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Abstract
Seasonality is a critical driver of resource availability within individual genera-
tions and is therefore likely to have exerted selective pressures on hominin evolu-
tion. Nonetheless, it has frequently been overlooked in discussions of early tech-
nological variability. This paper examines the relationship between seasonality and 
lithic investment in the Oldowan of eastern Africa, to broaden our understanding 
of hominin behavioural adaptability. We develop a framework for the identification 
of seasonal signatures in the archaeological record and examine the nature of lithic 
variability across 12 Early Pleistocene localities. In combining these insights, we 
suggest that seasonality played a pivotal role in shaping the pattern of lithic invest-
ment in the Oldowan, with peak investment related to greater wet season process-
ing of plant resources and mobility across the landscape. The productivity of cores, 
retouching of flakes, and use of percussive implements may each play a role in this 
seasonal patterning of tool use. Our analysis provides further evidence that Oldowan 
hominins were able to adapt their technological behaviours to changing environmen-
tal conditions, even at the scale of intra-seasonal fluctuations in resource availability, 
and how this interacts with landscape familiarity over longer timescales.

Keywords Oldowan · Seasonality · Lithic investment · Behavioural variability · 
Palaeolithic archaeology

Introduction

The Oldowan, characterised by the production of sharp stone flakes by direct free-
hand or bipolar reduction (Gallotti, 2018), first appears 2.9–2.5 Ma in eastern Africa, 
initially identified at the sites of Nyayanga-1 (Kenya), Ledi Geraru BD1, and Gona 
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OGS7, EG10, and EG12, with these latter four sites all in the Afar Depression of 
northern Ethiopia (Semaw et  al., 1997, 2003; Braun et  al., 2019; Plummer et  al., 
2023). Oldowan sites display a perhaps unexpected level of diversity in reduction 
schemes, material transport, and end products for the earliest widespread technology 
of the Early Stone Age, with a diversity of hypotheses put forward to explain this 
variation, including: repeated reinvention (e.g. Snyder et al., 2022), differential raw 
material use (e.g. Blumenschine et al., 2008; Braun et al., 2008a, b, 2009a, b; Reeves 
et al., 2021), ecological variability (e.g. Isaac, 1977), site-specific foraging strategies 
(e.g. Diez-Martín et al., 2010), and/or distinct biological or cultural groupings (e.g. 
Leakey, 1971; Delagnes & Roche, 2005; Plummer et al., 2023). This latter point has 
received particular recent attention as a result of the association between Paranthro-
pus remains and the earliest Oldowan at Nyayanga (Plummer et al., 2023), with the 
broader picture suggesting repeated spatial associations with the Oldowan for both 
Paranthropus and early Homo (cf. Leakey et al., 1964). These co-associations are the 
inevitable consequence of substantial range overlap for both taxa (e.g. O’Brien et al., 
2023), and thus for the remainder of this paper, we wish to focus on questions of 
environmental and functional variation.

A number of authors have argued for an increase in the complexity of Oldowan 
sites later in its range (e.g. Gallotti, 2018; Braun et al., 2019; but see, e.g. Semaw 
et al., 2009), although both expedient and elaborated toolkits are present throughout 
the Oldowan range. This co-existence is underscored by the unexpectedly high level 
of investment at Gona OGS7 ~ 2.6 Ma that stands in stark contrast to the marginally 
younger sites EG10 and EG12 in the same basin (e.g. Semaw et  al., 1997, 2003; 
Stout et al., 2005, 2010, 2019). A recent analysis suggests that OGS7 clearly falls 
outside the variation of other early Oldowan sites on a number of technological vari-
ables, clustering instead with sites dating to < 2 Ma (Braun et al., 2019). At the same 
time, the late (~ 1.84 Ma) Oldowan site of FLK-Zinj falls within the range of early 
variation, suggesting a clear overlap in assemblage composition over time that can-
not simply be explained by directional cognitive evolution. In this context, we may 
consider that the full range of Oldowan knapping abilities and technological solu-
tions were present throughout, but were “more or less fully developed at different 
sites depending on a variety of factors, including raw material quality or site func-
tion” (Barsky et al., 2011).

Seasonality is one such factor that may have been responsible for important 
changes to site function even within the same year, but its relevance for understand-
ing the nature of Early Stone Age lithic assemblages has so far been largely over-
looked. It is known to have a dramatic impact on the foraging strategies of both 
nonhuman primates and modern human hunter-gatherers in tropical and subtropi-
cal latitudes (e.g. Clark & Linares-Matás, 2023; Hawkes et  al., 1989; Lee, 2013; 
Marlowe & Berbesque, 2009; Oelze et al., 2014). For example, ethnographic stud-
ies of modern human hunter-gatherers in sub-Saharan Africa strongly emphasise a 
heavy bias towards acquisition of animal resources in the dry season, when ungu-
lates tend to cluster around permanent water sources (e.g. Ichikawa, 1983; Vincent, 
1985; Bunn et al., 1988; O’Connell et al., 1988, 1992, 2002; Hawkes et al., 1991, 
2001; Weissner & N!aci, 1998; Marlowe & Berbesque, 2009; Sato et al., 2012; Lee, 
2013; Hawkes, 2016). While modern human groups are in no way a model for the 
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behaviour of Early Pleistocene hominins, it is highly likely that seasonality sub-
jected hominins living in similar regions to intra-annual fluctuations in food avail-
ability throughout our evolutionary history (e.g. Foley, 1987, 1993; Joannes-Boyau 
et  al., 2019; Linares-Matás & Clark, 2022; Speth, 1987; Sponheimer et  al., 2005, 
2006). Indeed, yearly seasonality reached levels comparable to the modern day by 
at least 2 Ma, confirming that Oldowan hominins had to adapt to regular changes to 
their landscapes, with the extent of this variation fluctuating rather dramatically over 
relatively short periods of evolutionary time (Blumenthal et  al., 2019; Mercader 
et al., 2021).

We have previously argued that such seasonal variation in resource consumption 
would have had important implications for Oldowan landscape use, resource pro-
cessing (Keeley & Toth, 1981; Lemorini et al., 2014, 2019), and investment in stone 
tool production (Linares-Matás & Clark, 2022). We attempted to test these hypoth-
eses through the lens of Kanjera South (Kenya) and FLK-Zinj (Tanzania), arguing 
that the season of site occupation can be identified at specific sites in the archaeolog-
ical record—wet season for the former and dry season for the latter—and that differ-
ences in prey selection and the nature of the two lithic assemblages are reflective of 
seasonal pressures on behavioural investment. We also speculated on the seasonal 
nature of Olduvai HWK-EE LAS (Pante et al., 2018), arguing it is related to the late 
dry season, and Koobi Fora FwJj20 (Braun et  al., 2010), perhaps spanning a sea-
sonal transition, to begin to explore implications for the wider Oldowan.

In this paper, we build on our previous work by consolidating the framework 
developed for identifying the season of site occupation at Early Stone Age sites in 
eastern Africa, before attempting to expand our sample of wet and dry season sites 
across the Oldowan range, discussing sites from the Olduvai, Fejej, and Gona pal-
aeolandscapes. We then approach the relationship between seasonality and techno-
logical variability through a principal component analysis of selected technological 
features, and use these data to generate post hoc hierarchical clusters. We then dis-
cuss the implications for seasonal lithic investment in the wider Oldowan and how 
this might relate to landscape knowledge and site use.

Towards a Seasonal Framework

Defining the temporality of archaeological site formation at both shorter and longer 
time scales is crucial to interpreting hominin behaviour. Here, we focus on proxies 
of yearly seasonality at individual sites, but the severity and duration of the seasons 
will be inextricably linked to climatic change at the level of the landscape, as well as 
broader regional factors, and orbital forcing. We hope to relate these different levels 
of analysis in future work.

The study of the traces of feeding patterns on ungulate teeth represents the 
main analytical method for assessing seasonality in the Pleistocene, through the 
identification and quantification of relevant enamel alteration features. In par-
ticular, microwear texture analysis (MTA) has had success in better understand-
ing dietary breadth and niche reconstruction (e.g. Domínguez-Rodrigo et  al., 
2019a; Rivals et  al., 2018; Scott et  al., 2005; Ungar et  al., 2007), but this does 
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not necessarily translate into high success when inferring the specific season(s) of 
occupation. For example, Domínguez-Rodrigo et al. (2019a) point out that Gur-
tov’s (2016) actualistic MTA dataset using impala (Aepyceros melampus) from 
Lake Eyasi was unable to successfully discriminate between wet and dry seasons. 
As such, while tooth-wear patterns can discriminate time-averaged palimpsests 
generated over multiple different seasons from assemblages accumulated over 
shorter periods of time within the same season, we must always use palaeoeco-
logical and taphonomic data to contextualise the specific timing of hominin pres-
ence at a site. Furthermore, even if the faunal assemblage encompasses multiple 
episodes of deposition, this does not rule out an increased frequency of hominin 
visitation at specific times of the year. Dissecting the dynamics of site forma-
tion processes at these Early Pleistocene palimpsests (Domínguez-Rodrigo, 2009) 
requires the integration of multiple sources of evidence.

One of the main aims of our previous work (Linares-Matás & Clark, 2022) was 
to develop such a framework for identifying the seasonality of site occupation(s) 
in the archaeological record of eastern Africa. This was largely based on studies 
of modern animal behaviour and on what the appearance, abundance, and treat-
ment of specific taxa at individual archaeological sites might tell us about the 
timing of deposition. Application of these insights has been successfully applied 
to other regions and time periods: in the context of the Late Pleistocene Medi-
terranean, for example, Munro and Atici (2009) emphasise that seasonality is a 
critical factor to consider when exploring the accumulation of animal remains 
at archaeological sites because restricted seasonal use will produce assemblages 
dominated by few and seasonally-abundant taxa. In contrast, they suggested that 
multi-seasonal assemblages will display a greater diversity of species. This argu-
ment is directly relevant to seasonal contexts in other areas of the world.

