitudinal zones created a mosaic of habitat shifts within the
continent through time [36, 44]. As such, we should not expect identical
behavioural responses to the environment in different regions of the
continent through time, because the mechanisms involved are numerous
and their relationships still poorly understood.

To this end, here we explore the different ecological correlates of MSA
sites between northwestern (n = 21) and eastern Africa (n = 37),
specifically focusing on the extent and nature of seasonality and climate
predictability in these environments from ca. 332 - 25 ka. We have
selected these regions because:

i) they represent an ideal test case for understanding drivers of
technological change throughout the MSA, given their very distinct
ecologies [36].

ii) they also remain two of the most well-studied areas for MSA
populations in the continent [7, 45], with comparable datasets of
dated phases of human occupation available for synthetic analysis
[46-47].

iii) they show different expressions of MSA technology, with the
northern African record typically divided into distinctive groups of
assemblages (e.g. Aterian, Mousterian, Nubian) based on non-
homogenous but specific elements (though not without critique
[48]), whereas the eastern African record features a complex
mosaic of site-specific industrial sequences, with no single
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overarching regional culture-historical framework for the MSA due
to this marked variability [49].

This study does not seek to validate or invalidate such classificatory
systems but rather explore ecological differences to determine what may
constitute risk in each region and how this could relate to behavioural
diversification and investment more broadly during the MSA. We deploy
existing datasets of MSA sites in the two regions across its entire range
(Figure 1) and generate comprehensive climatic information for each site
during times of hominin occupation using established model simulations
of standardised bioclimatic variables [50] and a time series
decomposition algorithm [51].
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Figure 1. Geographic distribution of the northwestern (A) and eastern (B)
African MSA site locations studied in this research [46-47].

2. Results
2.1. Mean annual climate parameters

We first compared mean annual temperature (bio0O1), total annual
precipitation (bio12) and NPP across unique MSA occupations of
archaeological sites in eastern (n = 59) and northern (n = 106) Africa
(Supplementary Table S1). Figure 2 highlights time series for these three
climate variables from the minimum to maximum date of all dated
occupations; notably, MSA occupations in northern Africa tend to be
associated with significantly lower precipitation, temperature and NPP
compared to eastern African occupations (all p < 0.001). These
comparisons using the mid-age estimates were found to be robust in
sensitivity analyses for all three variables, returning significant results in
all 1000 permutations across the date ranges of the occupations
(Supplementary Table S2 and Figure S1).

Within eastern Africa, there is significantly more intra-regional variation
compared to northwestern Africa across all three variables (all p < 0.05),
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which is consistent across the 1000 iterations permuted across the date
range for precipitation and NPP (Supplementary Table S3 and Figure
S2). Results for temperature are more inconsistent, with only 331
iterations similarly producing significant results and the test coefficient
using the mid-age values falling within the 16 percentile of the
permuted distribution (Supplementary Table S3 and Figure S2).
Comparisons using the coefficient of variation shows that, whilst eastern
Africa is confirmed as having more variable temperatures (eastern Africa
= 22.8%, northern Africa = 15.08%), occupations within northern Africa
have slightly more varied precipitation and NPP when taking into
account that these parameters are on average significantly lower in this
region (biol2: eastern Africa = 30.5%, northern Africa = 35.1%, NPP:
eastern Africa = 32.56%, northern Africa = 46.71%).

When comparing annual climates at MSA occupations against the
regional background via random sampling, we found that in almost every
iteration, statistically significant differences are observed (in eastern
Africa, bio01 = 990/1000, biol2 = 964/1000, NPP = 998/1000). In both
regions, MSA occupations tend to be in colder, wetter and more
productive environments compared to random background samples
through both time and space (Supplementary Figure S3). However, in
eastern Africa, the mean climatic values observed at MSA occupations
(based on the mid-age) fall within the distributions of the random
samples (Supplementary Figure S3), yet for northern Africa, the climatic
conditions at MSA occupations fall considerably beyond that produced by
random sampling, confirming that environmental conditions were a
stronger mediator of the spatiotemporal patterning in human occupation
in northern Africa (Supplementary Figure S3).
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Figure 2. Time series of mean annual temperature (bio01; °C) and total
annual precipitation (biol12; mm) and net primary productivity (NPP)
across the dating range of all Middle Stone Age occupations in eastern
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(red) and northwestern (blue) Africa. Marine Isotope Stages are denoted
as numbers, based on Lisiecki and Raymo [67].

