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26 Abstract
27 Regionalisation is considered to be a hallmark of the Middle Stone Age 
28 (MSA) compared to the Early Stone Age. Yet what drove diversification 
29 around a shared technological substrate that persisted across Africa for 
30 hundreds of thousands of years remains debated. Non-mutually exclusive 
31 hypotheses include region-specific styles in manufacture, social 
32 signalling, cultural drift between geographically isolated populations, , 
33 and diverse environmental adaptations, as well as the impacts of unequal 
34 research histories and intensities. We explore the potential ecological 
35 bases of behavioural diversity during the MSA between two well-studied 
36 and diverse areas: eastern and northwestern Africa. We utilise a set of 
37 standardised bioclimatic simulations, as well as a time series 
38 decomposition algorithm, to determine the nature and extent of regional 
39 differences in terms of environmental productivity, seasonality and 
40 predictability at MSA sites through time. Our results highlight that, 
41 compared to human occupations of eastern Africa, northwestern African 
42 MSA occupations are associated with colder, drier and less productive 
43 environments, albeit wetter, colder, and more productive compared to 
44 surrounding areas, with higher temperature seasonality and more 
45 predictable climates across millennia. We then theoretically consider the 
46 implications of our results for technological diversification between these 
47 two regions during the Middle to Late Pleistocene, such as for the 
48 investment in specific risk mitigation strategies for dealing with 
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49 seasonally mobile resources in northern localities, and the diversification 
50 of flexible MSA toolkits in tropical eastern Africa. 
51

52 Keywords; human-environment interaction, African archaeological 
53 record, hunter-gatherer adaptations, Aterian, palaeoclimatic change



54 1. Introduction
55

56 The Middle Stone Age (MSA) represents the earliest behavioural 
57 signature of our species, Homo sapiens, across Africa from ca. 300,000 to 
58 30,000 years ago (ka)[1-3].The early MSA is denoted by the consistent 
59 appearance of prepared-core and flake stone technology and the use of 
60 standardised pointed pieces [4], but the MSA is also notable for its later 
61 regional diversity, with clearly identifiable elements appearing in some 
62 but not all areas of Africa [5-7]. Such regional innovations include 
63 localised hunting and processing technologies on both stone and bone [8-
64 9], such as bow-and-arrow use, as well as personal shell beads [10-11], 
65 and the engraving of objects [4, 6, 8, 12]. For this reason, the MSA in 
66 certain areas (e.g., parts of northern and southern Africa) has historically 
67 been divided into actual or perceived cultural turnovers, whereas the 
68 archaeological records in equatorial Africa tend to be emphasised as 
69 highly variable without such (relatively) clear spatiotemporal boundaries 
70 in material culture [7,13].  
71

72 Many hypotheses have been put forward to explain these differences in 
73 the emergence and diversification of the MSA. Some have suggested that 
74 increased climate variability during the Middle Pleistocene led to the 
75 onset of ‘generalist’ MSA behaviours, contributing to the increased 
76 ecological and technological flexibility of Homo sapiens [14-16]. Others 
77 have pointed to cognitive differences between early modern populations 
78 [17], including in specific cognitive domains that are shaped by local 
79 environmental and phylogenetic pressures [18]. However, a multitude of 
80 ecological, demographic and social factors, as well as their interplay, 
81 were possibly responsible for the differential adoption of certain MSA 
82 traits in different regions of Africa across time [6,7,19]. This model better 
83 accounts for the loss of distinctive innovations in certain regions at times 
84 of pressure exerted by these different factors [20]. Recent analyses 
85 support a hierarchy of interlinked influences on modern hunter-gatherer 
86 behaviour, where variation in the toolkit at the most proximate level is 
87 driven by the type of resources being consumed, which in turn shapes 
88 the size and structure of the population that can be supported in a given 
89 area [21-22]. Most clearly this is linked to fluctuations in the availability 
90 of plant resources, as these foodstuffs can be exploited with the 
91 ‘simplest’ tool forms [22], defined by Oswalt [21] as those with the fewest 
92 number of individual components. Conversely, hunter-gatherers 
93 occupying areas with reduced plant availability tend to require higher 
94 fish and meat consumption, which are associated with more complex 
95 (i.e., modular) tools, decreased population density, and greater maximum 
96 seasonal settlement sizes—at the cost of additional energetic investment 
97 [21-22].  
98

99 In this context, numerous authors have emphasised the importance of 
100 “ecological risk” in governing behavioural investment at large [21, 23-
101 25], whereby selective pressures favouring specific technological 
102 adaptations only become apparent where there is no viable alternative 



