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ABSTRACT

By the very end of the Pleistocene the exploratory phase of the settlement of the Americas was over and
by the beginning of the Holocene most landscapes were occupied by human populations well -adapted to
their local environments. This is a crucia period in the process of cultural and biological differentiation of
human groups in the continent and is the focus of the present dissertation. Using multivariate statistics
and craniometric data the first two studies presented here investigate the debated hypothesis that those
groups were not directly ancestral to recent Amerindians. Results of the first study indicate that during
early Holocene the magnitude of morphological variation was not higher than observed among extant
populations as was previously proposed. Therefore, in loco differentiation by drift is unlikely to be the
major micro -evolutionary agent explaining modern patterns of variation in South America. Results of the
second study confirm the century-old hypothesis that the Botocudo Indians (eastcentral Brazil) have
strong morphological affinities with early Holocene groups from Lagoa Santa region constituting a
potential case of late survival. The previously reported pr esence of Polynesian DNA in Botocudo is
suggested toreflect the mixing of museum collections.

The remaining three studies focus on the early Holocene archaeological record of Lapa do Santo (east
central Brazil) aiming to c haracterize life style and ritual practices. The third study establishes a formation
process model for the site identifying an expressive component of anthropogenic sediments produced
after repeated combustion activities accumulating at extremely high rates. The fourt h study presents the
excavation protocol, chronological Bayesian model and the overall archaeological record with emphasis
on the human burials. Accordingly, lithic technology, zooarchaeology, and multi -isotopic analyses
indicate foraging groups with low mobility and a subsistence strategy focused on gathering plant foods
and hunting small and mid -sized animals. Lapa do Santo was first occupied between 11.712.7 cal kyBP
and its use as an interment ground started between 10.310.6 cal kyBPwith primary burials. Between 9.4 -
9.6 cal kyBP the reduction of the body by means of mutilation, decapitation, defleshing, tooth removal,
exposure to fire and possibly cannibalism, followed by the secondary burial of the remains according to
strict rules, became a central element in the treatment of the dead. In the absence of monumental
architecture or grave goods, these groups were using parts of fresh corpses to elaborate their rituals,
showing this practice was not restricted to the Andean region at the beginning of the Holocene as
previously thought . Between 8.28.6 cal kyBP another change occurred whereby pits were instead filled
with disarticulated bones of a single individual without signs of body manipulation. Those changes show
that during the early Holocene Lagoa Santa was a region inhabited by dynamic groups that were in
constant transformation over a period of centuries. In the fifth study the oldest case of decapitation in the
New World is investigated. Confocal microscopy confirms the presence of flake induced cut-marks and
strontium isotope analysis indicates the individual was a local member of the group. It is proposed that
this decapitation does not reflect punishment or war trophy but instead veneration as part of fune rary
rituals.

In conclusion, this dissertation supports that the groups inhabiting Lagoa Santa during the early
Holocene are not the direct ancestral to the majority of the N ative Americans. Nevertheless, cases of late
survival such as the Botocudo do exist. Future studies basal on aDNA will allow testing if these
propositions are correct. The archaeological record of Lapa do Santo depicts with unprecedented detail
the life of the groups inhabiting east -central Brazil during th is period. Sophisticated funerary rituals, high
reliance on vegetable itens, reduced mobility, dynamic transformations through time, ample cultural
diversity and early ethnogen esis are now new hallmarks characterizing those who were among the first
to systematically occupy the savannah-like landscapes of east-central Brazil.



ABSTRACT

Im auslaufenden Pleistozan endete die ErschlieBung der Besiedlung Amerikas und zu Beginn des
Holozans wurden die meisten Landschaften von menschlichen Populationen besiedelt, die gut an ihre
lokale Umwelt angepasst waren. Dies stellt einen entscheidend wichtigen Zeitraum fir den Prozess
kultureller und biologischer Differenzierung von Menschengruppen auf diesem Kontinent und den
Schwerpunkt der vorliegenden Dissertation dar. D ie ersten beiden hier vorgelegten Studien untersuchen
durch den Einsatz multivariate r Statistik und kraniometrische r Daten die umstrittene Hypothese, dass
diese Gruppen nicht die direkten Vorfahren rezenter indigener Volker Amerikas darstellen. Die
Ergebnisse der ersten Stude weisen darauf hin, dass die Variationschneite im frilhen Holozan nicht
héher war als unter bestehenden Populationen beobachtet wurde, wie zuvor vorgeschlagen. Daher
erscheint einein locoDifferenzierung durch Drift unwahrscheinlich als mikroevolutionare Hauptursache,
um moderne Variationsmuster in Stidamerika zu erklaren. Die Resultate der zweiten Studie bestétigen
die jahrhundertalte Hypothese, dass die Botokuden (Ost-Zentralbrasilien) starke morphologische
Ahnlichkeiten mit friilhholozanen Gruppen aus der Region Lagoa Santa aufweisen wodurch ein
potenzieller. Es wird darauf hingedeutet, dass das zuvor berichtete Vorkommen polynesischer DNS in
Botokuden eine Vermischung von Museumssammlungen wiederspiegelt.

Die Ubrigen drei Studien befassen sich mit den friihholozdnen archaologischen Zeugnissen von Lapa do
Santo (OstZentralbrasilien) mit dem Ziel , die Lebensweise und rituellen Praktiken zu beschreiben. Die
dritte Untersuchung erarbeitet ein Modell zur Fundstellengenese , um die expressive Komponente der
anthropogenen Sedimente die durch wiederholte, extrem hohe Frequenz akkumulierende
Verbrennungstatigkeiten fabriziert wurden, zu ermitteln. Die vierte Studie stellt die Grabungsmethodik,
EEUw ET UODOOOOT b WMbdell und died brthiolddiscHen Daten allgemein mit besonderer
Hervorhebung der menschlichen Bestattungen vor. Dementsprechend zeigen die Steintechnologie, die
Zooarchéologie und die Multiisotopenanalysen an, dass es sich um Jager und Sammlergruppen mit
geringer Mobilitdt und einer Subsistenzstrateg ie, die auf dem Sammeln pflanzlicher Nahrung und dem
Jagen kleiner und mittelgro3er Tiere beruht, handelt. Lapa do Santo wurde zuerst zwischen 11.7-12.7 ka
kal. BP besiedelt und die Nutzung als Bestattungsgelande begann zwischen 10.310.6 ka kal. BP mit den
Primérbestattungen. Zwischen 9.4-9.6 ka kal. BP wurde die Reduzierung des Korpers mittels
Verstimmelung, Dekapitation, Dekarnation, Zahnentfernung, Feuereinwirkung und mdglicherweise
Kannibalismus, gefolgt von der Sekundarbestattung der Uberreste gemaR strikter Regeln, ein zentrales
Element in der Totenbehandlung. Diese Gruppen nutzten mangels monumentaler Arch itektur oder
Grabbeigaben Teile der frischen Leichen um ihre Rituale sorgfaltig auszufiihr en, womit belegt wird, dass
diese Vorgehensweise am Beginn des Holozéns nicht auf die Andenregion beschrankt ist, wie zuvor
angenommen wurde. Zwischen 8.2-8.6 ka kal. BP trat eine andere Veranderung auf, wobei stattdessen
Gruben mit disartikulierten Knoche n von einzelnen Individuen ohne Anzeichen auf Kdrpermanipulation
gefullt wurden. Diese Anderungen deuten darauf hin, dass wéahrend des frilhen Holozéans Lagoa Santa
eine Region darstellt, die von dynamischen Gruppen, die in konstantem Wandel Uber einen Zeitraum
von Jahrhunderten war, bevolkert wurde. In der flnften Studie wird der &alteste Beleg fur eine
Dekapitation in der Neuen Welt untersucht. Konfokale Mikroskopie bestéatigt die Prasenz von, durch
Abschlage verursachten, Schnittspuren und Strontiumisotopenan alyse weist darauf hin, dass das
Individuum ein lokales Mitglied der Gruppe war. Es wird davon ausgegangen, dass die Enthauptung
keine Bestrafung wiederspiegelt oder eine Trophde war, sondern stattdessen Verehrung als Teil des
Totenrituals.

Zusammenfassend untermauert diese Dissertation, dass die Gruppen, die Lagoa Santa wahrend des
frihen Holozéns besiedelten, nicht die direkten Vorfahren der Mehrheit der indigenen Volker Amerikas

iv



sind. Dennoch existieren Félle, die ein Spatiuberleben belegen wie die Botokuden. Zukiinftige , auf alter
DNS basierend Untersuchungen werden es ermdglichen, zu testen, ob diese Aussagen korrekt sind. Die
archaologischen Zeugnisse von Lapa do Santo beschreiben mit beispielloser Detailliertheit das Leben der
in diesem Zeitraum in Ost -Zentralbrasilien lebenden Gruppen. Komplexe Bestattungsriten, ausgepragte
Abhéngigkeit von pflanzlichen Produkten, reduzierte Mobilitéat, dynamischer Wandel durch die Zeit
hindurch, reichliche kulturelle Diversitat und friihe Ethnogenese sind nun neue Merkmale, die diejenigen
charakterisieren, die unter den ersten waren, welche systematisch die savannengleiche Landschaft von
Ost-Zentralbrasilien besiedelten.



Introduction

1. Introduction
The ancestraldescendent relationship between early Americans and Amerindians is a topic

of debate for more than a century @l 81T 6 w31 Ow* EUl OwhWWk Ow' UEOg 3 OEQuwh
1942)and constitute the focus of the first part of this dissertation ( Appendixes | and Il). The
evidence so far available is relatively scarce, and has often been invoked to support opposing
models. Nevertheless, in spite of the multiple hypotheses on the time and mode of the
settlement of America (detailed below) there is an overall agreement that early Americans
shared a morphological pattern (effectively, a cranium shape) distinct from that seen among
most Native Americans of late and recent periods. This distinctive pattern, dubbed
s/ EOI OEOI UPEE Owb OU xoin 6e0etdl sitez arros Soutd Arierd: ini ERsCentral
Brazil at Santana do Riacho(Neves et al., 2003) in Northeast Brazil at Toca das Ong¢as(Hubbe
et al., 2004)and Serra da Capivara (Hubbe et al., 2007) in Southern Brazil at Capelinha (Neves
et al., 2005)and in the interior of Rio Grande do Sul (Neves et al., 2004) at Sabana de Bogota in
Colombia (Neves et al., 2007) in the rockshelter of Lauricocha (Fehren-Schmitz et al., 2015)and
the sites associated with the Paijan tradition in Peru, in the Pampas region of Argentina
(Pucciarelli et al., 2010)and at the very southern tip of the continent in Palli Aike (Neves et al.,
1999)
While it has been noted that early South Americans (and to a certain degree early North
Americans too) differ significant ly from their late and recent counterparts in cranial
morphology among present -day Amerindians, meanwhile, diversity was commonly assumed
UOWET wOOPdw' UEODPEOE 7 UwE 00 HFewkgaetd!. #FA1d)adddrdh® B E Owi OO
which indigenous groups w ere physically similar to each other, associated with a putative
linguistic homogeneity embracing the entire continent (e.g. Greenberg et al., 1986javoured the
YDl PpwOi WEWSs EDOOOT PEE 00a w({Paddkilket@ PooauEpilowitgXindi>all OE UD O C
observations by Neumann (1942, 1952)and Bass(1964) however, recent studies on late/recent
Native South American populations (Ross et al., 2002, 2008; Sardi et al., 2005; Pucciarelli et al.,
2006; Perez et al., 2009; Hubbe et al., 2014)ave revealed greater diversity, indicating that

cranial morphology in South America varies significantly not just over time but also between
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contemporary populations. Similarly, most linguistic studies now strongly contradict the
hypothesis of homogeneity and depict South America as one of the most diverse of all
continents as far as native language lineages are concernedNichols, 1990; Campbell, 1997;
Nettle, 1999). Nettle (1999), for example, proposes a simulation model in which high linguistic
diversity would be a c onsequence of rapid group fission and relative isolation once people
arrived in the continent.

As for genetic data, the general picture remains one of overall homogeneity and of a
single founding population to all Amerindians (Reich et al., 2012; but se&koglund et al., 2015)
It has also been recognized, however, that although there is little genetic diversity within any
given population in South America, the differences betweersome groups can actually be rather
high. Wang et al., (2007: 2052) for example, report that in Eastern South America 14.7% of the
total genetic variance is found between populations while the remaining variance is found
within populations. This proportion is almost twice as high as in other continents and points to
significant pr ocesses of betweergroup genetic differentiation in South America.

This high diversity in cranial morphology among recent South American groups is all
the more interesting given how starkly it contrasts with the pattern in genetics, where diversity
generally decreases with distance from Africa (Cavalli-Sforza et al., 1994; Prugnolle et al., 2005;
Wang et al., 2007) Of all continents, it is the Americas whose native populations present the
lowest genetic diversity within any one population group. Similar patterns have been reported
for worldwide diversity in cranial morphology = (Manica et al., 2007; Betti et al., 2009)
Nonetheless, this largely refers just to low averagewithin -group diversity, and is a function of
serial founder effects and range expansion as populations migrated out of Africa. On the other
hand, differences betweerpopulation groups are actually high in South America compared to
OUTT UwUI T HOOUWOI wlT 1 w Anirareyiérialhetdvogendiypis giedtestin Rolgngsiad U o w ?
and the Americas, the two regions we can certify as the latest to be occupied. This goes counter to any
expectation that surcrecency would be expressed in cranial homoger(tywells, 1989:83) In order
to better understand the nature of this uniquely high level of morphological variation present in

the New World is crucial to determine if this was already present among earl y Americans or if
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instead was generatedin situ during the Holocene. The study presented in Appendix | of this
dissertation addresses this topic specifically and the results are discussed in the frame of the
three main models commonly used to explain the settlement of the continent.

One of these models postulates that the high levels of morphological variation observed
among recent Native Americans is mainly the result of intense drift, given the small population
sizes of the founder groups. Powell (2005), for instance, presents a scenario favouring
microevolution within the New World to explain the marked differences in cranial morphology
between early and late/modern Native Americans. This is based on assumptions that the first
Americans exhibited an especially high degree of genetic diversity, and that this highly variable
source population was then subject to strong genetic drift, mainly due to group fission keeping
population sizes small, factors that together would explain the morphological diversity of late
Native Americans. This scenario, however, is based on the scant early material available in
North America, a limiting factor also confronted by Jantz and Owsley (2001)

Sardi et al. (2005)suggest a similar scenario. Recognizing that late/modern Native South
Americans display very different cranial patterns, they do not dismiss the possibility that the
morphological pattern of late Holocene populations was generated in situ from the early pattern
by local stochastic processes of differentiation. In their opinion, however, the local
differentiation scenario would be feasible only if Early South Americans had displayed an
uncommonly high degree of biological diversity, which has not been properly evaluated to
date. A similar scenario has been proposedto reconcile the contrasting degrees of diversity in
genetics (low) and in cranial morphology (high) observed across the continent. According to
Gonzalez-Joséet al. (2008) this unexpected combination would be explained if, in the early
stages of settlemeant, the population of the continent was highly diverse morphologically, and
maintained continuous gene-flow with Asia (Gonzalez-José et al., 2008; de Azevedo et al., 2011)

A second line of reasoning sees diversity in cranial morphology as a product of non -
genetic shape changes during the growth of each individual during its youth (i.e.
developmental plasticity) under the influence of different environments and/or subsistence

strategies. Some authors have suggested that the Amerindian morphology could be the result of

3
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adaptation to regular plant cultivation and consumption from the Middle Holocene onwards,
either as a result of reduced mechanical stress during mastication (Perez and Monteiro, 2009;
Perez et al., 2011)or as a result of nutritional difference s in diet itself, i.e. carbohydrate and
protein intake (Menéndez et al., 2014) In a change from past thinking on this (e.g. Boas, 1912;
Carlson and Van Gerven, 1977) however, current research has shown that although plastic
responses do have localized influence on cranial morphology, this is very li mited in the cranium
as a whole and across samples taken on a broad geographical scal¢detailed below).

A third possible explanation sees the high morphological diversity of recent
Amerindians as resulting from a late survival of the Paleoamerican morphology into recent
times. This hypothesis assumes that the continent was populated by two distinct human groups
by the end of the Pleistocene (Model of Two Main Biological Components as defined by Neves
and Hubbe, 2005) Evidence of a Middle/Late Holocene survival of Paleoamerican morphology
has been reported for Sabana de Bogota, ColombiaNeves et al., 2007) and for the interior of
Southern Brazil (Neves et al., 2004) Gonzéalez-José et al(2003)were able to extend the survival
of the Paleoamerican morphologic pattern even later in time, by documenting its presence
among the Perict group from Baja California, Mexico, which were extin ct by the 19" century.
According to the authors this geographically isolated group could represent a morphological
relic of the first humans who settled the Americas. Together, these recent findings suggest that
the nature of the transition between predom inantly Paleoamericans groups, by the end of
Pleistocene, towards a majority of groups sharing the Amerindian pattern by the end of the
Holocene was more complex than first envisioned. The study presented in Appendix Il of this
dissertation evaluates this possibility.

In Brazil, late 19" century scholars from the National Museum in Rio de Janeiro
suggested that the Botocudo of eastcentral Brazil shared the same cranial morphology as the
Lagoa Santa Paleoamerican population. In the typological framework th at prevailed during the
late 19" century, Lacerda and Peixoto (Lacerda and Peixoto, 1876 described the Botocudo as
El 00061 DOT wOOwWOT | w+ET OEwW2EBUE ws UE Ejosg Embedlddig1938p U1 60 O a
Paul Rivet (1942)and Pucciarelli et al. (2003) made similar claims about the Botocudo, while

4
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Mello e Alvim (1963), challenged the idea of a close resemblance between these two
populations. Recently, a couple of molecular studies (Gongalves et al., 2013; Malaspinas et al.,
2014) conducted on the same material studied by these early scholars kindled again the
discussion about the biological characteristics of the Botocudo Indians. These articles report that
two of the Botocudo skulls collected and studied by Lacerda and Peixoto (1876) have autosomal
and mitochondrial DNA lineages that are not Native American. The other Botocudo skulls (two
for autosomal and 12 for mtDNA), however, have typical Amerindian DNA. The non -
Amerindian mitochondrial haplogroups reported by Goncalves et al. (2013) are common in
nowadays Polynesia and are also found in lower frequencies in Indonesia and Madagascar
populations. The study of the autosomal DNA sequences of the wo Botocudo skulls that had
Polynesian mtDNA ( Malaspinas et al., 2014)supports that these individuals have exclusive
Polynesian sequences, with no contribution of Native American sequences.