While we acknowledge that (a) modern animal behaviour may have changed 
according to the abundance and behaviour of people alive today, and (b) the fre-
quency of palimpsests adds substantial noise to such assessments, we argued from 
the records of Kanjera South and FLK-Zinj (Blumenschine et al., 2012; Bunn & 
Pickering, 2010; Domínguez-Rodrigo et  al., 2010; Ferraro et  al., 2013; Oliver 
et al., 2019; Parkinson, 2013, 2018; Parkinson et al., 2022) that not only is it pos-
sible to identify signatures of seasonality in the Early Pleistocene, but also that it 
provides important insights into the nature of hominin behaviour. At FLK-Zinj—
where there is an underrepresentation of migratory taxa, an abundance of water-
dependent reduncine bovids, a presence of pregnant waterbuck individuals, and 
meso- and micro-wear traces of a waterbuck mixed-feeding diet—the consistency 
of palaeoecological and analytical markers makes it likely occupation took place 
during a single season and perhaps a single year (Domínguez-Rodrigo et  al., 
2019a). Kanjera, on the other hand, was occupied repeatedly over the course of 
hundreds or thousands of years (Ditchfield et  al., 2019), and yet preserves an 
abundance of juvenile individuals that is suggestive of repeated visits to the site 
during at least the early wet season. As such, while it is true that palimpsests 
are more likely to evidence a diversity of occupation signatures at the same site 
over time, including in different seasons, seasonal changes in mobility and land-
scape use may help to maintain the seasonal integrity of certain archaeological 
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assemblages. This should be assessed using as many palaeoecological factors as 
possible.

At the same time, local palaeoecological factors will interact with properties of 
the specific ecosystem in which sites are found. For example, the Serengeti migra-
tion between Tanzania and southern Kenya impacts the relative abundance of par-
ticular taxa in these areas at specific times of the year, with wildebeest found in 
much greater abundance within the Serengeti environments surrounding the Olduvai 
palaeolandscape during wetter parts of the year (Domínguez-Rodrigo et al., 2019a). 
We can also draw particular attention to floodplains which, in semi-arid environ-
ments, are quite stable and resilient over time, due to their capacity to retain bio-
available organic carbon reserves when alternating between wet and dry phases, 
due to repeated flooding, recharging, and recession (Baldwin et al., 2013; Colloff & 
Baldwin, 2010). As such, these ecosystems experience predictable seasonal changes 
in the availability and accessibility of resources. With the onset of the rainy season, 
river channels start to fill, and begin to replenish the grasses and plant resources, 
turning the basin into a rich ecotone with riparian wetlands and lush grasslands, 
with very high resource biodiversity (Keddy, 2010) that provides hunter-gatherers 
with an opportunity to exploit a range of plant and aquatic resources (Dennell, 2007; 
Nicholas, 1998). However, as the wet season progresses, the river channel reaches 
capacity and the soils become saturated, making extensive flooding characteristic of 
the later periods of the wet season and into the early dry. This encourages the migra-
tion of non-water dependent terrestrial ungulates away from the proximal floodplain 
due to the lack of accessible grass (Sheppe & Osborne, 1971). Nonetheless, varia-
tion in the geographic extent of flooding may allow for the maintenance of a mosaic 
of habitats in more peripheral areas of the basin, as seen in the Okavango Delta of 
Botswana (Bartlam-Brooks et al., 2013a, 2013b; McCarthy et al., 2000).

As the water table slowly recedes, terrestrial animal species return to the ecosys-
tem around the height of the dry season, attracted by renewed opportunities for fresh 
grazing (Sheppe & Osborne, 1971). As the dry season progresses, however, the 
carrying capacity of these environments again reduces considerably, since surface 
water, nutrient production, and high-quality plant biomass progressively decrease. 
In the Kafue floodplains of Zambia, for example, by the late dry season most grasses 
have either become unpalatable for ungulates or have already been destroyed by 
trampling, earlier grazing activities, and/or wildfires (Sheppe & Osborne, 1971). 
These changes in water and biomass availability have important implications for the 
seasonal signatures of Oldowan sites found in floodplains, such as at Gona (Quade 
et al., 2004, 2008).

While assessments of site seasonality in the Early Pleistocene are not abundant, 
some authors have attempted to define broad palaeoecological variables that could 
be used. We must stress that many of these variables derive from sites that cover 
large swathes of time, and thus encompass periods of broader scale climatic change 
(such as across Olduvai Beds I and II; Uno et al., 2018). Nonetheless, while such 
climatic fluctuations will have modified the relative length of wet and dry seasons 
(e.g. deMenocal, 1995, 2004), and produced periods of habitat reconfiguration (e.g. 
Lupien et  al., 2021), many palaeoecological markers of seasonality are likely to 
have utility across time. For example, Speth and Davis (1976) examined the ratio 
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of chelonids to ungulates and carnivores killed by San groups (G/wi and Ju/’hoansi) 
throughout the year to show clear seasonal differences in hunting patterns, with 
chelonids almost exclusively taken during the wet season. The authors then used 
NISP data to evaluate the faunal assemblages of a number of Olduvai sites in Beds 
I–II, showing that (a) the Olduvai sites fit well within the distinct clusters of San 
wet and dry season hunting, and (b) a large proportion of Olduvai sites are likely to 
have been deposited during the dry season. Four sites deviate from this overall pat-
tern (DK, FLK NN level 3, FLK NN level 1, and MNK Skull Site), instead cluster-
ing with the Kalahari wet season data (Speth & Davis, 1976). Interestingly, recent 
taphonomic assessments suggest that the faunal assemblages at FLK NN 1 and 3 
were primarily generated by carnivores rather than archaeological, with a very lim-
ited number of stone artefacts and extremely limited engagement with animal tis-
sue (Barba & Domínguez-Rodrigo, 2007; Domínguez-Rodrigo & Barba, 2007a). 
Juvenile bovids are also well represented in these levels, suggesting faunal accu-
mulations can show a strong wet season signature even in spite of limited hominin 
presence. Further still, FLK NN1 is a stratigraphic correlate of FLK-Zinj (Barba & 
Domínguez-Rodrigo, 2007), implying discrete areas of attractiveness for both carni-
vores and hominins at different points of the year.

The importance of chelonids as a wet season marker is reinforced by the bias 
towards Pelusios sinuatus at Olduvai (98% of chelonid NISP), a genus that survives 
today and has been observed to aestivate during the dry season (Auffenberg, 1981; 
Fritz et al., 2011; Lovich & Gibbons, 2021; Speth & Davis, 1976). This pattern of 
dry season aestivation and wet season signature of above-ground activity is typical 
of many other turtles and tortoises from dryland ecosystems, due to their vulner-
ability to dehydration and overheating (e.g. Chergui et  al., 2019; Malonza, 2003; 
Petrozzi et al., 2020). Tortoises are also very susceptible to the impact of wildfires 
and/or prolonged drought conditions, with reductions in vegetation cover increasing 
predation pressures for tortoises (Longshore et  al., 2003; Coutourier et  al., 2014; 
Lovich et al., 2017; Chergui et al., 2019).

O’Connell et al., (1988, 1990, 1992) and O’Connell & Hawkes (in prep.) have 
also pointed out that Hadza ambush hunting exclusively occurs in the second half 
of the dry season, tends to be associated water sources, and can result in both sin-
gle-individual and multi-individual, multi-taxon accumulations. In contrast, wet 
season encounter hunting results in kills being scattered across the landscape, not 
tied to water sources, and seldom contain body parts of more than one animal. On 
the other hand, the probability of finding scavengeable carcasses is higher along 
erosion embankments and the margins of riparian woodlands during the wet sea-
son in the Serengeti (Blumenschine, 1987; Hopcraft et al., 2005). The abundance 
of multi-individual, multi-taxon accumulations of bones near water sources in the 
archaeological record (mostly at sites representing relatively short periods of time) 
before 1.4 Ma—suggesting multiple bouts of carcass processing at the same spot—
has led O’Connell and Hawkes (in prep.) to suggest that almost all zooarchaeologi-
cal large bovid accumulations before this time were largely accumulated in the dry 
season. Contemporary observations of significant seasonal associations of certain 
gregarious species—such as the occurrence of mixed groups of plains zebra with 
Cape buffalo, Thompson’s gazelle, or Grant’s gazelle mostly during the wet season 
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at the Serengeti and Tangarire-Manyara ecosystems in Tanzania (Kiffner et  al., 
2014)—could also prove relevant in elucidating seasonality signatures at Pleisto-
cene sites. Finally, Stewart (1994) used exploitation of catfish (Clarias spp.) in a 
fluvial context at Olduvai BK (Upper Bed II) to suggest an occupation in the very 
late dry to early wet season. This is based on the seasonal behaviour of catfish, 
which migrate upriver en masse to spawn around the onset of the rains (Green-
wood, 1955; Stewart, 1994).

Within our two previous case study sites, the intensity of faunal exploitation (and 
carnivore competition) was much greater at FLK-Zinj, with a much greater num-
ber of remains relative to the time represented by deposition, and a much greater 
emphasis on bone marrow. In contrast, the Kanjera hominins appeared to exploit 
within-bone nutrients only when the bones were likely to have preserved some fatty 
tissue during periods of body fat depletion (such as the tibiae or head contents; Fer-
raro et al., 2013; Parkinson et al., 2022; see Linares-Matás & Clark, 2022 for more 
extensive discussion of changes to bovid body fat throughout the year). These find-
ings further hint that we can expect taphonomic patterns to differ between seasons, 
covarying with the extent of ungulate depletion (Bunn & Ezzo, 1993; Speth, 1987). 
In this context, and as we have discussed previously (Linares-Matás & Clark, 2022), 
we can also examine the Lower Augitic Sandstone (LAS) unit of HWK-EE, an Old-
owan site in Olduvai lower Middle Bed II. Pante et  al. (2018) report a pattern of 
fat-depleted marrow and epiphyseal grease avoidance by both carnivores and homi-
nins at the site, characterised by high preservation of epiphyseal fragments relative 
to shaft fragments, alongside moderate-to-high tooth (33.7% and 25% for size 1–2 
and size 3–4 animals, respectively) counts on midshaft fragments. The proportion 
of midshaft fragments with percussion marks for size 1–2 animals (6.5%) closely 
mirrors the 6–9% values reported for Kanjera South and are well below those from 
FLK-Zinj (Ferraro et al., 2013; Parkinson et al., 2022), while the greater engagement 
with larger animals (16.7% percussion-marked midshafts) is consistent with their 
better maintenance of fatty tissue in the face of seasonal reductions in forage quality 
(Bunn & Ezzo, 1993; Cordain et al., 2000; Linares-Matás & Yravedra, 2021). How-
ever, in contrast to Kanjera, engagement with animal resources is somewhat greater, 
perhaps suggesting any degree of fat depletion was not complete, while the assem-
blage also includes cut-marked hippopotamid remains, a considerable number of 
shed crocodile teeth (Pante et al., 2018), and a notable concentration of fish remains 
with a catastrophic mortality episode (Bibi et  al., 2018). Modern observations of 
such mortality profiles tend to result from fish becoming trapped in pools as sources 
of water, such as lakes, recede in the (especially late) dry season (Leakey, 1971; 
Stewart, 1994). Extant crocodiles also tend to aggregate within increasingly isolated 
pools of water towards the end of the dry season (Njau, 2012), when they also share 
these localities with hippopotami (Kofron, 1993). This suggests an occupation of 
LAS at HWK-EE that encompassed the very late dry season, which would be con-
sistent with the patterns of marrow avoidance and the indication of reduced grass 
availability given by bovid tooth micro- and meso-wear data (Rivals et al., 2018).

