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Abstract

Over the last two decades, red ochre has played a pivotal role in discussions about
the cognitive and cultural evolution of early modern humans during the African
Middle Stone Age. Given the importance of ochre for the scholarly debate about the
emergence of ‘behavioral modernity’, the lack of long-term spatio-temporal analyses
spanning large geographical areas represents a significant gap in knowledge. Here
we take a continent-wide approach, rather than focusing on specific sites, regions or
technocomplexes. We report the most comprehensive meta-analysis of ochre use to
date, spanning Africa between 500 and 40 thousand years ago, to examine data from
more than a hundred archaeological sites. Using methods based on time averag-
ing, we identified three distinct phases of ochre use: the initial phase occurred from
500,000 to 330,000; the emergent phase from 330,000 to 160,000; and the habitual
phase from 160,000 to 40,000 years ago. The number of sites with ochre increased
with each subsequent phase. More importantly, the ratio of sites with ochre com-
pared to those with only stone artifacts also followed this trend, indicating the
increasing intensity of ochre use during the Middle Stone Age. While the geographi-
cal distribution expanded with time, the absolute number of ochre finds grew signifi-
cantly as well, underlining the intensification of ochre use. We determine that ochre
use established itself as a habitual cultural practice in southern, eastern and northern
Africa starting about 160,000 years ago, when a third of archaeological sites con-
tain ochre. We argue that this pattern is a likely material manifestation of intensify-
ing ritual activity in early populations of Homo sapiens. Such ritual behavior may
have facilitated the demographic expansion of early modern humans, first within and
eventually beyond the African continent. We discuss the implications of our findings
on two models of ritual evolution, the Female Cosmetic Coalitions Hypothesis and
the Ecological Stress Hypothesis, as well as a model about the emergence of com-
plex cultural capacities, the Eight-Grade Model for the Evolution and Expansion of
Cultural Capacities.
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Introduction

Ochre is a generic term used by archaeologists to describe earth pigments, usually
of reddish color, containing different geochemical elements including iron oxides,
such as hematite (Fe,05;). More recently, some researchers have expanded the term
to include rocks containing hydrated iron oxides such as goethite (FeO(OH)), which
produce yellowish and brownish colors (Henshilwood et al., 2009; Hodgskiss, 2012;
Wadley, 2010a). At archaeological sites attributed to the Middle Stone Age (MSA)
of Africa, ochre is typically found as red, yellow or brown-colored lumps or nodules.
It can also be found in the form of powder in discrete features or as a residue adher-
ing to stone artifacts, bones, shells and rocks (d’Errico et al., 2009; Henshilwood
et al., 2001b; Rosso et al., 2016; Wadley, 2010b).

Ochre plays an important role in contemporary theoretical discussions about the
emergence of modern human behavior (d’Errico & Stringer, 2011; Henshilwood &
Dubreuil, 2011; Henshilwood & Marean, 2003; McBrearty & Brooks, 2000; Nowell,
2010; Pettitt, 2011b; Sterelny, 2011; Watts, 2015). However, our knowledge about
the broad spatio-temporal patterning of ochre use during the MSA remains limited.
Here we present a meta-analysis of ochre use on the African continent, beginning
with the first occurrences of ochre associated with transitional industries dated to the
end of the Early Stone Age (ESA) and follow the trend throughout the subsequent
MSA. Our study is not predicated on a specific site, region or technocomplex, nor
a specific hominin taxon. Rather, this large-scale meta-analysis provides an under-
standing of the spatio-temporal patterning of ochre use from a long-term evolution-
ary perspective, that is to say, the longue durée. Within this framework, we try to
answer the question of when and where habitual ochre use emerged and what sig-
nificance this had for the development of ritual behavior during the MSA.

Current State of Archaeological Research

Ochre is a frequent archaeological find documented at numerous MSA sites in
Africa. A considerable number of ochre pieces show evidence of anthropogenic
modification, including faceted surfaces with striations that indicate grinding for the
production of powder. Some pieces also show evidence of rubbing on soft materials
(e.g., human or animal skin), random scoring with a sharp tool, and even abstract
(quasi-) geometrical engraving (Dayet et al., 2013; Henshilwood et al., 2009; Hodg-
skiss & Wadley, 2017; Hodgskiss, 2013a; Watts, 2010). Researchers often refer to
intensively ground pieces with three or more facets converging to a point as cray-
ons (d’Errico et al., 2003, p. 19; Henshilwood et al., 2001b, p. 433; Watts, 2002, p.
5). However, experiments conducted by Wadley (2005b) indicate that most crayons
could represent waste products resulting from intensive grinding. Nonetheless, some
specimens from Blombos Cave in South Africa exhibit specific patterns of use wear
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on their rounded tips which suggest they were °...used to produce defined areas of
color, consistent with a design (like a ‘crayon’), on a coarse hard surface’ (Rifkin,
2012b, p. 190).

More or less neglected as a meaningful archaeological class for much of the twen-
tieth century, finds of ochre from the MSA have increasingly attracted attention from
archaeologists. The last two decades have witnessed an abundance of newly found
assemblages containing from hundreds to thousands of individual ochre pieces,
weighing several kilograms. During this period, the reevaluation of old collections
also increased. We discuss some of the more important finds in greater detail below.

Ochre has garnered the attention of a number of early career researchers who
dedicated their doctoral theses to this topic (Bernatchez, 2012; Dayet, 2012; Hodg-
skiss, 2013b; Rifkin, 2012a; Velliky, 2018; Watts, 1998). In addition to carefully
analyzing the remains of Paleolithic ochre use, some of these researchers conducted
experiments to better detect and categorize use wear typically found on archaeologi-
cal specimens and assess the expenditure of human labor needed to produce powder.

Current research into the MSA recognizes ochre, especially red ochre, as a valu-
able archaeological material with a long evolutionary history. In addition, ochre has
become a key focus in theoretical discussions about the emergence of modern cogni-
tive abilities as well as the evolution of ritual in the lineage Homo (d’Errico, 2008;
Hodgskiss, 2014; Kuhn, 2014; Mithen, 2014; Rossano, 2015; Wadley, 2006; Watts,
1999, 2002, 2009, 2014, 2015; Watts et al., 2016).

The Utilitarian/Functional—Symbolic/Ritualistic Divide

Some scientists see ochre use during the MSA as a functional application, while
others interpret it as a symbolically mediated behavior associated with ritual dis-
play. Researchers tested applications of ochre experimentally to see whether it
could be used in compound adhesives (Wadley et al., 2009; Wadley, 2005b; Zip-
kin et al., 2014); as an ingredient in hide-tanning (Rifkin, 2011); as mosquito repel-
lent (Rifkin, 2015; or as sunscreen (Rifkin et al., 2015a, 2015b). The experiments
showed that ochre (and other materials in which characteristics such as grain size
were similar) conferred benefits to some of these functional applications, although
some tests produced conflicting results (Kozowyk et al., 2016; Zipkin et al., 2014).
In addition, a medical usage of ochre is reported in some ethnographic accounts
(Velo, 1984), but this would be very difficult to verify archaeologically. Practical
applications are mirrored in the archaeological record through evidence for the use
of ochre powder in compound adhesives for hafting technology (Gibson et al., 2004;
Lombard, 2006a, 2006b, 2007; Wadley et al., 2004; Wojcieszak & Wadley, 2018)
and ochre nodules used as soft knapping tools and abraders (Soriano et al., 2009).
The presence of ochre, animal fat and muscle tissue on the edge of three scrapers
from Sibudu (South Africa) could be the result of processing hides and/or color-
ing them (Wadley & Langejans, 2014). Ochre residues on polished bone awls from
Blombos Cave also associate ochre with processing and/or coloring hides and skins
(d’Errico & Henshilwood, 2007; Henshilwood et al., 2001b).
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On the other hand, it is also possible to offer a number of persuasive arguments
for the ritual use of ochre. First, archaeologists should notice an important develop-
ment in the field of ritual studies during the last decades: it has proven to be very
useful for research to separate the term ritual from religious belief (Grimes, 2014;
Kreinath et al., 2006). Rituals may or may not be religious. Rather, the phenom-
enon should be conceptualized as a special mode of universal human psychosocial
behavior, which appears cross-culturally in many different areas of life. Ritual can
be broken down into individual components, which in turn are rooted in our evolved
psychology (Hobson et al., 2018; Legare & Watson-Jones, 2016). Whether and what
symbolic content is communicated through this mode of behavior constitutes a sepa-
rate question (McCauley & Lawson, 2002, pp. 8-10). This opens up the possibil-
ity of identifying ritualistic behavior in the archaeological record without having to
speculate about any specific symbolic meaning of the material or what people might
have believed in.

The most obvious characteristic of ritual is the repetition of formal behavior
(Hobson et al., 2018; McCauley & Lawson, 2002; Rappaport, 1999; Rossano, 2012;
Whitehouse, 2013a). The frequency of red ochre at many MSA sites indicates a
repetitive, formalized behavior seen over long periods. Another factor evinced in the
archaeological record is the intentional selection of color. Compared to other easily
available pigments such as yellow ochre from weathered shales or black manganese,
red ochre dominates both on a continental scale and at the site level (Watts, 2002;
Watts et al., 2016). In rigorously analyzed large MSA assemblages from several
African sites, authors show that ancient people preferentially sourced and selected
fine-grained raw materials with saturated blood-red or bright red hues for intensive
processing. Such sites include Blombos (Watts, 2009), Pinnacle Point 13B (Watts,
2010), Pinnacle Point 5-6 (Bernatchez, 2012, pp. 300-310), Rose Cottage (Hodg-
skiss & Wadley, 2017) and Sibudu (Hodgskiss, 2012) in South Africa, and Porc-
Epic (Rosso et al., 2017) in Ethiopia. The preference for these specific attention-
grabbing hues over long periods cannot be explained in purely utilitarian terms.
Rather this preference is likely a manifestation of non-instrumental, rule-bound,
goal-demoted and causally opaque behavior. Goal demotion and causal opacity are
terms used in the cognitive science of religion to describe central properties of ritual
action: ‘that is, rituals either lack overt instrumental purpose, or their constitutive
actions themselves are not immediately causally linked to the stated goal of ritual.’
(Hobson et al., 2018, p. 261).

Furthermore, the ochre found at two Pinnacle Point sites (13B and 5-6) stems
from one preferred source, despite the availability of ochre from other sources in
the region. Based on comparable ethnographic studies, Bernatchez (2012, pp.
212-229) suggests that the chosen source had a symbolic meaning for the inhabit-
ants of the caves and that procurement of ochre was ritualized. Dayet et al., (2013,
2016) also documented similar behavioral patterns for the procurement of red
ochre at another South African site, Diepkloof Rock Shelter. Geochemical analyses
at some sites show that hunter-gatherers procured ochre from regional and supra-
regional sources up to 80 km away when they occupied the site (Bernatchez, 2012,
p. 388; Dayet et al., 2016; Salomon et al., 2012). People may have even transported
some pieces from as far as 170 km to their place of utilization (Watts et al., 2016).
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The latter specimens from Stratum 2a in Canteen Kopje (South Africa), dated to
more than 300,000 years ago, consisted of specularite—a type of ochre with a spar-
kling quality for which no utilitarian application is so far known archaeologically or
ethnographically.

Dayet (2012, tables 28, 29) and Rifkin (2012b) documented the great effort
needed to produce powder from high quality specimens of red shale, although the
effort is highly dependent on the hardness of the material. In addition, preparing
ochre powder requires suitable grinding equipment, which must also be procured.
Persuasive evidence for the preparation of ochre-rich coloring material with (semi-)
liquid binders made of high-calorie animal fat, bone marrow or milkfat was discov-
ered at two MSA sites, Blombos (Henshilwood et al., 2011) and Sibudu (Villa et al.,
2015). While those resources are nutritionally valuable, especially in circumstances
of chronic caloric uncertainty, people used them for non-utilitarian purposes. The
combination of these factors—long distance transport, the effort of powder produc-
tion and the use of otherwise highly valuable nutritional substances as binders for
the production of coloring materials—indicates that, at least in some cases, ochre
use implies costly signaling. This constitutes another important aspect of ritual dis-
play (Henrich, 2009; Knight et al., 1995; Power et al., 2013; Rossano, 2015; Ruffle
& Sosis, 2007; Soler, 2012; Sosis, 2019; Sosis & Alcorta, 2003).