2.2. Temperature and precipitation seasonality

We next explored temperature and precipitation seasonality across MSA
occupations in northwestern and eastern Africa (Figure 3). Using mid-
age values, occupations in eastern Africa tend to have significantly lower
temperature seasonality compared to northwestern African occupations
(p < 0.001), whereas precipitation seasonality is not significantly
different between the regions (p = 0.137). Sensitivity analyses found
these results to be robust when permuting climatic values extracted from
across the date range; all 1000 iterations returned significant results for
temperature seasonality whereas 931 similarly returned non-significant
results for precipitation seasonality, with the test coefficients using the
mid-age falling into the centre of the permuted distributions confirming
robust results (Supplementary Table S2 and Figure S1).

Occupations within northwestern Africa have significantly higher
variance in both precipitation and temperature seasonality compared to
eastern Africa (both p < 0.001) with all 1000 iterations returning
significant results for temperature seasonality and 969 for precipitation
seasonality (Supplementary Table S3 and Figure S2). However, the test
coefficient for precipitation seasonality suggests that the mid-age
estimates produce results in the 95t percentile of the distribution,
suggesting potential unreliability (Supplementary Table S3 and Figure
S2). Nonetheless, calculation of the coefficient of variation also supports
that northern African occupations show less intra-regional variability in
seasonality, particularly in terms of temperature (bio04: eastern Africa =
60.19%, northern Africa = 27.61%, biol5: eastern Africa = 28.15%,
northern Africa = 16.59%). Almost all of the random samples of the
regional background were significantly different from the mid-age
seasonality estimates (bio04 in eastern Africa = 977/1000 iterations,
biol5 in eastern Africa = 996/1000 iterations), with MSA occupations
tending to be in less seasonal areas within each region (Supplementary
Figure S3).
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Figure 3. Temperature (bio04; °C) and precipitation (biol5; mm)
seasonality experienced during Middle Stone Age occupations in East
(red) and North (blue) Africa at the mid-age (circles) and across the date
range (lines). Marine Isotope Stages are denoted as numbers, based on
Lisiecki and Raymo [67].

There appears to be few clear chronological trends in seasonality
occupied by MSA populations in each region in terms of the mid-age
(marked as circles in Figure 3). Variability in precipitation seasonality
across the date-range is limited in northern African occupations
compared to those in eastern Africa, even in occupations with wider
dating uncertainty associated (and so more timeslices extracted).
Standardising the variance by dating uncertainty at each occupation
supports this trend (Supplementary Figure S4). For the more numerous
occupations during MIS 5, there is strong intra-occupation diversity in
temperature seasonality in northern Africa, whereas during MIS 3 in
eastern Africa there is diversity in precipitation seasonality across the
date range (Figure 3), though this is reduced considerably when
standardising by age uncertainty (Supplementary Figure S4).

In eastern Africa, occupations of Laas Geel (Somaliland), Abdur (coastal
Eritrea), Halibee Farm and Porc Epic (both Ethiopia) are associated with
elevated temperature seasonality compared to other sites in this region,
with Abdur also experiencing the highest precipitation seasonality of
entire dataset based on the mid-age, though there is much variation
across the date range (Figure 3; Supplementary Table S1). Moricho and
Enkapune Ya Munto (Central Rift Valley in Kenya), Karungu and Rusinga
(both near Lake Victoria in Kenya) exhibit the lowest precipitation
seasonality in this region. In northern Africa, occupations of Oued el
Akarit, Wadi Lazalim (both Tunisia), Rhafas S7 (Morocco), Uan Tabu, and
Uan Afuda (both Libya) have elevated temperature seasonality compared
to other sites in northern Africa, the latter two sites also representing the
occupations with the highest precipitation seasonality.
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2.3. Climate predictability

To calculate inter-millennial predictability, we utilised the
change/variability decomposition (CVD) algorithm for differentiating
between change and variability elements in climatic time series [51].
Using the CVD algorithm (see Methods), we calculate change-corrected
variability as our proxy for predictability, with locations where variability
is higher deemed as having more unpredictable climates.