103 [22]. At the same time, researchers disagree on how to operationalise the 
104 nature of ecological risk for hunter-gatherer populations. For Oswalt 
105 [21], risk is related to the mobility of the resources being targeted and 
106 their respective media (i.e. land vs water), because the probability of 
107 capture strongly declines for highly mobile, and especially aquatic, 
108 resources. Torrence [23] argues that, while the speed and success of 
109 resource capture is the proximate driver of technological composition, 
110 risk is an overarching concept defined by the probability of not meeting 
111 overall dietary requirements and the related cost of such a failure. 
112 Collard et al. [24] take latitude and effective temperature as proxies for 
113 risk, while Thompson et al. [25] tie risk in the African context to reduced 
114 precipitation and general water availability. All of these non-independent 
115 metrics are likely contributors to ecological risk across different 
116 geographic and temporal scales, as well as environmental contexts, with 
117 diverse implications for technological variability for hunter-gatherers 
118 during the MSA. For example, behavioural adaptation in inter-tropical 
119 environments with high plant availability is more likely to be driven by 
120 rainfall and its seasonality, whereas fluctuations in temperature are more 
121 important for understanding changes to hunting and fishing patterns 
122 amongst groups that occupy temperate and arctic zones [22]. 
123

124 On the other hand, technological variability within individual foraging 
125 strategies is likely driven by demographic structure and how it relates to 
126 the total amount of environmental and cultural information that can be 
127 sustained by a population. For example, higher encounter rates between 
128 populations, greater population density, and/or increased raw population 
129 sizes have been hypothesised to provide the capacity for innovation 
130 through increased cultural transmission and sharing, and the population-
131 level distribution of technological know-how [26-29]. Clark and Linares-
132 Matás [30-31] have previously argued that increases in such “landscape 
133 knowledge” are critical for further technological investment because 
134 they govern the predictability of corresponding returns. This allows 
135 individuals and groups to decide whether returns are high and consistent 
136 enough for behavioural adaptation to be worthwhile. 
137

138 However, there is no reason to think of these different processes as 
139 mutually exclusive, but instead they act in different ways, at different 
140 scales, and on different elements of the behavioural system [7, 22, 28]. 
141 Both ecological risk and demographic structure are also subject to 
142 change through time, alongside broader shifts in climate, that are crucial 
143 for linking ecology to evolutionary processes [32]. Variation in the 
144 density and the spatio-temporal availability of resources is associated 
145 with the development and investment in different technological and 
146 demographic risk-management systems, to mitigate fluctuation in the 
147 variance and overall returns of foraging [31]. With regards to technology, 
148 specifically, increased unpredictability in resource distributions between 
149 years constrains the amount of landscape knowledge that can be 
150 accumulated within the population, and therefore the amount of 
151 investment that can be put into the toolkit [31]. Instead, technological 



152 strategies in these circumstances should be focused on ‘generalised’ 
153 toolkits that can be used in several different tasks with suboptimal 
154 efficiency, following key principles from evolutionary biology regarding 
155 the links between (phenotypic) plasticity and temporal climatic variability 
156 [33-35]. It is only within predictable environments that enough landscape 
157 knowledge can be accumulated within each foraging domain to invest in 
158 specialised tools for highly specific tasks [31]. 
159

160 We use this theoretical framework as a lens through which to explore 
161 differences in the potential ecological bases of technological diversity 
162 between different regions of the African MSA. As a large and ecologically 
163 variable continent, rates and the extents of change in temperature, 
164 precipitation, and net primary productivity (NPP) are experienced 
165 differently in different areas, with some regions showing greater levels of 
166 diversity through space and time. Populations inhabiting tropical Africa, 
167 for example, may be more insulated against the extremes of change 
168 compared to those at more extreme latitudes where glacial periods would 
169 have been felt relatively harsher [36-37], with localised dispersals along 
170 steep altitudinal gradients during periods of climatic fluctuation in 
171 eastern Africa [38-39]. In the same way, the Atlantic and Mediterranean 
172 coast of northwestern Africa may have acted as a refugia throughout the 
173 last ca. 100 ka for human populations [40] and some floral and 
174 micromammal species [41-44], thanks to buffer effects of the ocean and 
175 mountains. Furthermore, asynchronous climate responses to orbital 
176 forcing and the impacts of the Walker Circulation in different latitudinal 
177 and longitudinal zones created a mosaic of habitat shifts within the 
178 continent through time [36, 44]. As such, we should not expect identical 
179 behavioural responses to the environment in different regions of the 
180 continent through time, because the mechanisms involved are numerous 
181 and their relationships still poorly understood. 
182

183 To this end, here we explore the different ecological correlates of MSA 
184 sites between northwestern (n = 21) and eastern Africa (n = 37), 
185 specifically focusing on the extent and nature of seasonality and climate 
186 predictability in these environments from ca. 332 – 25 ka. We have 
187 selected these regions because:
188 i) they represent an ideal test case for understanding drivers of 
189 technological change throughout the MSA, given their very distinct 
190 ecologies [36].
191 ii) they also remain two of the most well-studied areas for MSA 
192 populations in the continent [7, 45], with comparable datasets of 
193 dated phases of human occupation available for synthetic analysis 
194 [46-47].  
195 iii) they show different expressions of MSA technology, with the 
196 northern African record typically divided into distinctive groups of 
197 assemblages (e.g. Aterian, Mousterian, Nubian) based on non-
198 homogenous but specific elements (though not without critique 
199 [48]), whereas the eastern African record features a complex 
200 mosaic of site-specific industrial sequences, with no single 



201 overarching regional culture-historical framework for the MSA due 
202 to this marked variability [49]. 
203