To explain the presence of these unique haplogroups among the Botocudo, Goncgalves et
al. (2013) suggest three possible scenarios. The first ones that Botocudo are descendants of the
Paleoamerican groups from Lagoa Santa, following the early studies from the 19" century
(Lacerda and Peixoto, 1876). Under this scenario, the Polynesian motif would be already present
among the Lagoa Santa popuations, and the Botocudo would have inherited them from the
early populations. This scenario, however, is not supported by the mtDNA, because the
estimated time of origin of the Polynesian motif is not old enough to be among the earliest
occupants of South America. Moreover, the autosomal DNA extracted later from these
individuals show no evidence of admixture with Native Americans (Sapfo et al., 2014). The
second scenario is that recent gene flow from Polynesia introduced the haplogroups to the
Botocudo. Although this scenario could explain the presence of Polynesian individuals (as
inferred from the autosomal DNA) among Botocudo groups, it also seems unlikely given that
the Botocudo lived in east South America, and no other evidence of the reported mitochondri al
haplogroups has been yet found among native groups located in South American regions closer
to Polynesia, despite evidence of contact between Polynesia and the Pacific coast of South

America by the end of the Holocene (Yen, 1974; Green, 2000; Storey etl., 2007; Gongora et al.,
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2008) The third scenario suggested by the authors is that these haplogroups are the results of
the admixture between Botocudo groups and African slaves in the country. Under this
hypothesis, slaves from Madagascar would have been captured by Mozambique slave traders
and had their mtDNA haplogroups introgressed into the Botocudo gene pool, who for some
period coexisted with slaves in east-central Brazil. This is also not a very probable scenario,
given that the autosomal DNA data reported by Sapfo et al. (2014) show no evidence of African
admixture. In addition, no other evidence of more common African slave mtDNA sequences are
found among the Botocudo, an unlikely fact given that Madagascar was not the major source of
slaves for Brazil during the colonial period.

In this dissertation these competing models for the micro-evolution of humans in
America are addressed by two multivariate studies (Appendixes | and 1) in which cranial
morphology is used as a proxy for neutral molecular markers. As any phenotypic trait cranial
morphology is influenced by the interaction of the genes with the environment and is
potentially capable of tracking the impact of migration, drift, selection, climate, diet and
subsistence strategy in the differentiation of human populations along time. It is not surprising,
thereafter, that the study of diversity in cranial morphology among Native Americans, past and
present, has been central to debates on when the New World was first settled, and by whom.

Contrary to standard thinking for most of the twentieth century, there is in fact a close
link between cranial morphology and population history (Harvati and Weaver, 2006; Roseman
and Weaver, 2007) This association was first recognized by studies demonstrating that
craniometric traits, like many other phenotypic traits, are in fact heritable, although some
cranial traits more so than others (Carson, 2006; Sherwood et al., 2008; MartineAbadias et al.,
2009) Cranial morphology does, therefore, presents a geneticbase and can potentially be used
as a proxy for ancestry (Cheverud, 1988; Roseman and Weaver, 2004)This perception has made
it possible to extrapolate certain concepts from population genetics and apply them to cranial
morphology using a quantitative ge netics framework (e.g. Konigsberg and Ousley, 1995;
Relethford, 2002; Ackermann and Cheverud, 2004; Sherwood et al., 2008; von Cramon
Taubadel, 2009; MartinezAbadias et al., 2009; Perez and Monteiro, 2009; Smith, 2009; Strauss

6
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and Hubbe, 2010; ReyesCenteno et al., 2014) As well as statistics such as Fst, a measure of inter
population differentiation (Williams -Blangero and Blangero, 1989; Relethford, 1994; Relethford
and Harpending, 1994), there are also now techniques for inferring how far natural selection
and/or stochastic evolutionary processes can influence cranial morphology (Ackermann and
Cheverud, 2004) Together, these advances have significantly improved prospects for exploring
diversity in cranial morphology patterns on a global scale, so that it can be compared and
contrasted with neutral genetic markers.

The patterns of global variation in cranial morphology (Relethford, 2002, 2004)are very
similar to those observed for neutral genetic markers (Lewontin, 1972; Bowcock et al., 1991;
Barbujani et al., 1997; Rosenberg et al., 2002)differences between groups account for only
around 15% of total worldwide variation. Neutral genetic markers (Ramachandran et al., 2005;
Liu et al., 2006)and cranial morphology (Manica et al., 2007)both show declinin g diversity with
distance from Africa. Moreover, the genetic architecture that determines cranial morphology
appears to be governed, at least to a certain extent, by what is known as an additive polygenetic
system (Martinez-Abadias et al., 2009) This means that when two different populations
intermix, their hybrid offspring will have cranial morphology intermediate between them, so
that it remains possible to recover their population history.

It is important to stress, however, that all evidence in favour of a neutral evolutionary
basis for the diversity in cranial morphology among modern human populations seems to hold
only across wide geographical ranges. In more localized studies, it has been suggested that
selection or environmental plasticity has a more determining role in morphological
differentiation (Relethford, 2004) Specific studies have suggested that some craniometric
measurements and anatomical regions may be under longterm selection, in response to
climatic conditions, especially populations adapted to extreme cold (Beals et al., 1984; Harvati
and Weaver, 2006;Hubbe et al., 2009; Noback et al., 2011)Significant correlations have also
been reported between specific craniometric measurements and environmental factors such as
altitude (Guglielmino -Matessi et al., 1979; Rothhammer and Silva, 1990and life-style (Carlson

and Van Gerven, 1977; GonzéalezJosé et al., 2005; Paschetta et al., 2010; Noback and Harvati,
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2015) These may have played a role in how crania became so differentiated across South
America and have been taken by some to argue in favour of cranium shape being highly
responsive to local environmental conditions. In conjunction, the craniometric studies forming
the first part of this dissertation (Appendixes | and Il) contribute to evaluating competing
models for the settlement of the New World. In a broader perspective, they inform on the
relative role that different micro -evolutionary processes had in shaping modern phenotypic

diversification.

In contrast to the first part of this dissertation, which deals with a century -old
anthropological debate, the second one addresses a topic traditionally neglected in Brazilian
archaeology. Based on the archaeological record of Lapa do Santo the three studies presented in
Appendixes Ill to V provide a detailed characterization of hunter -gatherers behavior and life-
style in Lagoa Santa region during the early Holocene period. In doing so, this part of the
EPUUI UUEUDPOOWT O1 UwET a00Ews +UOEz Uw#DO1 OO0EZz wpUIi 1 wEl
shift in the archaeological research of the region.

The Danish naturalist Peter Wilhelm Lund is considered the founder of Brazilian
archaeology and paleontology. Between 1835 and 1843, during excavations in Lagoa Santa
region, he found human remains in close proximity with fossils of the extinct mega -fauna
(Lund, 1844; Catelle, 1994; Pil6 and Auler, 2002; Araujo et al., 2005; Luna, 2007)Although
recognizing that alternative hypothesis could account for such association he nevertheless
postulated that humans and extinct animals likely coexisted. A revolutionary propositi on at the
UPOI wUl PUWDPET EwET EEOT wOO O b O uwlikagbauSantd)i@damdalkmen OOE z 6 w
for 19"-century scholarspl 8T 8 w* OOOOEOOwWwhWWK Qw31 Ow* EUI CamduWWk Ow'
during the 20t%-century several teams went to the region in search of evidence that could
support the coexistence hypothesis (e.g. Walter et al., 1937; Walter, 1958; Hurt and Blasi, 1969;
Laming-Emperaire, 1979; Banyai, 1997)

After more than 170 years of excavations a large collection of early Holocene skeletons
and associated archaeological remains from Lagoa Santa was formed. A detailed depiction of

how human groups inhabiting Lagoa Santa during early Holocene used to live sh ould,
8
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therefore, be available. However, topics such as dietary habits, mobility patterns and ritualistic

x UEEUDPEIl Uwbl Ul wOl wODUUOI wul OI YEOETI wi OUwUI OUI wEE
excavations were conducted at a time when proper documentation was not available and,

therefore, they often lack associated contextual information. The second part of this dissertation

addresses these two topics. On one hand, it focuses on behavioral aspects of past populations

from Lagoa Santa region, with emphasis on ritualistic practices. On the other hand, it provides

detailed contextual information of new excavations conducted using appropriate
documentation techniques (e.g. spatial control, three-dimensional model, flotation, etc.) in the
archaeological site d Lapa do Santo.

Lapa do Santo, located in the Lagoa Santa karst in eastentral Brazil, consists of a wide
sheltered area of approximately 1300n? at the base of a ca. 30rhigh limestone massif that rises
from a doline valley. The Lagoa Santa karst is formed in Upper Pre-Cambrian metasedimentary
rocks of the Bambui Group, with a basal metacalcareous body corresponding to the Sete Lagoas
Formation (dated to 740 + 22 Ma, Babinski et al., 20063overed by metapellitic rocks (siltstones
and claystones) of the Serra de Santa Helena Formation(IBAMA -CPRM, 1998) Dissolution of
the Sete Lagoas limestone resulted in several karstic features on the landscape, such as caves
and doline lakes. The soil cover is dominated by clayey, hematite-rich, red Oxisols (latossols in
the Brazilian Soil System) over yellow, goethite-rich oxisols developed on the Serra de Santa
Helena metapellites (Pild, 1998; Araujo et al., 2013) Oxisols are highly weathered soils, rich in
Fe-(hydr)oxides (e.g. hematite, goethite), Al-(hydr)oxides (e.g. gibbsite) and resistant clay
minerals (e.g. kaolinite) (Schaetzt and Anderson, 2005)

Excavations in Lapa do Santo first took place between 2001and 2009 under the
coordination of Renato Kipnis, Astolfo Gomes Mello Araujo and Danilo Bernardo. Starting in
2001 several units were opened in distinct areas of the shelter. It becameapparent that the
densest archaeological deposits were located in thesouthern part of the shelter, immediately in
front of the cave's entrance. An ample excavation surfacewas established in this region and a
total of 26 early Holocene human burials were exhumed. Excavations ended in 2009 when,

according to Brazilian laws, the excavated area was filled with sediments in order to reconstruct
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the original topography of the shelter’'s floor. Excavations at the site resumed in 2011 through
Uil wxUONI EQws +Di 1 w E OE m6hdrdinatéd ubyp Bavatthox & uhé presedtE O U O
dissertation. Two new excavation areas were opened: a main area of 10,5/ to the east of the
20012009 excavation and a second area of 2fto the south. During three field seasons (2011,
2012 and 2014) seven human burials were exhumed from the new excavatiorarea.
Of particular interest is the mortuary record of Lapa do Santo as in the task of

reconstructing the life of past populations human burials are highly informative of symbolic
and ritual behavior. In several societies, bones and body parts constituted a potent cultural
resource and their manipulation and organization into meaningful arrangements were
commonly used to reify cosmological ideas and beliefs system (Goldstein, 2000; Brown, 2010)
This kind of practice is usually considered part of a broade r system of ceremonies that reflect a
high degree of symbolic complexity and is therefore of great interest for archaeologist all over
the world (Sofaer, 2006) Since rock art is usually difficult to date with precision (Neves et al.,
2012; Pessis, 2013nost of the information on symbolic behavior during the early Holocene in
South America is left to the analysis of human burials.

In the western portion of the continent substantial efforts have been made both in the
sense of increasing the number of avaibble sites with human skeletons and of providing new
theoretical frameworks for its interpretations (Santoro et al., 2005) In a synthesis of the available
evidence on early Holocene mortuary rituals in the Andean region, Santoro and collaborators
(2005:3Y A wE O O E O UHe ménipulatids Bina @ansformation of dead bodies was more common than
x Ul YDOUUOawUT OUT T UwbOwUI 1 and thal EeapiteCtdbnaidetatiel didtsEywu O OU U U E
of mortuary practices, a common emphasis on the preservation or reduction of the body can
already be discerned.

In the eastern part of the continent, on the other hand, archaeological sites containing
skeletal remains dating to the early Holocene are extremely rare, precluding the proper study of
their ritual dimensio ns. One exception is precisely the region of Lagoa Santa in central Brazil
where hundreds of early Holocene human skeletons have been exhumed in almost two

centuries of research (Neves and Hubbe, 2005). According to the sparse descriptions available
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the mortuary practices in Lagoa Santa were simple and homogenous, including nothing but

primary interments without grave goods (Walter, 1958; Neves et al., 2003) It contrasted,

therefore, with the elaborated burials described for the western part of South Ameri ca during

the same period (Santoro, 2015)However, this depiction of the mortuary practices might not be

accurate as for more than a century the investigations in Lagoa Santa were solely focused
EUOUOEws +UOEZUWEDOI OOE z wpU IndingEferd Yapakdd Sat®heddinedd U wE OO C
particularly valuable as they allow to test if this traditional perspective is correct. In the studies

presented in Appendixes IV and V of this dissertation the ritualistic aspects of the groups

inhabiting Lagoa Santa at the beginning of the Holocene are discussed in details.

Another traditional assumption about the early Holocene hunter -gatherers of South
America is that they constituted static societies that would not change over the course of
millennia. In Brazil, specific techno-functional complexes such as the Itaparica
(limaces)(Lourdeau, 2015), the Umbu (projectile points) (Schmitz, 1987)and the Lagoasantanse
(flakes and cores)Pugliese, 2008; Moreno de Sousa, 2014)ccurred over extensive geographic
areas and remained unchanged for thousands of years(Bueno et al., 2013) Such diachronically
stable strategies of producing stone tools (Palmer, 2010)was proposed to reflect long-term
cultural stability resulting from the presence of novelty-avoidance mechanism among early
Holocene hunter-gatherers populations (Okumura and Araujo, 2014). The reasoning behind this
interpretation is that even in the absence of an intentional attempt to innovate the intrinsic
errors that are part of any (re)production process (Eerkens and Lipo, 2005, 2007yould result in
the accumulation of modifications over time (Eerkens and Bettinger, 2013)

However, techno-functional constraints are not necessarily the best proxy for overall
cultural stability (Deetz and Dethlefsen, 1971; Rogers, 2003; Kemmelmeier and Kihnen, 2012)
and the proclaimed novelty -avoidance mechanisms might well be exclusively directed to
preserve the functionality of utilitaria n artifacts. In face of the current absence of information on
the diachronic behavior of other cultural markers such as burials or rock art, it is hard to

evaluate if this temporal continuity also applies to less utilitarian components and if this
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stability was not strictly techno -functional instead of cultural. In this frame, the characterization
Of wOT 1T wUI OxOUEOWYEUPEEDPODPUA wOil w+EXxEWEOwW2EOUOZzUwWOO
which an independent assessment of this asserted cultural stability can be established.

Finally, in addition to its immediate relevance for characterizing life style in Lagoa Santa
region during early Holocene the second part of this dissertation also contributes for a broader
comprehension of how tropical foragers adap ted to their local environments. During most of its
existence, humans were hunter-gatherers and, therefore, a proper comprehension of this
lifestyle is of crucial importance (Kuhn and Stiner, 2001) Based on ethnographic accounts, for
example, hunter-gatherer mortuary practices were sometimes considered not to go much
beyond the necessities of getting rid of a rotting corpse (Woodburn, 1982). Although highly
informative, however, ethnographic reports are limited by subjective bias and by the limited
amount of time that they usually cover (6 OE UU O w huN A WO uAdditiaddllyl, tor@garsuN WK A
groups today usually occupy marginal environments and represent only a limited fraction of
the total variation that once characterized this lifestyle (Deetz, 1968; Schrire,1984; Hodder,
1986) To a great extent, this is aresult of the European invasions (Stannard, 1992)as well of the
earlier expansions of autochthonous pastoralist and agriculturalist groups (e.g. Bantu in Africa
(Li et al.,, 2014; Grollemund et al., 2015)and Tupi in South America (Noelli, 1998)). The
archeological record is free from those particular biases and, therefore, is an important
complementary source of information to characterize hunter -gathers lifestyle, in general, and

their mortuary practices, in particular.

2. Objectives
The objectives of this dissertation are:

1 Test competing models of cranial morphological differentiation in the New World.

9 Provide a detailed account of context, dating, formation processes and excavation
protocols for the archaeological site of Lapa do Santo.

1 Characterize the behavior (emphasis on funerary rituals) of early Holocene human
groups in east-central Brazil based on the archaeological record of Lapa do Santo.

More specifically, these objectives were divided into the following research topics:

2.1 Appendix | ¢+ Early Holocene morphological variation in South America.

12
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This study is designed to evaluate if the high cranial morphological variation seen
EOOOT wuUl El OUw-EUPYI w Ol UPEEOUWPEUWEOUI EEawxUI Ul ¢
groups. To achieve this goal estimative of within and between -group variances of Early South
Americans are compared to modern human popul ation values. Morphological variances within
and between populations were assessed based on 23 linear craniometric measurements from
" Ob1 00Uz (owels[nOm,(1889) Two series were used to represent early morphological
variability in South America: Lagoa Santa (11.57.5 kyr BP) from eastcentral Brazil and Sabana
de Bogota (10.57.0 kyr BP) from central Colombia. Within and between group variance
apportionment of Early Americans was contrasted with the values obtained for series
representing recent Native Americans, East Asians, Europeans, SubSaharan Africans, Australo-
Melanesians, and Polynesians from Howells database. Within group variance was estimated
using the trace of the covariance matrix (VCV) of the series after standardizing all variables into
z-scores. Intergroup morphological variability between regions and among series within each
region was quantified by means of Fst estimates, obtained by averaging the principal diagonal
of the R-matrix (ri) extracted from the phenotypic data. The pairwise Fst matrix was
represented graphically with a Kruskall non -metric Multidimensional Scaling (MDS). To
explore the confidence of the affinities observed in this case, the analysis was repeated with 100
bootstraps of the data, respecting the otiginal sample size of the series. The bootstrapped MDS
configurations were then superimposed on the original data using Procrustes Analysis,
allowing the results to be combined in a single scatterplot. The implications of distinct
magnitudes of early morph ological variation to different settlement scenarios are discussed

within a micro -evolutionary framework.