We first focussed on the 57 unique MSA occupations (eastern Africa =
20, northwestern Africa = 37) that have date ranges covering a full
precession cycle (~ 23,000 years). Supplementary Table S1 reports the
percentage of change-corrected variability aspects of mean annual
temperature, total annual precipitation and NPP for each of these
occupations. In general, mean annual temperature and net primary
productivity tend to have larger proportions of variance related to
variability (unpredictability) compared to change, whereas for
precipitation almost all of the variance relates to change (Figure 4).
Figure 4 demonstrates that, within individual occupations, temperature
unpredictability is higher (p = 0.1911) and more variable (p = 0.085) in
eastern Africa compared to northwestern Africa, with close to significant
differences. Northwestern African occupations have on average less
predictable rainfall compared to eastern Africa, with close to significant
differences in the percentage of the time series explained by variability
(p = 0.096) and variability within regions (p = 0.059). For NPP, we find
no significant differences in the average percentage of the variability
component in the time series between the two regions (p = 0.875)
though the intra-regional variation is significantly greater in
northwestern Africa (p = 0.026).



371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397

Temperature unpredictability

Region

East Morth

Percentage explained by variability (bio01)

Precipitation unpredictability

Region

East North

Percentage explained by variability (bio12)

Net primary productivity unpredictability

East Morth

o 10 20 30 40 50

Percentage explained by variability (NPP)

Figure 4. Boxplots of the percentage of variability in mean annual
temperature (bio01), total annual precipitation (bio12) and net primary
productivity (NPP), comparing 20 eastern African and 37 northwestern
African Middle Stone Age unique occupations.

For further exploration of climate predictability, we then analysed the
time series produced across the minimum and maximum date range of
each archaeological site. This allowed us to assess and plot climate
unpredictability in relation to individual occupational date ranges within
each site (Figures 5-6). Of the 58 archaeological sites in this dataset (see
Figure 1), 16 from eastern Africa and 15 from northwestern Africa have
occupations that, when the date ranges of occupational phases are
combined, cover a full precession cycle. Table 1 reports the relative
percentages of change versus variability in the time series for each MSA
site. Our results from the quantification of variability at the site level
confirms that mean annual temperature unpredictability is increased in
eastern Africa compared to northwestern Africa (p = 0.163) with
between-site variance significantly higher in this region (p = 0.011)
(Supplementary Figure S5). Unpredictability of total annual precipitation
is however significantly lower in eastern Africa compared to
northwestern Africa (p = 0.03) and slightly less variable (p = 0.501),
though only rarely does unpredictability account for more than 10% of
the climatic signal in either region (Table 1, Supplementary Figure S5).
We find no significant differences in the unpredictability of NPP between
regions when calculated at the site level (Supplementary Figure S5).
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Table 1. Percentage of total variance explained by the change versus
variability components across the date range of each Middle Stone Age

site in northwestern (N) and eastern (E) Africa.

Site Regi Chan Variabil Chan Variabil Chan Variabil
on ge ity ge ity ge ity NPP
bio01 bio01 biol2  biol2 NPP
Benzu N 90.13 9.87 94.14 5.86 90.09 9.91
Bizmoune N 93.48 6.52 96.74 3.26 91.10 8.90
Contreband N 87.09 12.91 90.76 9.24 71.26 28.74
iers
Dar es- N 78.54 21.46 88.68 11.32 92.26 7.74
Soltan 1
Dar es- N 86.07 13.93 90.83 9.17 88.46 11.54
Soltan 2
El N 70.16 29.84 85.12 14.88 71.58 28.42
Harhoura 2
El Mnasra N 78.03 21.97 88.00 12.00 80.17 19.83
Haua Fteah N 93.85 6.15 99.00 1.00 93.44 6.56
Ifri N 95.33 4.67 95.44 4.56 91.18 8.82
n'Ammar
Jebel N 92.28 7.72 95.64 4.36 89.46 10.54
Irhoud
Rhafas N 90.05 9.95 92.50 7.50 87.92 12.08
Taforalt N 87.99 12.01 95.29 4.71 83.19 16.81
Wadi N 83.79 16.21 92.81 7.19 93.01 6.99
Lazalim -
site 15/1
Wadi N 94.06 5.94 86.45 13.55 93.88 6.12
Lazalim -
site 16/15
Wadi N 96.40 3.60 93.71 6.29 91.42 8.58
Lazalim -
site 16/29
Dorothy E 62.29 37.71 95.77 4.23 87.36 12.64
Garrod Site
Eyasi Shore E 43.84 56.16 95.64 4.36 81.31 18.69
Gademotta E 82.62 17.38 99.26 0.74 76.73 23.27
Goda E 61.62 38.38 94.82 5.18 66.57 33.43
Buticha
Halibee E 97.90 2.10 99.24 0.76 93.32 6.68
Kapthurin E 72.75 27.25 89.98 10.02 90.87 9.13
Formation
Karungu E 53.09 46.91 96.94 3.06 58.02 41.98
Magubike E 49.63 50.37 73.37 26.63 88.15 11.85
Marmonet E 93.37 6.63 96.61 3.39 94.29 5.71