If we summarize all the evidence thus far, it can be said that large parts of the
MSA ochre finds reflect costly behavior that was repetitive, formalized and non-
instrumental—hallmarks of ritual. But we can go one step further. Some archaeo-
logical evidence gives us clues to what the material was actually used for. The over-
all dominance of grinding use-wear on archaeological specimens from the MSA
indicates the primary production of powder (Dayet et al., 2013; Henshilwood et al.,
2009; Hodgskiss & Wadley, 2017; Hodgskiss, 2012, 2013a; Rifkin, 2012b; Rosso
et al., 2017; Watts, 2002, 2010). This observation is supported by several concentra-
tions of ochre powder. The most impressive evidence comes from the Howiesons
Poort layers of Sibudu, where people produced large quantities of powder, which
was then deposited on the cemented crusts of hearths (Wadley, 2010b). The evidence
for intentional selection of color and fine-grained raw materials, as well as the use of
binders, indicates the preparation of mostly blood-red colorants. The question is, for
what purpose were these colorants produced? Importantly, red ochre residues have
been found on many MSA shell beads (Bouzouggar et al., 2007; d’Errico & Back-
well, 2016; d’Errico et al., 2005, 2008, 2009; Henshilwood et al., 2004; Vanhaeren
et al., 2013). These perforated mollusks do not derive from ochred layers, and post-
depositional processes do not account for the presence of iron oxide pigments on the
shells. The authors conclude that the shell beads rubbed against an ochred material
such as human skin, hair or an animal hide, and/or they were deliberately colored.
Furthermore, the detection of microscopic ochre residues in some microcracks
located on the smoothed edges of perforations suggests that the thread stringing the
beads was impregnated with ochre. These detailed observations show that there was
a link between ochre use and the self-decoration of MSA people, including body,
face, hair and hide painting, and/or the deliberate coloration of personal ornaments.
If we look at contemporary humans for comparison, self-adornment almost always
communicates certain aspects of the wearer’s social identity (Davies, 2020; Dubin,
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1999; Fisher, 1984). One could say that personal ornamentation adds a second skin
to the body—a social skin (Power, 2010; Turner, 2012). Social identity in turn is
often constructed through a series of ritual practices (Hermanowicz & Morgan,
1999, p. 198), especially in traditional societies (Belier, 1995; Guenther, 1999; Hen-
rich, 2016, pp. 159-164; Lewis, 2015; Marshall, 1999; Tuzin, 2001). Moreover, in
most cultures around the world body and face adornment in its endless variety is a
significant part of the material culture during ritual performances themselves (Beck-
with & Fisher, 1999, 2012; Ebin, 1979; Eisenhofer, 2005; Groning, 2001; O’Hanlon
1989).

Furthermore, several pieces of ochre found at Blombos, Klasies River Cave 1,
Klein Kliphuis, Rose Cottage, Sibudu and Pinnacle Point 13B—South African MSA
sites dated between about 160,000 and 40,000 years—exhibit geometrical or quasi-
geometrical engravings (d’Errico et al., 2012; Henshilwood et al., 2009; Hodgskiss
& Wadley, 2017; Hodgskiss, 2013a; Mackay & Welz, 2008; Watts, 2010). To these
finds we add a cross-hatched pattern drawn on a ground silcrete flake with an ochre
‘crayon’ from a 73,000-year-old Still Bay layer at Blombos (Henshilwood et al.,
2018). Such artifacts provide a turning point in the discussion about the emergence
of symbolically mediated behavior (d’Errico, 2003; d’Errico & Stringer, 2011; Hen-
shilwood & d’Errico, 2011b; Hodgson, 2017; Tylén et al., 2020).

Ochre is also associated with some human burials (d’Errico & Backwell, 2016;
Hovers et al., 2003) and a possible animal interment (Solecki, 1982). In addition,
the ochre assemblage from Rhino Cave in the Tsodilo Hills of Botswana comes from
a unique context. The hills are visible from across the Kalahari, but the site is hid-
den from view and difficult to access because of a steep climb and narrow entries.
Ochre was deposited together with more than one hundred deliberately burned,
abandoned or intentionally smashed, well-made MSA bifacial points, most of them
made from a colorful non-local siliceous rock. The ochre and the stone tools were
found together with tabular grinding slabs directly beneath a massive, freestanding
rock face grooved with hundreds of vertically aligned cupules of varying sizes and
shapes (Coulson et al., 2011). It is not an overstatement to interpret these findings as
the material manifestation of costly signaling in multiple ritual performances within
a special sequestered place.

When looking at the numerous ethnographic reports about ochre use in tradi-
tional hunter-gatherer and pastoralist societies worldwide, we see that contemporary
humans used and still use this material in a variety of ways. It is striking that the
ritual context of ochre use—primarily in the form of body and face painting but also
for rock art, ritual objects and burials—predominates in the ethnographic record
(Basedow, 1925; Beckwith & Fisher, 1999, 2012; Bernatchez, 2012, pp. 17-34;
Horton, 1994; Knight et al., 1995; Lydall & Strecker 1979a, b, c; Rifkin, 2012a,
p. 12, 2015; Peabody, 1927; Rudner, 1982; Sagona, 1994; Stafford et al., 2003, pp.
84-86; Tacon, 2004; Tonjes, 1911; Watts, 2010, suppl. pp. 7-9).

Considering all of the evidence, arguments and comparisons, we view a large
proportion of ochre finds from the MSA as the material remains of past ritual activ-
ity. This does not negate the possibility that sometimes people also used this mate-
rial for practical purposes, simple aesthetic pleasure or perhaps a combination of
these. In this regard, ochre would have been a truly multifunctional raw material.
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Color Psychology and Symbolic Culture

To examine the evolutionary significance of red ochre in the context of early ritual
activity, we draw attention to the growing literature on color psychology (Elliot,
2015; Elliot & Maier, 2014; Elliot et al., 2015). A number of recent experiments
applying rigorous empirical methods assessed the perceptional and behavioral
impact of red stimuli in different psychological and cultural contexts. A considerable
amount of data showing that the perception of red generally attracts more attention
than other colors has accumulated over the last years (Buechner et al., 2014; Folk,
2015; Lindsey et al., 2010; Pomerleau et al., 2014; Sokolik et al., 2014; Tchernikov
& Fallah, 2010). Red stimuli have nontrivial effects on specific human emotions and
(mostly unconscious) influence on behavior in competition, achievement, danger and
especially mating contexts (Beall & Tracy 2013; Elliot & Niesta, 2008; Elliot et al.,
2013a, 2013b; Maier et al., 2015; Pazda & Greitemeyer, 2015; Schwarz & Singer,
2013; Shi et al., 2015; Stephen & Perrett, 2015; Tanaka & Tokuno, 2011; Velden
et al., 2012; Williams et al., 2017; Wu et al., 2018). We point out that the specific
symbolic meaning of the color red varies across cultures and historical epochs. The
measured effects of red stimuli manifest themselves as statistically significant cross-
cultural tendencies operating at deeper psychological levels, namely in basal, mostly
unconscious, emotional and motivational reactions. Thus, these measured reactions
presumably have a neurobiological basis shaped by natural and sexual selection.

In addition to cross-cultural experiments on humans, primatological studies indi-
cate a deep evolutionary basis for at least some (non-symbolic) emotional and moti-
vational effects of red stimuli. Researchers observed and experimentally tested the
role of reddened skin in the realm of primate social and sexual signaling (Bielert
et al., 1989; Gerald et al., 2007; Higham & Winters, 2015; Stallmann & Froehlich,
2000; Waitt et al., 2003, 2006; Zinner et al., 2004). Interestingly, where reddened
skin plays a role, signaling often occurs in the form of ritualized displays (Berg-
man et al., 2009; de Waal, 2007, pp. 151-162; Dixson, 2012; Goodall, 1986, pp.
443-465; Higham et al., 2012; Petersdorf et al., 2017; Setchell, 2015; Setchell &
Wickings, 2005; Setchell & Dixson, 2001). Such deep-seated evolutionary reac-
tions to the color red constitute a psychological starting point upon which colorful
and attention-grabbing ritual performances with symbolic meaning could later be
built—with the help of material culture and through cultural evolution. Therefore,
it is possible that red ochre applied to the body, face, hair or clothes initially played
a role as an artificial amplifier of sexual signals in mating contexts, dominance in
cases of competition, or warning in contexts of danger or death, thus exploiting
ancestral cognitive biases in primates. If we continue this line of reasoning, it seems
likely that with red ochre, these artificially amplified signals were used ever more
strategically in ritualized displays as the ‘social brain’ (cf. Gowlett et al., 2012)
evolved during the Pleistocene.

Even when red ochre is used for utilitarian purposes, it brings forth an inherent
signaling quality the moment it is applied to any visible surface. As noted, the psy-
chological impact of red stimuli is profound. Therefore, it hardly seems possible to
distinguish between purely functional and symbolic use. In fact, we believe that the
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divide between the functional and the symbolic is a false dichotomy. In traditional,
but also Western societies, functionality and symbolic meaning of material culture
are inseparably intertwined, as Homo sapiens is ultimately a symbolic species (Dea-
con, 1997; Henshilwood & d’Errico, 2011a). This is not to say that there cannot
be a heuristic distinction between these two categories. Rather, we view them as
endpoints on a continuous spectrum, and not as an implicit binary divide of material
culture.

From an evolutionary perspective, costly signaling precedes tool production and
is observed in many biological organisms (Maynard-Smith & Harper, 2003; Zahavi
& Zahavi, 1997). Therefore, early use of red ochre was more likely embedded in
signaling than utilitarian contexts, also because the material’s color represents its
most perceptually salient property. On the other hand, we cannot assume a priori that
late Acheulean and early MSA material culture was permeated with symbolism right
from the start, as it appears in ethnographic and modern cultures. It is very likely
that the capacity for full-fledged symbolic communication did not appear in modern
humans as a sudden miracle, but instead evolved over a considerable timespan with
a multimodal and multicausal origin (Prieur et al., 2020). Critical pre-adaptions,
such as the capacity for shared intentionality (Tomasello et al., 2005) and higher
orders of theory of mind (Dunbar, 2003, 2009; Gowlett et al., 2012), first had to be
set in place. That there was likely a prolonged transitional process in which it would
be very difficult to distinguish between proto-symbolic and fully symbolic commu-
nication is also indicated by the fact that a plethora of animal species use iconic and
indexical signals organized by complex ‘proto-grammars’ (Reznikova, 2007).

In some primate and non-primate species it is even possible to teach a limited
number of true symbolic references (sensu Peirce, 1998), insofar as human teach-
ers establish a stable relationship of trust with the individuals in question (Goodall,
1986, pp. 33-34; Lyn & Chenkin, 2018; Pepperberg, 2012). Based on his long-term
observations over three decades in the Tai National Park in the Ivory Coast and else-
where, Boesch (2012, pp. 108-127) even argued that some basic aspects of sym-
bolic culture are already present in wild chimpanzees. Several theorists hypothesize
that group ritualization played a key role in the emergence of fully symbolic culture
by establishing and stabilizing the necessary relationships of trust between signal-
ers and receivers and generating a shared domain of meaning (Deacon, 1997; Dur-
kheim, 1912; Henrich, 2009; Knight, 1999, 2014; Power, 2009, 2014; Rappaport,
1999). If a large proportion of the red ochre from the African MSA does indeed
manifest past ritual behavior, then it might represent a material remain of this very
critical transitional process in human evolution, one which allows us to glimpse the
gradual emergence of symbolic material culture.

What Does Habitual Ochre Use Mean and Why is it Important?

The term habitual often appears in the archaeological literature, for example, in
association with the evolution of fire use by hominins (Roebroeks & Villa, 2011;
Sandgathe, 2017; Shahack-Gross et al., 2014; Shimelmitz et al., 2014). These
authors define the term as a repeated, regular, systematic, consistent, successive,
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long-term behavior in specific sites and/or regions. Similarly, the Oxford English
Dictionary (https://www.oed.com; Accessed 26 May 2020) defines habitual as: ‘Of
the nature of a habit; fixed by habit; existing as a settled practice or condition; con-
stantly repeated or continued; customary.” An additional perspective comes from
primatology. Whiten et al. (1999) systematically compared the cultural behavior
of chimpanzees (Pan troglodytes) across Africa from seven long-term field stud-
ies, which together accumulated 151 years of direct observation. The authors dis-
tinguished customary from habitual behavior: in their view, a behavior is habitual
if it occurs repeatedly in several individuals, consistent with some degree of social
transmission. It only becomes customary when the behavior occurs in all or most
able-bodied members of at least one age-sex class (such as adult males).

We concur with these definitions and apply this meaning in our study. There-
fore, we consider a feature of hominin behavior as habitual if it reflects a con-
stantly repeated or continued part of the behavioral repertoire of a substantial part
of a given population (but not necessarily of every group member or every age-sex
class), which is socially transmitted. Archaeologically this should manifest itself
across many broadly contemporaneous sites as compared to other commonplace
archaeological materials such as lithic artifacts. We view the emergence of habitual
ochre use as a proxy for the emergence of regular collective rituals.