204 This study does not seek to validate or invalidate such classificatory 
205 systems but rather explore ecological differences to determine what may 
206 constitute risk in each region and how this could relate to behavioural 
207 diversification and investment more broadly during the MSA. We deploy 
208 existing datasets of MSA sites in the two regions across its entire range 
209 (Figure 1) and generate comprehensive climatic information for each site 
210 during times of hominin occupation using established model simulations 
211 of standardised bioclimatic variables [50] and a time series 
212 decomposition algorithm [51].  
213

214
215 Figure 1. Geographic distribution of the northwestern (A) and eastern (B) 
216 African MSA site locations studied in this research [46-47].
217

218 2. Results
219

220 2.1. Mean annual climate parameters 
221

222 We first compared mean annual temperature (bio01), total annual 
223 precipitation (bio12) and NPP across unique MSA occupations of 
224 archaeological sites in eastern (n = 59) and northern (n = 106) Africa 
225 (Supplementary Table S1). Figure 2 highlights time series for these three 
226 climate variables from the minimum to maximum date of all dated 
227 occupations; notably, MSA occupations in northern Africa tend to be 
228 associated with significantly lower precipitation, temperature and NPP 
229 compared to eastern African occupations (all p < 0.001). These 
230 comparisons using the mid-age estimates were found to be robust in 
231 sensitivity analyses for all three variables, returning significant results in 
232 all 1000 permutations across the date ranges of the occupations 
233 (Supplementary Table S2 and Figure S1). 
234

235 Within eastern Africa, there is significantly more intra-regional variation 
236 compared to northwestern Africa across all three variables (all p < 0.05), 



237 which is consistent across the 1000 iterations permuted across the date 
238 range for precipitation and NPP (Supplementary Table S3 and Figure 
239 S2). Results for temperature are more inconsistent, with only 331 
240 iterations similarly producing significant results and the test coefficient 
241 using the mid-age values falling within the 16th percentile of the 
242 permuted distribution (Supplementary Table S3 and Figure S2). 
243 Comparisons using the coefficient of variation shows that, whilst eastern 
244 Africa is confirmed as having more variable temperatures (eastern Africa 
245 = 22.8%, northern Africa = 15.08%), occupations within northern Africa 
246 have slightly more varied precipitation and NPP when taking into 
247 account that these parameters are on average significantly lower in this 
248 region (bio12: eastern Africa = 30.5%, northern Africa = 35.1%, NPP: 
249 eastern Africa = 32.56%, northern Africa = 46.71%). 
250

251 When comparing annual climates at MSA occupations against the 
252 regional background via random sampling, we found that in almost every 
253 iteration, statistically significant differences are observed (in eastern 
254 Africa, bio01 = 990/1000, bio12 = 964/1000, NPP = 998/1000). In both 
255 regions, MSA occupations tend to be in colder, wetter and more 
256 productive environments compared to random background samples 
257 through both time and space (Supplementary Figure S3). However, in 
258 eastern Africa, the mean climatic values observed at MSA occupations 
259 (based on the mid-age) fall within the distributions of the random 
260 samples (Supplementary Figure S3), yet for northern Africa, the climatic 
261 conditions at MSA occupations fall considerably beyond that produced by 
262 random sampling, confirming that environmental conditions were a 
263 stronger mediator of the spatiotemporal patterning in human occupation 
264 in northern Africa (Supplementary Figure S3). 
265

266
267 Figure 2. Time series of mean annual temperature (bio01; °C) and total 
268 annual precipitation (bio12; mm) and net primary productivity (NPP) 
269 across the dating range of all Middle Stone Age occupations in eastern 



270 (red) and northwestern (blue) Africa. Marine Isotope Stages are denoted 
271 as numbers, based on Lisiecki and Raymo [67]. 
272

273 2.2. Temperature and precipitation seasonality 
274

275 We next explored temperature and precipitation seasonality across MSA 
276 occupations in northwestern and eastern Africa (Figure 3). Using mid-
277 age values, occupations in eastern Africa tend to have significantly lower 
278 temperature seasonality compared to northwestern African occupations 
279 (p < 0.001), whereas precipitation seasonality is not significantly 
280 different between the regions (p = 0.137). Sensitivity analyses found 
281 these results to be robust when permuting climatic values extracted from 
282 across the date range; all 1000 iterations returned significant results for 
283 temperature seasonality whereas 931 similarly returned non-significant 
284 results for precipitation seasonality, with the test coefficients using the 
285 mid-age falling into the centre of the permuted distributions confirming 
286 robust results (Supplementary Table S2 and Figure S1). 
287