Drift
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Moricho E 95.52 4.48 94.32 5.68 91.71 8.29

Mumba E 86.57 13.43 98.47 1.53 81.77 18.23
Ndutu E 61.81 38.19 95.75 4.25 89.86 10.14
Olorgesailie E 69.97 30.03 97.03 2.97 71.97 28.03
Omo E 95.35 4.65 87.12 12.88 73.36 26.64
Simbi E 94.09 5.91 95.81 4.19 88.55 11.45
Singa E 91.92 8.08 96.47 3.53 89.81 10.19

In northwestern Africa, the sites with the most unpredictable
temperatures are Atlantic littoral sites El Harhoura 2, El Mnasra and Dar
es-Soltan 1, with over 20% of the signal in temperature relating to
variability (Table 1, Figure 5). Interestingly, at coastal El Harhoura 2
cave, a temporal gap in human occupation during Marine Isotope Stage
(MIS) 5 is associated with even further increases in the unpredictability
in temperature, as well as precipitation (Figure 5), coinciding with lower
sea levels and carnivore inhabitation [8]. Sites with the lowest
percentage of temperature variability are Ifri n’Ammar and Wadi Lazalim
site 16/29 and site 16/15 at around or less than 5% of the total variance.
Conversely, Wadi Lazalim site 16/15 has one of the highest percentages
of precipitation variability, with El Harhoura 2, El Mnasra and Dar es-
Soltan also having more unpredictable rainfall regimes than other sites
in the region (>10% of the total variance explained by variability) (Table
1, Figure 5). Haua Fteah and Bizmoune conversely have the most
predictable precipitation in northwestern Africa (Table 1, Figure 5), with
the former having a Mediterranean rainfall regime. In terms of NPP,
Contrebandiers and El Harhoura 2 are the most unpredictable, with
around 28% of the total variance relating to variability, whereas Haua
Fteah and both sites from Wadi Lazalim site 16/15 and 15/1 are the least
unpredictable (Table 1, Supplementary Figure S6). At Benzu, a
chronological hiatus between the two occupations of the site seems to
coincide with slight increases in precipitation unpredictability and
decrease in temperature and NPP unpredictability (Figure 5,
Supplementary Figure S6).

Within eastern Africa, Eyasi shore and Magubike are the most
unpredictable in terms of annual temperature, with >50% of the time
series attributable to the variability component (Table 1, Figure 6).
Halibee, Moricho and Omo are the most predictable, with < 5% of
variance accounted for by variability. Omo Kibish, Magubike and the
Kapthurin formation have the highest percentage of variance in
precipitation explained by variability (Table 1, Figure 6). Two distinct
phases of human occupation at Omo Kibish during MIS 5 and MIS 6 may
be associated with periods of increased precipitation unpredictability
(Figure 6), with nearby woodland along the Omo river potentially
providing episodic refugia during more arid downturns [52]. However,
almost all of the sites have relatively low amounts of variability in
precipitation at less than 10% of the total variance (Table 1). For NPP,
Karungu, Goda Butichia and Olorgesaille are the most unpredictable,