The Evolutionary Origins of Ritual

From an evolutionary perspective, the human collective ritual is a special mode of
behavior composed of different psychologically active building blocks, some older,
some younger. Like other theorists (Deacon, 1997; Dissanayake, 2018; Power, 2009,
2014; Rossano, 2012, 2016), we assume that the oldest components are traceable to
non-symbolic ritualization and costly signaling. These behaviors are observable in
many non-human species today (Huxley, 1966; Krebs & Dawkins, 1991; Maynard-
Smith & Harper, 2003; Zahavi & Zahavi, 1997). When looking at human evolution,
we must relate these behaviors to the special problem of encephalization.
Ritualization is an evolutionary process in which an accidentally informative
part (e.g., gestures, vocal expressions) of an otherwise longer, functional behavioral
sequence is decoupled, isolated, formalized, exaggerated and repeated in order to
function purely as a communicative signal (Huxley, 1914; Tinbergen, 1952; Zahavi,
1980). The selection pressure is driven by the observer (e.g., prospective mate, pred-
ator, prey, offspring) who is interested in assessing the behavior of the signaler. The
observer is reacting to these signals in a manner that vitally affects the fitness of
the signaler (Krebs & Dawkins, 1991). In socially complex primates, ritualization
serves a function in greeting, social bonding, trust enhancement, conflict mitigation,
displays of dominance, mating, warning signals, and coordination of group spacing
and travel (Arcadi et al., 1998; Crockford et al., 2017; Call & Tomasello, 2007; Dal
Pesco & Fischer, 2018, 2020; de Waal, 1989, 2007; Goodall, 1986; van Leeuwen
et al., 2012; Pollick & de Waal, 2007; Smuts & Watanabe, 1990; Tomasello & Call
2019; Whitham & Maestripieri, 2003). In short, ritualized behavior is an impor-
tant mechanism for the regulation of social life in primates. Especially remarkable
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are the behavioral complexity and rich cultural repertoires of our closest primate
relatives (Pan troglodytes and paniscus). Long-term observations of wild popula-
tions and in controlled environments revealed cultural traditions common in some
communities, but not in others (Boesch, 2012; Horner & de Waal, 2009; Luncz &
Boesch, 2014; Roffman et al., 2015; Whiten et al., 1999). Not only do these stud-
ies show how different chimpanzee communities have different socially transmit-
ted traditions of tool use, they also demonstrate arbitrary behavioral conventions in
the domain of ritualization, such as greeting and social grooming behaviors (Bon-
nie et al., 2007; McGrew, 2017; van Leeuwen et al., 2012, 2014). Recently, a large
group of authors reported a previously unknown ritualized behavior in four different
chimpanzee populations in West Africa, which includes both special ritual places
and material objects (Kiihl et al., 2016). Individuals hurl or hit stones against certain
trees, throwing them into specific hollow tree stumps or cavities between the rib-
like buttress roots of a certain tree. This action forms cairn-like stone accumulations
that can consist of up to thirty stones. During handling of the stones or directly after
throwing, the adult individuals perform typical powerful calls (‘pant hoots’) while
the other members of the troop watch the spectacle. The groups visit the same place
regularly, using the same trees and stones to perform the same sequence of behav-
iors. This specific cultural display occurs without any recognizable practical func-
tion and includes some important building blocks of human ritual behavior, such
as the repetition of stereotypical, rule-bound, non-utilitarian, socially transmitted
behavior, performed in front of an audience in special places incorporating the use
of special material objects.

Equally complex are the behavioral reactions of chimpanzees confronted with
dead group members. Such responses include testing for reaction by inspecting,
shaking or covering the corpse with leaves; emotional calls; guarding or carrying
the dead body for hours (and sometimes days); ritualized renegotiation of the domi-
nance hierarchy and social relations through aggressive displays, submission ges-
tures, and mutual social grooming near the corpse (Anderson, 2011; Anderson et al.,
2010; Boesch, 2012; Goodall, 1986; Matsuzawa, 2011; Stewart et al., 2012; Teleki,
1973; van Leeuwen et al., 2016, 2017). A number of researchers see these emo-
tional responses and behaviors in the domain of death as a basis for the development
of more complex burial ritual in hominins during the Pleistocene (Anderson, 2011;
Boesch, 2012; Pettitt, 2011a).

In addition, several studies report emotionally charged and fairly elaborated ritu-
alized displays performed by individual primates. These displays are not directed
at other individuals, but rather at overwhelming natural phenomena such as bush-
fires, storms, heavy rain and big waterfalls (Goodall, 2005; McGrew, 2004; Pruetz &
LaDuke, 2010; Tennie & van Schaik, 2020). Whether or not these displays are a sign
of awe is speculative, but the observations suggest that these ritualized behaviors
lead to an internal regulation of emotion in situations of uncertainty and fear, just
as they do in humans (cf. Boyer & Liénard, 2006; Hobson et al., 2018; Lang et al.,
2019, 2020).

Costly signaling evolves if there is a conflict of interest between signaler and
observer, or at least uncertainty about the honesty of the transmitted information. In
such contexts, a signal must be costly and difficult to fake in order to be reliable for
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the observer, otherwise the observer will ignore the signal. A well-known example
of this mechanism is the peacock’s tail. Because of its enormous size and color-
fulness, the tail exacts energetically high costs for the peacock. Yet it becomes a
handicap when a peacock must escape from a predator. Only a healthy, well-fed
individual, resistant to parasites is able to develop a particularly large and magnifi-
cent tail and survive long enough. It is not possible to fake this kind of signal with
a cheap trick. The display of a very costly and impractical tail is therefore an hon-
est phenotypical signal to the peahen of the male carrier’s otherwise invisible true
genetic fitness (Zahavi & Zahavi, 1997). In the process of sexual selection, peahens
selected mates with ever more expensive tails over many generations. Evolutionarily
informed psychologists and anthropologists successfully transferred this basic prin-
ciple—that costly signals are honest and difficult to fake—into the realm of human
collective rituals. As many researchers have noted and further investigated, most
rituals are very costly for the participants in one way or another, because they can
involve a great quantity of material resources as well as time, repetition, physical
effort, risk taking and physical suffering. Although the nature and severity of ritual
costliness varies greatly between different ritual types and societies (Kapitany et al.,
2020; Atkinson & Whitehouse, 2011; Sosis et al., 2007), a consensus is emerging.
The mechanism of costly signaling represents an effective psychological technique
to signal and test frue social, emotional and moralistic commitment to the group,
and thus deters free-riders (Fischer & Xygalatas, 2014; Henrich, 2009; Irons, 2001;
Knight et al., 1995; Power et al., 2013; Purzycki & Arakchaa, 2013; Rossano, 2015,
2016; Ruffle & Sosis, 2007; Soler, 2012; Sosis, 2019; Sosis & Alcorta, 2003; Sosis
& Bressler, 2003; Whitehouse & Lanman, 2014).

Encephalization in hominin evolution, driven by increasing social (Gowlett et al.,
2012) and cultural complexity (Muthukrishna et al., 2018), caused increased mater-
nal energetic requirements in pregnancy and parenting, which in turn advanced the
need for cooperative breeding (Burkart et al., 2009, 2014; Hrdy, 2009). In addition,
the evolutionary trend towards larger social networks (probably one of the main
driving factors of encephalization), whose number exceeded the local residence
group and incorporated more genetically unrelated individuals with competing inter-
ests, led to ever more complex social environments (Gamble et al., 2014; Gowlett
et al., 2012; Sterelny, 2014). Because these enlarged social networks were no longer
composed purely of genetic relatives, and manual grooming among all members
of the group to establish individual reciprocal relationships became impossible, it
is not natural for such entities to behave as a cohesive unit (Dunbar, 2009). Thus,
mechanisms of kin selection and reciprocal altruism on their own became insuffi-
cient. The evolution of new psychological adaptations may have been one conse-
quence of the challenges of an enlarged and more complex social structure, as was
the need for alloparenting (e.g., norm-psychology: Chudek & Henrich, 2011; group-
mindedness/tribal social instincts: Richerson & Henrich, 2012; Tomasello et al.,
2012; prosocial disposition for cooperative breeding: Burkart et al., 2009). Another
result was the advent of powerful new cultural strategies to maintain cooperation,
prosociality and group cohesion. One of those new cultural strategies was collective
ritual (Whitehouse & Lanman, 2014). As Pinker (2016, p. 874) states, wasteful ritu-
alizing in the context of human sociality is necessary because the group as such is
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not an elementary cognitive intuition that automatically triggers instinctive loyalty.
The phenomenon of human collective ritual in turn developed from the aforemen-
tioned much older capacities for ritualized behavior and costly signaling in conjunc-
tion with evolutionarily younger adaptations that evolved some time after the split of
our lineage from the chimpanzees. Younger psychological adaptations include the
capacity for shared intentionality (Tomasello et al., 2005); group synchronization
(Launay et al., 2016; Reddish et al., 2013); an innate proclivity for overimitation
of non-instrumental behavior in early childhood (Keupp et al., 2013; Lyons et al.,
2007; Nielsen & Tomaselli, 2010); and the capacity for symbolic communication
(Botha & Knight, 2009a, b; Cole, 2017; Dor et al., 2014; Sterelny & Hiscock, 2014).

Furthermore, the evolution of all symbolic communication systems is initially
impeded by a cooperative dilemma, as deceptive signaling is abundant in nature
(Bergstrom, 2009). In order to communicate with a symbolic code that is not visu-
ally, physically or temporally bound to a real-world object, agent, behavior or qual-
ity, the signaler and the receiver have to trust each other. Symbols make lying,
tactical deception and exaggeration very easy (Henrich, 2009, 2016, pp. 256-258;
Lachmann & Bergstrom, 2004). Thus, some kind of mechanism to secure trust and
generate a shared domain of meaning between signalers and receivers has to be in
place before symbolic communication can be established. If it is true that trust-
enhancing and meaning-generating collective rituals were needed to establish the
first jointly shared fictions (i.e., symbolism) by solving the cooperative dilemma,
then the emergence of habitual collective rituals was one important prerequisite for
the evolution of symbolic communication (Deacon, 1997, pp. 402-407; Durkheim,
1912; Power, 2009; Rappaport, 1999, pp. 54-56; Rossano, 2016; Watts, 2009).
Hence, it may be that the emergence of habitual ochre use during the MSA of Africa
marks an important transition in the cognitive evolution of H. sapiens.

Testing the Predictions of Different Models

Our study examines two conceptual frameworks related to the evolution of ritual
behavior and their specific predictions for the emergence of habitual ochre use. The
first one is known as the Female Cosmetic Coalitions Hypothesis, while we call the
second the Ecological Stress Hypothesis. In addition, our data have likely implica-
tions for broad scenarios about the emergence of complex cultural capacities during
the evolution of hominins, such as the Eight-Grade Model for the Evolution and
Expansion of Cultural Capacities.

Female Cosmetic Coalitions (FCC) Hypothesis

The FCC hypothesis was initially proposed by Knight, Power and Watts in 1995 and
later updated with new data from primatology, paleoanthropology and archaeology
(Power et al., 2013). The model links early ochre use to processes of encephaliza-
tion, sexual selection and mechanisms of culture—gene coevolution. The evolution of
increased cranial capacities with higher energetic costs of gestation and prolonged
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periods of lactation and childhood development during the Middle Pleistocene
placed females under greater pressure to recruit reliable male support for parent-
ing and nutrition (Kuzawa et al., 2014). Through their concealed ovulation, human
females do not exhibit overt signs of estrus. Therefore, the only available cue to
the female fertility status for males would be menstrual blood. Although menstrua-
tion occurs at a non-fertile period, it signals sexual maturity, non-pregnancy and an
imminent ability to conceive.

According to the FCC hypothesis, the earliest use of ochre emerged as female
coalitions ritualistically painted their bodies to signal a deceptive ‘sham menstru-
ation’ in order to manipulate and control male parental investment and produc-
tive labor to meet the aforementioned increased energy requirements caused by
encephalization (Knight et al., 1995). By painting themselves with red ochre (and/or
other red cosmetics), non-fertile females pretended imminent fertility and triggered
male attention. While it is unlikely that males would be fooled by this signal, the
menstruation ritual would have constructed the first symbolic reality understood by
both the signaling female coalition and male observers. The symbolic message was
that without reliable male investment there would be no sexual access to any female
member of the coalition. According to the model, initial use of ochre should not pre-
date the encephalization associated with H. heidelbergensis (~800-700,000 years)
(Power et al., 2013, p. 44; Watts, 2014, p. 217, 2015, p. 324).

In its early phase, ochre use should be irregular, sporadic and local as menstrua-
tion rituals would only be performed ad hoc when a female in the coalition was men-
struating. The emergence of habitual ochre use should correlate with the last major
encephalization event associated with H. sapiens and the emergence of modern cra-
nial volumes. When the updated version of the FCC hypothesis was published, this
was estimated to occur about 200,000 to 150,000 years ago (Power et al., 2013, p.
44). The FCC model posits that at this point, ritual performances were regularly
planned and organized to motivate male investment regardless of whether a local
female was actually menstruating (Knight et al., 1995, p. 81; Power et al., 2013,
pp. 43—44; Watts, 2014, pp. 218-222). Since the model is predicated on a runaway
process of sexual selection, it predicts an abrupt rather than gradual emergence of
habitual ochre use (Power et al., 2013, p. 44; Watts, 2014, p. 217; Watts et al., 2016,
p- 299).

Ecological Stress Hypothesis (ESH)

According to Rossano (2015), increased ochre use is a proxy for costly rituals that
emerged specifically during periods of ecological stress and competitive situations
when drought-related migrations were probable. Variations in the primary driv-
ing factors of insolation and global temperature caused dramatic fluctuations in
climate, starting about 150,000 years ago, leading to displacements of resources
and local scarcities. Especially severe mega-droughts that occurred periodically
between 135,000 and 75,000 years ago in the tropical zone of Africa might have
brought about genetic bottlenecks and migration events of populations of H. sapi-
ens (Blome et al., 2012; Cohen et al., 2007; Kim et al., 2014; Scholz et al., 2007).
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Those migratory events were either from the tropical zone into adjacent subtropical
regions, or, as precipitation increased, back into the tropical zone, and may have
caused stress and conflict between formerly isolated groups. Costly rituals are espe-
cially important to maintain group cohesion during times of difficult circumstances
and intergroup conflict (Sosis et al., 2007). According to this model, which we name
the Ecological Stress Hypothesis (ESH), ochre use should fluctuate in the aforemen-
tioned regions as a function of migratory events and reach several different peaks
between 150,000 and 70,000 years ago.