Bringing these insights together, we put forward a number of criteria for evaluat-
ing seasonality in the archaeological record (Linares-Matás & Clark, 2022). These 
are summarised in Table 1. Palaeoecological indicators of dry season occupations 
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may include a clustering of water-dependent taxa (particularly reduncine bovids), 
with the late dry season in particular denoted by large concentrations of fish, shed 
crocodile teeth, and the co-occurrence of crocodile and hippopotamus remains. In 
contrast, we may be able to discern a wet season signature from an abundance of 
chelonid remains, and an early wet season signature from an abundance of juve-
nile bovids and the presence of catfish in fluvial contexts. Taphonomically, we may 
expect dry season sites to have a higher density of faunal remains, alongside greater 
carnivore competition; in the late dry, an increased preference for body parts that 
retain their fat content throughout the year replaces a high emphasis on meat and 
especially marrow. This change in preference may also be seen in the early wet sea-
son. The wet season more broadly may be associated with lower densities of faunal 
remains, and relatively limited carnivore competition. Nonetheless, palaeoecological 
indicators should be more important than taphonomic ones in determining a season 
of occupation, given they are less prone to (although not free from) biases associated 
with hominin behaviour.

Seasonal Site Signatures

Using the framework outlined above, we now attempt to expand the number of 
Oldowan sites with seasonal attributions by examining sites from three main pal-
aeolandscapes: Gona, Fejej, and Olduvai (and see Supplementary Information for 
additional site-level details). In Table 2, selected sites from these landscapes are 
described according to their palaeoecological and taphonomic signatures, along-
side additional Oldowan sites we have discussed above and elsewhere. We also 
include a map of eastern Africa with the four Early Pleistocene palaeolandscapes 

Table 1  Palaeoecological and taphonomic signatures that may be used to evaluate the seasonality of 
occupation in the archaeological record.  Adapted from Linares-Matás and Clark (2022)

Season Palaeoecological signatures Taphonomic Signatures

Dry season Broadly dry season • Clustering of water-dependent 
taxa, especially reduncine 
bovids

• Higher density of faunal remains
• Intense carnivore competition

Very late dry season • Mass fish concentrations
• Shed crocodile teeth
• High co-occurrence of 

crocodile and hippopotamus 
remains

• Limited emphasis on meat and 
marrow

• Focus on consistently fatty body 
parts

Wet season Broadly wet season • Abundance of chelonid 
remains

• Lower densities of faunal 
remains

• Limited carnivore competition
• Greater frequency of disarticu-

lation
Early wet season • Abundance of bovid juveniles

• Catfish in fluvial contexts
• Limited emphasis on meat and 

marrow
• Focus on fatty body parts
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discussed in the text (Fig.  1). For more extensive descriptions of seasonality at 
FLK-Zinj, Kanjera South, and HWK-EE, see Linares-Matás and Clark (2022).

Gona

At Gona (Awash Basin, Ethiopia), multiple localities in the Busidima Formation 
(notably EG10, EG12, and OGS7) preserve lithic artefact assemblages dated to the 
period 2.6–2.5 Ma (Levin et al., 2022; Stout et al., 2010). The coeval, nearby sites 

Fig. 1  Map of eastern Africa with the four main archaeological areas discussed in the paper
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of EG13 and OGS6 exhibit taphonomic evidence for primary access to carcasses 
(Cáceres et al., 2015; Domínguez-Rodrigo et al., 2005), but faunal data is otherwise 
extremely sparse for the two site clusters. Faunal and palynological data from OGS6 
and OGS7 highlight an abundance of afromontane taxa and a strong wooded sig-
nal in an otherwise mixed environment (López-Sáez & Domínguez-Rodrigo, 2009). 
EG10 and EG12 are characterised by a predominance of local trachyte and rhyolite 
raw materials exploited through unifacial flaking, whereas OGS7 shows selective 
(but still fairly limited) transport of aphanitic and vitreous volcanic materials and an 
abundance of bi- and multi-facial reduction schemes (Stout et al., 2010). The lim-
ited lithic assemblage of OGS6 may be related to OGS7, which lies nearby, by the 
absence of whole flakes with cortical platforms (Stout et al., 2010).

Stout et al. (2010) suggest possible mechanisms for the distinction between the 
East Gona and Ounda Gona assemblages, including (a) different cultural variants 
or (b) a difference in economic strategy between the two clusters in the context of 
shared technological basis. The presence of EG10 and EG12 in a semi-arid proxi-
mal floodplain and of OGS7 in a channel bank or margin context suggests a degree 
of ecological divergence between the two localities. At the same time, there can-
not be a simple correlation between these environments and technological strategies 
(Stout et al., 2010), given the apparent technological connection between OGS7 and 
OGS6. OGS6 is located in a proximal floodplain, which allies it more closely with 
the palaeoenvironments of the East Gona sites, rather than OGS7. Alternatively, the 
economic differences between the EG and OGS lithic assemblages may have been 
driven by the markedly seasonal nature of the Gona palaeolandscape (cf. Quade 
et al., 2004, 2008; Stewart & Murray, 2020), and the resulting variability in the pre-
dictability of resource distributions (Clark & Linares-Matás, 2020). While we do not 
have the depth of data to make a confident seasonal attribution, we can explore the 
possibilities for seasonal use of the Gona palaeolandscape.

Given the location of EG10 and EG12 in a proximal floodplain, dry season 
dynamics may have provided hominins with opportunities to maximise animal 
exploitation, with the second half of the dry season providing a particular oppor-
tunity for the interception of herbivores in the process of reaching perennial water-
courses (O’Connell et  al., 1988, 2002; Hawkes et  al., 1991, 2001). EG13 (in the 
same spatial cluster as EG10 and EG12) and West Gona-9 (~ 500 m west of the EG 
sites), two sites located on the proximal floodplain of the Kada Gona River, show 
evidence of early access to carcasses. This includes a cut-mark on a medium-sized 
bovid rib—consistent with evisceration—at EG13, and meat filleting on a small 
bovid scapula and the upper limb bone midshaft of a medium-sized bovid at WG-9 
(Domínguez-Rodrigo et al., 2005: 116–117).

We can expect Gona hominins to have had an opportunity to exploit more predict-
ably a wider diversity of aquatic and plant resources during the early wet season. In this 
context, taphonomic data suggest the handling and processing of terrestrial and fresh-
water carcasses at OGS6, with skinning or disarticulation cut-marks noted on an equid 
calcaneus (Domínguez-Rodrigo et al., 2005) and on a crocodilian skull (Cáceres et al., 
2017). These data may also indicate preferential body part selection, perhaps including 
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for fatty within-bone nutrients at a time of depletion. Bartlam-Brooks et  al. (2013a) 
also point out that equids are known to require a large dietary input to meet their nutri-
tional requirements, and thus prefer areas of seasonal grass abundance (see also Tucker 
et al., 2020). As such, the presence of anthropogenic traces on the OGS6 equid may 
imply relatively high local biomass availability in the floodplain during the period of 
hominin activity.

Fejej

Fejej is located in the eastern Omo-Turkana basin, at the northern limit of the Koobi 
Fora Formation. Horizon C1 is a short-term archaeological site within a highly local-
ised horizontal distribution of fauna and lithics, with an average vertical thickness of 
only c.20 cm (de Lumley & Beyene, 2004; Barsky et al., 2011). The faunal and lithic 
assemblages of this level also appear in spatial association, with taphonomic data sug-
gesting rapid burial and a functional relationship between the two (Echassoux et al., 
2004). This is suggestive of high temporal resolution, and of an assemblage that could 
have formed within a single year or season.

The faunal profile is dominated by impala (Aepyceros shungurae), followed 
by kudu (Tragelaphus nakuae), in the vicinity of a permanent water source (Bar-
sky et  al., 2011). The presence of baboons is also of note, as impala tend to 
aggregate near baboons throughout the year, save during the birthing (early wet) 
season, given baboons prey on young impala (Baenninger et  al., 1977; Estes, 
1991; Kiffner et al., 2014). The wet season markers of catfish and chelonids are 
completely absent from this unit, despite their presence elsewhere in the Fejej 
sequence (Barsky et al., 2011).

The impala age profiles comprise one juvenile, one young adult, three prime adults, 
and one older adult (Echassoux et al., 2004). A considerable number of oblique and 
spiral fracture planes, some associated with percussion marks, may evidence marrow 
extraction, but no cut-marks have been reported (Echassoux et al., 2004). Interestingly, 
no evidence of carnivore activity (tooth marks, furrowing, coprolites) was noted either, 
even though remains of canids and a leopard-sized felid were found elsewhere in Unit 
3 (Echassoux et al., 2004). Thus, while cut- and percussion-marks are perhaps under-
represented, the high bone fragmentation is most consistent with hominin exploitation 
of non-depleted carcasses, as would be expected for dry season subsistence (Linares-
Matás & Clark, 2022). This concords well with the palaeoecological signatures noted 
above.

The stone tool assemblage from the broader Unit 3 is characterised by raw materi-
als from local alluvial deposits, primarily involving the selection of quartz (91%; de 
Lumley et al., 2004). On-site stone tool manufacture is illustrated by several instances 
of refitting, with reduction (occasionally bipolar on anvil) leading to the production of 
hundreds of small flakes (mostly between 2 and 3.5 cm) through relatively short reduc-
tion sequences (Barsky et al., 2011; de Lumley et al., 2004). The site also displays an 
apparently high proportion of percussive tools, but the true extent is unclear as previous 
publications have included cobbles without signs of battering in the same category as 
those that do (Barsky et al., 2011; de Lumley et al., 2004).
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Olduvai

DK

DK lay next to a semi-permanent water source and seasonal streams, ~ 5  km east 
of the main cluster of Upper Bed I sites (including FLK-Zinj, FLK-N, and DS; 
Domínguez-Rodrigo et al., 2010). The faunal assemblage at DK represents a multi-
year palimpsest with minor anthropogenic input, also incorporating felid preda-
tion and accumulation, hyaenid secondary ravaging, and likely some natural deaths 
that both hominins and carnivores were reluctant to engage with (Egeland, 2007a, 
2007b). While hominins did occasionally engage with the fauna, the specific dura-
tion of this overlap is uncertain. At the same time, the bone assemblage presents 
consistent markers of wet season deposition, including at times of hominin interac-
tion: alongside the dramatic number of chelonid remains mentioned above (Speth 
& Davis, 1976), there is also a high proportion of juvenile bovids in DK level 3 
for both small- (50%) and medium-sized (61.5%) animals (Egeland, 2007b), which 
closely mirrors values from Kanjera South (Oliver et  al., 2019). Further still, the 
avoidance of meat from natural deaths is consistent with its reduced attractiveness 
at specific times of the year, as previously documented for the early wet season of 
Kanjera South (Linares-Matás & Clark, 2022).