288 Occupations within northwestern Africa have significantly higher 
289 variance in both precipitation and temperature seasonality compared to 
290 eastern Africa (both p < 0.001) with all 1000 iterations returning 
291 significant results for temperature seasonality and 969 for precipitation 
292 seasonality (Supplementary Table S3 and Figure S2). However, the test 
293 coefficient for precipitation seasonality suggests that the mid-age 
294 estimates produce results in the 95th percentile of the distribution, 
295 suggesting potential unreliability (Supplementary Table S3 and Figure 
296 S2). Nonetheless, calculation of the coefficient of variation also supports 
297 that northern African occupations show less intra-regional variability in 
298 seasonality, particularly in terms of temperature (bio04: eastern Africa = 
299 60.19%, northern Africa = 27.61%, bio15: eastern Africa = 28.15%, 
300 northern Africa = 16.59%). Almost all of the random samples of the 
301 regional background were significantly different from the mid-age 
302 seasonality estimates (bio04 in eastern Africa = 977/1000 iterations, 
303 bio15 in eastern Africa = 996/1000 iterations), with MSA occupations 
304 tending to be in less seasonal areas within each region (Supplementary 
305 Figure S3). 
306



307
308 Figure 3. Temperature (bio04; °C) and precipitation (bio15; mm) 
309 seasonality experienced during Middle Stone Age occupations in East 
310 (red) and North (blue) Africa at the mid-age (circles) and across the date 
311 range (lines). Marine Isotope Stages are denoted as numbers, based on 
312 Lisiecki and Raymo [67]. 
313

314 There appears to be few clear chronological trends in seasonality 
315 occupied by MSA populations in each region in terms of the mid-age 
316 (marked as circles in Figure 3). Variability in precipitation seasonality 
317 across the date-range is limited in northern African occupations 
318 compared to those in eastern Africa, even in occupations with wider 
319 dating uncertainty associated (and so more timeslices extracted). 
320 Standardising the variance by dating uncertainty at each occupation 
321 supports this trend (Supplementary Figure S4). For the more numerous 
322 occupations during MIS 5, there is strong intra-occupation diversity in 
323 temperature seasonality in northern Africa, whereas during MIS 3 in 
324 eastern Africa there is diversity in precipitation seasonality across the 
325 date range (Figure 3), though this is reduced considerably when 
326 standardising by age uncertainty (Supplementary Figure S4). 
327

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



341

342 2.3. Climate predictability 
343

344 To calculate inter-millennial predictability, we utilised the 
345 change/variability decomposition (CVD) algorithm for differentiating 
346 between change and variability elements in climatic time series [51]. 
347 Using the CVD algorithm (see Methods), we calculate change-corrected 
348 variability as our proxy for predictability, with locations where variability 
349 is higher deemed as having more unpredictable climates. 
350

351 We first focussed on the 57 unique MSA occupations (eastern Africa = 
352 20, northwestern Africa = 37) that have date ranges covering a full 
353 precession cycle (~ 23,000 years). Supplementary Table S1 reports the 
354 percentage of change-corrected variability aspects of mean annual 
355 temperature, total annual precipitation and NPP for each of these 
356 occupations. In general, mean annual temperature and net primary 
357 productivity tend to have larger proportions of variance related to 
358 variability (unpredictability) compared to change, whereas for 
359 precipitation almost all of the variance relates to change (Figure 4). 
360 Figure 4 demonstrates that, within individual occupations, temperature 
361 unpredictability is higher (p = 0.1911) and more variable (p = 0.085) in 
362 eastern Africa compared to northwestern Africa, with close to significant 
363 differences. Northwestern African occupations have on average less 
364 predictable rainfall compared to eastern Africa, with close to significant 
365 differences in the percentage of the time series explained by variability 
366 (p = 0.096) and variability within regions (p = 0.059). For NPP, we find 
367 no significant differences in the average percentage of the variability 
368 component in the time series between the two regions (p = 0.875) 
369 though the intra-regional variation is significantly greater in 
370 northwestern Africa (p = 0.026). 



371

372 Figure 4. Boxplots of the percentage of variability in mean annual 
373 temperature (bio01), total annual precipitation (bio12) and net primary 
374 productivity (NPP), comparing 20 eastern African and 37 northwestern 
375 African Middle Stone Age unique occupations.
376

377 For further exploration of climate predictability, we then analysed the 
378 time series produced across the minimum and maximum date range of 
379 each archaeological site. This allowed us to assess and plot climate 
380 unpredictability in relation to individual occupational date ranges within 
381 each site (Figures 5-6). Of the 58 archaeological sites in this dataset (see 
382 Figure 1), 16 from eastern Africa and 15 from northwestern Africa have 
383 occupations that, when the date ranges of occupational phases are 
384 combined, cover a full precession cycle. Table 1 reports the relative 
385 percentages of change versus variability in the time series for each MSA 
386 site. Our results from the quantification of variability at the site level 
387 confirms that mean annual temperature unpredictability is increased in 
388 eastern Africa compared to northwestern Africa (p = 0.163) with 
389 between-site variance significantly higher in this region (p = 0.011) 
390 (Supplementary Figure S5). Unpredictability of total annual precipitation 
391 is however significantly lower in eastern Africa compared to 
392 northwestern Africa (p = 0.03) and slightly less variable (p = 0.501), 
393 though only rarely does unpredictability account for more than 10% of 
394 the climatic signal in either region (Table 1, Supplementary Figure S5). 
395 We find no significant differences in the unpredictability of NPP between 
396 regions when calculated at the site level (Supplementary Figure S5).  
397



398 Table 1. Percentage of total variance explained by the change versus 
399 variability components across the date range of each Middle Stone Age 
400 site in northwestern (N) and eastern (E) Africa. 
401