Eight-Grade Model for The Evolution and Expansion of Cultural Capacities (EECC)

The eight-grade model for the evolution and expansion of cultural capacities (EECC)
is a broad framework that illustrates the expanding complexity of cultural capacities
during the evolution of hominins (Haidle et al., 2015). The model is based on the
extension of problem—solution distances in tool behavior observed from the field of
ethology and the archaeological record (Haidle et al., 2015, fig. 3), with each grade
showing evidence for increased cultural capacity. Based on ethological observations,
the first four grades herald the beginnings of cultural capacities starting with (1)
social information and (2) social learning, which then grade into (3) traditions and
(4) basic culture. Based on archaeological evidence, the last four grades of cultural
capacity include (5) modular, (6) composite, (7) complementary, and (8) notional
phases.

Depending on whether ochre use was functional or symbolic, evidence from the
archaeological record indicates two possible interpretations within the model (Hai-
dle et al., 2015, table 1). If ochre was an ingredient in (semi-) liquid compounds
(Henshilwood et al., 2011; Villa et al., 2015) or adhesives (Lombard, 2007; Wadley
et al., 2004, 2009; Zipkin et al., 2014), we can infer the sixth grade, composite cul-
tural capacity. Haidle et al. (2015) estimate that the sixth grade was reached between
500,000 and 200,000 years ago and is associated with critical cognitive develop-
ments: ‘Composite tools and materials expand cultural capacities by welding inde-
pendently existing ideas and solutions into new concepts. ...The resulting product
possesses new qualities that go beyond the qualities of the parts, ... that may be
obtained at different times and in different places’ (Haidle et al., 2015, pp. 57-58).

But if the emergence of habitual ochre use is interpreted as indicating regular col-
lective rituals that established socially shared fictional entities, attributes and rela-
tionships (i.e., symbolism), then it can be understood to indicate the eighth grade,
notional cultural capacity. Based on current evidence, Haidle et al. (2015) estimate
that the eighth grade was achieved by at least 40,000 years ago, and possibly as early
as 130,000 years ago. The eighth grade includes socially transmitted information
which incorporates non-physical concepts that can only be manipulated within the
mind. While those symbolic concepts do not necessarily need a link to a physical
object, they are often combined with one in order ‘... to form a composite with new
functional qualities emerging out of the basic physical qualities and [conveying] a
certain meaning ...” (Haidle et al., 2015, p. 59). Their full potential only unfolds
within the social domain of a given group that shares the same mental templates. If
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the symbolic interpretation of habitual ochre use holds true, our findings could refine
the dating of the emergence of notional cultural capacity in H. sapiens, and with it, a
level of cognitive complexity that can only be considered as strictly modern.

Climate, Environment and Geography

Our study examines sites from a broad geographic context spread across Africa from
the time between 500,000 and 40,000 years ago. By default, this approach reduces
the bias of a specific environment, region or time in exerting undue influence on
the results. This strategy is important because the sites included in the analysis are
located in different ecological settings, including coastal, near-coastal, inland, high-
land and montane zones. Their vegetational settings are also highly variable, with
sites in ecozones where fynbos, savannah, grassland, woodland, forest or desert
predominate.

Africa is climatically diverse, showing great geographic variation in temperature
and precipitation. Temperatures can range from well below freezing in the Highveld
of South Africa to the extremes of the Sahara, while variable amounts of rainfall
across the seasons can provide their own challenges. The varying elevation of the
sites further drives the differentiation of climate and environment. While local gla-
ciation played only a minor role, eustatic responses to global glacial cycles affected
sea level. This fluctuation had an impact on coastal and near-coastal zones, opening
up new landscapes, or erasing them. The same holds true for tectonic events such as
earthquakes and volcanic eruptions.

We recognize that these factors contributed to the establishment of substantial
variation across the African continent in different ways, at different times and in dif-
ferent places. However, many of these appear to follow the rhythm of orbital motion
(Fig. 10g), which influences the African macroclimate through two main forcing fac-
tors, insolation and global temperature. Direct summer-season insolation is the pri-
mary driver determining hydroclimate, which includes rainfall and seasonality. It is
strongest during phases with a high amplitude of precession, as indicated by a large
number of paleoclimatic data (Nash & Meadows, 2012). The second major driver
is global temperature, represented by the benthic 8'30 proxy (Lisiecki & Raymo,
2005; Fig. 10f), with its feedback on sea surface temperatures, latent heat flux and
ice-related processes affecting marine and terrestrial ecosystems of Africa. Espe-
cially during phases of low amplitude of precession, factors other than insolation,
such as high-latitude forcing and greenhouse gases, gain importance in their impact
on the African climate. The effect of these factors varies within the three macro-
climatic zones of Africa: the tropics between +23.5° and —23.5° latitude and both
northern and southern subtropical latitudes up to about 35°. Two hypotheses can
be derived from climatic data and modeling results: (i) an asymmetric relationship
with humid conditions in one hemisphere and arid conditions in the other, caused by
millennial-scale, anti-phased variations of insolation; and (ii) a symmetric expan-
sion and contraction of the tropical rain belt. Singarayer and Burrough (2015) con-
clude that both hypotheses operated mutually and influenced African paleoclimate
on orbital scales. In addition to the Northern—Southern hemisphere antiphase signal
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modulated by precession, Kaboth-Bahr et al. (2021) identified alternating humid and
arid phases between East and West Africa (Fig. 10e). These are likely driven by
orbital eccentricity affecting Walker Circulation and El Nifio Southern Ocean oscil-
lation (ENSO) variability.

In sum, the sites analyzed in this study are spatially and temporally widespread.
We therefore acknowledge the existence of significant variability in many factors,
such as temperature, precipitation and seasonality. However, this heterogeneity bal-
ances the effect of climatic and environmental change on a continental scale and
levels the results of this study (cf. Kandel et al., 2016; Steele & Klein, 2009).

Materials and Methods
Data Sources

We reviewed the literature to establish which archaeological sites in Africa docu-
ment the presence of ochre between 500 and 40 thousand years ago. We limited
the study to Africa in order to focus on behavioral changes in H. sapiens and its
immediate predecessors, selecting the period of study to encompass the entire MSA
and the preceding transitional industries of the ESA. Recent research has shown that
some archaic hominin populations still existed at the beginning of the MSA on the
African continent (Dirks et al., 2017; Griin et al., 2020; Hammer et al., 2011). Hypo-
thetically, they also could have contributed to the archaeological record. But given
the current state of research, it seems rather unlikely that they were responsible for
the bulk of the MSA ochre finds. We examined ochre because of its status as a proxy
for ritual and because of its durability and frequent co-occurrence with assemblages
of stone artifacts. We also documented archaeological sites lacking ochre, but with
stone artifacts, to place the sites with ochre into a broader context.

Our research focused on primary literature, most of which is written in English
or French, and less frequently German or Italian. We also integrated new studies
of previously documented ochre assemblages and contacted researchers directly to
clarify piece counts or other details about the finds. In all, we collected information
on more than a hundred ochre-bearing sites and entered 86 (Table 1, Fig. 1) into a
database managed by the research project ‘The Role of Culture in Early Expansions
of Humans’ (ROCEEH: http://www.roceeh.net). Together, these sites yield more
than 25,000 individual ochre finds, representing a time span of nearly half a million
years.

ROAD (ROCEEH Out-of-Africa Database) is a web-based platform uniting spa-
tial information with data about assemblages from archaeological, paleoanthropo-
logical, paleontological and botanical localities plus bibliographic information (Hai-
dle & Kandel, 2018; Haidle et al., 2010; Mirker et al., 2011). Every site entered into
ROAD is structured through its geological and archaeological profiles. The profiles
contain layers which are stratigraphically ordered. Each layer is ascribed to a chron-
ological framework based on an age model which incorporates both radiometric and
relative dating as well as cultural chronostratigraphy defined through regional tech-
nocomplexes. An assemblage may consist of stone artifacts, organic tools, ochre,
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Fig. 1 Map of Africa showing distribution of sites with lithics and those with ochre, keyed to Table 1

‘symbolic’ finds and features along with human, animal and plant remains. Each
assemblage is assigned to a specific geological and, as appropriate, archaeological
layer. ROAD integrates this data and provides a means to query and analyze the
spatial and chronological distribution of assemblages. The database includes a Map
Module offering basic cartographic tools, allowing sites to be plotted on a wide
array of topographic, climatic, ecological or vegetational maps. ROAD also offers
other specially developed analytical tools, such as the ‘scenario tool’ to define a
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preferred hominin species, a ‘time slider’ to examine the distribution of finds during
adjustable windows of time, and ‘time slice’, described below.

We evaluated the published data from each locality based on the character and
quality of the ochre artifacts reported, the nature of the excavation, the stratigra-
phy of the site and the reliability of its dating. Due to the way we enter and link
data in ROAD, all of these aspects are prerequisites for building a robust and reli-
able framework for analyzing data. As a result, we eliminated datasets judged to be
from questionable contexts. Consequently, some sites frequently mentioned in the
literature are not part of this analysis. We excluded sites with mixed, doubtful or
poorly described assemblages and poor (or no) dating. In the end, we removed 18
sites from our analysis for reasons cited in Table 2.

Time Averaging

To overcome problems associated with variable data inherent in our age model, we
employed the statistical concept of time averaging. We understand time averaging
as a broad concept based on the calculation of moving averages which applies to:
(i) aggregated time series; (ii) dating of stratified sequences; and (iii) the likelihood
that an assemblage dates to a specific time. In the first case, moving averages pro-
vide an approximation of long-term trends in such disparate areas as paleoclimate,
weather, the stock market, census analysis, currency exchange and infection rates
(e.g., National Institute of Standards and Technology, 2012). To illustrate the second
example, we draw attention to Lyman (2003), who uses time averaging to compare
disparate datasets in zooarchaeology, whereas Kowalewski (2014) applies a similar
concept to paleontology with the understanding that the accumulation of individual
fossils in a geological formation rarely represents a synchronous event. For the third
example, we point to Sadr’s (2009) interpretation of settlement intensity based on
radiocarbon dates from different archaeological sites. Robinson et al. (2019) also
follow this view, using radiocarbon ages in models of population ecology. Finally,
Bluhm and Surovell (2019) examine the distribution of radiocarbon dates from
archaeological sites, using them as proxies for paleodemography.

We consider time averaging to be a useful tool when a degree of variability is
intrinsic in a series of data. The method is particularly helpful when examining
trends over longer periods because it filters out noise in a signal. To resolve issues
related to cases (ii) and (iii), we apply the concept of time averaging to analyze the
age models entered into ROAD. Using the age models, we conducted a time series
analysis (case i) with a tool called time slice and crosschecked the results with a
statistical method called finite mixture distribution. While these methods have their
limitations, in that they dissolve the fine-grained nature of a series of data, their
advantage is that they provide an overview of general trends through time.

Time Slice Tool

To perform time averaging, we developed an analytical tool in ROAD called time
slice. This tool tallies the numbers of localities and assemblages meeting certain
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criteria as specified in a predefined query. The user selects a query and defines the
range of time to analyze by choosing a minimum and maximum age. Next the user
picks different windows of analysis (time slices), defined in years. The method is a
binning technique using variable bandwidths applied to a moving window. Thus, the
tool allows the user to slide the analytical window across the scope of analysis at a
given interval, which we call time step, also defined in years. In this way the analyti-
cal window (=time slice) is moved in an overlapping manner to calculate mean val-
ues (Fig. 2). The time slice tool yields a graphical representation of the results and
allows downloading of the queried data (Fig. 3).

For this analysis we developed two queries, one that generated a list of African
localities with assemblages of ochre, and another for stone artifacts. We selected 13
combinations (Table 3), applying time slices of 10, 20, 30 and 40 thousand years
and varying the time steps at intervals of 5, 10, 15, 20, 30 and 40 thousand years.
Our aim was to examine the entire chronological range from 500 to 40 thousand
years ago without losing too much resolution. Since radiocarbon dating covers only
a small portion of the entire chronology, other radiometric methods provide ages for
the majority. Analysis at an interval finer than 5000 years seemed overly optimis-
tic, as this was often considerably more precise than the standard deviations of the
dating methods. On the other hand, a resolution coarser than 40,000 years seemed
unlikely to yield meaningful results.

One important consideration is that assemblages in ROAD belong to distinct geo-
logical and archaeological layers. Those layers are not only dated through radiomet-
ric methods, but also using relative means (e.g., marine isotope stage, paleomagnetic
stratigraphy, biostratigraphy) as well as cultural stratigraphy. The layers may even be
of unknown age. Several factors can contribute to increased uncertainty in ages, for

<>
<>
<>
<>
<>

moving window o{ analysis
time incle

—

time step

Fig.2 Schematic diagram explaining the terms ‘time slice’ and ‘time step’. We tested 13 different combi-
nations with respect to the ochre data in ROAD (see Table 3)
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Fig.3 Screenshot of the time slice tool in ROAD

example, large standard deviations in radiometric dating and broadly defined chron-
ological frames for correlating biological or cultural entities. Thus, factors such as
overlapping age ranges and dates with wide spreads affect the results of our queries
(see the lithics plot in Fig. 7). Nonetheless, we relied on the information presented in
the literature as the basis of our dataset.