2.2 Appendix Il ¢ Late survival of Paleoamerican morphology: the Botocudo of east-central
Brazil.
To contribute to the discussion on the origin of th e biological variation of the Botocudo

Indian, this study evaluates their cranial morphological affinities using multivariate statistics
focusing on two complementary goals: 1) to test the hypothesis proposed by Lacerda and

Peixoto (1876) that the Botocudo Indians retain the same morphological pattern as early
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Paleoamerican groups in the continent and 2) to explore if the two individuals previously
identified as having Polynesian DNA can be assumed to belong to the Botocudo population (as
far as cranial morphological variation is concerned). Cranial morphology was assessed by 32
metric variables following Howells (1973, 1989) protocol. The Botocudo material included here
is comprised of 16 male and female skulls of adult individuals curated at the National M useum
of Rio de Janeiro in Brazil. The morphological affinities of the Botocudo specimens were
assessed by comparing them to early and mid-Holocene South American series and to Late
" OOOE!I Ol w Ul UPT Uw Il UOOw ' Opl OOz Uw EEUEEEUIumadl x Ul Ul «
morphological variation. The Paleoamerican series include specimens from Lagoa Santa, Brazil,
and Sabana de Bogota, Colombia. The other South American series include a mieHolocene
shellmound series (Cabeguda) associated to preceramic, pre-agricultur e, fisher-hunter-
gatherers from the Archaic Period of the southern Brazilian Coast; two late Holocene coastal
series (Base Aérea and Tapera) representing ceramic fishehunter-gatherers; Tupi-Guarani
composed of North Brazilian recent native groups speakin g mainly Tupi languages (Hubbe et
al., 2014); and Howells (Howells, 1996) modern Peruvian series.

The morphological affinities of the Botocudos series as whole were assessed based on

2010) To explore the expected distribution of the observed distances, 100 new distance matrices
were calculated from bootstrapping the original data within groups, respecting the original
sample sizes. This procedure generated new distance matrices that take into consideration the
variation expected in the distance between series due to population estimation errors associated
to the sample sizes. The representation of the error distribution was also done via MDS. In this
case for each of the 100 bootstrapped B matrices, MDS coordinates were calculated and then
superimposed on the original MDS using a Procrustes Analysis (Bookstein, 1996) to minimize
the differences in rotation and translation between the observed and the bootstrapped MDS

results (same procedure described for Appendix I).
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2.3 Appendixes Ill and IV ¢ Lapa do Santo archaeological record

Even though dozens of archaeological sites have been excavated in the Lagoa Santa
region, most of them lack proper contextual information making the available archaeological
material of limited use. For this re ason, the present dissertation emphasizes documentation and
contextualization. In Appendix Il and IV the relevant information related to the archaeological
deposits of Lapa do Santo is provided. This includes a review of the history of research in Lagoa
Santa region and Lapa do Santo, a detailed account of the excavation/exhumation protocols, a
multiproxy model of the site formation processes and a chronological Bayesian model.

A total of 53 charcoal samples were selected for radiocarbon dating. The sampks were
sent to the Beta Analytic AMS system in Miami where they have been pretreated with the ABA
method. Fifty-]l BT T Owl UOEOWE OO wEOEwWUI 1 UT wUEOx Ol Ewi UOOw+ E x
to Beta Analytic between and pretreated without ultrafiltration method. Nine samples provided
collagen and carbon for accurate measurement. The measured ages were then corrected
according to the 13C/12C sample ratio, from which the conventional age was derived. Twenty -
one fragments of human bone from Lapa do Santo were pretreated at the Department of
Human Evolution, Max Planck Institute for Evolutionary Anthropology (MPI -EVA), Leipzig,
Germany, using the method described by Talamo and Richards (Talamo and Richards, 2011)
For acceptable quality collagen, the atomic C:N ratio should be between 2.9 and 3.4 and a
collagen yield of more than 1% of weight (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999) The
samples satisfying these conditions and with enough collagen for radiocarbon dating and were
sent to the Klaus-Tschira-AMS facility of the Curt -Engelhorn Centre in Mannheim, Germany,
where they have been graphitized and dated (Kromer et al., 2013) The dates from MPI-EVA
were corrected for a residual preparation background estimated from pretreated 4C free bone
samples. The radiocarbon dates were calibrated using the SHcall3Hogg et al., 2013)curve and
modeled into three contiguous phases using OxCal 4.2 (Ramsey and Lee, 2013)Lapa do Santo
deposit has a very expressive anthropogenic component and all charcoals are assumed to derive
from combustion structures. Discounted their terminus post quemature, the charcoals from

Lapa do Santo are themselhes the events to be dated. Therefore, the -type outlier model is not
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appropriate and instead we used a s-type outlier model (Ramsey, 2009) with prior probabilities
set at 0.05.

Hypothesis about site formation processes were formulated in the field and fu rther
evaluated by a micro-contextual approach (Goldberg and Berna, 2010) integrating
micromorphology, UFTIR and organic petrology. Micromorphology is the study of intact blocks
and thin sections of sediment and soil, often under magnification (Courty et al., 1989; Courty,
2001) This approach allows to identify the components of deposits and soils, and also study
their spatial and stratigraphic relationship to one another (Goldberg and Arpin, 1999; Karkanas,
2000; Goldberg and Sherwood, 2006) FTIR analyses are able to identify diagenetic minerals and
heated materials (Weiner et al., 2002; Berna et al., 2007; Miller et al., 2013; Stahlschmidt et al.,
2015b) Organic petrology allows the precise identification of burned organic material within
the sediments and the classification of the remains according to the type of tissue, degree of
burning, weathering and permineralization (Ligouis, 2006; Goldberg et al., 2009; Villagran et al.,
2013; Stahlschmidt et al., 2015a)Diatom analyses were performed to investigate the potential
flooding of the site by a pond that existed north of the site, and whose presence is indicated by
watermarks in the limestone wall. Analyses were conducted on loose sediments collected in
aseptic conditions from the second excavation aea. Additionally, the stratigraphic integrity of
the deposits was accessed by the spatial analysis of dated samples. Accordingly, the residuals
from a linear regression of age and depth (i.e. zvalue) were computed and interpreted as
indicative of mean stratigraphic errors. Finally, Lapa do Santo depositional regime is compared
to other sites in Lagoa Santa region in order to characterize formation processes diversity within
a single karstic terrain.

2.4 Appendix IV { Life during the early Holocene period in Lagoa Santa

This study provides a synthesis of past behavior in Lagoa Santa during early Holocene
based on the reevaluation of pre-existing data and performance of new analyses. Carbon and
nitrogen isotopes data is generated for skeletons from Lapa do Santo and added to pre-existing
data (generated by Tiago Hermenegildo) for other skeletons of the site. Carbon and nitrogen

stable isotope analysis on bone collagen is widely used in archaeology for reconstructing
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ancient diets (Vogel and van der Merwe, 1977; van der Merwe and Vogel, 1978) Since almost all
of the carbon in the biosphere is fixed by autotrophs (DeNiro and Epstein, 1978), stable carbon
isotopic ratios (13C/12C) can distinguish between plants that fixate carbon using Cs and Ca
photosynthetic pathways (O Leary, 1988) Cs type plants are mostly grasses, such as maize,
sorghum and sugarcane, which have di3C values ranging from -9 to -ruK U & type plants made
up of some grasses (e.g. oats, wheat, rice) and virtually all other nongrasses, haved*C values
ranging from -20 to -+ k U(Deines, 1980) Stable nitrogen isotopes 5N/1“N) accumulate
throughout successive trophic levels in which primary producers (plants) have the lowest ratios
and each subsequent level in the trophic chain is enriched in approximately 3-k U (Minagawa
and Wada, 1984; Schoeninger and DeNiro, 1984; Hedges and Reynard, 2007h d'*N values.
Study of modern-day plants occurring in the Brazilian savanna, in which Lapa do Santo is
located, have disN values that range from -k & Y UtwU@BUsiamente et al., 2004)

Pre-existing unpublished zooarchaeological data (generated by Marcos Bissaro Jr.) are
integrated with the isotope data to provide an overall synthesis of dietary habits. Faunal
analyses at Lapa doSanto followed standard z ooarchaeological methodology (Klein and Cruz -
Uribe, 1984; Lyman, 1994, 2008)The Number of Identified Specimens (NISP) and Minimum
Number of Individuals (MNI) was computed for a sub-sample of faunal assemblage from Lapa
Santo constituted by the material coming from units: L7, L8, L10, M3, M4, M5, M6
(archaeological strata contemporary to the early Holocene human remains).

Mobility patterns are investigated by the analysis of strontium isotopes from dental
enamel of individuals from Lapa do Santo. The results are compared to pre-existing
unpublished data (generated by Marcia Machado) on shells collected from the site that
characterize regional levels of strontium bioavailability. Strontium isotopic analysis (87Sr/Sr) of
skeletal material is a commonly employed method for detecting provenance and mobility
amongst mammals, including humans (Price et al., 2002, 2004)because tooth enamel from
individuals records the isotopic signal during its formation at the earliest stages of life
(Humphrey et al., 2008). Since radiogenic isotope 8’Sr forms by radioactive decay from

rubidium ( 8’Rb), the 87Sr/e¢Sr signature of a specific location is determined by the underlying

17



Objectives

bedrock age and its content of Rb. Younger geological formations like volcanic rocks have lower
87Sr/e¢Sr values than older geological formations such as granite. A specific geological strontium
signature is incorporated into body hard tissues by substituting for calcium (Ericson, 1985; Price

et al., 2002; Bentley, 2006)since strontium enters the ecosystems without fractionation (Faure

and Powell, 1972; Graustein, 1989) Amongst skeletal tissues, to date, tooth enamel is the
preferred substrate for this analysis, due to its greater resistance to diagenesis in the burial
environment (Budd et al., 2000; Hoppe et al., 2003)Within a single archaeological population,

87512 UWE OEOa Ul UwOi wbOEPYPEUEOUz w0l 1 UT wEEQwxOUI OUDPE
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assess the local bioavailable®’Sr/feSr signature from the different geologies in the study region

(Price et al., 2002; Evans et al., 2010)n order to assess possible provenance and territorial
mobility.

Previous technological studies are complemented by macro-wear analysis and a detailed
description of the curated artifacts. A parametric model is used to determine the date when
allochthonous raw material stops being used on the site (a pattern identified by Pugliese, 2008).
The mortuary patterns previously presented in Strauss (2010) are redefined upon new direct
dates based on ultrafiltered collagen extracted from bone or dental remains (see previous
section for description). Sex estimation for Lapa do Santo skeletons was based on different
anatomical regions: analysis of the skull (Walker, 2008), the ischium-pubic region (Phenice,
1969) the pelvis (Bruzek, 2002) the proximal region of the ulna (Cowal and Pastor, 2008) and
the femoral diaphysis (Black, 1978) Confocal and scanning electron microscopy are used for the
diagnosis of cut-marks in human bones. A detailed literature review is provided and the

implications of Lapa do Santo in local, regional and continental scales discussed.

2.5 Appendix V ¢ Defeated enemy or venerated ancestral? The oldest case of decapitation in the
New World
Few Amerindian habits impressed the European colonizers more than the taking and

displaying of human body parts, especially when decapitation was involved. Although

disputed by some authors, it has become widely accepted that decapitation was common
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among Native Americans across the entire continent and the archaeological evidence confirms
that the practice has deep chronological roots. In South America, the oldest decapitation is
reported for the Andean region and dates to ca. 3000 BP at the site of Asia 1, Peru. Since all
other South American archaeological cases occur in the Andes (e.g., Nazca, Moche, Wari,
Tiwanaco) it was assumed that decapitation was an Andean phenomenon in both its origins
and in its most unambiguous expression.

However, in 2007 a case of decapitation was found in the early Holocene component of
Lapa do Santo. It was therefore, potentially much older than any of the known cases in South
America. For this reason it was decided that this particular burial deserved special
investigation. Particularly, three studies were conducted in order to elucidate the nature of Lapa
EOw2EOUO7z UwEIT EE x bUE ayp 6 Ghe intesDdntiinwa© deterinihed: ésind) @ © O
filtration methods of collagen extraction. Second, confocal microscopy is applied for the
diagnosis of cut-marks. Finally, strontium isotope analysis was performed in an attempt to
determine if the decapitated individual was a local member of the group or an outsider. This
information can contribute evaluating if this case of decapitation reflects inter personal violence
or punishment rather than a funerary ritual. In addition, a comprehensive review of all

archaeological cases of decapitation in South America is provided.

3. Results and Discussion

3.1 Appendix | + Magnitude of morphological variation among early Holocene South American
populations.
Results from this study indicate the high cranial morphological diversity seen among

Late/Recent Native Americans was not present among the early American populations.
Regarding within -group variability, early Americans did present average variability,
comparable to modern populations, despite the fact that these series represent more than three
thousand years of human occupation in the continent. Threrefore, the morphological pattern
that characterized early American groups remained unchanged for longs periods of time,
highlighting the importance of the differences seen among South American groups in modern

times. These results also support the use of the early American series included here as valid
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units of analysis from the perspective of morphological af finities, i.e. the use of such collections
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considerably low, falling well within the range of the other cont inents and macro-regions,
(Europe, Australo-Melanesia, sub-Saharan Africa), especially when series that have shown
strong adaptive responses to climate are removed (East Asia without Buriat, and North America
without Eskimo). Indeed, the only two regions t hat show particularly high Fst estimates are
South America and Polynesia. Polynesia is expected to show increased betweergroup variance
apportionments due to the fact that islands have stronger natural barriers to gene-flow in the
form of the ocean stretches separating them. South America, however, not only does not present
the same level of natural barriers as the deep ocean islands of Polynesia, but also shows a larger
proportion of the variance due to differences between groups than Polynesia. Thus, South
America is particularly interesting in terms of the development of modern human cranial
morphological diversity, especially given that our results suggest that the high diversity seen
among Late Native South Americans was not present among early groups entering the
continent, as proposed before (e.g. Powell, 2005; Gonzalezdlosé et al., 2008; de Azevedo et al.,
2011).

In conclusion, the results of this study contribute to our growing knowledge about the
origins of the biological diversity of Native Ameri can groups during the Holocene, by showing
significant differences in the apportionment of variation across time in the continent. Under this
scenario, the biological diversity that characterizes New World populations originated only
during the Holocene, m uch later than the initial human occupation of the New World, and most
probably required the entrance of additional morphological diversity from regions outside the

continent (Northeast Asia).

3.2 Appendix Il ¢ Late survival of the Paleoamerican morphology: the Botocudo of eastcentral
Brazil.
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eastcentral Brazil retained the Paleoamerican morphology characteristic of the early Holocene
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inhabitants of Lagoa Santa region. These similarities are best observed in the neurocranium,
which is an anatomical region that is usually less affected by adaptive responses to climate or
diet change, while in the face some variations occur, particularly in the orbit. From a
morphological point the results fit better a scenario where the Botocudo are descendants from
early Paleoamerican groups (e.g. Lagoa Santa), who share they last common ancestor with
groups in SE Asia before the morphological differentiation that resulted in the present day
morphological pattern seen in Asia and most of the Americas occurred.

However, morphological data fail to explain the presence of Polynesian DNA lineages in
individuals MN -15 and MN-17 previously reported by Gongalves et al., (2013) and Sapfo et al.
(2014). As highlighted by Gongalves et al. (2013) the time to the most recent common ancestor of
the Polynesian lineage is too young to accommodate the expansion into the Americas, and
because the mtDNA lineage observed in these individuals lack any private polymorphisms,
which is not compatible with the scenario presented above, a deep ancestral link must be
discarded. The lack of Native American admixture in the autosomal DNA of these two
individuals (Sapfo et al., 2014) gives further support to Gongalves et al. (2013) interpretation. On
top of this evidence, to date no early Holocene skeleton that had DNA extracted shows the
mtDNA haplogroups that are not Native American (e.g. Kemp et al., 2007; Gilbert et al., 2008;
Chatters et al., 2014; Rasmussen et al2014; Prufer and Meyer, 2015; see Raff et al., 2011 for a
comprehensive review of aDNA studies in the Americas) . Therefore, while a model of retention
of the morphological pattern present in the Old World by the end of the Pleistocene could
explain the morphological association between Botocudo Indians, Early Americans and Easter
Island, it fails to explain the presence of the Polynesian DNA lineages in two of the Botocudo
specimens available to study, whose explanation remains elusive.

A possibility is that these specimens represent Polynesian skulls that were mixed with
the National Museum collection during the past century. This possibility was previously
discarded as the crania are clearly labeled and well referenced in the catalogue (see Sapfto et al
2014, for photographs of the specimens). Siill, it is important to bear in mind that there are

indeed Polynesian crania housed in the National Museum that were acquired in the late 19t
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the Chatham Islands in 1872 and specimens MN104 and MN-105 were brought from the

Marquesas Islands-Fatu Hiva, precise date unknown). For MN -111 this means that the
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Museum in 1874 (Sapfo et al., 2014). The museum catalogue as we know it today, however, only

came into existence more than three decades later, in 1906. Taking into account how hard it is at

this point to harmonize the genetic data concerning specimens MN-15 and MN-17, further
scrutinization to eliminate the possibility of mislabeling would be worth pursuing. In particular,

it would be necessary for DNA samples to be extracted from the Polynesian specimens and

their sequences compared to MN-15 and MN-17, to ascertain they come from different
backgrounds. This means that the nuclear DNA study available failed to sample the true

Botocudo individuals.