Site Regi
on

Chan
ge 

bio01

Variabil
ity 

bio01

Chan
ge 

bio12

Variabil
ity 

bio12

Chan
ge 

NPP

Variabil
ity NPP

Benzù 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
iers

N 87.09 12.91 90.76 9.24 71.26 28.74

Dar es-
Soltan 1

N 78.54 21.46 88.68 11.32 92.26 7.74

Dar es-
Soltan 2

N 86.07 13.93 90.83 9.17 88.46 11.54

El 
Harhoura 2

N 70.16 29.84 85.12 14.88 71.58 28.42

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'Ammar

N 95.33 4.67 95.44 4.56 91.18 8.82

Jebel 
Irhoud

N 92.28 7.72 95.64 4.36 89.46 10.54

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 
Lazalim - 
site 15/1

N 83.79 16.21 92.81 7.19 93.01 6.99

Wadi 
Lazalim - 
site 16/15

N 94.06 5.94 86.45 13.55 93.88 6.12

Wadi 
Lazalim - 
site 16/29

N 96.40 3.60 93.71 6.29 91.42 8.58

Dorothy 
Garrod Site

E 62.29 37.71 95.77 4.23 87.36 12.64

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 
Buticha

E 61.62 38.38 94.82 5.18 66.57 33.43

Halibee E 97.90 2.10 99.24 0.76 93.32 6.68

Kapthurin 
Formation

E 72.75 27.25 89.98 10.02 90.87 9.13

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 
Drift

E 93.37 6.63 96.61 3.39 94.29 5.71



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

402

403 In northwestern Africa, the sites with the most unpredictable 
404 temperatures are Atlantic littoral sites El Harhoura 2, El Mnasra and Dar 
405 es-Soltan 1, with over 20% of the signal in temperature relating to 
406 variability (Table 1, Figure 5). Interestingly, at coastal El Harhoura 2 
407 cave, a temporal gap in human occupation during Marine Isotope Stage 
408 (MIS) 5 is associated with even further increases in the unpredictability 
409 in temperature, as well as precipitation (Figure 5), coinciding with lower 
410 sea levels and carnivore inhabitation [8]. Sites with the lowest 
411 percentage of temperature variability are Ifri n’Ammar and Wadi Lazalim 
412 site 16/29 and site 16/15 at around or less than 5% of the total variance. 
413 Conversely, Wadi Lazalim site 16/15 has one of the highest percentages 
414 of precipitation variability, with El Harhoura 2, El Mnasra and Dar es-
415 Soltan also having more unpredictable rainfall regimes than other sites 
416 in the region (>10% of the total variance explained by variability) (Table 
417 1, Figure 5). Haua Fteah and Bizmoune conversely have the most 
418 predictable precipitation in northwestern Africa (Table 1, Figure 5), with 
419 the former having a Mediterranean rainfall regime. In terms of NPP, 
420 Contrebandiers and El Harhoura 2 are the most unpredictable, with 
421 around 28% of the total variance relating to variability, whereas Haua 
422 Fteah and both sites from Wadi Lazalim site 16/15 and 15/1 are the least 
423 unpredictable (Table 1, Supplementary Figure S6). At Benzù, a 
424 chronological hiatus between the two occupations of the site seems to 
425 coincide with slight increases in precipitation unpredictability and 
426 decrease in temperature and NPP unpredictability (Figure 5, 
427 Supplementary Figure S6). 
428

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



443 ranging from ~42-28% of the total variance, whereas Marmonet Drift, 
444 Halibee and Moricho are the most predictable at < 10% (Table 1; 
445 Supplementary Figure S6). At Moricho, near Kilombe caldera within the 
446 central Rift Valley of Kenya, distinct increases in climate unpredictability 
447 occur at the same time as a potential gap in human occupation at the site 
448 during MIS 6/7 around 180-250 ka (Figure 6, Supplementary Figure S6).
449



450 Figure 5. Temperature (purple) and precipitation (blue) unpredictability 
451 at northern African Middle Stone Age sites through time, with date 
452 ranges of distinct occupations (black lines). Absolute variability is plotted 
453 as a grey line to aid visualisation and is smoothed via loess regression.
454



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.
459



460 3. Discussion
461 We have explored the palaeoenvironmental regimes experienced during 
462 the MSA between two different biogeographic regions of Africa: 
463 northwestern and eastern Africa. Our results demonstrate key 
464 differences in the nature and tempo of climatic change between these 
465 two regions that likely had major implications for technological 
466 investment, innovation and diversity in MSA-making populations [31]. We 
467 recognise that the site distributions analysed here may be influenced by 
468 taphonomic factors and/or archaeological practice; nonetheless, our 
469 results highlight some clear regional differences in environmental 
470 conditions occupied, which are shown to be largely robust in sensitivity 
471 analyses. Below we discuss how our results might help to understand the 
472 impact of climatic fluctuation on behavioural diversification in early 
473 Homo sapiens, while we emphasise that this is still a theoretical exercise 
474 until rigorous African continental-scale quantitative comparisons of 
475 assemblages are possible.
476