Finite Mixture Distribution
To crosscheck the results of our time slice analysis, we applied a probability den-

sity function to estimate finite mixtures from the data (cf. Baxter, 2017). Using
this method, we simplified the dates to a number of Gaussian distributions and
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Table 3 Cross-table showing 13 combinations of time slices and time steps used in this study

Time slice
10,000 20,000 30,000 40,000
Time step 5000 X X X X

10,000 X X X X
15,000 X
20,000 X X
30,000 X
40,000 X

aggregated them to an overall density of dates over time. It allowed us to exam-
ine some of the issues of uncertainty mentioned above, such as variable temporal
accuracies explained through different dating methods (Fig. 4, Type A and B) and
the existence of multiple dates assigned to the same layer (Fig. 4, Type C). This
method is based on two assumptions. First, we assume that an assemblage in our
record represents one event in time, expected to have occurred within a given time
range. The latter represents the normally distributed measurement error of the dating
method. Second, we assume that an event falls within a time range with a probabil-
ity of p=99%. Consequently, we expect the time range to represent Z=2.58 stand-
ard deviations of the assumed Gaussian probability distribution. The presence of an
assemblage in the timeline can be expressed as a probability density function

1 o~ /20

oc\2x

px) =

where p is the mean of the upper and lower boundary of its time range and ¢ is the
time range divided by Z. Based on these assumptions, a record with dated assem-
blages can be considered as a finite set of mixture components p;(X),...,p,(xX) that
are elements of a univariate and finite mixture distribution

f) =Y wipx)
i=1

where p;(x) is the probability density function of the mixture components and w;
is a weighting factor. The weighting factor mitigates the overemphasis of assem-
blages with multiple dates. Finally, to compare the results with the time slice tool
(see above), we examined the effect of smoothing by using moving averages equal to
5, 10, 15, 20, 30 and 40 thousand years. We performed calculations in the statistical
computing language R v.4.0.5 (R Core Team, 2021) and the CRAN package ‘distr’
(Ruckdeschel et al., 2006).

We see two advantages inherent in this method. Since the area under the curve of
every p(x) equals one, precisely dated assemblages with narrow time ranges produce
more pronounced peaks (Fig. 4, Type A), while less precisely dated assemblages
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with broad time ranges have dampened peaks (Fig. 4, Type B). The weighting func-
tion also allows us to compensate for overestimation, where one assemblage is asso-
ciated with several dates because it ranges across a number of archaeological or geo-
logical layers (Fig. 4, Type C).

Additional Limitations

For transparency, we summarize the limitations inherent in our research. We men-
tion these wide-reaching factors not to diminish our results, but for the sake of fair-
ness, while acknowledging that they are an intrinsic part of the dataset that cannot
be changed. First, we completed our review of published African literature towards
the end of 2018. Data from publications appearing afterwards are not incorporated
in the study. We referred to published books, journal articles and field reports, but in
some cases, relied on personal communications.

We recognize that a certain research bias exists among African countries, so that
spatial coverage in South Africa or Kenya, for example, is considerably better than
in Nigeria or Mali. This reflects longer traditions of research as well as different
institutional considerations, such as infrastructure and long-term political stabil-
ity. Another factor is reporting bias on historical and methodological grounds, for
example, differences in research traditions over time, variable excavation techniques
resulting in disparate recovery of finds, and different analytical goals. Especially in
older reports, the presence of ochre is often presented without further detail about
its color, weight or count. Fortunately, many of these older collections have been
reassessed using current methods. Still, there is no way to confirm that ochre pieces
were collected in the past (or for that matter, in the present), or whether fine screen-
ing for small pieces of ochre was conducted.

0.8+
0.6 — Mixed density
2
8 0.4+ Date types
7]
o . Type A
T B
|: Type C
0.04
Time
—_— _—

Fig.4 Theoretical examples of the mixture distribution method. The figure displays three types of
assemblages, their dates represented by the age range (horizontal lines at the bottom) and probability
density function f(x). The hypothetical assemblages are precisely dated (Type A =red), imprecisely dated
(Type B =green) or comprise multiple dates (Type C=blue). The mixture distribution p(x) is the result
of the combination of the three. The black line represents the mixed density (Color figure online)
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A key physical factor is the preservation bias observed between cave and open-air
sites. Not only does the presence of caves depend upon regional geology, caves often
serve as focal points for systematic exploration, contributing to a greater likelihood
of documentation. On the other hand, open air sites are often associated with fea-
tureless landscapes and may be neglected, unless they happen to be associated with
spring deposits or are uncovered through chance activities.

As previously mentioned, bias at the continental scale cannot be ignored. How-
ever, it is our contention that the large geographical and chronological scales of this
analysis tend to neutralize those differences. The same holds true for ecological bias
related to differences in soil types, habitats and vegetation. Nor can we overlook the
chronological bias that results from differences in radiometric dating methods, the
ages reported and their standard deviations. Finally, we recognize the possibility that
MSA people used other colorants made of organic materials besides mineral ochre,
which are no longer archaeologically visible.

Results

After running the time slice tool for each of the 13 combinations of time slice and
time step, we gave the resulting plots to ten observers (including the authors) to test
inter-observer reliability (Fig. S1-S13). Each was asked to pick the times where
they recognized inflection points in the ochre data. The observers noted two distinct
chronological breaks, resulting in three main phases of ochre use, regardless of the
combination selected. Based on the results of all ten observers, the mean values of
the breaks occurred at 326 + 14 and 157 + 14 thousand years (Table S1). The overall
similarity in the observers’ results for all 13 combinations suggests that the trend is
robust and reproducible. For practicality, we rounded these values to 330 and 160
thousand years to define the breaks in our subsequent analytical units.

The results of the finite mixture distribution (Fig. 5) seem more gradual and less
stepped when compared to those of the time slice tool analysis. The distinct break
observed at 330 thousand years with the time slice tool appears less pronounced
using the finite mixture distribution, which we attribute to the higher dating uncer-
tainty of the older assemblages. Based on Fig. 6, the majority of older assemblages
have age ranges greater than 100 thousand years. Furthermore, we do not see dra-
matic differences generated by the smoothing procedure, which we applied to make
this analysis comparable with the time slice analysis. However, starting between
about 160 and 130 thousand years, we begin to see a dramatic increase in ochre
use. This varies with the smoothing interval, where larger intervals generate slightly
older estimates. All distributions show a maximum around 60-70 thousand years
and decrease towards the younger end of this study’s scope, likely a border effect
induced through the sampling age boundary at 40 thousand years. The distribu-
tions with few or no smoothing intervals (<10 thousand years) are characterized
by a higher variability. We see their expression in the minor peaks postdating 120
thousand years, and attribute this to the increasing number of more precise dates
(compare Fig. 6).
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Concerning the interaction of ochre use and climatic variation, we note a
log—log linear increase of age uncertainty with greater mean age (Fig. 6). Thus,
older assemblages often exceed the cycles of the primary driving factors, namely the
20-24,000 year cycle of precession, and even the 100,000 year cycle of eccentricity.
For this reason, we cannot reach a conclusion about the period before 150 thousand
years with regard to what impact climatic conditions had on the ESH model. For
younger assemblages between 150 and 40 thousand years, there are many assem-
blages dated with a precision appropriate for examining the effect of the orbital driv-
ing factors on the ESH model.

Based on the time slice data, we defined the first phase of ochre use from 500
to 330, with the second phase from 330 to 160 thousand years ago. As discussed
above, the results from the finite mixture distribution were not fine-grained enough
to warrant their use, owing mainly to broad age ranges. However, the finite mixture
distribution appears to confirm the time slice data for the last phase from 160 to 40
thousand years ago (compare Fig. 5 and 7).

We also calculated the ratio of ochre versus stone artifacts to establish the fre-
quency of ochre use over time, using the presence of stone artifacts as a minimum
baseline to define an archaeological site (compare Tables S2 and S3). Thus all rec-
ognized sites have either lithics without ochre, or lithics plus ochre. No sites with
ochre but without lithics have been documented so far. Our results show that each
phase is followed not only by a stepwise increase in the number of localities with
ochre, but also by a general increase in the percentage of sites yielding ochre with
respect to stone artifacts (Fig. 8).

We divided the sites with ochre into three classes of intensity for low (n=1-100),
medium (n=101-1000) and high (n> 1000) piece counts and used spatial informa-
tion to plot their location for each of the three phases of ochre use (Fig. 9; interactive
online map: https://www.roceeh.uni-tuebingen.de/maps/ochre-africa/). We note that
count is the most consistently reported parameter in the literature, although weight
would be a more informative indicator for the intensity of ochre use.

Discussion

The Development of Ochre Use Between 500 and 40 Thousand Years Ago

Based on our data analysis we define three phases of increasing ochre use on the
African continent during the MSA, which we name as follows: initial, emergent and
habitual. The number of sites with ochre, the ratio of sites with versus without ochre,
the geographical distribution of ochre assemblages and the intensity of ochre use at
sites all increase significantly with each phase. In the following section we discuss
important sites, as well as general paleoanthropological and cultural developments.

Initial Phase of Ochre Use

The initial phase of ochre use occurs from 500 to 330 thousand years ago (Fig. 7,
Table S1). Ochre is documented at five sites scattered across southern and eastern
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Fig.5 Results of the finite mixture method applied to the ochre dataset. Multiple smoothing bandwidths
between 5000 and 40,000 years as well as an unsmoothed reference distribution illustrate the effect of

time averaging (Color figure online)
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Fig. 6 Dating precision of ochre and lithic assemblages compared to the major orbital cycles affecting
African macroclimate. Assemblages with higher age ranges than the respective orbital cycle disallow
a correlation with climate proxies. Since older assemblages have large age ranges, they cannot reliably
be correlated to climate cycles. A substantial number of assemblages younger than 150,000 years allow
correlation with climate effects related to eccentricity or even precession. Scatterplot jitter was applied to
the figure to enhance the visibility of overlapping points

Africa (Fig. 9, Table S2). Based on a total of 69 sites with lithics (Table S3), ochre
is present at 7% of sites (Fig. 8). The number of localities remains stable throughout
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this period. Ochre is generally present in small quantities at these isolated locali-
ties. Still, 74 pieces are reported from member K3 at Kapthurin GnJh-15 (Kenya)
(McBrearty & Brooks, 2000, p. 528). The earliest known grinding implements for
powder production come from the same site (Tryon & Faith, 2013, p. S244). Forty
pieces of pigment (excluding all doubtful assessments) are documented at Kathu
Pan 1 (South Africa), five of which bear traces of utilization (Watts et al., 2016,
table 1). In the cases of Wonderwerk and Canteen Kopje (both in South Africa),
clear traces of anthropogenic modifications are also present (Watts et al., 2016). At
one of the sites, Canteen Kopje, transport distance for the material (in this case,
sparkling specularite) is estimated to be 170 km (but without geochemical analy-
ses), a surprising distance indeed. It is also worth noting that the ochre pieces from
Wonderwerk Cave were found along with manuports in the rearmost, darkest part
of the 140 m deep cave, indicating non-utilitarian activities possibly illuminated by
firelight (Chazan & Horwitz, 2009; Watts et al., 2016, p. 299). Traces of intentional
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Fig.7 Plot of the total number of localities with ochre (below, orange/red) and lithics (above, gray/black)
over time. Each line denotes different time slices (10, 20, 30 and 40,000 years) using a constant time step
of 5000 years, as shown in the legend. In the data analysis we used additional time steps of 10, 15, 20, 30
and 40,000 years which are not included in this plot (see Table 3, Figs. SI-S13). The ochre plot shows
a generally level trend starting at 500,000 years, with a step-wise increase occurring at approximately
330,000 years, corresponding to the change from initial to emergent ochre use. Ochre use stays level
during the emergent phase until 160,000 years, when it accelerates noticeably, denoting the beginning
of the habitual phase. The two ‘bumps’ in the lithics graph at 300,000 and 200,000 years result from the
way we estimate the age of undated assemblages. In ROAD, cultural periods are predefined and follow
generally accepted archaeological practice. Specifically, the MSA begins at 300,000 years, and several
transitional technocomplexes (e.g. Sangoan and Lupemban) begin at 300,000 and end at 200,000 years.
The width of the ‘bumps’ varies in accordance with the time slice selected. Note that this issue does not
affect the graph of the localities with ochre, because these are more precisely dated (Color figure online)
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abrasion and grinding tools represent the earliest reliable evidence for the produc-
tion of ochre powder in the archaeological record.