3.3 Appendixes Il and IV + Excavation protocol, chronology and formation proc esses

In conjunction these two papers provide a detailed description of the history of research,
excavation protocol, chronological context and formation processes of Lapa do Santo. A
Bayesian model based on 21 OSL dates, 67 radiocarbon dates on charcoahd 13 radiocarbon
dates on collagen extracted from human bone indicate three distinct periods of occupation
(95.4% interval): 12.77.9 cal kyBP, 5.43.9 cal kyBP and 2.10.0 cal kyBP. Parametric evaluation
of the residual distributions of calibrated age against depth (i.e. z-values) indicates 95%
uncertainty of £500 years for any given vertical position. At the same time, in accordance with
the good preservation of human skeletons, multi -proxy formation processes analysis indicates
an overall integrity of t he deposits. It is proposed that the high frequency of chronological
inversions mainly results from grave digging disturbance.

Based on field observations, it was postulated that anthropogenic sediments produced
after repeated combustion was the main condituent of the deposits at Lapa do Santo. In
comparison with other sites in east-central Brazil Lapa do Santo is unique in presenting
elevated depositional rates. In conjunction, these two observations led to the proposition that

Lapa do Santo was more intensively occupied than other localities. However,
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micromorphological evaluation (conduct by Prof. Villagran) identified a high component (ca.
50%) of clay aggregates of geogenic origins as part of the site matrix. Therefore, the initial
hypothesis of high-depositional rate reflecting intense human occupation could not be

supported.

3.4 Appendix IV 1 Archaeological record of Lapa do Santo

Lapa do Santo is an archaeological site located in thenorthern part of the Lagoa Santa
karst (see Appendix Ill and IV f or detailed characterization of the archaeological context). It is a
cave with an associated sheltered area of ca. 1300 frdeveloped under the negative slope of a 30
meters high limestone massif. The southern region of the sheltered area is relatively flat, high
and dry,andis OOEEUI EwbOOI EPEUI OawbOwi UOOUwWOI wlOi 1 wEEYI z U
strong descending inclination towards the north, which becomes flat again near a natural
sinkhole located in the northern extreme of the sheltered area

Zooarchaeological analysis indicates the presence of fish, lizards, rodents, armadillos,
peccaries and deer that were brought in single pieces from the killing site (Bissaro Jr., 2008)
Carbon and nitrogen stable isotope analysis show a slightly enriched d*C and low d'*N values
in the adult population. Nitrogen values are distinct from the carnivores and similar to the
herbivores from Lagoa Santa region thus suggesting a heavy reliancein Cs plant resources.
Together with dental caries frequencies comparable to those observed among agricultural
populations (Da-Gloria, 2012), the emerging picture is of an economy structured around plant
resources that were probably rich in carbohydrates complemented by hunting of small and
mid -sized animals.

The lithic assemblage is dominated by small flakes and cores (Pugliese, 2008) Crystal
guartz was by far the dominant raw material, but silex, quartzite and silicified sandstone were
also present. There isno clear division between artifact and debitagen an industry where every
flake was a potential tool. With the exception of a single hematite axe blade and an arrow point,
formal artifacts made of stone are inexistent in the early Holocene deposits. Flakes were
discarded when their edge became dull and most of them were used only a few times. Feather

scars occasionalscaler and snap fractures were identified by preliminary use -wear analysis of
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flakes from Lapa do Santo indicating they were used to cut soft materials such as hides, meat,
cordage and grasses (Pugliese, 2008). While lithic types were constant through time, the use of
raw materials varied and around 9.9 cal kyBP the exploitation of non -local sources such as
silexite was drastically reduced wi th the locally available crystal quartz becoming dominant
(Pugliese, 2008) The bone artifacts from Lapa do Santo are very similar to what is observed in
other parts of central Brazil during the same timeframe. They contrast sharply with the
expedient technological approach adopted for the production of lithic artifacts. A total of 198
bone artifacts or fragments of bone artifacts were found on the site, including spatulas (71%),
burins (25%) and fishhooks (0.01%).

The 26 human burials from Lapa do Santo were divided into six different mortuary
patterns based on their chronology and shared features. Lapa do Santo Mortuary Patterns
(LSMP) 1, 2 and 3 were the focus of the study presented in Appendix IV. LSMP-1 is dated to 9.7
10.6 cal kyBP and is characterizedby two primary single burials in flexed position (Burials 1
and 27).

Lapa do Santo Mortuary Pattern 2 (LSMP-2) is dated to 9.49.6 cal kyBP and can be
further subdivided into three categories: LSMP -2a (Burial 21 and 26), LSMP2b (Burials 9, 14, 17,
18 and 23) and LSMP-2c (isolated bones). LSMP2a is characterized by fully-articulated partial
skeletons with cutting and chopping marks. In Burial 21, the midshafts of both tibiae and
fibulae were chopped and removed while soft tissue was still present. Burial 26 is a decapitated
head with the first six cervical vertebrae articulated in anatomical position (see Appendix V for
details). The hyoid bone was missing and both amputated hands were laid over the face.

LSMP-2b is characterized by graves filled with the fully disarticulated bones of up to
five individuals presenting a strong selection of anatomical parts. Some bones show evidence of
exposure to fire, application of red pigment, defleshing, cutting, chopping and removal of teeth.
Burials 14, 17 and 18 werecomposed of a bundle of long bones from one or two individuals,
deposited with the individualized cranium and/or mandible of a different individual. Bundles
comprising infant post -cranial bones were found next to adult crania (Burials 14 and 17), and

bundles comprising adult post-cranial bones were found next to an infant cranium (Burial 18.
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The long bones of the bundles had been chopped and segregated into extremities and midshafts
and in some cases the latter were further chopped into smaller sections. The cranium of Burial
17 was used as a funerary receptacle and filled with chopped burnt bones some of which
present defleshing cut-marks. Black burn marks limited to the anterior portion of the external
maxillary alveolar margin indicate exposure to fire w hile soft tissue was still present. The co
occurrence of chopped and defleshed bones with signs of burning with soft tissues suggests that
LSMP-2 may have involved some form of cannibalism.

In Burials 17 and 18, all teeth were intentionally removed and the coronoid processes of
' UUPEOQwhWz UWwOEOGEDPEOI wbl Ul wEUDOOI ESdwll EwxblT Ol OUwPE
14 and Burial 18. Burial 23 was composed of a craniumcalottefilled with 54 permanent and 30
deciduous teeth, some of which belonged to the skull of Burial 17. Burial 9 was an
individualized child skull placed near the pelvis of an individual of similar age. The deciduous
dentition was removed and an assemblage of human teeth and chopped midshafts (accession
code: LSt2253) were deposited next to Burial 9. LSMP-2c is defined by isolated burnt chopped
bones that were not part of any formal burial and the presence of rodent gnaw marks could
indicate they were subject to scavenging and not immediately buried.

LSMP-3 is dated to 8.28.6 cal kyBP and includes nine burials: 6, 7, 10, 11, 12, 13, 15, 19
and 22. Burials are characterized by shallow circular pits completely filled with mostly
disarticulated bones of single individuals of various ages and sexes. Circular stone structures
covered some of the burials, but also occur independently of them. Anatomical selection was
not observed and, with the exception of some small bones, most elements of the skeleton were
present. The midshafts of long bones of adult individuals were in some cases intentionally
broken in the central region before deposition, resulting in butterfly fractures with impact
points indicating the use of some percussion instrument. The burials belonging to LSMP -3 are
very similar to each other, contrasting the larger variability ob served within LSMP -2.
Furthermore, characteristic elements of the latter, such as cutmarks, chop-marks, absence of
dentition, red pigment, and burnt marks are not present in the former. The presence of diverse

and elaborated mortuary practices in Lapa do Santo supports the notion that the traditional
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misinterpreting the archaeological record. On the contrary, in the absence of monumental
architecture or grave goods, these groupswere using parts of fresh corpses to elaborate their
rituals, showing this practice was not restricted to the Andean region at the beginning of the
Holocene.
The mortuary record from Lapa do Santo also indicates that the groups inhabiting Lagoa
Santa during the beginning of the Holocene were dynamic and facing constant transformation
through time. Therefore, the results presented here show that techno-functional constraints are
not necessarily the best proxy for overall cultural stability. In this frame, t he characterization of
the temporal variability of mortuary behavior in Lapa do Santo provides an independent

assessment of this asserted cultural stability.

3.5 Appendix V ¢ Defeated enemy or venerated ancestral? The oldest case of decapitation in the
New World.
This study focused on Burial 26 from Lapa do Santo which is constituted by a case of

perimortem decapitation. An ultra -filtered AMS age determination on a fragment of the
sphenoid provided an age range of 9.1-9.4 cal kyBP(95.4% interval) making this the oldest case
of decapitation in the New World. The interment was composed of an articulated cranium,
mandible and first six cervical vertebrae. Visualization of cut -marks with confocal microscopy
identified a v -shaped profil e and parallel micro-striations indicating the decapitation was made
with stone tools. The right hand was amputated and laid over the left side of the face with distal
phalanges pointing to the chin and the left hand was amputated and laid over the right s ide of
the face with distal phalanges pointing to the forehead. Strontium analysis comparing Burial
|+t zUwPUOUOxPEwWUDT OEUVUUUT wOOwWOUT T UwUxT EDOI OUwi UOOw+
of the group. Therefore, Burial 26 likely constitute a ritual ized decapitation instead of trophy -
taking, testifying for the sophistication of mortuary rituals among hunter -gatherers in the
Americas during the early Archaic period.

The early Holocene age of Burial 26 extends the timeline of decapitation in South

America by more than 4500 years. Geographically, the archaeological record of North America
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and Mesoamerica shows a more widespread occurrence of decapitation compared to Saith
America, with cases occurring from the Arctic to southern Mexico. Our findings suggest that
South America had the same spatially widespread distribution observed for North America,
making the occurrence of decapitation widespread across the whole continent since the
beginning of the Holocene. In addition, they confirm that the vast territorial range of
decapitation behavior described in ethnohistorical and ethnographic accounts for the New
World has deeper chronological roots. Until now, every archaeolo gical site in South America
where evidence of decapitation was observed was related to the sacalled Pan-Andean societies.
Lapa do Santo, located in the lowlands of eastcentral South America, indicates that
decapitation does not necessarily have a restrited Pan-Andean distribution as previously

suggested.
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ABSTRACT

Recent South Americans have been described as presenting high regional cranial
morphological diversity when compared to other regions of the planet. This high diversity is in
accordance with linguistic and some of the molecular data available to date for the continent,
but its origin has not been satisfactorily explained yet. Here we explore if this high
morphological variation was already present among Early groups from the continent, in order
to refine our knowledge about the timing and place of the origi ns of the morphological diversity
observed during recent times in the continent. Between-group (Fst estimates) and within groups
variances (trace of within groups covariance matrix) of two early South American groups
(Lagoa Santa and Sabana de Bogotd) wereestimated based on linear craniometric
measurements and compared to modern human reference populations representing six regions
of the planet, including the Americas. The results show that Early Americans present moderate
within -groups diversity, falling well within the range of modern human groups, despite
representing almost three thousand years of human occupation. Betweengroup variance is
very low between Early Americans, but is high when recent American groups are included in
the analysis, being similar to values for the entire planet. These results support the hypothesis
that the high morphological diversity of Native Americans was not present among the first
human groups arriving in the continent and must have originated during the Middle Holocene,
possibly due to the arrival of new morphological diversity coming from Asia during the
Holocene.
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The cranial morphological diversity of Native American groups over time has been an
important source of information about the processes of human occupation of the New World,
and has often been used to support different settlement scenarios for the Americas-2. Although
distinct scenarios for the occupation of the New World have been supported through the study
of local cranial morphological diversity, most res t on the notion that early Americans shared a
distinct morphological pattern from the one seen among most late/recent Native Americans.
These differences suggest high diachronic morphological diversity 8, where early South
Americans (and to a certain degree early North Americans 2 differed significantly in terms of
cranial morphology from their late and recent counterparts 56916223 However, recent studies
have revealed a high degree of biological variability even when only late/recent Native South
Americans are considered142427 indicating that the high morphological diversity in South
America is not only restricted to differences over time.

A high morphological diversity among recent South American groups is unexpected
when contrasted to the molecular studies that demonstrate a general loss of genetic diversity
associated with increased distance from Africa?s30, with Native American populations
presenting the lowest within -group biological variances among all continents. Although there is
no reason to expect that phenotypic variance may be correlated to genetic variance at the loci
influencing the phenotype 3%, a similar decrease in variance with increased distance from Africa
was also reported for worldwide cranial morphological diversity 3233 However, this loss of
within -group variance, explained as the result of multiple founder effects and expansion range
effects from populations migrating out of Africa, is not correlated with the degree of population
structure, or differences between groups. When the apportionment of the variation due to
between-group differences is considered, South America has been described as highly diverse.
Linguistic studies, for instance, demonstrate that South America is impressively diverse as far
as native languagesare concerned+3, Nettle3s defends the idea that high linguistic diversity is a
consequence of the rapid group fission and relative isolation once people arrived in the
unoccupied South American lowlands. Similarly, although South Americans present low
overall within -group molecular variance, differences between group, as measured by Fst
values, of eastern South Americans has been reported to be high. Wang et a¥® (p. 2052), for
example, report Fst values for Eastern South America (14.7%) more than twiceas high as Fst for
series worldwide (7.1%), indicating high population structure among recent eastern Native
South Americans.

Consequently, the high levels of cranial morphological differences between groups
reported for recent South Americans is in accordance with the idea of high between-group
differentiation, despite the loss of intra -group variation associated with distance from Africa.
Distinct, however, to molecular and linguistic data, which are largely restrained to recent
samples, cranial morphology allows us to investigate the origin of the high inter -group
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diversity seen in the continent by assessing the within and between-group variation of Early
South American samples.

Despite the large number of studies demonstrating the high cranial morphological
differences between early and late Native American groups, the morphological variance present
among the first humans who occupied the New World has been scarcely studied (see 21 and 36
for exceptions). Powell, for instance, presented a scenario favoring microevolution within the
New World to explain the marked differences in terms of cranial morphology between early
and late/modern Native Americans, based on the assumptions that the first Americans
exhibited an especially high degree of biological diversity and that genetic drift (mainly due to
group fission) acting on the highly variable mother population could explain the origin of the
morphological differentiation observed among late Native American populati ons. However, his
scenario is based on the scant early material available in North America which is entirely
composed of isolated specimens and no population parameter estimates are possible for this
material. This is a limiting factor also confronted by o ther studies dealing with the early North
American remains (e.g., 21).

Sardi et al? also recognized that Early and Late/Modern Native South Americans
display very different cranial patterns. Moreover, they do not dismiss the possibility that the
morphological pattern of Late Holocene populations was generated in situ from the early
morphological pattern by means of local stochastic processes of differentiation. In their opinion,
however, the local differentiation scenario would be feasible only if early South Americans
displayed an uncommonly high degree of biological variance within -groups, that could then be
later partitioned in structured in differences between group by genetic drift and group fissions
during the Holocene. A similar scenario is also proposed by Gonzalez-José et aP, to
accommodate both the molecular and morphological diversity observed in the continent.
According to these authors, a highly morphologically diverse population was present in the
early stages of the settlement of the coninent, who maintained continuous gene -flow with Asia
(see also 19), which could explain the high cranial morphological diversity and low molecular
diversity in the continent.

Consequently, understanding if the high cranial morphological variation seen am ong
Ul El OUw- EUDPYI w Ol UPEEOUWPEUWEOUI EEawxUl Ul ODWEOOO
crucial to discuss the processes of morphological diversification and human dispersion in the
continent. Here we address this question by estimating within and betw een-group variances of
Early South Americans comparatively to modern human population values, and explore the
consequences of this information for our understanding of the processes by which the Americas
were settled during the end of the Pleistocene.
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MA TERIALS AND METHODS

Morphological variances within and between populations were assessed based on 23
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represent early morphological variability in South America (Table 2; Dataset S1): Lagoa Santa
(11.57.5 kyr BP) from eastcentral Brazil and Sabana de Bogota (10.5.0 kyr BP) from central
Colombia. The morphological affinities and archaeological context of these series have been
extensively described elsewhere?®. Despite spanning over three thousand years of human
occupation, these two collections represent the only skeletal series in the continent with enough
individuals recovered to allow the estimation of within -population parameters, and therefore
offer a unique opportunity to explore the early American groups based on population
estimates. All other early skeleton remains in the continent are represent by isolated or few
specimens (e.g., 10, 21).

Table 1. Craniometric variables used in this study.

Variables included*

Glabello-occipital length (GOL)
Nasio-occipital length (NOL)
Basion-bregma height (BBH)

Maximum cranial breadth (XCB)

Maximum frontal breadth (XFB)

Biauricular breadth (AUB)
Biasterionic breadth (ASB)
Nasion-prosthion height (NPH)
Nasal height (NLH)

Orbit height (OBH)

Orbit breadth (OBB)
Bijugal breadth (JUB)
Nasal breadth (NLB)
Bizygomaxillare breadth (ZMB)
Bifrontomallare breadth (FMB)
Nasion Subtense (NAS)
Biorbital breadth (EKB)
Malar length, inferior (IML)
Malar length, superior (XML)
Cheek height (WMH)
Frontal cord (FRC)
Parietal cord (PAC)
Occipital cord (OCC)
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Within and between group variance apportionment of Early Americans was contrasted
with the values obtained for series representing recent Native Americans, East Asians,
Europeans, SubSaharan Africans, Australo-Melanesians, and Polynesians from Howells
database® (Table 2). Within group variance was estimated using the trace of the covariance
matrix (VCV) of the series after standardizing all varia bles into z-scores. VCV trace was
calculated for each series independently. Since variance estimations are affected to some extent
by small sample sizes, to compare the VCV trace of the early South American series with the
worldwide series, random subsets with the same number of individuals as the early series were
selected a thousand times from each series and the results were used to build the variance
distributions for each one. Consequently, the comparisons with Lagoa Santa were based on 1000
within -group variances calculated from subsets of 29 individuals for each series, and for the
Colombian series the same number of variances was calculated from subsets of 14 individuals
per series. The variances observed within the early series were plotted in a gregph with the
distribution of the random sets of each series to compare the results visually.