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



508 to be both technologically more efficient and produce tools with clear 
509 functional advantages over other reduction systems [60].  
510

511 During the Middle to Late Pleistocene, environments in eastern Africa 
512 were highly varied across space and time, with populations moving into 
513 new biomes outside of core areas during MIS 5 and 3 [37-38, 61]. At 
514 Olorgesailie in the southern Kenyan rift, increased fluctuations in 
515 resource variability coincide with the transition to the Acheulean from 
516 the MSA ca. 400 ka [15-16]. Unpredictable temperatures between 
517 millennia within eastern Africa may therefore help explain the 
518 emergence of intra-regional variability in material culture that seems to 
519 characterise the MSA of the region [7, 49]. However, temperature may 
520 be less important in terms of ecological risk considering that 
521 precipitation predictability is favourable, as this has more of an impact 
522 on plant distributions and food availability in inter-tropical climates [62]. 
523 This is highlighted by the fact that both lithic assemblage variation [61] 
524 and the diversity of pointed tool forms [63] appear to be responsive to 
525 spatiotemporal differences in precipitation rather than temperature. Our 
526 results support that MSA populations in eastern Africa occupied largely 
527 productive climatic conditions that would have supported dense and 
528 diverse tropical shrubland plants [37, 61]. Such settings may 
529 consequently have fostered plasticity in the deployment of technological 
530 behaviour from the MSA repertoire, leading to diversity among nearby 
531 groups as they dealt with changing resource bases mediated by local 
532 patterns of rainfall. More productive landscapes like those seen in much 
533 of eastern Africa may also have facilitated greater and more stable 
534 population densities through higher carrying capacities, perhaps leading 
535 to the early emergence of innovations associated with the Later Stone 
536 Age [64]. Overall, motivations for investing in specific types, styles or 
537 levels of complexity in toolmaking were likely highly variable in response 
538 to specific environmental challenges and mediated by social practice at 
539 different spatial and temporal scales. This is because technological 
540 innovations should only be developed and maintained when the expected 
541 returns from the required investment exceed the potential cost 
542 associated with the risk of not having done so [7, 31]. This hypothesis 
543 needs to be tested explicitly using comparative archaeological data and 
544 robust quantitative approaches. 
545

546 We have explored how environmental productivity, seasonality and 
547 predictability may have impacted technological diversification, utilising 
548 the theoretical framework presented by Clark and Linares-Matás [31]. 
549 While our results are compelling in terms of their complementarity with 
550 ethnographic datasets [22], it is important to note that Clark and Linares-
551 Matás [31] focus on intra- and interannual predictability, which affects a 
552 single generation, whereas here we explore climate conditions within and 
553 across millennia based on the chronological resolution of the model 
554 employed [50]. Increased unpredictability in resource distributions 
555 between years constrains the amount of landscape knowledge that can 
556 be accumulated; however, knowledge can also be built up over multiple 



557 years and generations via cumulative culture [53]. Indeed, the MSA 
558 record seems to represent the flexible expression of particular subsets of 
559 this behavioural repertoire [65]. Across more extended evolutionary 
560 timescales, inconsistency in selective pressures therefore favours 
561 structures and behaviours responsive to complex environmental 
562 diversity, consequently leading to ‘generalism’ rather than ‘specialism’ 
563 tendencies [14]. Future research could seek to quantify climate 
564 predictability at a finer chronological scale to capture instability 
565 experienced at the population-level, though current limitations of dating 
566 the archaeological record would likely make this a challenging 
567 endeavour.  
568

569 4. Conclusion
570

571 Intrinsic properties of the landscape, such as its resource abundance and 
572 diversity, as well as within- and across-millennia variability, show distinct 
573 differences between eastern and northern areas of Africa during the 
574 Middle to Late Pleistocene. Compared to those in eastern Africa, 
575 bioclimatic models suggest that northwestern MSA occupations are 
576 generally associated with colder, drier and less productive environments, 
577 albeit wetter (and still cooler) than background environmental settings, 
578 with more seasonal temperatures but generally predictable climates 
579 across millennia. Based on observations from modern hunter-gatherers 
580 [22], temperature seasonality at more extreme latitudes (particularly in 
581 arid areas with lower plant availability) likely had the potential to impose 
582 stronger selective pressures on technological variability due to shorter 
583 periods of game availability [23]. Investment in certain types of MSA 
584 tools or toolkits at particular times, such as ‘Aterian’ tanged tools or 
585 ‘Nubian’ reduction methods, may have been stimulated thanks to 
586 evolutionary conditions amenable to the accumulation of landscape 
587 knowledge. In tropical equatorial regions, precipitation and its 
588 spatiotemporal variability are likely to act as a stronger mediator of 
589 adaptative responses due to their impact on plant distributions [62]. 
590 Unpredictable temperatures in combination with ecological and 
591 topographic diversity may have played some role in the emergence and 
592 divergence of MSA toolkits within eastern Africa, by favouring the 
593 development of technological strategies that can be applied across a 
594 variety of foraging settings [14-16]. Considering our results and 
595 interpretations, we stress that ecological risk was likely not experienced 
596 in the same way nor extent across the large and diverse African 
597 continent, as selective pressures for behavioural adaptation act at 
598 different scales, on different technological elements, and in different 
599 biogeographic and ecological contexts. Variable sources of ecological risk 
600 were therefore potentially major drivers of cultural diversification 
601 between MSA-making populations. This has vital implications for 
602 theoretical models of pan-African human evolution, particularly for 
603 understanding how regional groups and their interconnectivity were 
604 structured in relation to changing ecological conditions [9].  
605