443
444
445
446
447
448
449

ranging from ~42-28% of the total variance, whereas Marmonet Drift,
Halibee and Moricho are the most predictable at < 10% (Table 1;
Supplementary Figure S6). At Moricho, near Kilombe caldera within the
central Rift Valley of Kenya, distinct increases in climate unpredictability
occur at the same time as a potential gap in human occupation at the site
during MIS 6/7 around 180-250 ka (Figure 6, Supplementary Figure S6).
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Figure 5. Temperature (purple) and precipitation (blue) unpredictability
at northern African Middle Stone Age sites through time, with date
ranges of distinct occupations (black lines). Absolute variability is plotted
as a grey line to aid visualisation and is smoothed via loess regression.
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455 Figure 6. Temperature (purple) and precipitation (blue) eastern African
456 Middle Stone Age sites through time, with date ranges of distinct

457 occupations (black lines). Absolute variability is plotted as a grey line to
458 aid visualisation and is smoothed via loess regression.
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3. Discussion

We have explored the palaeoenvironmental regimes experienced during
the MSA between two different biogeographic regions of Africa:
northwestern and eastern Africa. Our results demonstrate key
differences in the nature and tempo of climatic change between these
two regions that likely had major implications for technological
investment, innovation and diversity in MSA-making populations [31]. We
recognise that the site distributions analysed here may be influenced by
taphonomic factors and/or archaeological practice; nonetheless, our
results highlight some clear regional differences in environmental
conditions occupied, which are shown to be largely robust in sensitivity
analyses. Below we discuss how our results might help to understand the
impact of climatic fluctuation on behavioural diversification in early
Homo sapiens, while we emphasise that this is still a theoretical exercise
until rigorous African continental-scale quantitative comparisons of
assemblages are possible.

In modern hunter-gatherers, temperature seasonality and predictability
are increasingly influential over technological complexity (defined as
tools with a higher number of individual components, made for specific
tasks [21]) as one moves further away from the equator [22].
Determining tool modularity from the archaeological records is
challenging due to incomplete preservation and the need for different
quantification systems for measuring complexity in lithic reduction
sequences [53-54]. Still, our results nonetheless support the same
latitudinal trend in terms of environmental differences. Specifically, in
northwestern Africa, MSA occupations are associated with higher
temperature seasonality and predictability, whereas eastern Africa shows
generally much better conditions for plant availability across the year
and is extremely ecologically variable. One could therefore hypothesise
that sparse populations occupying northern Africa at various times
during the Middle to Late Pleistocene may have converged on certain
(likely hunting-based [8, 55-56]) strategies to ensure resource capture
across seasonal landscapes. Technological know-how may have been
shared via population networks organised around shared environments
and perennial water bodies, which would have also served to attract
fauna [57-58]. For example, functional analyses and faunal evidence from
‘Aterian’ assemblages suggest that tanging modifications may have been
crucial technological advances for highly mobile groups who followed
animal herds [59]. Climate predictability, and pockets of ecological
refugia along the Atlantic and Mediterranean coasts [40] where rainfall
was higher compared to other areas, may have facilitated the
accumulation of landscape knowledge across multiple generations. If so,
it would have led to the development of risk-management strategies
specific to certain ecological challenges, such as periods of reduced
water or faunal availability. Another potential example of such risk
mitigation behaviours could be ‘Nubian’ reduction methods, found in dry
regions across Africa and Southwest Asia, which have been hypothesised
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to be both technologically more efficient and produce tools with clear
functional advantages over other reduction systems [60].