Contrary to assertions made by Beaumont and Bednarik (2013), we find the
archaeological evidence for ochre use during the Acheulean insufficient. To date,
the literature adequately describes only one piece of ochre with possible anthropo-
genic use wear from a secure Acheulean context, the minute specimen (S29) from
Wonderwerk Cave, Excavation 1, Stratum 8a (1.1 cm, 0.4 g; Watts et al., 2016, fig.
S3). Other allegedly introduced pieces come from the South African sites of Kathu
Pan 1, Stratum 4b (Beaumont & Bednarik, 2013, p. 43) and Duinefontein 2, Hori-
zon 3 (Cruz-Uribe et al., 2003, p. 565); Melka Kunture, Garba 1, Layer B in Ethio-
pia (Chavaillon & Berthelet, 2004, p. 61); and the much older site of Upper Bed II
at Olduvai in Tanzania (Leakey, 1958, p. 1100). The evidence suggests that these
examples are either not demonstrably of anthropogenic origin, represent intrusions
from younger layers, or have not yet been adequately examined and published (cf.
Chase, 2006, p. 156; Harrod, 2014, p. 147; Oakley, 1981, p. 207; Watts et al., 2016,
p- 299).

During this phase we observe cultural changes as Acheulean technologies in
Africa are gradually replaced by transitional industries such as the Fauresmith in
non-tropical regions of southern Africa as well as the Lupemban and the Sangoan
in the forested areas of West and Central Africa (Barham & Mitchell, 2008; Herries,
2011; Mercader, 2002). The hominin taxa usually associated with this period are
archaic H. sapiens and H. heidelbergensis (Rightmire, 2009; Roksandic et al., 2018;
Stringer, 2016), but much debate exists, as few fossil remains are reported.
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Fig. 8 Graph based on Table S2 and S3 showing the general increase in the percentage of sites yielding
ochre with respect to stone artifacts over the three chronological phases (Color figure online)
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Fig. 9 Geographical distribution of the three phases of ochre use showing ochre sites and the number of
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position following the rules of cartographic generalization to make them more recognizable. See interac-
tive map at https://www.roceeh.uni-tuebingen.de/maps/ochre-africa/

Emergent Phase of Ochre Use

During the emergent phase from 330 to 160 thousand years ago, ochre use becomes
increasingly visible (Fig. 7). Documented at 16 sites (Table S2), ochre use starts to
become more integrated into the human behavioral repertoire (Fig. 9). The emergent
phase is associated with cultural changes as early MSA lithic technologies appear
throughout Africa (Deino et al., 2018; Lombard, 2012; Scerri, 2017)—although in
some regions this transition may have started earlier (Johnson & McBrearty, 2010;
Wilkins & Chazan, 2012). The distribution of ochre expands to include northeastern
Africa, while an increase in the number of sites and assemblages with ochre occurs
in eastern and especially southern Africa. Based on 175 sites with lithics (Table S3),
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compare the development of ochre and lithic assemblages (n) over time in their respective region. How-
ever, because their abundances vary, comparisons between regions and classes (ochre, lithics) should be
viewed with caution

ochre is present at 9% of them (Fig. 8). Similar to the initial phase, the number of
localities with ochre remains relatively stable throughout this period, with a slight
increase towards the end of the phase.
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The number of sites with significantly larger ochre assemblages also increases.
At Twin Rivers in Zambia, more than 400 pieces of ochre were reported (Bar-
ham, 1998, 2002; Clark & Brown, 2001), including residues of ochre adhering to
a quartzite cobble which Clark and Brown (2001, fig. 20:22) interpret as a grind-
ing implement. Other possible grinding tools with ochre residues come from Sai
Island 8-B-11 in Sudan (van Peer et al., 2004). Sai Island is exceptional in other
ways too, because it is the only site of the entire MSA where yellow ochre domi-
nates. At Olorgesailie, southern Kenya, an ochre block from Locality G (GOK-1)
has two opposing holes of anthropogenic origin, the oldest evidence of a possible
attempted perforation (Brooks et al., 2018, p. 93). Another important site belong-
ing to the tail end of this phase is Pinnacle Point 13B. According to a recount of the
ochre assemblage by Bernatchez (2012, table 4.52) and the dating provided by Mar-
ean et al. (2010, table 1), 64 pieces which could be classified as pigment come from
layers that are likely 160,000 years or older. The ochre in these layers is associated
with early evidence of shellfishing, bladelet production and possibly heat treatment
of lithic artifacts to improve their knapping properties (Brown et al., 2009; Marean,
2010; Marean et al., 2007). These characteristics are associated with an expansion
of cultural capacities, often referred to as cognitive complexity or behavioral moder-
nity (e.g., d’Errico & Stringer, 2011; McBrearty & Brooks, 2000).

While there is no direct evidence relating stone artifacts and ochre to a specific
hominin taxon, species associated with this period include at least archaic H. sapi-
ens and H. naledi (Berger et al., 2015; Dirks et al., 2017; Hublin et al., 2017). Since
the specific cultural attributes of these candidates remain unclear, either one could
have produced the ochre remains of the African archaeological record. While we
view modern humans as the most likely suspect (e.g., Clark et al., 2003; McDougall
et al., 2005; White et al., 2003), in the rapidly changing landscape of African paleo-
anthropology, we can no longer rule out other possibilities.

Habitual Phase of Ochre Use

Finally, from 160 to 40 thousand years ago we see that ochre use has become habit-
ual, incorporated as a regular, repeated and socially transmitted aspect in most peo-
ple’s lives on the African continent. Ochre use is well documented at 74 sites across
Africa (Table S2), with about two-thirds located in the southern part of the continent
(Fig. 9). Based on 239 sites with lithics (Table S3), ochre is present at 31% of sites
(Fig. 8). During the habitual phase, ochre becomes the most frequent archaeological
find after lithics and faunal remains. In contrast to the stability seen in the previous
phases, the number of archaeological sites further increases steadily from 160 until
about 60 thousand years ago (Figs. 5, 7, and Figs. S1-S13).

During the phase of habitual ochre use new MSA industries appear all over the
continent. These include the Aterian in northwestern Africa (Bouzouggar & Barton,
2012; Dibble et al., 2013), the Still Bay and Howiesons Poort in southern Africa
(Henshilwood, 2012) and innovative MSA technologies in eastern Africa (Lombard,
2012; Tryon & Faith, 2013). The species commonly associated with this time period
is H. sapiens, although informative fossils from the African continent remain rare
(Stringer, 2016).
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Six sites yield ochre assemblages containing more than 1000 pieces and weigh-
ing a total of several kilograms. Ordered by weight, the first of these is Porc-Epic
(Ethiopia) with more than 4500 ochre finds (>40 kg) (Rosso et al., 2017). The rest
come from South Africa and include Sibudu Cave with c. 5500 ochre pieces > 8 mm
collected by Wadley’s team until 2011 (> 15 kg) (Hodgskiss, 2013a, 2013b); Blom-
bos Cave with more than 1500 pieces> 10 mm (5.6 kg) (Henshilwood et al., 2001b,
2009); Klein Kliphuis with c. 3500 pieces (4 kg) (Mackay, 2011, 2016 personal
communication); Hollow Rock Shelter with more than 1000 pieces (1.3 kg) (Watts,
1998, site app. 2.11.1-2); and Howiesons Poort with more than 3000 ochre finds
(weight unknown: Deacon, 1995; Table 1; Watts, 1998, app. 7p). Two further South
African sites report more than 1000 ochre pieces, but we excluded these from the
large class (> 1000 pieces) for the following reasons. While Watts (1998, app. 7 h)
counted more than 1700 ochre finds (3 kg) from Umhlatuzana, most come from the
transitional MSA/LSA and LSA deposits (Layers 10—-18) and are thus younger than
the range of our study. As a result, we count 722 pieces coming from the MSA and
include this site in the medium class (n=101-1000) on the map of habitual ochre
use (Fig. 9). In addition, Watts (2010) reports 1032 potential ochre pieces from Pin-
nacle Point 13B weighing approximately 2 kg, but categorizes only 380 as pigment
(1.08 kg). In Bernatchez’s (2012) re-counting of the collection, she identified 637
pieces (1.71 kg) as ochre. By excluding all pieces that she classified as ‘doubtful” or
‘not pigment’, as well as those left unspecified or coming from an uncertain strati-
graphic context, 356 pieces remain in the habitual phase. Regardless of which analy-
sis is correct, Pinnacle Point 13B belongs in the medium class.

The overall abundance of ochre during the habitual phase is remarkable. It indi-
cates two major regions where ochre use predominates, in southern and eastern
Africa, and two smaller clusters visible in northwestern and northeastern Africa
(Fig. 9). The lack of ochre finds in central and western Africa is striking, although
not surprising, given that Paleolithic research there is still in its infancy due to issues
of research priority, logistics, infrastructure, inaccessibility, political instability, and
poor preservation in tropical regions (Mercader, 2002; Scerri, 2018). During the
habitual phase, the highest concentrations of ochre are reported from sites in south-
ern Africa. This spatial pattern suggests a center of ritual activity associated with
greater population densities along the southern coast (cf. Marean, 2014; Will et al.,
2016).

The habitual phase of ochre use is further characterized by several exceptional
findings that allow us detailed glimpses into the varied ways in which hunter-gath-
erers of the African MSA utilized ochre. These include combining ochre with other
materials, ochre pieces with abstract engravings, red pigment residues on personal
ornaments, and ochre associated with burials and other ritual settings.

In 2008 excavators at Blombos Cave identified an ‘ochre-processing workshop’
within a 100,000-year-old MSA layer containing two abalone shells, bone, charcoal,
grindstones and hammerstones, as well as ochre residues adhering to those arti-
facts. People used these toolkits to produce and store a liquefied, ochre-rich mix-
ture (Henshilwood et al., 2011). Similarly, residue on a Late MSA stone flake from
a 49,000-year-old layer at Sibudu Cave contained a composite of powdered ochre
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mixed with milk as a binder, which Villa et al. (2015) attribute to the killing of a
lactating wild bovid.

Several pieces of ochre from Blombos Cave (Henshilwood et al., 2009), Klasies
River (d’Errico et al., 2012), Klein Kliphuis (Mackay & Welz, 2008) and Pinnacle
Point 13B (Watts, 2010) exhibit geometrical or quasi-geometrical engravings asso-
ciated with the Still Bay and Howiesons Poort. These are comparable to deliber-
ate engravings of abstract designs on stone pebbles (Anderson, 2012, pp. 189-192;
Henshilwood & d’Errico, 2011b, pp. 77-78), animal bone (d’Errico & Hen-
shilwood, 2007; d’Errico et al., 2001) and ostrich eggshells from southern Africa
(Assefa et al., 2018; Henshilwood et al., 2014; Texier et al., 2010, 2013). Recently
a crosshatched pattern likely drawn with an ochre crayon on a ground silcrete flake
was reported from a 73,000-year-old Still Bay layer at Blombos (Henshilwood et al.,
2018). The pattern shows remarkable similarities to engraved ochre pieces from the
same site. Thus, the habitual phase correlates with the emergence of the earliest
engraving and painting tradition on the African continent, although only a limited
degree of standardization is recognizable—a crucial prerequisite for structured sym-
bolic systems (Kuhn & Stiner, 2007; Pinker, 1994, pp. 83—125; Tylén et al., 2020).

Red ochre was also discovered as residues attached to the oldest personal orna-
ments known from the African continent. The Moroccan sites Ifri n’Ammar, Grotte
des Pigeons, Rhafas and Grotte des Contrebandiers yielded nearly thirty perforated
shells with ochre residues associated with the Aterian technocomplex, stemming
from small marine gastropods primarily of the subfamily Nassariinae (d’Errico
et al., 2009; Steele et al., 2019). Recently, the oldest perforated shell beads yet recov-
ered, from Bizmoune Cave (Morocco), were reported to be about 142,000 years old
(Sehasseh et al., 2021). While red ochre residues are also found on some shells from
Bizmoune Cave, we did not include them in our meta-analysis because of our cut-
off date of 2018. Similar to the northwestern African finds, several southern Afri-
can sites yielded shell beads. Four perforated Nassarius shells with ochre residues
come from a Still Bay layer at Blombos Cave (Vanhaeren et al., 2013). In addition,
one Afrolittorina shell from a hearth associated with the Still Bay technocomplex
in RGS layer at Sibudu Cave showed residues of red pigment covering its surface
(d’Errico et al., 2008). At Border Cave, a perforated Conus shell with red resi-
due was found associated with the burial of a four- to six-month-old infant, dated
to about 74,000 years (d’Errico & Backwell, 2016). Furthermore, the bones of the
child exhibit an unusual reddish stain (de Villiers, 1973, p. 239) which might indi-
cate the use of ochre as part of a funerary ritual. However, the geochemical origin
of the stain has not yet been investigated. Finally, the context of the ochre assem-
blage from the aforementioned Rhino Cave in the Tsodilo Hills of Botswana is quite
unique. Here ochre was used in connection with the repeated ritualistic destruction
of valuable and colorful tools made from non-local materials and the successive
engraving of a massive quartzite outcrop (Coulson et al., 2011).

Direct archaeological evidence suggests that during the habitual phase some of
the ochre was also used for functional purposes, for example, as an ingredient in
compound adhesives (Gibson et al., 2004; Lombard, 2006a, b, 2007, 2008; Wadley
et al., 2004), soft knapping tools and abrasion (Soriano et al., 2009), and possibly
hide tanning (Wadley & Langejans, 2014). Yet it is unlikely that such functional
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uses of ochre are responsible for the main part of the archaeological record, espe-
cially considering that the aforementioned large assemblages of ochre exhibit delib-
erate color choice.