606 5. Methods
607

608 5.1. Datasets 
609 We aggregated published datasets of MSA site coordinates (N = 58; 
610 Figure 1) and dates of human occupation from northwestern (n = 111) 
611 and eastern (n = 112) Africa [45-46]. Both datasets were selected with 
612 the same criteria to ensure comparability. For northern Africa, we 
613 subsetted ‘contextual’ dates (i.e. those directly associated with MSA 
614 human activity) from the inventory of MSA presented by Boisard and 
615 Ben-Arous [45]. For eastern Africa, we included all occupations 
616 associated with MSA assemblages reported by Blinkhorn and Grove [46] 
617 and an additional 28 occupations that either 1) are newly published, 2) 
618 have been chronologically revised and/or 3) are occupations that haven’t 
619 previously merited inclusion in analyses based on the low availability of 
620 lithic data (which is not focussed on specifically here, as there currently 
621 is no comparable dataset for northwestern Africa). Our final dataset 
622 comprised 223 dated occupations from across both regions, which we 
623 subsequently reduced to 165 unique occupations for our statistical 
624 analyses (eastern Africa = 59, northwestern Africa = 106), as many 
625 distinct occupations have the same potential date range and location, 
626 particularly in eastern Africa. 
627

628 To estimate the date ranges of each archaeological layer, we followed 
629 established protocols [37, 40, 45-46, 61, 65]. We used the standard 
630 deviation of each date (minimum and maximum date), and for multi-dated 
631 archaeological layers, the maximum age estimate was determined based 
632 on the oldest date and the minimum age estimate based on the youngest 
633 date. We also determined the mid-point of this date range (what we refer 
634 to as the ‘mid-age’), which we use in statistical analysis to compare 
635 between and within regions. In northern Africa, sites selected are dated 
636 from ca. 332-25 ka based on the mid-age, with those from eastern Africa 
637 similarly dated from ca. 308-25 ka. 
638

639 As shown in Figure 1, there are important distributional differences in 
640 the datasets that may contribute to some of the patterns observed. In 
641 northwestern Africa, there are fewer sites (N = 21) with multiple 
642 occupations within a tighter latitudinal band. Comparatively, in eastern 
643 Africa, there are more sites (N = 37) with fewer repeat occupations and a 
644 wider latitudinal range, crossing the equator. The fact that the eastern 
645 African database contains sites on either side of the equator has 
646 important ramifications for the analyses. Axial precession, a particularly 
647 important influence on tropical climate, increases seasonal contrasts in 
648 one hemisphere while simultaneously decreasing them in the other. 
649 Precession mediates precipitation in a similar way, for example via 
650 shifting monsoon intensities; in Figure 2, the eastern African sites show 
651 clear precessional (~23,000 years) periodicity in precipitation, but with 
652 sites in the northern hemisphere showing a pattern approximately the 
653 inverse of that shown by southern hemisphere sites. Both regions have 



654 occupations distributed across the chronological range of the dataset, 
655 increasing in density from MIS 5 onwards (Figures 2-3). 
656

657 5.2 Climate parameters 
658 Using the site coordinates and the date range of each occupation, we 
659 extracted mean annual temperature (bio01), temperature seasonality 
660 (bio04; standard deviation of monthly temperature averages, multiplied 
661 by 100), total annual precipitation (bio12), precipitation seasonality 
662 (bio15; coefficient of variation of monthly precipitation totals, expressed 
663 as a percentage) and net primary productivity (NPP) from a high-
664 resolution statistics-based reconstructed climatic time series based on 
665 the HadCM3 global circulation model [50] using the pastclim R package 
666 [66]. We selected 1000-year time slices from these simulations from 
667 across the date range of each occupation, and used these to calculate a 
668 minimum, maximum and mid-age of each variable for each occupation. 
669 We recognise that these date ranges represent dating error as opposed 
670 to the potential chronological span of human activity at the sites, 
671 however we use these as temporal boundaries within which to explore 
672 climatic change through time in specific locations associated with human 
673 activity.
674

675 We applied the model at its original resolution of 30-arcminutes, though 
676 set the ‘buffer’ parameter to ‘directions = 8’ to account for potential 
677 landscape variability in climate across neighbouring cells [67]. 
678 Coordinates for two sites, Benzú (North Africa) and Rusinga (East Africa) 
679 were moved to the nearest cell on land to avoid issues with sea-
680 level/water body masking in the original model. 
681