In terms of the lithic assemblage, different authors have varied dramatically in 
their interpretation, with some emphasising somewhat greater complexity (e.g. 
Sánchez-Yustos, 2021) than others (e.g. de la Torre & Mora, 2005; see Supple-
mentary Information for more discussion). It is clear that the site also contains an 
unusually high proportion of lava pieces (~ 83%) within the worked material for an 
Olduvai site (de la Torre & Mora, 2005; Sánchez-Yustos, 2021). This may suggest 
either a preference for more durable cutting edges (cf. Key et al., 2020), a focus on 
tasks that can be performed better with a blunter edge—such as skinning and cut-
ting tubers (Jones, 1994)—or simply a factor of increases in quartz (following Tar-
riño et al., 2023) raw material transport costs with distance from the likely material 
source (Blumenschine et al., 2008).

This emphasis on blunter and/or more durable edges may be mirrored in an unu-
sually high proportion of flake retouch for an Oldowan site (Sánchez-Yustos, 2021; 
but see de la Torre & Mora, 2005), as retouched flakes provide limited advantage 
in butchery or wood scraping when raw material availability is not a limiting factor 
(e.g. Clarkson et al., 2015; Galán & Domínguez-Rodrigo, 2014; Jones, 1994). It is 
notable that transport of lava materials was so limited and yet 16.6% of these flakes 
are still reported to have been retouched by Sánchez-Yustos (2021), which would 
suggest that the high representation of durable lavas (cf. Key et al., 2020) and the 
intensive reduction schemes a greater reflection of the intensity of activity, not sim-
ply duration.

FLK‑N I‑II

FLK-N I-II (1.79 Ma) is the site of freshwater springs present during Upper Bed I 
times (Ashley et al., 2010), with phytolith analysis suggesting dense woody cover 
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at the site (Barboni et al., 2010). The FLK-N I-II faunal assemblage shows a pre-
dominance of the extinct alcelaphine Parmularius altidens and springbok (Antidor-
cas recki), but is otherwise quite diverse (Domínguez-Rodrigo & Barba, 2007b). 
Kiffner et al. (2014) note that modern counterparts of several other species found in 
the assemblage (namely spotted hyaenas, Cape buffalo, hippopotamus, wildebeest 
and plains zebra) primarily co-occur in mixed species groups across the Serengeti 
landscape during the wet season. Micro- and meso-wear data on the Parmularius 
specimens suggest some degree of time-averaging in the accumulation, with car-
casses deposited across several seasons (Domínguez-Rodrigo et al., 2019a).

Taphonomic data suggests that the accumulation and modification of the FLK 
North I–II faunal assemblage is primarily the result of carnivore activity (felid-
generated accumulations partially ravaged by hyaenas; Domínguez-Rodrigo & 
Barba, 2007b). There was only minor hominin interaction with the assemblage, 
with evidence of hammerstone percussive activity for marrow extraction particu-
larly limited (Domínguez-Rodrigo & Barba, 2007b). At the same time, the lithic 
assemblage shows evidence of intensive pounding behaviours—which are there-
fore likely to relate to the exploitation of vegetal resources (Diez-Martín et  al., 
2022)—alongside elaborate core reduction for an Oldowan site (Diez-Martín 
et al., 2010; Proffitt, 2018).

DS

At Olduvai DS, the rich faunal assemblage has a clear predominance of waterbuck 
near a freshwater source, consistent with the dry season behaviour of this species 
(Ashley et al., 2010; Cobo-Sánchez, 2020; Diez-Martín et al., 2021; Linares-Matás 
& Clark, 2022). Preliminary micro- and meso-wear of Parmularius altidens teeth 
suggest that these animals consumed a mixed diet towards the end of their life, 
suggesting these animals were also deposited during the dry season (Domínguez-
Rodrigo et al., 2019a). Notably, the site shows a similar signature of animal acqui-
sition to FLK-Zinj, with a predominance of prime-aged individuals among the 
medium-sized bovids, high proportions of cut marks (c.20%) and percussion marks 
(16.5%) on long limb bone specimens with good cortical preservation, and a clear 
distribution of cut-marks on areas that would be first defleshed by carnivores (Cobo-
Sánchez, 2020). DS also displays a clear spatial correlation between bones and lithic 
remains (Cobo-Sánchez, 2020; Diez-Martín et al., 2021), supporting the functional 
association between the dry season faunal remains and lithic assemblage. As for the 
lithic assemblage itself, core reduction at the site was not particularly intensive, with 
quartz material selectively exploited more intensively (Diez-Martín et  al., 2021). 
This perhaps mirrors FLK-Zinj in a preference for sharper flakes despite a greater 
abundance of alternative materials (cf. Key et al., 2020). It is worth keeping in mind, 
however, that basalt flakes are significantly underrepresented at the site compared to 
the number of basalt flake scars, perhaps suggesting transport of useful (and durable; 
cf. Key et al., 2020) flakes out of the site (Diez-Martín et al., 2021). This additional 
desire for blunter edges and/or durability may also be reflected in the relatively high 
proportion of retouch on basalt, phonolite, and quartz (Diez-Martín et al., 2021).
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Oldowan Lithic Variability

Using our assignments of seasonality for Kanjera South and FLK-Zinj, we previ-
ously suggested that there may have been seasonal variation in the extent of techno-
logical investment during the Oldowan. In particular, we argued the relatively expe-
dient toolkit of FLK-Zinj—including relatively short reduction sequences on local 
raw materials and a low incidence of retouch (de la Torre & Mora, 2005; Leakey, 
1971)—were reflective of a dry season pattern of subsistence in animal tissue was 
the primary driver of a need for sharp edges (Linares-Matás & Clark, 2022). We 
suggested that this would lead to an unpredictable and reactive need for core reduc-
tion, with flakes produced only when a foraging opportunity became available, on 
abundant local and/or cached raw materials. In such a scenario, there would also 
be little benefit to intensive reduction schemes. In contrast, we argued that the 
increased transport of raw material and reduction intensity at Kanjera South (Braun 
et  al., 2008a, 2009a, 2009b; Lemorini et  al., 2014, 2019; Reeves et  al., 2021; see 
also Favreau, 2023) reflect an increased availability of predictable attractive plant 
resources in the wet season. This would have allowed hominins to better plan their 
activities throughout the landscape, facilitating greater transport of material and a 
corresponding intensification of reduction and retouching to maximise the utility of 
raw material. There will have been deviations from this trend—for example, due to 
inter-annual changes to the intensity of individual seasons (cf. Hawkes et al., 1991), 
knowledge of the landscapes hominins were inhabiting (cf. Clark & Linares-Matás, 
2020), or temporal changes across the Oldowan range (cf. Gallotti, 2018)—but we 
expect broad patterns of seasonal changes in complexity to hold over time.

Methods

Here, we attempt to relate our survey of seasonality literature at individual sites to 
available data on lithic technology to a larger sample of Oldowan localities, both 
from the sites introduced above and those for which data are limited but we wish 
to include in the wider discussion. These are shown in Table 2, where we have col-
lated data on five key metric variables to describe the respective lithic assemblages. 
The variables have largely been chosen to reflect reduction intensity and material 
use, including the percentage of unifacial and test cores, the ratio of average flake 
scar count to the log-corrected mean core length, and the ratio between mean flake 
thickness and mean maximum reported dimension for those over 20–25 mm in size. 
This latter variable was taken as a marker of flake thinness relative to overall size, 
and therefore as a measure of investment in maximising raw material utility (Lin 
et  al., 2013; Režek et  al., 2018). It would have been better to calculate these val-
ues for individual artefacts rather than from assemblage-level averages, but these 
data are not widely available in existing publications. We have also sourced data on 
retouched pieces as a proportion of whole flakes and retouched pieces, alongside the 
proportion of percussive tools in the assemblage, given our previous discussion into 
the role of seasonality in the extractive foraging of nuts and seeds (Clark & Linares-
Matás, 2023; Linares-Matás & Clark, 2022).
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Our approach and variables are originally based on a dataset presented by Braun 
et  al. (2019) in their description of Ledi-Geraru—and since reused by Mercader 
et al. (2021) with reference to Ewass Oldupa—but data are retrieved always from the 
original sources whenever feasible. This has produced a number of small differences 
in individual values compared to that dataset.  Data are derived from Braun et  al. 
(2019) if no primary source of data could be accessed. Braun et al.’s (2019) k-means 
cluster analysis highlighted the technological consistency of Oldowan assemblages 
in relation to the material from Lomekwi-3 (Harmand et al., 2015), flaked tools pro-
duced by Capuchin monkeys (Proffitt et al., 2016), or from the early Acheulean. It 
also highlighted interesting dimensions of variability within the Oldowan beyond 
directional chronological trends, which we wish to explore further here.

Following Braun et al. (2019) and Mercader et al. (2021), we conducted a principal 
component analysis (PCA) on our data, alongside post hoc hierarchical clustering analy-
ses with the site-level PC values. All data analyses were carried out in RStudio (Posit 
Team, 2022) running R version 4.2.2 (R Core Team, 2022). Our code and principal 
component data used as the input for the hierarchical clustering are available as Supple-
mentary Information. Where multiple estimates have been presented for a variable at any 
given site, we took the mean value for use in our analyses. While not ideal, this allowed 
us to perform our analyses without having to arbitrarily select the value of one author(s) 
over another. All variables were standardised to mean zero and standard deviation one 
before analysis was carried out. To account for the missing retouch values for Kanjera 
South, OGS7, and Nyayanga-1, we ran the analyses twice: once without retouch as a 
variable, and once with the missing values estimated by a mean from all other sites, the 
simplest estimation approach (cf. Dray & Josse, 2015). This approach almost certainly 
overestimates retouch values for OGS7 (and likely Nyayanga), as the true value is likely 
to be low (Semaw, 2006), but as the results below suggest, its relative PCA placement 
was not substantially altered whether retouch was included or not.