Inter-group morphological variability between regions and among series within each
region was quantified by means of Fst estimates, obtained by averaging the principal diagonal
of the R-matrix (ri) extracted from the phenotypic data. Fst gives an estimation of the
apportionment of between-group genetic variation 443, Fst estimates for metric data are
minimum estimates and can greatly underrepresent inter -group variation apportionment if the
heritability values of the traits (measurements) are low 4244 Heritability values for human cranial
dimension range from moderate to high 45, although different traits show very distinct
heritability levels 4647, However, assuming mean heritability values of 0.55 in the past produced
similar apportionment values to neutral molecular data 4448 showing that even when using
average heritability values, craniometric data generates comparable Fst estimates. Therefore, all
Fst estimates calculated here assume a constant heritability of 0.55 to improve comparability of
the results with previous studies 444548

Initially, Fst was calculated between all pairs of series, using the pooled within group
covariance matrix (VCV) for all gro ups to calculate the C matrix. The use of the pooled VCV
among all groups was required because of the small sample size of some of the archaeological
series, which resulted in non-reliable (i.e., weakly correlated) VCVs between groups and
therefore biased the values of Fst between pairs of groups. Fst in this case can be considered a
measurement of distance, since it will reflect the distance between each group centroid to the
overall centroid (i.e., if the data were not divided into groups). Still, the pai rwise calculations
allow exploring the morphological affinities between series included in the study. The pairwise
Fst matrix was represented graphically with a Kruskall non -metric Multidimensional Scaling
(MDS#9). To explore the confidence of the affinities observed in this case, the analysis was

repeated with 100 bootstraps of the data, respecting the original sample size of the series. The
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bootstrapped MDS configurations were then superimposed on the original data using

Procrustes Analysis®, allowing th e results to be combined in a single scatterplot.

Table 2. Craniometric series included in the analyses.

%

Population Reglonalllc.hr.onologlcal Sample size Males/EemaIes Missing Reference
affiliation ratio
values
Lagoa Santa Early America 29 18/11 16.94 9
Early Colombia Early America 14 6/8 6.52 6
Peru South America 110 55/55 0 37, 38
Botocudo South America 32 16/16 1.90 25
C'A;rlg?:tl)?a South America 33 12/21 11.86 6
Tapera South America 47 26/21 5.28 25
Cabecuda South America 19 12/7 13.50 25
Tupi-Guarani South America 23 14/9 2.65 25
Arikara North America 69 42/27 0 37, 38
Santa Cruz North America 102 51/51 0 37, 38
Eskimo North America 108 53/55 0 37, 38
North Japan East Asia 87 55/32 0 37,38
South Japan East Asia 91 50/41 0 37, 38
Hainan East Asia 83 45/38 0 37, 38
Buriat East Asia 109 55/54 0 37, 38
Australia Australo -Melanesia 101 52/49 0 37, 38
Tasmania Australo -Melanesia 87 45/42 0 37, 38
Tolai Australo -Melanesia 110 56/54 0 37, 38
Berg Europe 109 56/53 0 37,38
Norse Europe 110 55/55 0 37,38
Zalavar Europe 98 53/45 0 37, 38
Zulu Sub-Saharan Africa 101 55/46 0 37, 38
Dogon Sub-Saharan Africa 99 47/52 0 37,38
Teita Sub-Saharan Africa 83 33/50 0 37, 38
Easter Island Polynesia 86 49/37 0 37, 38
Mokapu Polynesia 100 51/49 0 37, 38
Moriori Polynesia 108 57/51 0 37,38
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Complementing the pairwise analysis, Fst estimates and their standard errors4*42 were
also calculated for series within each of the large regions in the dataset. For the American series,
Fst were calculated once with all series, and then for the early series alone, for all late American
series, and for all South American Late series gparately, to explore the impact that diachronic
changes have in the apportionment of the variation in the New World. Also, given that our
series include two groups that lived in extreme cold environments (Eskimo and Buriat), which
have been shown to have cranial morphology responding adaptively to this environmental
factors52, Fst estimates were also calculated for the Americas and East Asia without these
groups.

Prior to the analyses, missing values in the Paleoamerican series (see Table 2 for details)
were estimated through multiple regressions, using the overall mean of the missing variables as
U1 wEl xI OEl OUwYEOUI wEOGEwWUIT 1 wbOEDYPEUEOzUwUI OEDPOD
reasoning behind this replacement has been covered elsewher& and consequently we will not
elaborate on it here). All analyses pooled males and females together, to maximize sample sizes
of the early American series. Although pooling sexes together will inflate the within group
variances, this is unavoidable in this case, since a subdivision of the prehistoric series would
result in very unreliable estimates of within group variances due to low sample sizes. However,
the proportion of males and females in the series is roughly similar (Table 2), so sexual
dimorphism should not affect the comparative results significantly. Nonetheless, the within -
group variances reported here must be considered as overestimations since they include the
sexual dimorphism within series. All analyses were done in R %3, with functions written by MH,
complemented by functions from packages MASS54 and veganss,

RESULTS

Figures 1 and 2 show the comparison between the within group variances of Lagoa
Santa and Colombia, the two early South American series included in this study, to the
distributions ge nerated from the bootstraps of the worldwide modern reference series. In both
cases, the worldwide within -group variances overlap considerably, with North Japan, Botocudo
and Buriat showing a slightly larger variance distribution. In the context of the ref erence series,
both Early American groups have moderate within -group variances falling well inside the
expected variance for modern human populations, with Lagoa Santa and Colombia presenting
remarkably similar within group variances.
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LAGOA SANTA
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Within-Group Variance

Figure 1. Comparison between the within -group variance of Lagoa Santa and the variance distributions
generated for the reference series. The dashed line indicates the variance calculated for Lagoa Santa, and
each of the grey histograms show the distribution of varia nces based on 1,000 random selections of 29
individuals from the reference series.
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PALEO COLOMBIA
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Figure 2. Comparison between the within -group variance of Colombia and the variance distributions
generated for the reference series. The dashed line indicates the variane calculated for Colombia, and

each of the grey histograms show the distribution of variances based on 1,000 random selections of 14
individuals from the reference series.
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Table 3 presents the Fst estimates used to assess between group differences in tiaata.
Fst were calculated for different combinations of the series in the study. With the exception of
the Americas, all regions in the planet show Fst values considerably lower than the Fst observed
among series worldwide. In the Americas, the Fst observed is similar (0.24) to the worldwide
one (0.27). This increased differentiation between groups is not present among Early Americans,
since the Fst for these groups (0.07) is closer to the Fst observed for the other regions in the
planet in modern times. W hen Early Americans are removed, Fst estimate among the American
series is still high (0.24), even when Eskimos are removed (Fst=0.23). When only South
American series are included in the analysis, the Fst estimate still is remarkably high (0.22),
showing high levels of between group differentiation in the continent, corroborating previous
studies?. These results suggest that the high population structure described for the American
series in the past was not present among early groups in the continent. Figure 3 shows the MDS
scatterplot representing the pairwise Fst matrix between series, which permits to explore how
the variance apportionment worldwide is distributed in terms of morphological affinities
among series. The MDS plot shows that most of the diversity seen is due to differences among
regions. With the exception of the Americas and Polynesia, series within regions overlap when
the bootstrap distribution is taken into account, with Australo -Melanesians showing high
Affinities with Sub -Saharan Africans, Europeans overlapping with the North American series
(with the exception of Eskimos), and East Asians being close to some of the Polynesian series
(Mokapu and Moriori). The only truly outlier population in our analysis is Buriat, a NE Asia
series thathas been shown to have a peculiar cranial morphology probably due to the adaptive
responses to extreme cold climates®t32, Corroborating the Fst values by region (Table 3), the
differences in the Americas are very marked, especially when the South American series are
taken into account. However, these differences are not due to the chronology of the series, since
Early Americans show a great overlap among themselves and with Archaic Colombia. In other
words, the differences among South American series are as high as the one seen between
continents (e.g., Australo-Melanesia and East Asia) in present times.

DISCUSSION AND CONCLUSIONS

Our results corroborate previous studies that show that South America is characterized
by high levels of cranial morphological differentiation between groups 14242627 However, our
results also suggest that the high cranial morphological diversity seen among Late/Recent
Native Americans was not present among the early American populations. Regarding within -
group variability, E arly Americans did present average variability, comparable to modern
populations, despite the fact that these series represent more than three thousand year of
human occupation in the continent. These results suggest that the morphological pattern that
characterized Early American groups remained unchanged for longs periods of time, which
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highlight even more the importance of the differences seen among South American groups in
modern times. Incidentally, these results also support the use of the early American series
included here as valid units of analysis from the perspective of morphological affinities, i.e. the
use of such collections as representatives of a single biological populations is valid, despite their
chronological span.

When between-group diveUUDPUa w PUw EOOUPET Ul EwUT T w$EUOGaw C
considerably low, falling well within the range of the other continents and macro regions,
(Europe, Australo-Melanesia, Subsaharan Africa), especially when series that have shown
strong adaptive responses to climate are removed (East Asia without Buriat, and North America
without Eskimo). Indeed, the only two regions that show particularly high Fst estimates are
South America and Polynesia. Polynesia is expected to show increased betweergroup varian ce
apportionments due to the fact that islands have stronger natural barriers to gene-flow in the
form of the ocean stretches separating them. South America, however, not only does not present
the same level of natural barriers as the deep ocean islands oPolynesia, but also shows a larger
proportion of the variance due to differences between groups than Polynesia. As mentioned
before, South America is the only continent that has between-group differences on a similar
scale as when we consider all populations worldwide. Thus, South America is particularly
interesting in terms of the development of modern human cranial morphological diversity,
especially given that our results suggest that the high diversity seen among Late Native South
Americans was not present among early groups entering the continent, as proposed befores10.19
In other words, we argue that the high diversity seen in South America today must have been
generated after the Pleistocene/Holocene transition, long after the arrival of the first humans on
the continent.

Table 3 - Fst values (I#= 0.55) within regions and chronological period in the study.

Region/Chronological period Fst SE
World 0.276 0.002
All America 0.235 0.005
Early America 0.068 0.011
Late America 0.239 0.005
Late North America 0.205 0.006
Late North America without 0.105 0.006
Eskimos

Late South America 0.224 0.007
East Asia 0.170 0.005
East Asia without Buriat 0.041 0.004
Australo -Melanesia 0.096 0.005
Sub-Saharan Africa 0.089 0.005
Europe 0.058 0.004
Polynesia 0.158 0.005
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Figure 3. Multidimensional scaling (MDS) of the pairwise Fst matrix between series. The solid dots
represent the MDS for the Fst matrix of the original data, and the transparent dots represent the MDS
from bootstrapped data superimposed on the original MDS with Pro crustes Analysis. Series from the
same region have been represented with the same colors, following the assignation given in Table 3.

Recently, Hubbe et all” suggested, based on analyses of cranial morphological affinities,
that the morphological pattern seen among Early South Americans is a retention of the
morphological pattern that characterized other human groups by the end of the Pleistocene in
the Old World (specifically in Europe and East Asia). Populations worldwide retained a similar
morphological pattern throughout most of the modern human dispersion across the World, and
fast changes occurred during the end of the Pleistocene and across the Holocene, especially in
Europe and Asias®®%8 and consequently changes observed in South America can thenbe seen as
an extension of what happened in the rest of the planet. However, South America is different
from the processes observed elsewhere in two aspects: first, the transition from the
Paleoamerican morphology to the modern morphological variation seem s to have occurred
faster there than in the other continents. To date there is no evidence of changes in the overall
cranial morphological pattern or in its variance before 7.5 kyr BP 2%, and our results strongly
support this since both our Early American series do not show morphological change nor
increase in within -sample variance despite representing over three thousand years of human
occupation in each region. Second, in the regions where a strong morphological differentiation
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process is observed in theOld World (Europe and East Asia), the modern populations included
in our analysis do not show strong differences between group (i.e., the regional Fst estimates are
low), while South America presents a different pattern, where there is an extreme increase of
morphological differences between groups by the end of the Holocene, some of them retaining a
similar morphological pattern as the early Americans (e.g. the Archaic Colombia seriess¢,
included in this study, the Pericu Indians from Baja California % and the Botocudo Indians to
some exten#?), some of them diverging considerably from it (e.g., Peru and the coastal
shellmound series). Yet, this has to be seen with caution at the moment, since our analyses only
include a few series from each of the macro regions explored here and it is possible that they are
underrepresenting the local morphological diversity in these regions. Nonetheless, South
America shows as much between group variance apportionment as seen worldwide and this is
indicative of a strong pr ocess of morphological differentiation in the continent, even if the
values observed for the reference regions are underestimated.

However, this does not contribute necessarily to our understanding of how this
morphological variation originated. Elucidati ng the causes behind this process is a complex
endeavor, since Homo sapiensskull seems to be less evolutionarily constrained than other
mammal skulls and as such can accumulate phenotypic changes quickly under either stochastic
or non-stochastic evolutionary pressures. This relative constraint release is due to the human
skull, as the skull of many if not all mammals, being organized in development modules 665,
which can be defined as sets of highly intercorrelated traits that are less correlated with other
such set$%7, Modularity is a population’s property represented in its additive genetic variance
and covariance matrix and may enhance evolvability 7, which is the capacity of a given
population to evolve in the direction of any given selective pressu re’, since modules allow the
genetic architecture to interact with selection to produce an evolutionary response 72 When
compared to the modular organization of other mammals, ours is one of the most flexible to
respond in the same direction of natural selection®73 due to the fact that our modules are less
strongly integrated with other modules in the skull. However this increased evolvability is not
only restricted to selection. Genetic drift is also dependent on the genetic variance and
covariance matrix, and it is expected that under drift the amount of traits divergence among
populations will be proportional to the pattern and magnitude of variation in the ancestral
population 626372 Among mammals, H. sapienshas a high number of dimensions in the
morphospace defined by the genetic covariance matrix when compared to other mammals,
which allows drift to accumulate morphological change in many potential directions, when in
mammals the higher integration between modules restrict the directions that phenotypic
change can be channeled by drift.

The high evolvability potential in the H. sapiensskull makes formal tests of the

evolutionary forces behind the origin of morphological differentiation in South America har d to
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be conducted. Hubbe et all¢ attempted to test the best dispersion model to explain the
diachronic morphological differences observed in the continent, and their results supported a
dual dispersal model into the continent, with early American and Late American groups
sharing a common ancestor in East Asia at least 25 thousand years ago. This model presented a
stronger fit to the morphological differences observed than any model assuming in situ
evolutionary processes. However, these results rested on he assumption that the rate of
morphological differentiation under neutral evolutionary forces for humans was of a similar
scale than to other mammals, which as detailed above is probably not true®+73 De Azevedo et
al.’? tried to replicate the results obtained by the previous study using different measurements
and samples and also failed to find support for a dual -dispersal model, favoring instead a
model of recurrent gene-flow between Asia and North America. Taken together, this
information suggests that at the moment attempts to formally test the forces behind the
morphological diversity in the continent are not possible, especially given the limited samples
available to date.

Nonetheless, the seemingly unique process of morphological differentiation o bserved in
South America when compared to other regions of the world, and the fact that such high
morphological diversity was not present among early South American populations, must have
been a result of two distinct (and complementary) processes, namely a strong in situ
microevolutionary process (by random and non -random forces!®') or the migration of
populations carrying new morphological diversity into the continent after its initial
settlement891619 While it is hard to test the relative contrib ution of each of these processes in
the shaping of morphological variation in the continent, we argue that in situ processes can be
tentatively excluded as a strong component of the morphological differentiation in South
America and that the entrance of extra-continental morphological diversity (either through
discrete dispersals or recurrent geneflow) is more parsimonious given our current knowledge
on modern human morphological variation.

Morphological changes associated to adaptive responses to climaté:52 (see also Table 3)
and life-style change*7 have been described among modern humans, although these seem to
be localized to specific anatomical regions or restricted to populations inhabiting extremely cold
environments. However, South America does not present the extreme climatic range to explain
the morphological diversity seen in the continent as a result to adaptation to cold climate, and
although some of the changes observed in the continent are correlated with the adoption of
agriculture 474 contradictory evidence in this regards exist when the continent is seen as a
whole. In Brazil for example ¢ the shellmound populations show strong departure from the
morphological pattern that characterizes Early Americans (see also Figure 3), despite
maintaining a fisher -hunter -gatherer life style.
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Neutral evolutionary processes resulting from genetic drift and strong and long -lasting
gene-flow barriers in the continent are also hard to sustain at this moment to explain the origin
of the morphological di versity in the continent. First, the time for such amount of changes to be
developed in South America seems to be too short, even assuming the highly evolvable nature
of the human skull. Since our results suggest Early Americans did not present uniquely hi gh
within -group variances and very low differentiation between regions and across time, that
implies that during the Holocene a similar degree of morphological differentiation between
groups appeared as the one that occurred between continents worldwide in a much longer
period of time (see Fst estimates in Table 3). Second, if we assume that the Early American
series used here represent the variability of the groups who entered the continent and that late
American groups descend directly from them, resultin g from multiple founder effects
associated with range expansions from the mother populations (Early Americans), a general
loss of variability would be expected, similar to what is seen associated with distance from
Africa 32337575 Although our study is limited to a few American series, our results do not favor a
loss of variability between early and late Native American groups, but rather the opposite.

Thus, unless new evidence appears in the future refuting our current understanding of
how modern huma n cranial morphological diversity evolved, it is hard to defend exclusively
local processes as responsible for the unique level of morphological differentiation seen
between groups in South America. Therefore, our results would favor a scenario where
additional diversity arrived in the continent after its first occupation, either through discrete
waves of human dispersion into the continent 16 or through a constant or semi-constant gene-
flow with outside regions &1° (see also Ray et al?” for molecular data suggesting a similar
scenario). Evidently, our results at present are limited by the few recent American samples
available in this study and the formal testing of this hypothesis will demand the inclusion of
more South American series in the future.