During the Middle to Late Pleistocene, environments in eastern Africa
were highly varied across space and time, with populations moving into
new biomes outside of core areas during MIS 5 and 3 [37-38, 61]. At
Olorgesailie in the southern Kenyan rift, increased fluctuations in
resource variability coincide with the transition to the Acheulean from
the MSA ca. 400 ka [15-16]. Unpredictable temperatures between
millennia within eastern Africa may therefore help explain the
emergence of intra-regional variability in material culture that seems to
characterise the MSA of the region [7, 49]. However, temperature may
be less important in terms of ecological risk considering that
precipitation predictability is favourable, as this has more of an impact
on plant distributions and food availability in inter-tropical climates [62].
This is highlighted by the fact that both lithic assemblage variation [61]
and the diversity of pointed tool forms [63] appear to be responsive to
spatiotemporal differences in precipitation rather than temperature. Our
results support that MSA populations in eastern Africa occupied largely
productive climatic conditions that would have supported dense and
diverse tropical shrubland plants [37, 61]. Such settings may
consequently have fostered plasticity in the deployment of technological
behaviour from the MSA repertoire, leading to diversity among nearby
groups as they dealt with changing resource bases mediated by local
patterns of rainfall. More productive landscapes like those seen in much
of eastern Africa may also have facilitated greater and more stable
population densities through higher carrying capacities, perhaps leading
to the early emergence of innovations associated with the Later Stone
Age [64]. Overall, motivations for investing in specific types, styles or
levels of complexity in toolmaking were likely highly variable in response
to specific environmental challenges and mediated by social practice at
different spatial and temporal scales. This is because technological
innovations should only be developed and maintained when the expected
returns from the required investment exceed the potential cost
associated with the risk of not having done so [7, 31]. This hypothesis
needs to be tested explicitly using comparative archaeological data and
robust quantitative approaches.

We have explored how environmental productivity, seasonality and
predictability may have impacted technological diversification, utilising
the theoretical framework presented by Clark and Linares-Matas [31].
While our results are compelling in terms of their complementarity with
ethnographic datasets [22], it is important to note that Clark and Linares-
Matas [31] focus on intra- and interannual predictability, which affects a
single generation, whereas here we explore climate conditions within and
across millennia based on the chronological resolution of the model
employed [50]. Increased unpredictability in resource distributions
between years constrains the amount of landscape knowledge that can
be accumulated; however, knowledge can also be built up over multiple
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years and generations via cumulative culture [53]. Indeed, the MSA
record seems to represent the flexible expression of particular subsets of
this behavioural repertoire [65]. Across more extended evolutionary
timescales, inconsistency in selective pressures therefore favours
structures and behaviours responsive to complex environmental
diversity, consequently leading to ‘generalism’ rather than ‘specialism’
tendencies [14]. Future research could seek to quantify climate
predictability at a finer chronological scale to capture instability
experienced at the population-level, though current limitations of dating
the archaeological record would likely make this a challenging
endeavour.

4. Conclusion

Intrinsic properties of the landscape, such as its resource abundance and
diversity, as well as within- and across-millennia variability, show distinct
differences between eastern and northern areas of Africa during the
Middle to Late Pleistocene. Compared to those in eastern Africa,
bioclimatic models suggest that northwestern MSA occupations are
generally associated with colder, drier and less productive environments,
albeit wetter (and still cooler) than background environmental settings,
with more seasonal temperatures but generally predictable climates
across millennia. Based on observations from modern hunter-gatherers
[22], temperature seasonality at more extreme latitudes (particularly in
arid areas with lower plant availability) likely had the potential to impose
stronger selective pressures on technological variability due to shorter
periods of game availability [23]. Investment in certain types of MSA
tools or toolkits at particular times, such as ‘Aterian’ tanged tools or
‘Nubian’ reduction methods, may have been stimulated thanks to
evolutionary conditions amenable to the accumulation of landscape
knowledge. In tropical equatorial regions, precipitation and its
spatiotemporal variability are likely to act as a stronger mediator of
adaptative responses due to their impact on plant distributions [62].
Unpredictable temperatures in combination with ecological and
topographic diversity may have played some role in the emergence and
divergence of MSA toolkits within eastern Africa, by favouring the
development of technological strategies that can be applied across a
variety of foraging settings [14-16]. Considering our results and
interpretations, we stress that ecological risk was likely not experienced
in the same way nor extent across the large and diverse African
continent, as selective pressures for behavioural adaptation act at
different scales, on different technological elements, and in different
biogeographic and ecological contexts. Variable sources of ecological risk
were therefore potentially major drivers of cultural diversification
between MSA-making populations. This has vital implications for
theoretical models of pan-African human evolution, particularly for
understanding how regional groups and their interconnectivity were
structured in relation to changing ecological conditions [9].
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5. Methods