For the cluster analyses, we tested the agglomerative coefficients (AC) of each 
possible method, with Ward’s method—which aims to minimise within-cluster 
variance—outperforming the others (AC with retouch = 0.849 and AC without 
retouch = 0.858), namely average distances between each point in a cluster (0.670 
and 0.683, respectively), the closest distances between single points (0.449 and 
0.413, respectively), and “complete”, i.e. the closest distances between furthest-sep-
arated points between each cluster (0.797 and 0.805, respectively). We subsequently 
carried out an entanglement analysis between the two dendrograms, giving a coeffi-
cient between 0 and 1 describing their level of alignment. Values closer to zero indi-
cate fewer branching differences and those closer to one entail greater distinction.

Results

Figures 2 and 3 display the results of the PCA on PC1-3 for each site, with retouch 
included and not included in the analysis, respectively. When retouch is included, 
PC1 (30.9% of variation) largely reflects the proportion of flakes retouched, the 
proportion of unifacial cores, and the average number of flake scars for cores of a 
given log-standardised length, while PC2 (25.1% of variation) displays a greater 
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influence of mean flake thickness/mean flake maximum dimension, alongside 
the size-controlled scar average. PC3 (20.3% of variation) reflects the proportion 
of percussive material, and to a lesser extent the proportion of unifacial cores. 
When retouch is excluded, PC1 (33.2% of variation) is associated with mean flake 
thickness/mean flake maximum dimension, as well as the percentage of unifa-
cial cores. PC2 (26.6%) values are associated with the proportion of percussive 
elements, as well as the average number of flake scars for log-standardised core 
length and the proportion of unifacial cores, while PC3 (24.3%) relates to the 
size-controlled flake scar count, and to the proportion of percussive elements.

Fig. 2  Results of PCA for the sites in Table 3, with retouch included in the analysis. Site values for PC1 
and PC2 are shown in A, the contributions of the top four variables to PC1 and PC2 in B, site values for 
PC1 and PC3 are shown in C, and the contributions of the top four variables to PC1 and PC3 are shown 
in D. Key: pc.unifacial = percentage of unifacial and test cores, fsc.lmmd = mean core flake scar count / 
log mean length, mft.mmd = mean flake thickness / mean flake length, pc.retouch = retouched pieces as a 
percentage of whole flakes + retouched pieces, and pc.percussive = proportion of the assemblage relating 
to percussive activities
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In both PCAs, Kanjera South and OGS-7 cluster tightly, suggesting that the use 
of a mean retouch value is not resulting in an overly biased output. Indeed, Kan-
jera and OGS7 sit together in every analysis run, as do EG10 and EG12. HWK-
EE LAS and DS may show a similar association. DK lies with Kanjera and OGS7 
on PC1 and 2 of the analysis which includes retouch, and on PC1 and 3 of the 
analysis which excludes it. The two dendrograms relating to the hierarchical clus-
ter analysis are shown in Fig.  4. They confirm the close relationships between 
Kanjera South and OGS7 on one hand, and the East Gona sites on another. They 
also highlight a consistent technological association between DS and HWK-EE 
LAS, between Fejej, FLK-Zinj, and Nyayanga-1, and between DK and FLKN to 

Fig. 3  Results of PCA for the sites in Table 3, with retouch not included in the analysis. Site values for 
PC1 and PC2 are shown in A, the contributions of the top four variables to PC1 and PC2 in B, site val-
ues for PC1 and PC3 are shown in C, and the contributions of the top four variables to PC1 and PC3 
are shown in D. Key: pc.unifacial = percentage of unifacial and test cores, fsc.lmmd = mean core flake 
scar count / log mean length, mft.mmd = mean flake thickness / mean flake length, pc.retouch = retouched 
pieces as a percentage of whole flakes + retouched pieces, and pc.percussive = proportion of the assem-
blage relating to percussive activities
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the exclusion of the other Olduvai sites (perhaps excluding Ewass Oldupa when 
retouch is excluded). The entanglement analysis, shown in Fig. 5, provides a value 
of 0.575 for the two models, suggesting moderate agreement. DS, HWK-EE LAS, 
HWK-EE Lemuta, Fejej, FLK-Zinj, and Nyayanga form a consistent cluster in each 
dendrogram, with the main differences coming in the placement of Ewass Oldupa 
and East Gona: either forming an outgroup to all other sites, or forming a cluster 
with FLK-N and DK.

These findings reveal interesting commonalities with the analysis of Braun et al. 
(2019), most notably in the clustering of OGS7 with later Oldowan sites, especially 

Fig. 4  Dendrograms showing the results of a post hoc hierarchical clustering analysis of the principal 
component values. Analysis including retouch is shown in A and excluding retouch in B 

Fig. 5  Entanglement analysis of the two dendrograms presented in Fig. 4, with retouch included on the 
left and not included on the right
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Kanjera, and the distinction between DK and FLK-Zinj. Braun et al. (2019) inter-
preted their clusters as the result of temporal differences throughout the Oldowan, 
with OGS7, Fejej, and FLK-Zinj forming individual exceptions to a broad shift in 
Oldowan knapping skill that distinguished sites at the end of its range from those 
at the beginning. However, our addition of the late assemblages from HWK-EE and 
DS—not included by Braun et  al. (2019)—add other possible exceptions to this 
overarching pattern, given they consistently cluster closer to FLK-Zinj than to Kan-
jera or DK.

We argue that seasonality may, instead, be driving the key markers of Oldowan 
inter-assemblage variability reflected in these distinct clusters. In this context, 
the clusters shown in Fig. 4 are extremely promising, with Kanjera and FLK-Zinj 
located at either end of our hierarchical clustering analysis in Fig. 4A. In the next 
section, we contextualise these results with site-specific data to explore the relation-
ships between the lithic data from these assemblages and seasonality.

Discussion

Seasonality and the Early Oldowan

We previously used the records of Kanjera South and FLK-Zinj to suggest that 
sites with a wet season signature would have seen greater raw material transport 
distances as hominins increased their planned mobility across the landscape, pro-
ducing a corresponding increase in reduction intensity, a greater selection of dura-
ble materials, and an increase in flake retouch to maximise the utility of transported 
material and/or to carry out more abrasive cutting tasks (Linares-Matás & Clark, 
2022). The data summarised in Table 3 show quantitatively that unifacial reduction 
methods are indeed much less common at Kanjera South—where they are exceed-
ingly rare—than at FLK-Zinj, with slightly higher core productivity also seen in 
the Kanjera assemblage. The Kanjera flakes are also comparatively thinner for their 
length than those from FLK-Zinj, similarly implying greater raw material utility 
(cf. Lin et al., 2013; Režek et al., 2018). No data are available on the frequency of 
retouch at Kanjera South, making it difficult to quantitatively compare, but FLK-
Zinj displays between 3.91% (Proffitt, 2018) and 10.7% (de la Torre & Mora, 2005) 
of whole flakes retouched. It is worth noting, however, that the 10.7% is an overin-
flation of the retouch signature identified by de la Torre and Mora (2005), as 73.3% 
of retouched specimens were made on flake fragments, with fragments not included 
in the unretouched component of the calculation. The four retouched specimens on 
whole flakes would correspond to a value of 3.1% of whole flakes, while including 
flake fragments in the original calculation would lower it further to 1.5%.

The principal component and hierarchical clustering analyses presented here sug-
gest a clear structure to the nature of lithic variability in the wider Oldowan. From 
the individual faunal assessments of site seasonality at localities such as Kanjera 
South, FLK-Zinj, HWK-EE (see Linares-Matás & Clark, 2022), DK, FLK-N, DS, 
and Fejej (see below), we argue that seasonality plays a critical role in patterning 
this variability across the Oldowan range. An obvious question that arises from 
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these potential differences in technological investment between seasons in the Old-
owan is how far back such a pattern may have gone in time; a question that is heavily 
dependent on the function(s) for which Oldowan tools were being deployed. The 
focus on flaked tools that emerges in the Oldowan is likely an initial investment in 
the processing of animal and/or plant tissue with a greater efficiency (e.g. Clark & 
Linares-Matás, 2023; Domínguez-Rodrigo et al., 2005; Hovers, 2012; Shea, 2017). 
Indeed, use-wear analysis from the site of Nyayanga-1 suggests the very early Old-
owan is associated with deployment of flaked tools in a diversity of both plant and 
animal processing tasks, alongside limited evidence of anthropogenic modification 
of animal, including megafaunal, remains (1.03% NISP; Plummer et al., 2023). The 
lithic data available for the site are broadly in keeping with other early Oldowan 
sites—especially in the relatively high percentage of unifacial cores (50.79%) and 
a relatively low number of flake scars for cores of their log-controlled size—but the 
notable bifacial component is in keeping with expert knowledge of fracture mechan-
ics and how best to produce a consistent series of stone flakes (Plummer et  al., 
2023). Nonetheless, Nyayanga-1 still lies closest to the next oldest Oldowan site of 
Ledi-Geraru—the most distinctive of any Oldowan site in each of the first princi-
pal components of Braun et al. (2019), Mercader et al. (2021), and Plummer et al. 
(2023)—on Plummer et al.’s (2023) PC1. The distinctiveness of these two assem-
blages on one or more variables may be expected for sites so close to the beginning 
of the Oldowan range.

We may even consider the nature of lithic investment at Nyayanga as the outcome 
of a much longer technological learning trajectory and seasonal resource use, per-
haps beginning at least as early as the Lomekwian 3.3 Ma (Flicker & Key, 2023). 
Indeed, that Nyayanga shows some similarities with Lomewki-3 can be seen in their 
distinctly high proportion of cores relative to the rest of the assemblage, as well as 
the elevated percentage of cores with evidence of percussion (Harmand et al., 2015; 
Plummer et al., 2023). Given the diversity of resources being processed at Nyayanga 
(Plummer et al., 2023), it seems likely that such a process of learning how and when 
to deploy sharp flakes must have involved adaptation to changes in resource availa-
bility across the year. How exactly this relationship manifested, however, is obscured 
by the great difficulty in identification of a prevailing seasonal signature at either of 
these sites, especially at Lomekwi-3, where only 33 faunal fragments were reported 
from the site itself, with none displaying evidence of anthropogenic modification 
(Harmand et  al., 2015). At Nyayanga-1, faunal preservation is a great deal better 
(Plummer et al., 2023), but signatures of seasonality are conflicting: the presence of 
reduncine bovids near a water source (river channel) and the co-occurrence of hip-
popotamids and crocodiles may indicate a dry season input, while the presence of 
chelonids may reflect a wet season input. We do note, however, that the assemblage 
clustered firmly with sites attributed to the dry season in our PCA and cluster analy-
sis (Figs. 2, 3, and 4).