Alt hough the notion of external diversity influx into the continent during the Holocene
has not found support in most of the molecular studies concerning Native American biological
diversity conducted in the past decade?3° 7880 (but see Reich et aB! for a more complex scenario),
recent studies based on rare alleles have suggested that a single dispersion wave might not be
enough to explain their presence in the continents?83, As such, the molecular data available to
date does not eliminate the possibility of external diversity influx into the continent during the
Holocene.

In conclusion, the results presented here contribute to our growing knowledge about the
origins of the biological diversity of Native American groups during the Holocene, by showing
significant differences in the apportionment of variation across time in the continent. Under this
scenario, the biological diversity that characterizes New World populations originated only
during the Holocene, much later than the initial human occupation of t he New World, and most
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probably required the entrance of extra morphological diversity from regions outside the
continent (Northeast Asia).
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ABSTRACT

The Botocudo Indians were hunter -gatherers groups that occupied the EastCentral
regions of Brazil and went extinct during the colonial period in the country. During the 19 t
century craniometric studies suggested that the Botocudo resembled more the Paleoamerican
population of Lagoa Santa than typical Native Americans groups. These results suggest the
Botocudo Indians might represent a population that retained the biological characteristics of
early groups of the continent, remaining largely isolated from groups that gave origin to the
modern Native South American variation. Moreover, recently some of the Botocudo remains
have been shown to have mitochondrial and autosomal DNA lineages currently found in
Polynesian populations. Here, we explore the morphological affini ties of Botocudo skulls within
a worldwide context. Distinct multivariate analyses based on 32 craniometric variables show
that 1) the two individuals with Polynesian DNA sequences share a similar morphological
pattern when compared to the other Botocudo Indians in the series; and 2) there are high
morphological affinities between Botocudo, Early Americans and the Polynesian series of Easter
Island, which support the early observations that the Botocudo can be seen as retaining the
Paleoamerican morphology, particularly when the neurocranium is considered. While these
results do not elucidate the origin of the Polynesian DNA lineages among the Botocudo, they
support the hypothesis that the Botocudo represent a case of late survival of ancient
Paleoamerican populations, retaining the morphological of ancestral Late Pleistocene
populations from Asia.
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The way craniometric variability is structured over time in the New World has been the
focus of intensive analysis in the last twenty years. Neves and collaborators have documented
that the cranial pattern of the human groups inhabiting the Lagoa Santa region in East-Central
Brazil during the Pleistocene/Holocene transition did not resemble that shared by most late and
recent Native Americans (Neves and Pucciarelli, 1989, 1991; Neves et al., 2004a, 2007a,b; Neves
and Hubbe, 2005; Hubbe et al.,, 2010, 2011)Contrary to the cranial morphology that
characterizes these late/recent Native Americans (Amerindians) that varies around short and
wi de neurocrania, orthognathic high faces with relatively high and narrow orbits and noses , the
pattern seen in early remains (Paleoamericans) is characterized by narrow and long
neurocrania, prognathic low faces with relatively low and broad orbits and nose s (Neves
andHubbe, 2005; Neves et al., 2007a,lhut see Gonzéalez-José et al. 2008for a critique on the use
of the Paleoamerican term).

Further studies have shown that Lagoa Santa is not an isolated case. The Paleoamerican
cranial pattern was present all over the New World during Early Holocene: in East -Central
Brazil (Santana do Riacho;Neves et al., 2003)in Northeast Brazil (Toca das Oncas;Hubbe et al.,
2004,and Serra da Capivara; Hubbe et al., 2007) in Southern Brazil (Capelinha; Neves et al.,
2005), andin the interior of Rio Grande do Sul ( Neves et al., 2004 b)in Colombia (Sabana de
Bogota; Neves et al., 20073)in the pampa region of Argentina (Pucciarelli et al., 2010, in the
very southern tip of the continent in Palli Aike ( Neves et al., 1999) in Mexico (Gonzalez-José et
al., 2005)and in North America (Chatter et al., 1999; Jantz and Owsley, 2001).

Therefore, in spite of the ongoing debate concerning the reasons behind the origin of the
-1 Pwe OUOEZ UwOOUx T Oeésarf HubbeY2B05 BPEveR ZDE6USandi et al., 2005;
Gonzalez-José et al., 2008; Hubbe et al., 2010, 2011; de Azevedo et al., 2Qlthere is generd
consensus that the Early Americans exhibited a cranial pattern not represented today among
most Native Americans (Jantz and Owsley, 2001; GonzalezJosé et al., 2005; Neves and Hubbe,
2005; Neves et al., 2007b; Hubbe et al., 2011pn the other hand, it is still debated for how long
this Paleoamerican morphology remained in the continent. Evidence of a Middle/Late Holocene
survival of Paleoamerican morphology has been reported for Sabana de Bogota, Colombia
(Neves et al., 2007a)and for the interior of Southern Brazil (Neves et al., 2004b) Gonzalez-José
et al., (2003)were able to extend the survival of the Paleoamerican morphologic pattern even
later in time, by documenting its presence among the Perici group from Baja California,
Mexico, which were extinct by the 19% century. According to the authors this geographically
isolated group could represent a morphological relic of the first humans who settled the
Americas. Together, these recent findings suggest that the nature of the transition between
predominantly Paleoamericans groups, by the end of Pleistocene, towards a majority of groups
sharing the Amerindian pattern by the end of the Holocene was more complex than first
envisioned.
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In Brazil, late 19" century scholars from the National Museum in Rio de Janeiro
suggested that the Botocudo Indians from EastCentral Brazil shared the same cranial
morphology as the sympatric Lagoa Santa Paleoamerican population. In the typological
framework that prevailed during the late 19 * century, Lacerda and Peixoto (1876)described the
| OUGEUVUEOwWw( OEPEOUWEUWE] 0001 POT wOOwWUT 1 w+ET OEw2EOUEU
José Imbelloni (1938) Paul Rivet (1942)and Pucciarelli et al., (2003)made similar claims about
the Botocudo, whil e Mello e Alvim (1963), challenged the idea of a close resemblance between
these two populations. Recently, a couple of molecular studies (Goncalves et al., 2013; Sapfo et
al., 2014)conducted on the same material studied by these early scholars kindled again the
discussion about the biological characteristics of the Botocudo Indians. These articles report that
two of the Botocudo skulls collected and studied by Lacerda and Peixoto (1986) have
mitochondrial and autosomal DNA lineages that are not Native Ame rican. The mitochondrial
haplogroups reported by Gongalves et al. (2013) are common in nowadays Polynesia and are
also found in lower frequencies in Indonesia and Madagascar populations. The study was
recently complemented by a study of autosomal DNA seque nces of the two Botocudo skulls
that had the Polynesian mtDNA motif (Sapfo et al., 2014), which concluded that these
individuals have exclusive Polynesian sequences, with no contribution of Native American
sequences.

To explain the presence of these unique haplogroups among the Botocudo Indian,
Gongalves et al. (2013) suggest three possible scenarios. The first one is that Botocudo Indians
are descendants of the Paleaomerican groups from Lagoa Santa, following the early studies
from the 19" Century (Lacerda and Peixoto, 1876). Under this scenario the Polynesian motif
would be already present among the Lagoa Santa populations, and the Botocudo Indian would
have inherited them from the early populations. This scenario, however, is not supported by the
mtDNA, because the estimated time of origin of the Polynesian motif is not old enough to be
among the earliest occupants of South America. Moreover, the autosomal DNA extracted later
from these individuals show no evidence of admixture with Native Americans (Sap fo et al.,
2014). The second hypothesis is that recent gene flow from Polynesia introduced the
haplogroups to the Botocudo Indian. Although this scenario could explain the presence of
Polynesian individuals (as inferred from the autosomal DNA) among Botocu do groups, it also
seems unlikely given that the Botocudo lived in east South America, and no other evidence of
the reported mitochondrial haplogroups has been yet found among native groups located in
South American regions closer to Polynesia, despite evdence of contact between Polynesia and
the Pacific coast of South America by the end of the Holocene(Yen, 1974; Green, 2000; Storey et
al., 2007; Gongora, 2008; Gongora et al., 2008)he third hypothesis suggested by the authors is
that these haplogroups are the results of the admixture between Botocudo groups and African
slaves in the country. Under this hypothesis, slaves from Madagascar would have been

62



Appendix Il

captured by Mozambique slave traders and had their mtDNA haplogroups introgressed into
the Botocudo gene pool, who for some period coexisted with slaves in east central Brazil. This is
also not a very probable scenario, given that the autosomal DNA data reported by Sapfo et al.
(2014) show no evidence of African admixture. In addition, no other evidence o f more common
African slave mtDNA sequences are found among the Botocudo, an unlikely fact given that
Madagascar was not the major source of slaves for Brazil during the colonial period.

Therefore, the biological variation observed among the Botocudo cannot be easily
explained given the actual knowledge about the biological diversity of past and present Native
American groups, especially when it comes to the origin of the Polynesian molecular lineages
among them. To contribute to the discussion on the origin of the biological variation of the
Botocudo Indians, here, we reassess the morphological affinities of Botocudo Indians using
modern multivariate approaches focusing on two complementary goals: 1) to explore if the two
individuals with Polynesian DNA ca n be assumed to belong to the Botocudo population (as far
as cranial morphological variation is concerned); and 2) to test the hypothesis proposed by
Lacerda and Peixoto (1876) that the Botocudo Indians retain the same morphological pattern as
early Paleoamerican groups in the continent.

THE BOTOCUDO

Botocudo is a Portuguese term established during the 18" century to refer to a series of
different native groups such as the Krenak, Naknenuk, Nakrehé, Etwet and Takruk -krak that
used to occupy the eastern pat of Brazil in the area delimited by the Una river to the north and
the Doce River to the south. Those groups spoke different languages belonging to the MacroJé,
considered a Palegindian linguistic family according to Rodrigues (2002) The term Botocudo
derives from the wood disks and plugs wore on lips and ears, which were commonly used by
many of the groups occupying the Atlantic Forest in East and South Brazil. The Portuguese
EUUOCEPEUI EwUT OUI wOUOEOI 60U wU O wE OU O Ulanguade (Bekire
the term Botocudo became widely used those groups were referred to as Aimorés or Tapuias,
names that are still used in present time.

The specific sample used in this study includes groups of Botocudo who lived in the
Brazilian Atlantic F orest and associated ecotones during the 19 century. The Botocudo skulls
analyzed here come mostly from the margins of the Rio Doce and from the Babylonia Cave
(Lacerda e Peixoto, 1876; Table 1). Some of the Rio Doce individuals come from unknown

Ul wEEC

localita WEOE wOUT 1 UUwPIT Ul wUI EOYI Ul Ewi UOOQWEWOEUUWIT UEYI
were buried after being murdered by the Brazilian army duringa 19 * " 1 OUUUa w? xEEDI PEE

mission. The individuals from Babylonia Cave are inhumations probably from the C orop6 and
Goyatacazes tribes, who were expelled from the coast by Portuguese settlers during the 16 and
17 Century (Lacerda and Peixoto, 1876). By the 19 century the Rio Doce region was already a
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well explored area of Brazil with an expressive presence of non-natives. Between 1800 and 1850
approximate 73 villages and 87 military outposts were established in the area (Paraiso, 2002).

Ethnographic information on Botocudo come mainly from 19 ® century travelers such as
Briard (1986, first edition from 1855), Rugendas (1979, first edition from 1928), Expilly (1977,
first edition from 1857), Freyreyss (1900, first edition from 1814), Jomarb (1847), Mawe (1944,
first edition from 1810), Wied -Neuwied (1958, first edition from 1815-1817), Saint Hilaire (1823)
and Spix and Martius (1976, first edition from 1823). The social organization of the Botocudo
Indians is characterized by frequent group splitting and by a religious system centered on the
figure of the enchanted spirit of the dead (Paraiso, 2002) By the time of European contact, they
were semi-nomadic and still relied heavily on a hunting -fishing -gathering subsistence strategy.
Hunting and fishing were typical male activities while gathering was a strictly female
occupation (Paraiso, 2002). Hunting was the most important economic activity and was carried
out within well -defined territories that were frequently the subject of inter -group disputes. The
Botocudo had few non-portable items in their material -culture allowing for fast movement
when enemies approached (Paraiso, 2002). For the same reason, their campsites and huts were
very simple and readily taken down and rebuilt. Although it is known that marriage would
preferentially occur among cross-cousins and never between parallel cousins, no details are
known about their post -marital residence practices.

Europeans and other native groups, especially the expanding tribes of Tupi speakers,
surrounded the Botocudo populations considered here. The Tupi as they are known in the
Brazilian archeological literatu re, were mostly slash-and-burn horticulturists, and represented
the most widespread ethnic group within Brazilian territory at the time of European conquest
(Brochado, 1989; Noelli, 1998).
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Table 1 ¢ Information on the Botocudo specimens that comprise the series used in this study.

ID Sex Detailst
MN-003 M  Skull ¥ Botocudo Indian. Poaia e Mutum Village. Rio Doce t+ Minas Gerais, Brazil.
MN -004 F  Skull ¥ Botocudo Indian, with mandible. Mutum Village ¢ Espirito Santo, Brazil.
MN-006 M  Skull of Botocudo Indian, with mandible. S.Matheus- Espirito Santo, Brazil.
MN -007 F  Skull ¥ Botocudo Indian Poaia e Mutum Village t Espirito Santo, Brazil.
MN-008 M  Skull { Botocudo Indian. Rio Doce + Minas Gerais, Brazil.
MN -009 F  Skull ¥ Poxixa Indian, with mandible. Mucuri River t Espirito Santo, Brazil.
MN -011 F  Skull ¥ Botocudo Indian, with mandible. Rio Docet Minas Gerais, Brazil.
MN -012 F  Skull ¥ Botocudo Indian. Mucuri River ¢ Espirito Santo, Brazil.
MN -013 F  Skull ¥ Botocudo Indian, with mandible. Mutum Village ¢ Espirito Santo, Brazil.
MN -014 F  Skull ¥ Botocudo Indian, with mandible. Mutum Village ¢ Espirito Santo, Brazil.
MN-015 M  Skull ¢ Botocudo Indian. Rio Doce + Minas Gerais, Brazil
MN -017 M Skull ¢ Botocudo Indian. Rio Doce ¢ Minas Gerais, Brazil
MN -020 M Skull- Botocudo Indian. Mucuri River ¢ Espirito Santo, Brazil.
MN -021 F  Skull ¢+ Botocudo Indian, with mandible. Mutum Village ¢ Espirito Santo, Brazil.
MN -023 F  Skull ¢+ Poxixa Indian. Mucuri River ¢ Espirito Santo, Brazil.
MN-026 M  Skull + Nak-Nanuk Indian, with mandible. Bahia, Brazil.
MN -039 F  Skull  Botocudo Indian, with mandible. Poaia e Mutum Village - Espirito Santo, Brazil.
MN-053 M  Skull  Botocudo Indian, with mandible. Babylonia Cave - Fazenda de Sant'/Ana
MN-055 M  Skull ¢+ with mandible. Found in cave near Itapemirim ¢ Espirito Santo, Brazil.
MN -056 F  Skull ¢ Botocudo Indian. Mucuri River ¢ Espirito Santo, Brazil.
MN -062 M Skull + Botocudo Indian, with mandible. Mucuri River ¢ Espirito Santo, Brazil.
MN -063 F  Skull ¥ Botocudo Indian, with mandible. S. Matheust Espirito Santo, Brazil.
MN -064 F  Skull + Botocudo Indian, with mandible. Rio Doce - Minas Gerais, Brazil.
MN-065 M  Skull ¢ Botocudo Indian, with mandible. Itapemirim ¢ Espirito Santo, Brazil
MN -066 F  Skull ¢+ Botocudo Indian, with mandible. Mutum Village ¢ Espirito Santo, Brazil.
MN -067 M Skull ¢ Botocudo Indian, with mandible. Minas Gerais, Brazil.
MN -068 M Skull ¢+ Botocudo Indian, with mandible. Mutum Village ¢ Brazil.
MN-069 M  Skull ¢+ Botocudo Indian. Mucuri River ¢ Espirito Santo, Brazil.
MN-088 M  Skull ¢+ Poxixa Indian, with mandible. Mucuri River ¢+ Espirito Santo, Brazil.
MN -118 F  Skeletont articulated, incomplete. Botocudo Indian. Rio Docet Minas Gerais, Brazil.
MN-119 M  Skeletont articulated, incomplete. Botocudo Indian. Rio Docet Minas Gerais, Brazil.
MN -120 F  Skeletont articulated, incomplete. Botocudo Indian. Rio Docet Minas Gerais, Brazil.

1translated from the Catalogue of the National Museum of Rio de Janeiro by the authors.
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MATERIALS AND METHODS

Cranial morphology was assessed by 32 metric variables following Howells (1973, 1989)
protocol (Table 2). The Botocudo material included here is comprised of 16 males and 16
females skulls of adult individuals curated at the National Museum of Rio de Janei ro (see Table
1 for details on the individuals, as presented in the Catalog of the National Museum).The
morphological affinities of the Botocudo specimens were assessed by comparing them to early
and mid-Holocene South American series and to Late Holocene series representing the
worldwide modern human morphological variation (Table 3). The Paleoamerican series include
specimens from Lagoa Santa, Brazil, and Sabana de Bogot4, Colombia. These series have been
extensively described by Neves and Hubbe (2005)and Neves et al., (2007a)and further details
will not be given here. The other South American series include a mid-Holocene shellmound
series (Cabecguda) associated to preceramic, pre-agriculture, fisher -hunter-gatherers from the
Archaic Period of the southern Brazilian Coast; two late Holocene coastal series (Base Aérea and
Tapera) representing ceramic fisherhunter-gatherers; Tupi-Guarani composed of North
Brazilian recent native groups speaking mainly Tupi languages (Hubbe et al.,, 2014); and
Howells (1996) modern Peruvian series. With the exception of Peru, all South American series
Pl Ul wOl EUUUI EwEa w6 - wi O00O6PDPOT w' 6pl OOUZ wephuNA+ Owhu)
were complemented by 30 series from Howells (1996) database that together represent the
morphological variation seen among modern humans worldwide (Table 3).