Implications for the Female Cosmetic Coalitions (FCC) Hypothesis

Our data do not contradict the first chronological prediction made by the FCC
hypothesis, which stated that initial ochre use should not pre-date the encephali-
zation associated with H. heidelbergensis between approximately 800,000 and
500,000 years ago. However, it is important to point out that the status of H. hei-
delbergensis as a species, its defining criteria and its cladistic position within the
evolutionary tree are highly debated topics (Roksandic et al., 2018; Stringer, 2016).

Based partly on our findings and partly on new paleontological data, we point out
several problems with the second chronological claim made by the FCC hypothesis
that habitual ochre use should arise abruptly with the speciation of H. sapiens about
200,000 to 150,000 years ago:

1. Recent genetic (Schlebusch et al., 2017) and fossil (Hublin et al., 2017) evidence
has pushed the first appearance of the H. sapiens clade to an earlier date than pre-
viously recognized, now approximately 315,000 years ago. Specimens from Jebel
Irhoud, Morocco are now considered to be the oldest reliably dated examples of
H. sapiens (Richter et al., 2017), with modern cranial volumes of 1467 + 6 and
1375 +6 cm® (Neubauer et al., 2018). While the gracile face exhibits modern fea-
tures, the braincase is described as having an archaic, elongated shape that is less
globular than modern H. sapiens (Hublin et al., 2017; Neubauer et al., 2018). As
far as we know, the globular shape of the brain of anatomically modern humans
evolved only during the past 100,000 years (Neubauer et al., 2018). Still, these
details would have made no significant difference with regard to the challenges
of childbirth and child rearing. What is now clearer is that the evolution of H.
sapiens was a gradual, complex and mosaic phenomenon, not a linear and abrupt
event. Expansions, contractions, patterns of temporary population isolation and
aggregation as well as interbreeding of morphologically different populations
occurred on a continental scale (Scerri et al., 2018).

2. Our habitual phase of ochre use starts at 160,000 and peaks between 80,000 and
60,000 years ago. Considering this information along with the evidence for an
earlier emergence of the H. sapiens clade, we conclude that it is not possible to
correlate the emergence of habitual ochre use with the speciation of H. sapiens.

Nonetheless, these issues do not repudiate some of the basic assumptions of the
FCC hypothesis. We agree that encephalization and the accompanying problems of
cooperative child rearing, sexual selection and costly signaling as well as percep-
tional and psychological biases towards the color red all played important roles in
the evolution of collective ritual. But our data question the chronological predictions
made by the FCC with regard to the emergence of habitual ochre use.
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Implications for the Ecological Stress Hypothesis (ESH)

We confirm that changes in ochre use occur, but these seem to follow the general
distribution of stone artifacts (Fig. 10d). We recognize a subtle increase in ochre
use around 330 thousand years ago at the introduction of the emergent phase, which
is contemporaneous with globally warmer conditions (Fig. 10f) during MIS 9 and
rather arid conditions in Eastern Africa (Fig. 10e). However, the high age uncertain-
ties of the assemblages in question make it difficult to draw conclusions about causal
relationships. The habitual phase postdating 160 thousand years tends to have lower
age uncertainties and is therefore more suitable for comparisons with climatic vari-
ables. For the main regions of Africa, we make the following observations:

e Northern Africa The ochre distribution (Fig. 10a) is bimodal and has its highest
peak at roughly 110 thousand years, which is more pronounced than the peak
in lithic assemblages from the same region. This time range corresponds with
one of the Green Sahara Periods, which created favorable conditions for human
occupation around 100-110 thousand years ago (Ehrmann et al., 2017; Larras-
oafia et al., 2013; Tjallingii et al., 2008). Furthermore, Jones et al., (2016) men-
tion the onset of symbolic behavior, including ochre use, with the MIS 5e cli-
matic optimum. Consequently, we suggest that the increase in ochre coincides
with an ecological window of opportunity for early humans, rather than a period
of ecological stress. We emphasize, however, that this signal is weak due to the
generally low find density of this region.

e Central and Eastern Africa We recognize an increase of ochre use correlated
with more arid conditions (Fig. 10e) in East Africa and proposed mega-droughts
between 135 and 75 thousand years ago (Scholz et al., 2007). However, the ochre
distribution follows the trend of the lithic assemblages through the time span
considered, which we interpret as an increase in population density affecting
lithic and ochre abundances alike.

e Southern Africa The highest abundance of both ochre and lithic assemblages is
found in this region, representing 75% of all ochre assemblages from the conti-
nent. Throughout the emergent phase, ochre and lithic assemblages are equally
distributed. During the habitual phase, the majority of ochre assemblages are
related to relevant technocomplexes as explained in the Sect. 3 Habitual Phase of
Ochre Use.

We attribute the major peak of ochre use during the habitual phase (Fig. 5 and
7) to (i) narrower dating ranges, (ii) a larger proportion of assemblages with ochre
(Fig. 8) and (iii) the presence of more archaeological sites in general (Table S3), the
latter two possibly being related to an overall increase in population, especially in
southern Africa. We would argue that this dynamic was mainly created by a positive
feedback loop between collective rituals—with their positive effect on the size, den-
sity and stability of social networks (see below)—and growing populations.

Furthermore, the decreasing values in our diagrams between 60,000 and
40,000 years at the end of the timespan analyzed is likely an artifact of our meth-
ods, as we did not examine sites younger than 40,000 years. Consequently, there are

@ Springer



Journal of World Prehistory (2022) 35:233-319 289

no overlapping time slices for younger assemblages. It is possible that time averag-
ing, with its dissolution of fine-grained details, smoothed away subtle fluctuations
associated with rapid climate change. However, we also see no evidence for long-
term fluctuation associated with global climatic shifts caused by the major drivers of
African climate in the dataset.

Overall, we would argue that our data do not demonstrate an observable influ-
ence caused by stress-inducing climatic fluctuations. Consequently, we are unable to
confirm the ESH proposed by Rossano (2015), who suggested that ecological stress
contributed to the change observed in ochre distributions over time. Moreover, we
recall that ochre is found at all latitudes and altitudes in radically different environ-
ments from the northern to the southern coasts of Africa across a distance of more
than 8000 km.

Implications for Eight-Grade Model for The Evolution and Expansion of Cultural
Capacities (EECC)

Earlier we discussed the role of ochre within the EECC model. The model estimates
that the sixth grade, composite cultural capacity, would have been achieved between
500,000 and 200,000 years ago, depending on the interpretation of the laminar stone
tool technology from Kathu Pan 1, South Africa (Wilkins & Chazan, 2012; Wilkins
et al.,, 2012) and the lower Kapthurin Formation, Kenya (Johnson & McBrearty,
2010). If it could be clearly demonstrated that these artifacts were hafted to wooden
spears, these occurrences would push the emergence of composite cultural capac-
ity back to around 500,000 years ago (Haidle et al., 2015, p. 58). Our initial phase
of ochre use also begins 500,000 years ago with the earliest reliable evidence from
the African archaeological record (Watts et al., 2016). If ochre powder was mixed
with a binder such as water, animal fat, milk or blood, regardless of whether for a
functional or ritualistic purpose, then the initial phase of ochre use would fit well
into the sixth grade of the EECC model. Lyn Wadley showed in her experimental
analysis that complex cognition based on advanced working memory capacities is
necessary to produce compound-adhesives for hafting tools (Wadley et al., 2009;
Wadley, 2010c). However, the oldest direct evidence for the use of binders is cur-
rently about 100,000 (Henshilwood et al., 2011), and for compound adhesives with
ochre as an ingredient about 70,000 years old (Lombard, 2006b; Wadley et al., 2009;
Wojcieszak & Wadley, 2018).

An additional contribution of our findings concerns the timing of notional cul-
tural capacity, the eighth grade within the EECC model. We interpret the emergence
of habitual ochre use as an indicator of regular collective rituals. It is plausible to
assume that these performances were already imbued in symbolism. During the
habitual phase, ochre is associated with personal ornamentation (d’Errico et al.,
2009; Vanhaeren et al., 2013), mortuary behavior (d’Errico & Backwell, 2016) and
the ritualistic destruction and burial of hundreds of stone points (Coulson et al.,
2011). Furthermore, as discussed above, collective ritual could have been a crucial
prerequisite for the emergence of symbolic communication by solving the coopera-
tive dilemma. Thus, the emergence of habitual ochre use 160,000 years ago, which

@ Springer



290 Journal of World Prehistory (2022) 35:233-319

we interpret as the materialization of regular collective rituals, might be one addi-
tional indication of the origin of symbolically mediated behavior around this time.
This would push back the beginning of notional cultural capacity from the Upper
Paleolithic of Eurasia into the early MSA of Africa (Haidle et al., 2015, p. 59).

Implications for the Development of Ritual Behavior and the Demographic
Expansion of Homo sapiens During the MSA

If we interpret ochre finds mainly as a material manifestation of past ritual behav-
ior, what does it mean for the evolution of ritual? What implications for the demo-
graphic expansion of H. sapiens can we deduce? According to our data, the spread
of ritual activity involving ochre starts about 500,000 years ago slowly and gradu-
ally. About 330,000 years ago the development moderately accelerates; starting at
160,000 years ago, further acceleration is observable, as some kind of self-reinforc-
ing feedback loops seem to kick in. Ritual then becomes a habitual element of the
behavioral repertoire of our species.

Our findings might be important for the cultural evolution of cooperation and the
emergence of H. sapiens as an ultra-social species (Tomasello, 2014). What anthro-
pologists already observed a century ago (e.g., Durkheim, 1912; Malinowski, 1948;
Radcliffe-Brown, 1922) is now empirically established by a plethora of psychologi-
cal experiments in the laboratory as well as in the field. Ritual is a powerful social
glue, creating ties that bind cultural groups together beyond the mechanisms of
kinship, physical grooming and reciprocity (Hill et al., 2014; Hobson et al., 2018;
Whitehouse & Lanman, 2014). Thanks to substantial progress over the last 20 years
in the fields of cognitive science of religion and evolutionary psychology, the adap-
tive function of ritual for group cohesion, cooperation, prosociality and the transmis-
sion of cultural norms is well established within an evolutionary framework (Bulbu-
lia & Sosis, 2011; Henrich, 2016, pp. 140-165; Legare & Nielsen, 2020; Legare
& Watson-Jones, 2016; Rossano, 2016; Sosis & Alcorta, 2003; Watson-Jones &
Legare, 2016; Whitehouse, 2012, 2013a). Ritual is a ‘psychologically prepared and
culturally inherited behavioural hallmark of our species’ (Legare & Nielsen, 2020),
which exploits various aspects of our evolved psychology, some of which are men-
tioned above. Regarding the demographic expansion of our species and the accelera-
tion of cultural evolution during the second half of the MSA, the following psycho-
logically active ingredients of ritual are crucial:

e Costly signaling Substantial time, energy and resources, as well as risk, pain, and
other personal sacrifices, are devoted to an attention-grabbing collective ritual
display to demonstrate a group commitment that cannot be faked by free-rid-
ers, thus stabilizing group cohesion and cooperative behavior (Bulbulia & Sosis,
2011; Henrich, 2009; Irons, 2001; Sosis, 2003; Sosis & Alcorta, 2003).

e Synchronization Repetitive vocal expressions (e.g., singing, chanting), body
movements (e.g., dancing, jumping) and emotional states (mirroring) are often
synchronized in collective rituals. Through synchronization the distinction
between the group and the self is attenuated and thus the feeling of oneness,
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group affiliation and social bonding enhanced (Jackson et al., 2018; Konvalinka
et al., 2011; Lang et al., 2017; Mogan et al., 2017; Tarr et al., 2016; Wiltermuth
& Heath, 2009). In other words, ‘the group that chants and dances together hunts
well together’ (von Zimmermann & Richardson, 2016, p. 1).

e High emotional arousal In many rituals, multisensory stimulation, combined
with behavioral synchronization and extreme physical exhaustion, leads to the
release of endogenous opioids and monoamine neurotransmitters which induce
euphoria and a positive feeling towards other group members (Dunbar et al.,
2012; Fischer et al., 2014; Tarr et al., 2015; Xygalatas, 2012, pp. 167-184).

e  Goal demotion and overimitation Ritual actions are causally opaque and serve
no direct instrumental purpose but will nevertheless be imitated exactly by other
group members. They exploit our evolved proclivity for overimitation (copying
causally irrelevant actions from others despite the presence of clear causal infor-
mation) and implicit interpretation of such actions as highly normative (Kapi-
tdny & Nielsen, 2015, 2016, 2019; Keupp et al., 2013; Nielsen & Tomaselli,
2010; Nielsen et al., 2015, 2018; Over & Carpenter, 2012). This fosters the trans-
mission of cultural norms, symbols and shared fictions (Humphrey & Laidlaw,
1994; Legare & Souza, 2012; Schjoedt et al., 2013; Whitehouse, 2012).

e Transmission of cultural content Cultural norms, symbols and stories are shared,
transmitted and internalized through the dramatization and continual repetition,
rhythmicity, (over-)imitation, and synchronization on the basis of trust, feelings
of oneness and a shared identity created through ritual action (Rossano, 2012;
Whitehouse, 2004, 2012).

e Creation of group identity Rituals generate group identity, as well as emotional
and symbolically marked boundaries between groups (Watson-Jones & Legare,
2016). Consequently, they also foster cognitive and emotional in-group vs. out-
group biases, intergroup competition and tribalism (Hobson & Inzlicht, 2016;
Sosis et al., 2007; Wen et al., 2016; Whitehouse, 2012, 2013b), which in turn
might have further increased the tendency towards in-group cooperation (Hen-
rich, 2016, pp. 166—184; Richerson et al., 2016).