The discussion of technological distinction between the East Gona and Ounda 
Gona South sites is also interesting in this regard, as we may hypothesise that sea-
sonal differences were driving the lithic variation we see in the Gona palaeoland-
scape at 2.6–2.5 Ma. There is clearly a substantial difference in investment between 
EG10 and EG12 on one hand and OGS7 on the other, with unifacial reduction so 
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much more infrequent at the latter, which occurred alongside increased productivity 
of cores, thinner flakes, and a greater transport of raw material (Stout et al., 2005, 
2010, 2019; Table 3). The unexpected level of complexity witnessed for the OGS7 
assemblage also confirms a high level of familiarity with stone tool manufacture 
early in the Oldowan’s temporal range (Stout et  al., 2010). As highlighted above, 
these differences cannot be readily explained by developments in knapping skill or 
investment over time, as OGS7 is somewhat older than the East Gona sites, nor can 
it be related to differences in habitat use, given the limited assemblage of OGS6 may 
be technologically linked to OGS7 and yet shares with the East Gona sites a flood-
plain depositional context (Stout et  al., 2010). While data for the sites are far too 
scarce to make confident assignments of seasonality, modern ecosystem dynamics 
in analogous basins make it likely that distinct economic pressures were acting on 
hominins at different times of the year.

Indeed, our results, alongside those of Braun et al. (2019), emphasise that Gona 
displays a strong distinction between the OGS7 and EG10-12 assemblages, with 
OGS7 allying with sites with high levels of investment dated to after 2  Ma. This 
leads us to consider if Oldowan tool production could have been biased towards the 
dry season in the earlier parts of its range, in an analogous process to chimpanzee 
use of individual tools—frequently directed at resources available at particular times 
of the year (see Clark & Linares-Matás, 2023 for a review). Given the temporal 
association between the emergence of Oldowan tool use and evidence of hominin 
processing of animal carcasses (Domínguez-Rodrigo et  al., 2005; Plummer et  al., 
2023), the consistency of sharp-edged tools in the Oldowan may reflect longer-term 
(pre-Pleistocene) interactions with novel prey types and an accumulation of land-
scape knowledge pertaining to their exploitation (Clark & Linares-Matás, 2023; 
Thompson et  al., 2019). At such a point when hominins would have been able to 
gain semi-regular access to animal remains, they may then have been able to season-
ally invest in flaked stone technologies upon acquisition of carcasses, because the 
returns would predictably exceed the costs of tool manufacture. We would expect 
this use would to be highly expedient and on immediately available raw materials 
(cf. Linares-Matás & Clark, 2022).

The existence of such knowledge surrounding tool use could then be directed 
fairly quickly towards the use of similar resources at other times of year where 
opportunistically available, but also in experimentation with novel resources (Clark 
& Linares-Matás, 2023). Such a process has been repeatedly observed in ape popu-
lations. For example, Gruber et al. (2009) report that chimpanzees from Kanyawara 
and Sonso, Uganda, each used pre-existing knowledge of tool use when engaging 
with a novel food acquisition task. When presented with honey within holes drilled 
into logs, the Kanyawara individuals (who occasionally use sticks to extract the 
waxy honey of carpenter bees) fashioned sticks that could be used to scrape out the 
honey, whereas the Sonso chimpanzees used their fingers or attempted to use leaf 
sponges that they use to obtain water from hollows in trees. These findings high-
light the value of redeploying existing technologies in adapting to novel situations 
and gaining access to resources that are otherwise opaque or embedded (Clark & 
Linares-Matás, 2023).
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Wet season deployment of early Oldowan tools may have initially involved an 
elaboration of production sequences that were originally shorter and biased towards 
other parts of the year, when returns from individual foraging bouts where high and 
success was predictable. This may be observed in the context of OGS7. However, 
there may also have been constraints against such increased investment in the early 
Oldowan, including reduced mobility compared to later phases of the Early Pleisto-
cene (Linares-Matás & Yravedra, 2021), reduced amount of time in specific land-
scapes (Clark & Linares-Matás, 2020), or a patchy distribution of plant resources 
whose consumption could have been substantially aided with sharp-edged stone. 
These factors may restrict the need or ability to carry material between resources—
and for a corresponding investment in its utility (Linares-Matás & Clark, 2022)—or 
remove the need for their deployment in the first place. This may explain why only 
later do we see substantial increases in material transport (particularly at Kanjera 
South and Ewass Oldupa), and an inferred repeated wet season deployment of lithic 
material.

Seasonal Differences in Lithic Investment

We have much clearer faunal data on Oldowan seasonality later on in its range, espe-
cially from 2 Ma, that allow us to make clearer links to the variability seen in the 
lithic record. Following the information presented above, Olduvai DK—based on 
the high proportion of chelonid and juvenile bovid remains, as well as taphonomic 
data from level 3—may have been occupied during the wet season, and DS—based 
on the concentration of waterbuck individuals and micro-wear suggestive of a mixed 
feeding diet at the time of death—is likely to have seen greatest hominin activity 
during the dry season. We also suspect a strong wet season influence is present at 
FLK-N I-II, and a dry season input at Fejej FJ-1a, but fewer data are available to 
test these hypotheses. These attributions are nonetheless important as they provide 
a broader platform for inferences about seasonal influences on hominin behaviour, 
beyond the two sites we initially used to generate our hypotheses (Linares-Matás 
& Clark, 2022). In particular, we have used these additional sites to examine our 
predictions, based on the Kanjera South and FLK-Zinj lithics, that we should expect 
to see greater lithic investment in the wet season compared to the dry season due to 
differences in tool-mediated resource exploitation.

As discussed above and in the Supplementary Information, the nature of the 
DK assemblage is subject to different interpretations between authors, but a num-
ber of metrics agree that the intensity of reduction was high for an Oldowan site, 
with among the highest average number of flakes released from cores when control-
ling for size, and a relatively low number of unifacial cores identified by two out of 
three authors (Table 3). This places it alongside Kanjera and OGS7, and possibly 
FLK-N—to which it displays a number of similarities—and accounts for the close 
hierarchical clustering where retouch is included. The potential relationship between 
the four sites highlighted in Fig. 4A is particularly interesting, as a wet season attri-
bution for each site would match our predictions for an increase in investment dur-
ing this time of the year. However, the association between Kanjera and OGS7 on 
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one hand and DK and FLK-N on the other was impacted by the inclusion of retouch 
in the analysis, with this figure presenting difficulty for all four sites; having been 
not reported for Kanjera and OGS7, and having a range of values at DK and FLK-N.

Sánchez-Yustos (2021) suggests DK has an extremely high proportion of retouch 
for an Oldowan site at 19.87% of whole flakes (but see de la Torre & Mora, 2005), 
a figure that would be rivalled only by the 20.81% of retouched flakes at Garba IVE 
(Gallotti, 2018; Gallotti & Mussi, 2015) and the 14.34% reported for DS (Diez-Mar-
tín et al., 2021). This DK retouch figure increases to 50% for quartz, suggesting a 
dramatic attempt to maximise the utility of this raw material, something also noted 
in the intensity of its reduction (Reti, 2016; Sánchez-Yustos, 2021). Nonetheless, the 
potential 16.6% of retouched lava flakes suggest that the overwhelming presence of 
local volcanic materials in the assemblage is not simply an artefact of prohibitive 
transport costs (Blumenschine et al., 2008), but perhaps an intentional selection of 
durable materials and an attempt to maintain edges where they blunted; a process 
that would happen quicker for quartz (cf. Key et al., 2020). Assuming Sánchez-Yus-
tos (2021) is correct in his emphasis on retouch, the only area in which DK fails to 
meet our wet season predictions is for its limited transport distances, which may 
simply have been due to the abundance of appropriate material in the immediate 
vicinity of the site, making the need for transport of material into it unnecessary. 
Flake production at FLK-N differs from DK in its increased use of quartz material 
that is not immediately local, a pattern shared with FLK-Zinj and DS. This may be 
due to differences in activity with DK that emphasised a sharper edge (cf. Key et al., 
2020)—although this almost certainly was not animal exploitation (Domínguez-
Rodrigo & Barba, 2007b)—or the success of caching quartz material in this area of 
the gorge (cf. Potts, 1984, 1991).

Even leaving aside retouch, Fejej and DS clearly present a very different pattern 
of reduction to DK and FLK-N I-II, in that there is likely a much higher percentage 
of unifacial cores at each, alongside limited core productivity (Barsky et al., 2011; 
de Lumley et  al., 2004; Diez-Martín et  al., 2021). This allies them closely with 
FLK-Zinj and the two main units of HWK-EE (Fig. 4). These findings are highly 
consistent with our predictions for dry season sites and are backed up by palaeo-
ecological data at each. DS also shares with FLK-Zinj clear evidence for primary 
access to animal tissue (Cobo-Sánchez, 2020), alongside PTK, another locality on 
the same palaeosurface (Diez-Martín et al., 2021, 2022; Domínguez-Rodrigo et al., 
2019a; Organista et al., 2023). Phytolith analysis suggesting that all three sites pos-
sessed woodland cover at the time of hominin activity (Arráiz et  al., 2017), with 
pollen retrieved from the sediments of Fejej FJ-1a similarly indicating the presence 
of wooded areas in an otherwise open, grassy landscape (Barsky et al., 2011). Such 
cover may have made the sites attractive ambush spots for Oldowan hominins (Bunn 
& Gurtov, 2014; Bunn & Pickering, 2010; Cobo-Sánchez, 2020), with lithic produc-
tion at these locations servicing the acquisition of carcasses.

The importance of habitat type across the landscape does raise the question of 
alternative variables that may explain the seasonal patterning of Oldowan lithic 
investment. In particular, the Olduvai sites we have discussed here cover a relatively 
large geographical area with a mosaic ecosystem (Uribelarrea et al., 2014), and span 
swathes of time, from Lower Bed I to Lower Bed II, which incorporates at least 
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one period of major landscape reconfiguration alongside technological change (Bibi 
et al., 2018; Diez-Martín et al., 2015; Uribelarrea et al., 2017). While we discussed 
the potential role of woodland environments in dry season animal exploitation, the 
evidence of animal exploitation at HWK-EE is associated with greater grassland 
availability (Bibi et al., 2018), although there is still evidence of at least some tree 
cover in the vicinity of the site (de la Torre et al., 2018; Prassack et al., 2018). We 
would emphasise that the extent of hominin interaction with bone is much greater 
at FLK-Zinj and DS than either unit at HWK-EE, but that the existence of shared 
behaviours between the sites in spite of differences in time and palaeoenvironment 
underline the importance of seasonality in structuring hominin behaviour.