Given the presence of the two individuals with Polynesian DNA in our sample (MN -15
and MN-17), we initially explored the morphological affinities of these specimens in two
complementary ways. First, we analyzed their morphological affinities in relationship to the
remaining Botocudo specimens according to the first two Principal Components extracted from
the covariance matrix calculated for the Botocudo series. Second, we used linear mutivariate
discriminant analyses to classify the Botocudo individuals in the reference series. Classification
was done based on Posterior Probabilities, with three different datasets: all reference series;
only American series (minus Botocudo); and American + Polynesian series (minus Botocudo). In
all the analyses MN-15 and MN-17 were not included in the calculation of the Linear
Discriminant Functions.
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Table 2 ¢ Craniometric measurements included in each anatomical region.

Major Anatomical Minor Anataomical

Variables included*

Maximum frontal breadth (XFB)
Frontal cord (FRC)
Frontal subtense (FRS)
Frontal fraction (FRF)

Maximum cranial breadth (XCB)
Parietal cord (PAC)
Parietal subtense (PAS)
Parietal fraction (PAF)

Regions Regions
Frontal
Parietal
Neurocraneum
Occipital

Biasterionic breadth (ASB)
Occipital cord (OCC)
Occipital subtense (OCS)
Occipital fraction (OCF)

Not included in minor
regions

Glabello-occipital length (GOL)
Nasio-occipital length (NOL)
Basion-Nasion length (BNL)
Basion-bregma height (BBH)

Biauricular breadth (AUB)

Nasal

Nasion-prosthion height (NPH)
Nasal height (NLH)
Nasal breadth (NLB)

Orbit

Orbit breadth (OBB)
Orbit height (OBH)

F B h
Face Upper Face Breadt

Bijugal breadth (JUB)
Bizygomaxillare breadth (ZMB)
Bifrontomalare breadth (FMB)

Biorbital breadth (EKB)

Malar

Malar length, inferior (IML)
Malar length, superior (XML)
Cheek height (WMH)

Not included in minor
regions

Interorbital breadth (DKB)
Subspinale subtense (SSS)
Nasion Subtense (NAS)

* - measurement definitions according to Howells (1973, 1989)
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Table 3 ¢ Series included in the study.

Series Region Sample Chronology Percentage of missing Reference
Size values
Central Brazil Botocudo South America 32 Sub-recent 1.52 This study
Lagoa Santa South America 19 11.0- 7.5 kyr 10.69 Neves and Hubbe, 2005
Early Colombia South America 14 11- 6.5 kyr 10.27 Neves et al., 2007a
Archaic Colombia South America 33 5-3 kyr 11.55 Neves et al., 2007a
Tupi-Guarani South America 23 Sub-recent 4.62 This study
Base Aérea South America 18 ~1.0 kyr 7.81 Neves and Hubbe, 2005
Tapera South America a7 ~1.0 kyr 6.58 Neves and Hubbe, 2005
Cabecguda South America 19 ~1.0 kyr 12.99 This study
Peru South America 110 Sub-recent 0.00 Howells, 1973, 1989
Arikara North America 69 Sub-recent 0.00 Howells, 1973, 1989
Eskimo North America 108 Sub-recent 0.00 Howells, 1973, 1989
Santa Cruz North America 102 Sub-recent 0.03 Howells, 1973, 1989
Ainu EastAsia 86 Sub-recent 0.00 Howells, 1973, 1989
Buriat East Asia 109 Sub-recent 0.23 Howells, 1973, 1989
Hainan East Asia 83 Sub-recent 0.00 Howells, 1973, 1989
North japan East Asia 87 Sub-recent 0.07 Howells, 1973, 1989
South japan East Asia 91 Sub-recent 0.00 Howells, 1973, 1989
Anyang East Asia 42 Sub-recent 0.00 Howells, 1973, 1989
Andaman Southeast Asia 70 Sub-recent 0.00 Howells, 1973, 1989
Atayal Southeast Asia 47 Sub-recent 0.00 Howells, 1973, 1989
Guam Southeast Asia 57 Sub-recent 0.00 Howells, 1973, 1989
Phillipines Southeast Asia 50 Sub-recent 0.06 Howells, 1973, 1989
Australia Australo -Melanesia 101 Sub-recent 0.00 Howells, 1973, 1989
Tasmania Australo -Melanesia 87 Sub-recent 0.00 Howells, 1973, 1989
Tolai Australo -Melanesia 110 Sub-recent 0.00 Howells, 1973, 1989
Teita Sub-Sahara Africa 83 Sub-recent 0.04 Howells, 1973, 1989
Dogon Sub-Sahara Africa 99 Sub-recent 0.00 Howells, 1973, 1989
Zulu Sub-Sahara Africa 101 Sub-recent 0.00 Howells, 1973, 1989
Bushman Sub-SaharaAfrica 90 Sub-recent 0.00 Howells, 1973, 1989
Egypt North Africa 111 Sub-recent 0.03 Howells, 1973, 1989
Berg Europe 109 Sub-recent 0.03 Howells, 1973, 1989
Zalavar Europe 98 Sub-recent 0.00 Howells, 1973, 1989
Norse Europe 110 Sub-recent 0.00 Howells, 1973, 1989
Moriori Polynesia 108 Sub-recent 0.00 Howells, 1973, 1989
Mokapu Polynesia 100 Sub-recent 0.02 Howells, 1973, 1989
Easter island Polynesia 86 Sub-recent 0.00 Howells, 1973, 1989
North Maori Polynesia 10 Sub-recent 0.00 Howells, 1973, 1989
South Maori Polynesia 10 Sub-recent 0.00 Howells, 1973, 1989
TOTAL 3024

The morphological affinities of the Botocudos series as whole were initially assessed
EEUI EwOOwUT I w, EI EOE O@&haldngbis, A E36) beEvOdh Isewied. ETO t¢@esent
the D2 matrix and explore the morphological affinities among series, the distances were plotted
DOWEWUEEUUI UxOOUwWI 1 O metic(MultidimEnsionél Gcalidd) (MOE; Caxnd O O O
Cox, 2010) To explore the expected distribution of the observed distances, 100 new distance
matrices were calculated from bootstrapping the original data within groups, respecting the
original sample sizes. This procedure generated new distance matrices that take into
consideration the variation expected in the distance between series due to population
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estimation errors associated to the sample sizes. The representation of the error distribution was
also done via MDS. In this case for each of the 100 bootstrapped Bmatrices, MDS coordinates
were calculated and then superimposed on the original MDS using a Procrustes Analysis
(Bookstein, 1996) to minimize the differences in rotation and translation between the observed

and the bootstrapped MDS results.

To test the hypothesis that Botocudo share the same morphological patern as
Paleoamerican groups, further comparisons between series were conducted using minimum Fst
estimates (Relethford and Blangero, 1990; Relethford et al., 1997) obtained by averaging the
principal diagonal of the R -matrix (rii) extracted from the pheno typic data. Minimum Fst
estimates can be calculated from phenotypic data and represent a measurement of the amount
of the variance seen in the data that is due to differences between groups(Williams -Blangero
and Blangero, 1989, 1990; Relethford andBlangero, 1990; Relethford et al., 1997)Fst estimates
for metric data are minimum estimates and can greatly underrepresent inter -group variation
apportionment if the heritability values of the additive characters (measurements) are low
(Relethford and Blangero, 1990; Relethford, 1994) Heritability values for human cranial
dimension range from moderate to high (Devor, 1987) although different traits show very
distinct heritability levels (Carson, 2006; MartinezAbadias et al., 2009) The variability
diffe rences between traits poses a problem, since Fst estimates as proposed by Relethford and
Blangero (1990) cannot include differential heritabilities for each trait, and instead require an
average heritability for all traits. However, assuming mean heritabil ity values of 0.55 in the past
produced similar apportionment values to neutral molecular data (Relethford, 1994, 2002)
showing that even when using average heritability values, craniometric data generates
comparable Fst estimates. In this case the assuns heritability values are of minor concern,
since correcting for heritability does not change the hierarchy of Fst values obtained for
different sets of series, as long as the same variables are used in all sets of comparisons (as is the
case here). Theredre, all Fst estimates calculated here assume a constant heritability of 1.0, and
therefore represent the minimum possible value of Fst (i.e., they assume that the totality of
observed phenotypic variation is produced by genetic variation).

Fst estimates were calculated among the three Paleoamerican series alone and then with
each of the South American series added one at a time, to measure how much of the between
group variance is contributed by each South American series independently. Fst values between
Paleoamericans and South American series were compared to Fst estimates for series
worldwide, as a reference of the magnitude of between group variance that is observed among
modern human groups in the planet. The error distribution of the Fst estimates we re calculated
as the standard deviation from the Fst values calculated in a thousand bootstraps of the data
respecting the original sample sizes of the series.
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Given the modular nature of the human skull (Lieberman et al., 2000; Collard and Wood,
2007; Bafir and Rosas, 2008; Klingenberg, 2008, 2013; Mitteroecker and Bookstein, 2008;
Paschetta et al., 201Q)and the fact that functional anatomical regions can present distinct
evolutionary trajectories and respond differently to evolutionary forces, prior to  Fst calculations
the craniometric measurements were grouped in different anatomical regions (Table 2). The
selection of anatomical regions tried to focus on clear functional regions of the skull, however a
real functional division of the skull is impossib le with the linear variables available from
Howells protocol. Nonetheless, the analyses within South America were conducted for two
major anatomical regions (Neurocranium and Face) and seven minor anatomical regions
(Frontal, Parietals, Occipital, Upper Face, Nasal, Orbit, Malar). By dividing the skull in major
and minor anatomical regions, and analyzing them separately a more informative profile of the
morphological differences and similarities between Paleoamericans and the rest of the South
American series is possible. In that way, it is possible to compare the associations between
Botocudo and Early Americans within the framework of differences observed in South America
for each anatomical region.

For all analyses, sexes were pooled together to maximize sample size in the
EUET EI OOOT PEEQwWUI UPI UBw"' OPI YI UOWEOOwWUI UPI UwpkPbUI
Maori) have balanced sex distributions, so that sexual dimorphism will not influence the results
significantly. Missing values (see Table 3 for details on the amount of missing values in each
series) in the prehistoric and recent native South American series were replaced through
multiple regression of the variable total mean (i.e. including all the series available and both
sexes), using the remairing measurements of each individual as independent variables (see
Hubbe et al., 2011, for a detailed justification of the missing values replacement method chosen
here). Since size can be an important source of change across time, and this is an important
component to explore the morphological affinity between Botocudo and Paleoamerican series,
no size correction was applied to the craniometric data in this study. However, size corrected
analyses of morphological affinities (MDS based on D2, data not shown) produced a nearly
identical topology as the one presented here, indicating that size is not an important source of
morphological variation in this database. All analyses were done in R (R Core Team, 2014), with
functions written by MH, complemented by fun ctions from packages MASS (Venables and
Ripley, 2002) and vegan (Oksanen et al., 2013).

RESULTS

Figure 1 shows the morphological affinities among the Botocudo specimens according to
the first two Principal Components, which together explain 65.3% of the va riation in the series.
The first PC is largely reflecting differences in size between the specimens and separates males
(to the left) from females (to the right). PC2 does not show any clear pattern of separation. From
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the perspective of the present study, the two specimens with Polynesian DNA (MN -15 and MN-
17) fall within the dispersion of other Botocudo individuals, among the largest specimens in the
series. Table 4 shows the results of the classification analyses and Posterior Probabilities for
each of the Botocudo specimens. The two individuals with Polynesian DNA (MN -15 and MN-
17) show different tendencies of classifications. MN-15 classifies with very high posterior
probability to Botocudo Indians and Early Americans (in the analyses where Botocudo wer e not
included as an option). MN -17, on the other hand, is classified as a Polynesia in both analyses
where Polynesian groups were included (Moriori and Easter Island), although with relatively
low Posterior Probabilities in both cases. The remaining Botocudo individuals show very
coherent results, classifying mostly as Botocudo in the first analysis or as Early Americans in the
second and third analysis, which is in accordance with the analyses done with the entire series
(see below).
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Figure 1. Morpholog ical affinities among the Botocudo specimens based on the first two Proncipal
Components extracted from the covariance matrix between the series. The dashed gray lines show the
relative contribution of the variables (correlation coefficient scaled to the r ange of the axes) to each PC.
Only correlations larger than 0.5 are shown.
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Table 4 ¢ Classifications and Posterior Probabilities of the Botocudo specimens based on Linear
Discriminant Functions for three different datasets.

All Series American Series American and Polynesian Series
ID
Classification Post Classification Post Classification Post Prob.
Prob. Prob.

MN -015 Botocudo 0.9937 Archaic Colombia 0.5443 Archaic Colombia 0.3818
MN -017 Moriori 0.3634 Paleo Colombia 0.7512 Easter Island 0.5434
MN -006 Botocudo 0.9999 Lagoa Santa 0.7844 Lagoa Santa 0.9393
MN -008 Botocudo 0.7799 Lagoa Santa 0.9283 Lagoa Santa 0.9743
MN -026 Botocudo 0.9999 Lagoa Santa 0.7548 Lagoa Santa 0.8766
MN -062 Botocudo 1 Lagoa Santa 0.8198 Lagoa Santa 0.4894
MN -020 Botocudo 0.9999 Lagoa Santa 0.9969 Mokapu 0.9545
MN -065 Lagoa Santa 0.6027 Lagoa Santa 0.999 Lagoa Santa 0.9996
MN -088 Botocudo 0.9992 Paleo Colombia 0.6399 Paleo Colombia 0.5445
MN -067 Botocudo 0.5903 Paleo Colombia 0.599 Paleo Colombia 0.4066
MN -119 Botocudo 0.9612 Lagoa Santa 0.6458 Lagoa Santa 0.7844
MN -069 Botocudo 1 Paleo Colombia 0.4876 Mokapu 0.706

MN -068  Tupi-Guarani 0.7277 Tupi-Guarani 0.9498 Tupi-Guarani 0.9542
MN -053 Botocudo 0.98 Paleo Colombia 0.9338 Paleo Colombia 0.679

MN -003 Botocudo 0.9616 Cabecuda 0.6355 Lagoa Santa 0.5975
MN -055 Botocudo 0.999 Tupi-Guarani 0.9931 Tupi-Guarani 0.9935
MN -064 Botocudo 0.9997 Tapera 0.9626 Tapera 0.5288
MN -039 Botocudo 0.9803 Tupi-Guarani 0.9819 Tupi-Guarani 0.9811
MN -056 Botocudo 0.9998 Lagoa Santa 0.7961 Lagoa Santa 0.9103
MN -063 Botocudo 0.9194 Lagoa Santa 0.4003 Tapera 0.4655
MN -066 Botocudo 0.9999 Paleo Colombia 0.8733 Paleo Colombia 0.7533
MN -007 Botocudo 0.4687 Peru 0.4785 Peru 0.4369
MN -014 Botocudo 0.992 Eskimo 0.4826 Paleo Colombia 0.4497
MN -021 Botocudo 0.9504 Lagoa Santa 0.8526 Mokapu 0.9478
MN -004 Botocudo 1 Tupi-Guarani 0.4679 Tupi-Guarani 0.5122
MN -012 Lagoa Santa 0.6881 Lagoa Santa 0.7788 Lagoa Santa 0.7987
MN -013 Lagoa Santa 0.3831 Lagoa Santa 0.8987 Lagoa Santa 0.9192
MN -120 Botocudo 0.9863 Lagoa Santa 0.6127 Lagoa Santa 0.6932
MN -118 Botocudo 0.9839 Lagoa Santa 0.7654 Lagoa Santa 0.7926
MN -023 Botocudo 0.9991 Lagoa Santa 0.963 Lagoa Santa 0.9719
MN -009 Botocudo 0.9963 Paleo Colombia 0.7966 Paleo Colombia 0.7463
MN -011 Botocudo 0.8887 Paleo Colombia 0.636 Paleo Colombia 0.6455

Figure 2 shows the morphological affinities of the Botocudos in relation to the
comparative series included in this study. The MDS shows a close affinity between the centroids
of all Paleoamerican groups (Lagoa Santa, Paleo Colombia, and Early Colombia), wo appear in
an intermediate position between the cluster of African (Zulu, Teita, Dogon, Bushman) and
Australo -Melanesian (Tolai, Australia, Tasmania) series and the Polynesian series of Easter
Island. These results reflect well the pattern of affinities reported in previous studies (eg. Neves
and Hubbe, 2005; Neves et al., 2007a; Hubbe et al., 2010)he Botocudo centroid appears
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located close to the Paleoamerican series and Easter Island. The other Polynesian series
(Mokapu, Moriori, S Maori and N Maori) appear associated to Southeast Asian (Guam and
Anyang) and the Brazilian coastal series (Cabecuda, Base Aérea, and Tapera). The remaining
Native American series are located far away from the cluster of Paleoamericans and Botocudo,
further supporting their UOUOOT wOOUxT OOOT PEEOWEI I POPUPI UBw"' ObI
Peru, Santa Cruz) appear closely associated to some East Asian (Ainu) and European (Zalavar
and Norse) series, a pattern of association also previously observed(Howells, 1973, 1989) The
Brazilian series (Base Aérea, Cabecuda, Tapera, and Tupi Guarani), on the other hand, show a
larger range of morphological distribution, supporting recent studies that suggest high
morphological diversity in South America (e.g., Hubbe et al., 2014). The error distributions
observed from the bootstrapped data indicate, as expected, larger variation in the
archaeological series, due to their smaller sample sizes. However, despite this larger error
distribution, the patterns of associations described above hold true, even when this source of
error is taken into account.