682 5.3. Comparative analysis
683 To investigate differences in climates between eastern and northern 
684 Africa, we used mid-age estimates of the five climatic parameters as well 
685 as their variability across the full date range of each occupation. To plot 
686 climatic change in relation to MIS, we utilised the Lisiecki and Raymo 
687 [68] dataset extracted from the gsloid R package [69]. As our data are 
688 not normally distributed, we employed non-parametric Mann-Whitney U 
689 Test and Ansari-Bradley tests to test for differences in median and 
690 variance between the two regions, with a p-value <0.05 deemed to be 
691 statistically significant. We also calculated the coefficient of variation, 
692 which is the ratio of the standard deviation to the mean, expressed here 
693 as a percentage; this is a standardised measure of intra-region variability 
694 which is not sensitive to the distribution of the data. 
695

696 To assess the robusticity of our statistical tests that compare climatic 
697 values from the two regions using the mid-age, we performed sensitivity 
698 analyses; this involved running 1000 iterations of each statistical test, 
699 randomly permuting the time slice from which the climatic values are 
700 extracted across the date range (i.e., every 1000-year time slice between 
701 the minimum age and maximum date). From the results of each 
702 permutation, we recorded the coefficient and p-value of the test. We then 



703 examined the distribution of the results in relation to those produced 
704 using the mid-age; if the majority of iterations produced comparable 
705 results to that produced by the mid-age, we deemed our conclusions to 
706 be robust.
707

708 We also explored climatic conditions at MSA occupations in relation to 
709 the regional background. To do this, we extracted the climatic values at 
710 the MSA occupations in the dataset at the mid-age, and then compared 
711 them to random samples of values extracted from across each region 
712 across the MSA (temporally defined as the minimum date to the 
713 maximum date of the whole dataset). Following previous work [40, 61], 
714 we defined eastern Africa as (30, 55, -9, 20) and northwestern Africa as (-
715 15, 35, 18, 39), cropped using a shape file of the African continent using 
716 the rnaturalearth R package [70]. We performed 1000 permutations of 
717 the 59 dated occupations in eastern Africa and 106 in northern Africa, 
718 randomly sampling the same number of cells as occupations through 
719 space and time. We then tested whether there are significant differences 
720 in means between the random samples and that produced by the mid-age 
721 values at actual MSA occupations. 
722

723 5.4. Quantifying climate predictability
724 To calculate inter-millennial predictability, we utilised the 
725 change/variability decomposition (CVD) algorithm for differentiating 
726 between change and variability components in climatic time series [51]. 
727 This algorithm uses singular spectrum analysis to decompose the time 
728 series into a series of empirical orthogonal functions (EOFs). The EOFs 
729 are then recombined one by one, in descending order of their associated 
730 eigenvalues. This produces two sets, one consisting of EOFs 1 to w and 
731 the other consisting of EOFs w + 1 to M; each time a new EOF is added 
732 to the first set, the value of w increases by 1. The CVD determines the 
733 smallest value of w for which the set of EOFs w + 1 to M is consistent 
734 with white noise. The white noise test is conducted in the frequency 
735 domain by employing the 95% confidence interval around the theoretical 
736 expectation for the power spectrum of a white noise series, using a 
737 discrete Fourier transform of the summed w + 1 to M EOFs. 
738

739 Following this procedure, the first set of EOFs is summed to represent 
740 the ‘change’ component and the second set is summed to represent the 
741 ‘variability’ component (Figure 7). Adding these two components back 
742 together reproduces the original time series. With the full set of 
743 eigenvalues normalised to sum to 100, the sums of the normalised 
744 eigenvalues associated with the first and second sets of EOFs give the 
745 percentages of variance accounted for by the change and variability 
746 components respectively. These metrics are directly comparable between 
747 time series because they are calculated on the de-trended, z-scored 
748 versions of the time series used for the singular spectrum analysis, 
749 though they do not take into account any variance introduced to the time 
750 series by long-term trends occurring over periods greater than the 
751 embedding dimension (M).



752

753 The CVD algorithm requires the user to choose an embedding dimension; 
754 Grove [51] suggests this should be selected based on a trade-off between 
755 the need to capture sufficient information about low-frequency 
756 components (favouring large M) and the need for sufficient repetitions of 
757 the embedding window over the total length of the time series (favouring 
758 small M). If capturing a particular frequency is important to the analysis, 
759 M should be set to be at least as large as the reciprocal of that frequency. 
760 Given the importance the precession cycle to tropical African climate, we 
761 calculated the change and variability components of mean annual 
762 temperature (bio01), mean annual precipitation (bio12) and net primary 
763 productivity (npp) using M = 23 = 23,000 years. 
764

765 Defining variability as per the CVD algorithm is particularly relevant to 
766 the current analyses, as the lack of autocorrelation in a white noise time 
767 series corresponds directly to the unpredictability we aim to measure. 
768 We therefore use the percentage of variance accounted for by the 
769 ‘variability’ component of the CVD output as our proxy for predictability, 
770 with locations where this percentage is higher deemed as having more 
771 unpredictable climates. Finally, we compared the average percentage of 
772 variance explained by the variability component between regions. 



773

774 Figure 7. An example of the change/variability decomposition algorithm 
775 [51] for a randomly generated time series with A) the change component 
776 (blue) superimposed onto the original time series (red), and B) the 
777 change-corrected variability component (purple). 
778
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