Similarly, FLK-N is likely to have been located within a forested area (Barboni 
et  al., 2010; Blumenschine et  al., 2012), despite its qualitative lithic similarity to 
Kanjera South, which represents a more open environment (Ferraro et al., 2013; Oli-
ver et al., 2019), but a shared wet season reconstruction. At the same time, the two 
sites are distinguished by their frequency of percussive behaviours (cf. Diez-Martín 
et al., 2010), suggesting a different focus on certain subsistence strategies, and per-
haps an extent of intra-seasonal variation in habitat usage—tree cover may have been 
important for access to seeds and nuts. In sum, we would argue that preferred habitat 
use varied in relation to predictable fluctuations in the spatiotemporal distribution of 
resources throughout the year, and therefore the spatial selection of habitat types is 
itself intrinsically linked to the role of seasonality (cf. Linares-Matás & Clark, 2022; 
Pennec et al., 2020). These findings fit well with the growing number of authors who 
are recognising the importance of seasonality in hominin behaviour (e.g. Rivals et al., 
2009, 2018; Hosfield, 2020; Linares-Matás & Clark, 2022; Descamps et al., 2022). 
Future research may be able to better integrate these findings with cultural and bio-
logical affinities in the palaeoanthropological record, with regard to the identity (or 
identities) of the makers of the Oldowan (cf. Plummer et al., 2023).

Intra‑seasonal Variation in Resource Availability

As highlighted by the discussion of habitat usage throughout the year, it is impor-
tant to note that we should not expect resource consumption to be completely 
homogenous within individual seasons, and therefore that stone tool investment 
may also vary on smaller temporal scales; most of which we are unlikely to have 
the resolution to identify in the archaeological record. This can be underlined by 
the fact that the relative availability and therefore importance of berries, tubers, 
and honey to the Hadza vary quite drastically within the wet season itself, even 
resulting in a frequent movement of basecamps (Hawkes et al., 1997). Furthermore, 
while most of the dry season sites discussed in this paper have so far been united 
by evidence of early access to animal remains, this is unlikely to have been the pre-
ferred subsistence strategy for hominins throughout the dry season. This is due to a 
number of reasons, including the greater ease of access to meat in the second half 
of the dry season (e.g. Hawkes et al., 1991; O’Connell et al., 1988, 2002), changes 
in the quality and desirability of animal tissue throughout the season (Sinclar, 
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1975; Speth, 1987; Bunn & Ezzo, 1993; Cordain et  al., 2000), and inter-annual 
fluctuations in both of these factors (e.g. Hawkes et al., 2001).

Among the sites discussed here, DS does appear to have a much higher propor-
tion of retouched flakes compared to FLK-Zinj (Diez-Martín et al., 2021) that may 
hint at some economic differences between the sites. This may also be identified in 
the differential use of raw material, in which quartz flakes were preferentially trans-
ported into the site or quartz cores out of it, while basalt and phonolite flakes were 
transported out of the site after knapping, with only 13.5% of the volcanic flakes 
expected from flake scars actually recovered (Diez-Martín et  al., 2021). This sug-
gests selection of durable (cf. Key et al., 2020) material to use in activities elsewhere 
in the landscape, and plays into a wider picture in which lava materials played a 
greater role in the formation of the DS assemblage compared to FLK-Zinj (Diez-
Martín et al., 2021). Further still, DS displays a relatively high proportion of mate-
rial that can be related to percussive activities (4.93%), in clear distinction to the 
1.2% at FLK-Zinj (Table 3), and the distribution of percussive (and bipolar) materi-
als at the site is spatially distinct to that related to handheld knapping (Diez-Martín 
et al., 2021). By extension, this makes the spatial distribution of percussive activities 
distinct to the distribution of animal remains (Cobo-Sánchez, 2020). It is unclear if 
these distinct spatial distributions are the result of a segregation of contemporaneous 
activities within the same site, or temporally-distinct activities in a relatively short 
timespan. However, it is notable that FLK-Zinj and PTK both show single-cluster 
accumulations of lithics and faunal remains (Domínguez-Rodrigo & Cobo-Sánchez, 
2017), in contrast to the three identified at DS (Cobo-Sánchez, 2020; Diez-Martín 
et al., 2021).

The combined emphasis on retouch and focus on percussive activities, alongside 
the underrepresentation of lava flakes, nonetheless allies DS with HWK-EE LAS 
(Arroyo & de la Torre, 2018; de la Torre & Mora, 2018; Diez-Martín et al., 2021). 
As such, it is no surprise they formed a distinct clade in each of our cluster analyses, 
with and without retouch (Fig. 4). If HWK-EE LAS is indeed an occupation during 
the late dry season (Bibi et  al., 2018; Linares-Matás & Clark, 2022; Pante et  al., 
2018; Rivals et al., 2018), we may thus consider the possibility that the occupation 
of DS extended similarly towards the end of the dry season. This would hint at intra-
seasonal variation in behavioural activities when compared to FLK-Zinj, which may 
have been abandoned earlier in the season. Domínguez-Rodrigo et al. (2019b) esti-
mate that FLK-Zinj may have been occupied for 2–4 months, leaving scope for such 
an abandonment of the site before the season had concluded. We do not currently 
have the data to test the potential for an occupation of DS that continued into the 
late dry season, with crocodile and fish remains not reported thus far, for example, 
while the limited number of hippopotamid remains is perhaps unrelated to hominin 
activity (Cobo-Sánchez, 2020). Future data may allow this hypothesis to be tested 
empirically.

Intra-seasonal variation in hominin behaviour may also be displayed between 
the two units of HWK-EE. At the site, both the Lemuta and LAS units preserve 
the presence of reduncine bovids and the co-occurrence of crocodile and hippopot-
amids, although the number of shed crocodile teeth and the concentration of fish 
remains is greater in LAS (Bibi et al., 2018; de la Torre et al., 2018; Pante et al., 
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2018; Rivals et al., 2018). This is what allowed the inference of a late dry season 
occupation for LAS (Linares-Matás & Clark, 2022; Pante et al., 2018; Rivals et al., 
2018). Furthermore, Lemuta shows a reduced browsing signature in the tooth-wear 
of Antidorcas recki and Alcelaphini (Bibi et al., 2018; de la Torre et al., 2018; Pante 
et al., 2018; Rivals et al., 2018), which suggests a greater availability of grasses in 
the Lemuta member. This pattern may be expected for a wet season occupation of 
Lemuta (Rivals et al., 2018: 211), but can also be explained by differences in timing 
of occupation within the dry season, and/or a reduced availability of dicots, which 
would force these bovids to increase their reliance on grazing (Rivals et al., 2018: 
211–212). Indeed, the relationship between the standard deviation and coefficient of 
variation for the number of micro-wear scratches fails to separate LAS from Lemuta, 
with individual taxa from the different units instead clustering together (Rivals et al., 
2018). This suggests that both units are palimpsestic (although perhaps moreso in 
the Lemuta; Hay, 1976), with different taxa entering the record at different times and 
for different durations, with a much shorter duration (perhaps a single season) for 
equids. Furthermore, there is also a greater incidence of both carnivore tooth marks 
and hominin percussion marks on midshaft fragments of all animal sizes in Lemuta, 
37.4% and 45.7% of size 1–2 and size 3–4 bones, respectively—with 12.6% and 
23.5% percussion marks—compared to the respective values of 33.7%, 25%, 6.5%, 
and 16.7% in LAS (Pante et al., 2018). While the degree of bone marrow and grease 
avoidance in LAS points to its occupation in the late dry (Pante et al., 2018), these 
figures highlight intense carnivore activity in LAS, alongside indications that animal 
tissue was an important component of the hominin diet during this period at the site.

As such, the existing data do not rule out a predominantly dry season occupation 
for both stratigraphic units, and are equally consistent with occupations during the 
same season but with (a) inter-annual fluctuations in grass availability, and/or (b) 
different (but perhaps overlapping) sub-periods of hominin presence. Indeed, such 
a conclusion may explain the overall similarities in the lithic assemblages, if animal 
tissue was the driving factor behind the need for sharp edges throughout the dry 
season, even when it was at reduced attractiveness towards the end. The occupa-
tion of LAS also took place in the context of increased forest cover compared to 
Lemuta (de la Torre et al., 2018), with phytoliths indicating the presence of species 
including the wild date palm, Phoenix reclinata (Albert et al., 2009). This species 
produces attractive fruits that are consumed by chimpanzees at a number of sites, 
including at Mahale, Tanzania, where they also use additional parts of the trees to 
produce probes for ant fishing (Shimada, 2018). At Bulindi, Uganda, they are availa-
ble almost year-round and are eagerly consumed when available (McLennan, 2013), 
representing a core preferred resource (sensu Clark & Linares-Matás, 2023). This is 
just one such resource which may have been available to hominins towards the end 
of the dry season to compensate for reduced animal attractiveness. The wide array 
of pounding tools in HWK-EE LAS, in the context of reduced access to animal tis-
sue compared to Lemuta, may therefore be one mechanism by which hominins com-
pensated for the declining fat content of animal resources at the end of the dry sea-
son (Arroyo & de la Torre, 2018; Pante et al., 2018). As at FLK-N, these tools are 
likely to have been used to process resources other than animal tissue, such as seeds 
and nuts (Linares-Matás & Clark, 2022), and indeed palm trees were also located at 
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this site (Barboni et al., 2010). As we have pointed out elsewhere, seasonal transi-
tions may have been particularly important in percussive behaviours, as seed and 
nut availability is assumed to be highest during these periods as fruits ripen and rot 
(Eaton et al., 1997; Hitchcock et al., 1996; Lee, 2013; Linares-Matás & Clark, 2022; 
Lombard & Kyriacou, 2018; Testart, 1982).

Outside the role of percussive technologies, the lithic assemblage is relatively 
consistent between the two units, with the predominance of low-productivity cores 
giving an overall impression of expediency (de la Torre & Mora, 2018). This 
accounts for their relatively close association in both cluster analyses (Fig. 4). As 
outlined in Table 3, there is, however, a non-negligible reduction in the proportion 
of unifacial cores in the Lemuta member, hinting at greater core productivity and 
investment in flake production when compared to LAS. This is also suggested by 
the reduced thickness of flakes compared to their maximum dimension, and the 
increased number of flake scars per core of the same size. This is perhaps related 
to the increased use of materials not directly available in the vicinity of the site (de 
la Torre & Mora, 2018). As discussed with reference to DS, LAS clearly showed a 
greater need for retouched edges than the Lemuta member, which may hint at a later 
dry season role for retouched flakes. Given the data discussed here, it is plausible 
that at least some of the inter-assemblage variance at HWK-EE can be accounted 
for by intra-seasonal differences in subsistence, from a shared technological compe-
tence. It also highlights the importance of retouched flakes in analyses of Oldowan 
variability, and justifies their inclusion in our analysis.