b5.1. Datasets

We aggregated published datasets of MSA site coordinates (N = 58;
Figure 1) and dates of human occupation from northwestern (n = 111)
and eastern (n = 112) Africa [45-46]. Both datasets were selected with
the same criteria to ensure comparability. For northern Africa, we
subsetted ‘contextual’ dates (i.e. those directly associated with MSA
human activity) from the inventory of MSA presented by Boisard and
Ben-Arous [45]. For eastern Africa, we included all occupations
associated with MSA assemblages reported by Blinkhorn and Grove [46]
and an additional 28 occupations that either 1) are newly published, 2)
have been chronologically revised and/or 3) are occupations that haven’t
previously merited inclusion in analyses based on the low availability of
lithic data (which is not focussed on specifically here, as there currently
is no comparable dataset for northwestern Africa). Our final dataset
comprised 223 dated occupations from across both regions, which we
subsequently reduced to 165 unique occupations for our statistical
analyses (eastern Africa = 59, northwestern Africa = 106), as many
distinct occupations have the same potential date range and location,
particularly in eastern Africa.

To estimate the date ranges of each archaeological layer, we followed
established protocols [37, 40, 45-46, 61, 65]. We used the standard
deviation of each date (minimum and maximum date), and for multi-dated
archaeological layers, the maximum age estimate was determined based
on the oldest date and the minimum age estimate based on the youngest
date. We also determined the mid-point of this date range (what we refer
to as the ‘mid-age’), which we use in statistical analysis to compare
between and within regions. In northern Africa, sites selected are dated
from ca. 332-25 ka based on the mid-age, with those from eastern Africa
similarly dated from ca. 308-25 ka.

As shown in Figure 1, there are important distributional differences in
the datasets that may contribute to some of the patterns observed. In
northwestern Africa, there are fewer sites (N = 21) with multiple
occupations within a tighter latitudinal band. Comparatively, in eastern
Africa, there are more sites (N = 37) with fewer repeat occupations and a
wider latitudinal range, crossing the equator. The fact that the eastern
African database contains sites on either side of the equator has
important ramifications for the analyses. Axial precession, a particularly
important influence on tropical climate, increases seasonal contrasts in
one hemisphere while simultaneously decreasing them in the other.
Precession mediates precipitation in a similar way, for example via
shifting monsoon intensities; in Figure 2, the eastern African sites show
clear precessional (~23,000 years) periodicity in precipitation, but with
sites in the northern hemisphere showing a pattern approximately the
inverse of that shown by southern hemisphere sites. Both regions have
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occupations distributed across the chronological range of the dataset,
increasing in density from MIS 5 onwards (Figures 2-3).

5.2 Climate parameters

Using the site coordinates and the date range of each occupation, we
extracted mean annual temperature (bio01), temperature seasonality
(bio04; standard deviation of monthly temperature averages, multiplied
by 100), total annual precipitation (biol2), precipitation seasonality
(bio15; coefficient of variation of monthly precipitation totals, expressed
as a percentage) and net primary productivity (NPP) from a high-
resolution statistics-based reconstructed climatic time series based on
the HadCM3 global circulation model [50] using the pastclim R package
[66]. We selected 1000-year time slices from these simulations from
across the date range of each occupation, and used these to calculate a
minimum, maximum and mid-age of each variable for each occupation.
We recognise that these date ranges represent dating error as opposed
to the potential chronological span of human activity at the sites,
however we use these as temporal boundaries within which to explore
climatic change through time in specific locations associated with human
activity.

We applied the model at its original resolution of 30-arcminutes, though
set the ‘buffer’ parameter to ‘directions = 8’ to account for potential
landscape variability in climate across neighbouring cells [67].
Coordinates for two sites, Benza (North Africa) and Rusinga (East Africa)
were moved to the nearest cell on land to avoid issues with sea-
level/water body masking in the original model.

5.3. Comparative analysis

To investigate differences in climates between eastern and northern
Africa, we used mid-age estimates of the five climatic parameters as well
as their variability across the full date range of each occupation. To plot
climatic change in relation to MIS, we utilised the Lisiecki and Raymo
[68] dataset extracted from the gs/oid R package [69]. As our data are
not normally distributed, we employed non-parametric Mann-Whitney U
Test and Ansari-Bradley tests to test for differences in median and
variance between the two regions, with a p-value <0.05 deemed to be
statistically significant. We also calculated the coefficient of variation,
which is the ratio of the standard deviation to the mean, expressed here
as a percentage; this is a standardised measure of intra-region variability
which is not sensitive to the distribution of the data.