The key point here is that with these additional psychological mechanisms—
originally starting from the primate base discussed above—ritual became a powerful
social institution in the course of human evolution, one which was able to extend the
social fabric of early H. sapiens populations.

The long-term development of ochre use beginning 500,000 years ago gradually
grew into a habitual behavior starting 160,000 years ago. This pattern can be inter-
preted as a material manifestation of increasing ritual activity as H. sapiens evolved
and demographically expanded throughout the African continent before the spe-
cies’ permanent and successful dispersal into Eurasia, Australia and the New World.
Beside technological innovation, collective ritual could have been an important cul-
tural prerequisite for the successful expansion of our species as the ‘ultra-social ani-
mal’ (Tomasello, 2014) across the globe.

Increasing ritual activity may have given expanding populations of H. sapiens
a crucial competitive and demographic advantage over other contemporary homi-
nin groups consisting of Neanderthals or Denisovans, for example. Collective rituals
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could have instilled a variety of beneficial behaviors, including the effective deter-
rence of free-riders and the successful transmission of cultural norms. Most impor-
tantly, these also include the establishment of bigger and more stable cooperation
and information networks which transcend narrow kinship boundaries by a large
margin through trust, increased group cohesion and shared identity—even in situ-
ations when parts of the social network are physically separated from time to time.
As mathematical models (Kobayashi & Aoki, 2012; Powell et al., 2009; Shennan,
2001), experimental evidence (Derex & Boyd, 2015; Derex et al., 2013; Muth-
ukrishna et al., 2014) and ethnographic data (Collard et al., 2013; Henrich, 2004;
Kline & Boyd, 2010) show, larger, denser and more stable social networks acceler-
ate and intensify cumulative cultural evolution, leading to more (and more varied)
technological innovations (cf. Henrich et al., 2016, Appendix). The establishment
of trust in ritually constructed extended family groups and fictive kin could have
also improved cooperative alloparenting for increasingly dependent and energy-hun-
gry children, with a positive impact on birth rates (Cronk et al., 2019; Shaver et al.,
2019, 2020). This may also have contributed to the demographic expansion of our
species.

It is noteworthy that, according to our data, long-term changes in ochre use can-
not be directly correlated with climatic fluctuations. If this finding is not an arti-
fact of our analytical method, it could indicate that social institutions like collective
ritual became more important for demographic and geographical expansions than
external ecological factors by themselves during the late evolution of our species.
In sum, collective rituals are a powerful social institution that makes use of differ-
ent aspects of our evolved psychology. Rituals benefit human cooperation, promote
social bonding and increase the sharing of information in larger social networks,
thus fostering cumulative cultural evolution and demographic expansion. They are
part of the ‘secret of our success’ as a species (Henrich, 2016).

The intentional exploitation of blood-red and bright red hues documented in the
large assemblages of Blombos Cave (Watts, 2009), Sibudu Cave (Hodgskiss, 2012),
Pinnacle Point 13B (Watts, 2010), Pinnacle Point 5-6 (Bernatchez, 2012), Rose Cot-
tage Cave (Hodgskiss & Wadley, 2017), and Porc Epic (Rosso et al., 2017), also
shown in an earlier meta-analysis of 11 MSA sites south of the Limpopo River
(Watts, 2002), is most likely not a coincidence. As discussed above, the color red is
highly attention-grabbing for the human visual perception system. The capacity for
trichromatic vision evolved in primates about 35 million years ago (Jacobs, 2015) as
a result of the benefits for recognizing ripe fruits in front of a background of green
foliage (Regan et al., 2001). Another explanation is to observe the subtle changes in
blood flow beneath hairless parts of the skin, which carry relevant information about
the emotional state of conspecifics (Changizi et al., 2006). The relationship of the
color red to bleeding might also have evolutionary significance because it is associ-
ated with wounds caused by predators, fatal accidents or fights with conspecifics, as
well as menstruation and fertility.

From an evolutionary perspective, the perception of the color red may thus tap
into primordial mental systems associated with the recognition of blood and ripe
fruit. These two things are tightly associated with the primary driving factors of nat-
ural and sexual selection in terms of survival (food acquisition, danger, pain, death),
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mating (menstruation, sexual arousal, health) and social group living (emotional
arousal, aggression, dominance). While the FCC hypothesis offers an explanation
of why the color red was used first as a signaling device in female ritual displays
(sham menstruation), we remain cautious and rather orient ourselves towards the lit-
erature of color psychology and primatology, independent of the reasoning of any
particular model. Based on this literature, it is clear not only that red stimuli exert
perceptual biases and psychological effects on male observers of female individuals
in mating contexts, but that the effects of red stimuli are also measurable in other
domains. The reason that these psychological effects evolved may well be that in
all vertebrates, blood appears red due to the iron-containing protein complex hemo-
globin. Red blood carries signaling qualities not only in the context of menstruation,
but also through reddened skin areas in the context of dominance and aggression,
especially in males (Mehta et al., 2008; Setchell, 2015; Stephen et al., 2012). Red
also portrays sexual arousal (Elliot et al., 2008; Pazda & Greitemeyer, 2015), marks
physical health and attractiveness in both women and men (Stephen & Perrett, 2015;
Stephen et al., 2009a, b; 2012), and signals potentially life-threatening open wounds
(Ritz et al., 2010).

In considering this body of literature, we cannot link the signaling qualities of the
color red exclusively to menstruation and mating. Furthermore, from the perspec-
tive of evolutionary psychology, it is not unusual that relatively young cultural inno-
vations tend to exploit ancient adaptations that evolved millions of years ago. Nor
do these cultural inventions necessarily increase the genetic fitness of the respective
user. Modern examples include industrially produced candy and internet pornogra-
phy, which respectively exploit our evolved preferences for high caloric food and
visual sexual stimuli (Huppin & Malamuth, 2017; Rozin & Todd, 2015). We pro-
pose that a similar ‘hijacking’ process of evolved perceptual biases, aesthetic pref-
erences and emotional responses took place when red pigments were used in early
rituals. Hence, it is no wonder that red pigments were used as early collective rituals
emerged. Red exploits deep-rooted psychological biases in hominins to create highly
attention-grabbing social performances. That early ritual ochre use was primarily
about capturing attention and stimulating the senses is also indicated by the fact that,
in some cases, a sparkling quality might have played an extra role when ancient peo-
ple used a type of ochre known as specularite to produce powder with a metallic
luster (Coulson et al., 2011; Watts et al., 2016).

It seems likely that archaic hominins initially experimented with red ochre
because of its attention-grabbing quality in occasional but emotionally charged
ritualized displays, without necessarily attaching a sophisticated symbolic meaning
to it. But during the emergent phase of ochre use, the ritualized behavior became
increasingly regular and organized. The artificially amplified signals were used ever
more strategically as our social skills became more complex. According to the cur-
rent state of archaeological research, ochre use becomes a habitual cultural practice
starting 160,000 years ago. Now that ochre is clearly associated with personal orna-
ments, geometrical engravings, drawings, and mortuary behavior, we can assume a
deep embedding of regular collective rituals in full-fledged symbolism.
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Conclusion

In review, the results of our study show the following developments of ochre use in
Africa:

1. The number of sites with ochre increases together with the total number of archae-
ological sites over the period from 500,000 to 40,000 years ago.

2. Three phases of ochre use were identified, which we named initial, emergent and
habitual.

3. [Each phase witnesses an increase in the ratio of sites with versus without ochre,
from 7% during the initial phase to 31% during the habitual phase.

4. An increase in the prevalence of ochre occurs during the emergent phase, starting
about 330,000 years ago.

5. As ochre use intensifies during the habitual phase, this behavior spreads geo-
graphically across most of the African continent, with the exception of central
and western areas.

6. We identify centers of ochre use in southern and eastern Africa, with smaller
centers in northwestern and northeastern Africa.

7. Southern Africa seems to represent a major focal point for the proliferation of
ochre use between 160,000 and 40,000 years ago—although this picture might
be partially affected by the strong research history of this region.

Irrespective of the ochre finds, the total number of archaeological sites with lith-
ics also increases substantially through the period studied (Fig. 7 and Figs. S1-S13,
Table S3). This trend indicates that despite fluctuations within semi-isolated popula-
tions (Scerri et al., 2018) a demographic expansion occurred from the perspective of
the longue durée, at least in southern, eastern and to a lesser extent also in northern
Africa. Beside the increase in site numbers during the MSA, an overall demographic
expansion is indicated by other archaeological observations, even though this devel-
opment is interrupted and even reversed from time to time. Such evidence includes
the occupation of new habitats hitherto not used during the Acheulean period, the
intensified use of a wider variety of natural resources and an increase in transport
distances of raw material, indicating larger exchange networks (Brooks et al., 2018;
McBrearty & Brooks, 2000; Nash et al., 2013, 2016).

Collective rituals enabled the expansion of social networks and increased the
number and reliability of internal connections in those networks. Thus, they were
crucial for the transmission and cumulative evolution of cultural knowledge (Hen-
rich, 2016, p. 224). Multiple lines of evidence suggest that red ochre was in large
part used for ritual purposes during the MSA. If this is true, then the long-term
pattern of ochre use indicates that collective ritual first evolved slowly and gradu-
ally, starting about 500,000 years ago, but later accelerated to become a habitual
cultural phenomenon between 160,000 and 40,000 years ago spanning most of the
African continent. This new and powerful social institution fostered group cohesion,
prosociality, alloparenting and stable information flow in larger and denser social
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networks. It might have allowed ancient humans to expand into new biomes, cope
with different climatic constraints and eventually expand demographically.

Our results suggest that as ritual activity intensified, the population den-
sity increased. Strikingly, the peak of the habitual phase of ochre use 80,000 to
60,000 years ago coincides with the last large dispersal of H. sapiens during the
Pleistocene across Eurasia and into Australia (Bolus, 2015; Clarkson et al., 2017,
Liu et al., 2015), although one has to admit that many uncertainties about the timing
and character of this dispersal remain (Groucutt et al., 2015; Harvati et al., 2019;
Hershkovitz et al., 2018). Thus, red ochre and ritual might have played an impor-
tant role in the long-term development of demographic expansion, as material cul-
ture, human action and cognition are tightly intertwined in a process of culture-gene
coevolution within our lineage (Dennett, 2017; Henrich, 2016).

Our arguments for ritual use of red ochre do not exclude functional applications
of the material. Simultaneously ochre may also have been a crucial ingredient in
various technological innovations such as sunscreen (Rifkin et al., 2015a, 2015b),
insect repellent (Rifkin, 2015), hide tanning (Rifkin, 2011) and compound adhesives
(Wadley et al., 2009; Zipkin et al., 2014). These functional applications of the mate-
rial may also have helped expand the cultural capacities of H. sapiens, which in turn
aided their dispersal across the globe. Furthermore, we understand that ochre (and
its association with personal ornaments, engravings and drawings) is not the only
archaeological material that allows us to draw conclusions about ritual evolution.
Other evidence for example about mortuary activity (e.g., Pettitt, 2011a) or ritual-
ized behavior in relation to stone tools (e.g., Coulson et al., 2011) has to be taken
into account as well, if we want to paint a more complete picture. Our three phases
of ochre use may provide a basic chronological framework for further research on
the timing and geography of early ritual evolution on the African continent.

Suggestions for Further Research

Besides new excavations, future research should concentrate on the reanalysis and
adequate presentation of the materials from older campaigns. For example, we
excluded 18 sites from our analyses, mainly because of insufficient information
(Table 2). During data collection we often faced the problem that ochre finds were
described using different details and parameters. It would be beneficial if research-
ers agreed upon standardized documentation and terminologies, which more
recent studies have achieved. The presentation of ochre finds should include piece
counts, weights and evidence for anthropogenic modifications (e.g., grinding, scor-
ing, scraping, engraving) presented separately for each stratigraphic layer. In-depth
analyses should include the assessment of deliberate color choice and the identifi-
cation of possible geological sources to infer transport distances, preferably using
geochemical methods (e.g., Dayet et al., 2016).

Following the excellent examples of Bernatchez (2012), Dayet (2012), Hodg-
skiss (2013b), Rifkin (2012a), Velliky (2018) and Watts (1998), young researchers
should be encouraged to analyze ochre assemblages systematically. Detailed scien-
tific investigations of ochre have the potential to yield important findings about the
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evolution of ritual behavior. Another possible direction of research could compare
African and European use of ochre (and other types of pigments) within the time-
frame of this study so we can better understand differences and similarities between
the behavior of Neanderthals and early modern humans and test predictions of vari-
ous models in this regard.
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