Seasonal Mobility and Landscape Knowledge

While our conclusions point to different patterns of seasonality at individual Oldu-
vai sites, they may also hint at a wider trend of Oldowan landscape use, with the 
older DK and FLK-N giving a greater wet season signature than the younger, likely 
dry season, sites of FLK-Zinj, DS, HWK-EE Lemuta, and HWK-EE LAS. In order 
to examine if this pattern may be a reflection of hominin behaviour, we can turn 
to Ewass Oldupa, which presents evidence of hominin presence in the basin as far 
back as 2.036 Ma (Mercader et al., 2021). The site was occupied sequentially over 
235,000  years, in the context of changing environmental conditions, by hominins 
with a relatively stable toolkit (Cueva-Temprana et al., 2022; Mercader et al., 2021). 
The lithic assemblage from the site includes an intermediate proportion of unifacial 
cores and average number of flake scars per core, controlling for log corrected size, 
although flakes are the thickest, on average, relative to maximum dimension of any 
site summarised in Table 3, and retouch is uncommon at 2.18–2.5%. These data do 
not fit comfortably into our predictions for lithic investment in either the wet or dry 
seasons, which explains why in our cluster analysis, it aligned most closely once 
with DK and once with the East Gona sites, as an outgroup to all other assemblages. 
Nonetheless, it is particularly interesting that some of the quartz present at the site 
was transported around 12 km, suggesting an unusual level of mobility for Oldu-
vai hominins (Mercader et  al., 2021), that instead allies the site with transport at 
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Kanjera South (Braun et al., 2008a, 2008b). Patalano et al., (2021: 9–10) argue that 
the nature of Oldowan tool use at sites such as Ewass Oldupa is suggestive of:

“technological adaptation to major geomorphic and ecological transitions, 
whereby stone tool use permitted provisioning across ecologically diverse and 
complex environments over time and space. Tool use allowed for a more gener-
alist strategy in acquiring plant food resources within a rapidly changing plant 
landscape that ranged from fern meadows to woodland mosaics, naturally 
burned landscapes, lakeside woodland/palm groves, and hyper-xeric steppes.”

From the perspective of our seasonality model, we would expect such mobil-
ity and stone tool-mediated exploitation of diverse plant resources to be predom-
inantly related to repeated visits to the site in the context of wet season foraging 
strategies, and the ability to plan the deployment of stone tools throughout the land-
scape. Indeed, as predicted in Table 1, evidence for animal exploitation at the site is 
extremely limited, with just two cut-marked specimens (including the ventral side 
of a rib, consistent with evisceration; Nilssen, 2000) and twelve percussion marks 
(0.3% of the assemblage; Akuku et al., 2022). Alongside this limited anthropogenic 
interaction is restricted carnivore access to the remains, with just 2% of the assem-
blage exhibiting tooth marks. Some extent of hominin-carnivore competition is 
nonetheless confirmed by the presence of a single bone with adjacent cut marks and 
tooth scoring (Akuku et al., 2022). Beyond this, the palimpsestic nature of the faunal 
assemblage and the lack of evidence for a coeval hominin presence at the site mean 
we can only speculate at palaeoecological signatures of seasonality. For example, 
the presence of a single reduncine bovid bone, alongside both hippopotamid (albeit 
extremely rare) and crocodile, leaves open the possibility for dry season input, while 
an extent of wet season accumulation is suggested by the presence of chelonids at 
the site (Akuku et al., 2022; Mercader et al., 2021).

If hominin visits to the site were biased towards the wet season it may explain 
the unexpectedly high transport distances and overall consistency in stone tool use 
over time, but it does not explain the intermediate level of investment in reduction 
(although with a heavy emphasis on multifacial schemes; Cueva-Temprana et  al., 
2022). We speculate that the answer to such a discrepancy may be found in the 
interplay between factors governing investment at distinct temporal scales. As out-
lined for animal resources, technological investment is intimately tied to knowledge 
of the landscape(s) that populations are inhabiting (including seasonal changes in 
resource availability), and that this only accumulates over much longer swathes of 
time (Clark & Linares-Matás, 2020, 2023). If a population is new to a landscape, 
their knowledge of the distribution and predictability of resources will be restricted 
(Rockman & Steele, 2003), constraining the ability to plan the spatial and temporal 
deployment of stone tools across the landscape and limiting returns on investment. It 
is only through longer-term interaction with a landscape that returns on investment 
become more predictable, and when we would therefore expect predicted patterns of 
wet season lithic investment to fully emerge.

Nonetheless, it makes sense that movement into novel environments would have 
taken place during the wet season, as this is when modern human hunter-gatherer 
groups (a) display greater mobility between base camps and resource patches 
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(Hawkes et al., 1997; Lee, 2013) and (b) have greater food security (as a direct result 
of its predictability), which is associated with a greater likelihood of experimen-
tation with new resources (Lee, 2013). This makes the potential pattern of early 
Olduvai sites (DK and FLK-N, and potentially Ewass Oldupa) being occupied dur-
ing the wet season particularly notable, as it would suggest gradual adaptation to 
predictable (and low competition) plant resources before accumulation of sufficient 
knowledge (particularly of animal exploitation) to survive in the much riskier dry 
seasons at FLK-Zinj, DS, and HWK-EE. At a more general level, the limited num-
ber of Oldowan sites with clear primary access to animal remains (most of which are 
at Olduvai) may suggest that carcass acquisition was often constrained to very spe-
cific points in the landscape that provided unusually high returns (Clark & Linares-
Matás, 2023). Such a process would require intense familiarity with the landscape 
and the behaviour of herbivores and carnivores within it.

For the inhabitants of Ewass Oldupa, we can expect early knowledge of the Old-
uvai landscape to have initially been  low, with the ability to invest in the toolkit 
relatively limited due to the uncertainty of return. In such contexts, generalist tool-
kits would have been particularly important in mediating often dramatic habitat and 
micro-habitat variation (Patalano et al., 2021). It is only when landscape knowledge 
became more consolidated for Olduvai that we would predict greater investment in 
stone tool reduction. The stone tool sample may be too small to identify changes 
over time between the Ewass Oldupa strata, but it is clear that hominins were experi-
menting with novel and more complex ways of manufacturing stone tools by the 
time of DK (Sánchez-Yustos, 2021). This may even include important transitional 
steps towards the later development of Acheulean technologies, including large flake 
production (with some of > 10 cm) and their subsequent secondary flaking into cores 
and large tools. In this context, it is also worth noting that the second analysis of 
Oldowan and early Acheulean sites by Braun et al. (2019) found that DK fell along-
side early Acheulean sites, rather than the earlier or later Oldowan clusters. This 
may be suggestive of its transitional character, and opens up the potential for wet 
season drivers of lithic investment to be involved in the innovation of early Acheu-
lean artefacts, in the context of longer-term landscape habituation (cf. Davis & 
Ashton, 2019).

Conclusions

With the literature presented here, we have attempted to consolidate our framework 
for identifying the season of site occupation in the Early Pleistocene archaeologi-
cal record of eastern Africa (Linares-Matás & Clark, 2022). Our main aim was to 
develop a predictive characterisation of technological investment in relation to sea-
sonal ecological signatures, which would enable us to develop a more comprehen-
sive and attribute-based seasonality framework for Oldowan lithic assemblages. In 
particular, we emphasise and expand upon previous scholarship suggesting that vis-
its to Olduvai DK were biased towards the wet season (Speth & Davies, 1976), per-
haps alongside FLK-N I-II, while DS is likely to have been occupied during the dry 
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season (Cobo-Sánchez, 2020; Diez-Martín et al., 2021; Domínguez-Rodrigo et al., 
2019a). Fejej Fj-1a may similarly encompass dry season activities.

We argue that the lithic assemblages from these sites fit into our predictions 
derived from Kanjera South and FLK-Zinj (Linares-Matás & Clark, 2022) that sites 
with hominin presence in the wet season should show a greater degree of techno-
logical investment when compared to those deriving from dry season activity. In our 
analyses, the inclusion of retouch produced two distinct technological clusters that 
would map directly onto our predictions for wet and dry season investment. Indeed, 
DS and HWK-EE LAS highlight the importance of retouch for understanding inter-
assemblage variability, and thus it should be considered an integral component of 
comparisons between Oldowan sites. The 2.6–2.5 Ma sites of the Gona palaeoland-
scape may also fit into our broader framework, with OGS7 clustering with predicted 
wet season assemblages, but data to test these hypotheses directly remain limited.

Based on our findings, we strongly argue that yearly seasonality constitutes a rele-
vant factor to consider when evaluating variation in archaeological sites in the Early 
Stone Age. This emphasis does not detract from other drivers of variation, but rather 
highlights that seasonality interacts with a number of other more proximate pres-
sures, such as ecological context, raw material use, and foraging strategies. These 
pressures can be considered alongside environmental constraints at broader scales, 
from inter-annual changes to resource availability (Hawkes et al., 1991; Speth et al., 
1991) up to longer-term climatic variability (Potts, 1996a,b, 1998; 2012; Potts & 
Faith, 2015). Indeed, the character of Olduvai DK as transitional to the Acheulean 
(Sánchez-Yustos, 2021) highlights the role of seasonal investment within longer 
term trends of innovation and change in the archaeological record.

We also wish to emphasise that seasonality is crucial to consider when studying 
hominin adaptation to specific landscapes (Clark & Linares-Matás, 2020, 2023), as 
we have discussed in relation to Ewass Oldupa. We predict that initial movements 
into novel landscapes are most likely to take place during periods of high mobility 
and high biomass availability across the landscape, both of which are more limited 
during the dry season when plant and animal resources are concentrated around per-
manent water sources and camps become larger and occupied during several months 
at a time (e.g. Bartram et al., 1991; Domínguez-Rodrigo et al., 2019b; Hawkes et al., 
1991, 1997; Lee, 2013). The occupation of specific landscapes throughout the year 
was dependent on hominins developing a substantial awareness of spatio-temporal 
variation in resource availability and carnivore competition. As such, we argue that 
movement into novel landscapes should initially be associated with reduced invest-
ment as hominins employed generalist toolkits (cf. Patalano et al., 2021; Shea, 2010) 
to adapt to novel resources of which they only possessed limited knowledge. The 
consolidation of landscape knowledge would have ensured more predictable returns 
on seasonally mediated technological investment (Clark & Linares-Matás, 2020).
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