To assess the robusticity of our statistical tests that compare climatic
values from the two regions using the mid-age, we performed sensitivity
analyses; this involved running 1000 iterations of each statistical test,
randomly permuting the time slice from which the climatic values are
extracted across the date range (i.e., every 1000-year time slice between
the minimum age and maximum date). From the results of each
permutation, we recorded the coefficient and p-value of the test. We then
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examined the distribution of the results in relation to those produced
using the mid-age; if the majority of iterations produced comparable
results to that produced by the mid-age, we deemed our conclusions to
be robust.

We also explored climatic conditions at MSA occupations in relation to
the regional background. To do this, we extracted the climatic values at
the MSA occupations in the dataset at the mid-age, and then compared
them to random samples of values extracted from across each region
across the MSA (temporally defined as the minimum date to the
maximum date of the whole dataset). Following previous work [40, 61],
we defined eastern Africa as (30, 55, -9, 20) and northwestern Africa as (-
15, 35, 18, 39), cropped using a shape file of the African continent using
the rnaturalearth R package [70]. We performed 1000 permutations of
the 59 dated occupations in eastern Africa and 106 in northern Africa,
randomly sampling the same number of cells as occupations through
space and time. We then tested whether there are significant differences
in means between the random samples and that produced by the mid-age
values at actual MSA occupations.

5.4. Quantifying climate predictability

To calculate inter-millennial predictability, we utilised the
change/variability decomposition (CVD) algorithm for differentiating
between change and variability components in climatic time series [51].
This algorithm uses singular spectrum analysis to decompose the time
series into a series of empirical orthogonal functions (EOFs). The EOFs
are then recombined one by one, in descending order of their associated
eigenvalues. This produces two sets, one consisting of EOFs 1 to w and
the other consisting of EOFs w + 1 to M; each time a new EOF is added
to the first set, the value of w increases by 1. The CVD determines the
smallest value of w for which the set of EOFs w + 1 to M is consistent
with white noise. The white noise test is conducted in the frequency
domain by employing the 95% confidence interval around the theoretical
expectation for the power spectrum of a white noise series, using a
discrete Fourier transform of the summed w + 1 to M EOFs.

Following this procedure, the first set of EOFs is summed to represent
the ‘change’ component and the second set is summed to represent the
‘variability’ component (Figure 7). Adding these two components back
together reproduces the original time series. With the full set of
eigenvalues normalised to sum to 100, the sums of the normalised
eigenvalues associated with the first and second sets of EOFs give the
percentages of variance accounted for by the change and variability
components respectively. These metrics are directly comparable between
time series because they are calculated on the de-trended, z-scored
versions of the time series used for the singular spectrum analysis,
though they do not take into account any variance introduced to the time
series by long-term trends occurring over periods greater than the
embedding dimension (M).
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The CVD algorithm requires the user to choose an embedding dimension;
Grove [51] suggests this should be selected based on a trade-off between
the need to capture sufficient information about low-frequency
components (favouring large M) and the need for sufficient repetitions of
the embedding window over the total length of the time series (favouring
small M). If capturing a particular frequency is important to the analysis,
M should be set to be at least as large as the reciprocal of that frequency.
Given the importance the precession cycle to tropical African climate, we
calculated the change and variability components of mean annual
temperature (bio01), mean annual precipitation (bio12) and net primary
productivity (npp) using M = 23 = 23,000 years.

Defining variability as per the CVD algorithm is particularly relevant to
the current analyses, as the lack of autocorrelation in a white noise time
series corresponds directly to the unpredictability we aim to measure.
We therefore use the percentage of variance accounted for by the
‘variability’ component of the CVD output as our proxy for predictability,
with locations where this percentage is higher deemed as having more
unpredictable climates. Finally, we compared the average percentage of
variance explained by the variability component between regions.
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Figure 7. An example of the change/variability decomposition algorithm
[51] for a randomly generated time series with A) the change component
(blue) superimposed onto the original time series (red), and B) the
change-corrected variability component (purple).
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Temperature unpredictability
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