Table 5 and Figure 3 show the minimum Fst values calculated between early Americans
and the other South American series for the two major and seven minor anatomical regions of
the skull. In all anatomical regions the three early American series show low between-group
variances, especially when compared to the Fst observed worldwide. When any of the later
South American series is included in the analyses, there is an increase in the observed &, as
would be expected. However only in a few cases the Fst reach values comparable to the
worldwide variation. The overall pattern that arises from this analysis is that the Botocudo
Indians are more similar to Paleoamericans when the neurocranium is considered. When the
major neurocranium component and the minor frontal and parietal components are considered,
Botocudo is the only series that, when added to the Paleoamericans, does not raise de Fst
observed above the 95% confidence interval of Paleoamergans alone. When the facial regions
are considered (major and minor components), the addition of Botocudo individuals still is
within the 95% CI of Paleoamericans alone, but this is also observed for all other Late series,
which indicates that in these cases the Botocudo are not particularly closely related to the
Paleoamerican series, and low differentiation between groups is observed in Late South
America as a whole. Interestingly, the coastal series show significant increase in Fst values
when added to Paleoamerican groups, which fits previous results that suggest strong barriers
between coastal and inland Brazil during most of the Holocene (see Hubbe et al., 2014, for an
extended discussion on the topic). The only anatomical region that is characterized by high
between-group variances in South America is the orbit, where even the Fst among
Paleoamericans is ~0.10. This is also the only region were the addition of Botocudo results in a
considerable increase in minimum Fst values.
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Figure 2. Morphological affinities among the series included in this study represented by non -metric
Multidimensional Scaling (MDS) of the Mahalanobis distances matrix. The solid dots represent the MDS
results obtained for the original data, and the transparent dots represent MDS results for each of the 100
bootstraps of the samples superimposed on the original MDS results.

DISCUSSION AND CONCLUSIONS

Our results support the earlier 19t century observation that the Botocudo Indians
present morphological affinities with early South American groups (Lacerda and Peixoto, 1876)
Indeed, Botocudo can be considered as retaining the cranial morphological pattern observed
among Paleoamerican groups, particularly when the neurocranium is taken into account. This
in itself is an interesting observation, given that it suggests the maintenance of the
Paleoamerican morphology throughout the Holocene, despite the existence of groups sharing
considerable morphological differences occupying Brazil during this period. Remarkable in t his
case is the fact that TupiGuarani groups coexisted in the same region as the Botocudo, and yet
low morphological affinities are found between them (see Figure 2), suggesting limited gene -
flow between these groups. The coastal groups in this study (Base Aérea, Tapera and Cabecuda)
present a very different morphological pattern from Botocudo and Paleoamerican groups as
well, both in the neurocranium and in the face. These differences may be the result of two
dispersal waves into the continent, as recently suggested by Hubbe et al. (2014).
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Figure 3. Minimum Fst estimates obtained for the Early South American series by themselves and when
each of the late South American series is analyzed together with them. Error bars represent one standard
deviation calculated from 1000 bootstraps of the series. Thelight gray dashed line represents the upper
confidence interval of the Paleoamerican Fst (Paleoamerican Fst + 1.96*sd), and the dark dashed line
represent the lower 95% confidence interval of the worldwide Fst (World Fst + 1.96*sd).
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Table 5 ¢ Fst for Early American series and each of the South American series, in comparison to
the Fst of series worldwide.

Major Regions Minor Regions

Series Neurocranium Face Frontal Parietal Occipital Orbit Nasal

Early Americans 0.038 £0.026 0.045+0.04 0.034+0.025 0.018 +0.01¢ 0.024 +0.02: 0.103 +0.03: 0.045 + 0.02!
+ Botocudo 0.056 +0.018 0.06 +0.01¢ 0.045+ 0.0z 0.038 +0.01t 0.057 £0.02 0.152 +0.04. 0.054 +0.02!

+ Tupi-Guarani 0.106 £ 0.026 0.067 +0.01| 0.093 +0.03: 0.099 + 0.02¢ 0.072 +0.02! 0.12 +0.032 0.035 +0.02!
+ Cabecuda 0.107 £0.03 0.087 £0.02{ 0.136 + 0.04. 0.146 +0.03: 0.072 +0.03: 0.158 + 0.04 0.097 £ 0.03:

+ Tapera 0.09+£0.024 0.141+0.02| 0.115+0.03' 0.116 +0.02" 0.135+ 0.02¢ 0.196 +0.03! 0.097 +0.03

+ Base Aérea 0.113#0.033 0.152+0.03| 0.112+0.03' 0.084 +£0.02t 0.193+0.04 0.19+0.038 0.079 +0.03:
+ Peru 0.09+0.017 0.071+0.01f 0.08 +0.03% 0.118 +0.02¢ 0.021 +0.01! 0.111 +0.02" 0.039 * 0.02:

World 0.171£0.004 0.172+0.00{ 0.177 £0.00: 0.192 +0.00" 0.158 +0.00¢ 0.198 £0.01 0.2 +0.007

However, these morphological affinities do not help us elucidate the presence of
Polynesian DNA lineages found in two of the Botocudo specimens analyzed. From the
morphological perspective, there is no strong evidence that these individuals differ from the
remaining individuals in the series, i.e., that they were intrusive specimens among the Botocudo
collection. The classifications based on Discriminant Function are equally puzzling, since the
two Polynesian individuals have different pattern of associatio n, one of them (MN-15) closely
resembling the Botocudo and Paleoamerican morphological characteristics, and the other (MN-
17) classifying as Polynesian. These results present themselves as an interesting conundrum: on
the one hand, there is no strong evidence from the morphological point of view that these
individuals do not belong to the Botocudo populations (who show unigue cranial
morphological patterns themselves), on the other hand, it is exceedingly hard to accept, from a
genetic point of view that th ese individuals belong to a Native American population (Sapfo et
al., 2014).

Given these uncertainties, we separated our discussion in two parts. The first addresses
the origin of the morphological pattern that characterizes the Botocudo specimens analyzed
here. Given that strong morphological affinities were observed among the Botocudo specimens
as a whole, it is safe to assume that these results were not influenced by the presence of the two
skulls presenting Polynesian DNA (MN -15 and MN-17), and therefare their presence in the
sample does not affect the implications of our results. The second part addresses the presence of
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the Polynesian DNA lineages in our Botocudo series and how the morphological analyses can
contribute to the discussion of the origin of these particular lineages in the continent.

The retention of Paleoamerican morphology among the Botocudo

Three different explanations can be proposed to account for the morphological
similarities found between Paleoamericans and Botocudos: adaptive (genetic) convergence to
similar climatic and environmental conditions; developmental plasticity to similar lifestyles
(non-genetic convergence); or a direct ancestraldescendant relationship. The first possibility,
adaptive convergence due to similar climatic and environmental conditions, is in our opinion
hard to sustain due to two independent sources of information. The first concerns the
environmental information available for early Lagoa Santa, early Colombia, and Botocudo.
EastCentral Brazil (where Lagoa Santa and Botocudo were established) can be characterized as
a sub-tropical setting, exhibiting a seasonal, low-land landscape (around 600 meters altitude),
covered by a mosaic of savanna, semideciduous forests, and rain forests, never subjected to
cold temperatures (Araujo et al.,, 2005; Oliveira et al.,, 2005) On the other hand, the first
Colombians were settled in the Andean highlands (~ 2000 m.a.s.l.), a region covered by
parklands and subjected to low temperatures during the year, especially in the wi nter months
(Van der Hammen, 1988). During the Pleistocene/Holocene transition, when the climate was
colder than today, differences were probably even more accentuated (van der Hammen, 1988;
Oliveira et al., 2005). Since the same cranial pattern is observd in different environments their
similarities cannot be explained by convergent adaptation to comparable local conditions.

The second line of evidence suggesting that convergent natural selective pressures could
explain the similarities found among the La goa Santa, Sabana de Bogota and Botocudo groups
comes from contemporary understandings of the forces governing the evolution of human
cranial morphology. Recent literature strongly supports that the action of natural selection on
human cranial morphology i s restricted to harsh cold conditions (Relethford, 2002; Roseman
and Weaver, 2004; Harvati and Weaver, 2006; Betti et al., 2009; Hubbe et al., 2009; von Cramen
Taubadel, 2009) which is clearly not the case in EastCentral Brazil, or in the Sabana de Bogo#t,
during the entire Holocene (Oliveira et al., 2005). It is now well accepted that the evolution of
human skull shape involves mainly stochastic processes of differentiation (see von Cramon
Taubadel, 2013 for a comprehensive review) Also, the strongest evidence of morphological
retention in the Botocudo Indians is observed in the neurocranium, which has been shown to
better reconstruct the phylogenetic relationships among modern humans when compared to
other regions of the skull (Harvati and Weaver, 2006, 2008; Hubbe et al., 2009)

The second explanation that could be proposed for the similar morphological pattern of
early Paleoamericans and Botocudo relies on developmental plasticity to similar lifestyles.
Indeed, the three series showing Paleoamerican morphology in this study share the same broad
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subsistence pattern: hunting and gathering. However, contrary to what was defended in the
past (Boas, 1912; Carlson and van Gerven, 1977)current investigations have shown that
although an influence on cranial morphology, plastic responses are very limited when the skull
is taken as a whole(Sparks and Jantz, 2002; Gonzaledosé et al., 2005; Paschetta et al., 201The
results obtained in this study seem to point to this direction. In fact, the largest differences
observed between Paleoanerican and Botocudo is associated to the face, which is the region
that is most affected by adaptation to different subsistence patterns (Gonzalez-José et al., 2005)
Some authors have suggested that the Amerindian morphology could be the result of
adaptation to regular plant cultivation and consumption since the Middle Holocene (Perez and
Monteiro, 2009; Perez et al., 2011)The idea behind this scenario is that with plant cultivation
(and pre-oral processing of vegetal food), much of the mastication stress generated by a hunter
gatherer life-style was dissipated. Recently, (Menéndez et al., 2014) proposed an alternative
pathway in which subsistence strategy can influence cranial morphology that is not focused on
the differential levels of mechanic stimuli (ie. bite force) but on the differences in the
composition of the diet itself (ie. carbohydrate and protein intake). According to those lines of
thought, the Amerindian morphological pattern that succeeded Paleoamerican morphology
could have resulted from a plastic response to chewing stress relaxation or to a change in diet
composition.

However, our results speak against the correlation between life-style change and cranial
morphological differentiation. The shellmounds of Southern Brazil represented in o ur analysis
by the Cabecuda series exhibit a very distinct skull pattern from Early Americans and Botocudo
(Figures 2 and 3). However, it is well recognized in the local archaeological literature that the
shellmound builders relied on fishing, shell -fishing, and hunting (Lima, 1999; Gaspar et al.,
2008) These specialized huntergatherers seldom consumed plant items and there is no
evidence that plant cultivation was among their regular subsistence activities. The high degree
of dental attrition (Neves and Wesolowski, 2002) also attests to the chewing of hard and
abrasive food items, with meager pre-oral processing, if any. Moreover, when facial anatomy is
considered, there are more differences between Paleoamerican and the coastal sites, than
between the former and Late Native Americans that relied on agriculture (Tupi -Guarani and
Peru; Figure 3). In addition, a recent isotopic study (Colonese et al., 2014) has pointed to a
strong dietary similarity between coastal and inland groups, in spite of the accentua ted
morphological differences between them reported here. Therefore subsistence change and
phenotypic plasticity, in the context of this study, are poor candidates for either the origin of the
Amerindian cranial pattern, or the similarities between Paleoa mericans and Botocudos.

In view of the fact that our result do not conform easily to developmental hypotheses to
explain the morphological affinities between Early Americans and Botocudo Indians, we
propose that the morphological affinities of the 19 * century Botocudos from East-Central Brazil
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and the Paleoamerican populations included in this study are best explained as a case of direct
ancestor-descendant relationship between them, with the latter retaining to a large degree the
morphological pattern that characterized the former. The Botocudo would not be the first
example of late groups presenting Paleoamerican morphology in the continent. The Pericl
Indians from Baja California (Gonzalez-José et al., 2003Jand Patagonian groups from the
southernmost part of South America (Lahr, 1995) have been shown to also present the same
morphological pattern as early American groups in modern times. Both these groups inhabited
remote and isolated areas in the continent, and therefore their retention of the Palecamerican
morphology has been suggested to have occurred only on regions were groups bringing the
Amerindian morphology did not easily reach (Gonzélez-José et al.,, 2003) The Botocudo,
however, do not fit well in this rule, given that they inhabited an acce ssible region in East
Central Brazil, and coexisted with Tupi -Guarani groups that show no morphological affinities
with Paleoamerican groups. Hubbe et al. (2014) explored possible scenarios to explain the
structure of this morphological variation among Bra zilian groups during the Holocene, finding
support for a strong isolation between coastal and inland groups. The existence of a strong gene
flow barrier, either due to cultural differences or environmental aspects, is supported by the
data in the present sudy, given the differences between the coastal series and other Brazilian
groups (Figures 2 and 3). Future studies will need to explore more specifically the relationship
between the indigenous groups in East-Central Brazil to solve causes behind the barier
between these groups.

The origin of the biological variation of Botocudo Indians

The results presented here, in particular the retention of Paleoamerican morphology
among Botocudo Indians and the close morphological affinities between Paleoamerican groups
and Easter Island, allow us to explore and contribute to the discussion of the origins of the
biological diversity observed among the Botocudo. As reviewed in the introduction, three
hypotheses were proposed to explain the presence of Polynesian haplogoups among the
Botocudo Indians (Gongalves et al., 2013; Sapfo et al., 2014): 1) they are the direct descendants of
Lagoa Santa groups; 2) they are directly connected with Polynesian populations via trans-
pacific migration; and 3) they inherited this DNA lineages from genetic exchange with African
slaves during the colonial period in Brazil. From an exclusive point of view of cranial
morphology, we would argue that our results are not in accordance with what would be
expected under Hypotheses 2 and 3, offging support only to Hypothesis 1. However, as
detailed below, the first hypothesis is the least supported by the mitochondrial and autosomal
genetic data.

The results of the craniometric analyses done here suggest that the Botocudo Indians
represent a cag of Late retention of the Paleoamerican morphological pattern, as discussed
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above. Although the Botocudo also share strong morphological affinities with one of the
Polynesain series (Eater Island), a direct connection between Polynesian and Botocudo Indias
due to trans-pacific migration is hard to sustain, for several reasons: 1) most of the Botocudo
specimens analyzed show the typical C1 haplogroup of Native America groups (Goncgalves et
al., 2013), therefore, cannot be considered as individuals who migraed from Polynesia. Also,
the two specimens (MN-15 and MN-17) that show Polynesian autossomal and mtDNA lineages
(Goncalves et al.,, 2013; Sapfo et al.,, 2014), show no evidence of admixture with Native
Americans, making it very unlikely that the morphologic al affinities between Botocudo and
Easter Island are due to the introgression of Polynesian molecular diversity into the Native
American gene pool. Second, he uniqueness of the Botocudo Indians, especially given their
geographic location, speaks strongly against the idea of Late Holocene transpacific migrations
as the cause for their biological characteristics. Polynesia was settled only in the last 3.5
thousand years (Weisler and Woodhead, 1995; Burley and Dickinson, 2001; Collerson and
Weisler, 2007; Fnney, 2007) and therefore any geneflow from Polynesia directly into the
Americas (e.g., Yen, 1974; Green, 2000; Price et al.,, 2004; Storey et al., 2007; Gongora, 2008;
Gongora et al., 2008)must have occurred during the Late Holocene, when the continent was
already densely populated and occupied by human groups. In this scenario, it is very unlikely
that the only groups sharing lineages from such gene-flow event would be located on the
eastern fringe of the continent, with no evidence of similar lineages occurring more frequently
among series closer to the point of insertion of Polynesian genetic diversity into the continent,
namely the Pacific coast. And third, Botocudo show high morphological affinities with only the
most outlier (and geographically remo te) of the Polynesian series included in the analyses
(Easter Island), suggesting they do not present morphological affinities with the typical
Polynesian morphology (see Figure 2).

Similarly, it is hard to envision a situation where admixture with African  slaves could
explain the Botocudo biological diversity (Hypothesis 3). Although this is the favored
hypothesis of Gongalves et al. (2013), it has been deemed as unlikely by the autosomal analyses,
which show no evidence of admixture with Native Americans or African populations (Sapfo et
al., 2014). Moreover, it is extremely unlikely that only the relatively uncommon mtDNA
frequencies from relatively uncommon Madagascar slaves would be the only African lineages
introduced into the Botocudo gene pool. The morphological analyses presented here add
further support to this, since the sub-Sahara African series included in the comparative analyses
(Teita, Dogon, Zulu, and Bushman; Figure 2) do not present strong morphological affinities
with the Botocudo.

Althoug h our results go against what would be expected for Hypothesis 2 and 3, we
believe they conform well to the expectations of Hypothesis 1, namely that the Botocudo are the
biological descendants of the Early American groups that inhabited Lagoa Santa by the end of
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the Pleistocene and beginning of the Holocene. As demonstrated by Hubbe et al. (2011), the
early American groups from South America show very similar morphologies when compared
to Late Pleistocene groups from East Asia and North Europe. This strong morphological affinity
among Late Pleistocene/Early Holocene groups worldwide suggests that Early Americans share
the generalized morphology that predates the morphological diversification that characterizes
populations nowadays in the planet. The dispersion scenario defended by previous studies to
explain these morphological relationships (Hubbe et al., 2011; Neves et al., 20133onsiders that
Paleoamericans present the morphological pattern that was observed in SE Asia by the end of
the Pleistocene, when groups carrying this morphology moved northward towards NE Asia
and subsequently into the Americas, and southwards towards Indonesia, Australia and
Melanesia. Later during the Holocene, the morphological differentiation that gave rise to the
typical moder n East Asian and Amerindian morphology largely replaced traces of the previous
morphology in these regions, resulting in visible affinities among Paleaomericans and recent
Australo -Melanesians (e.g., Hubbe et al.,, 2010), but not with Asians and most Native
Americans. The presence of some generalized groups in East Asia as well (e.g., the Ainu;
Seguchi et al., 2011support the idea of a strong morphological change in Asia. Evidence of two
morphological patterns associated to distinct dispersion waves has been previously used to
describe the morphological diversity within the Americas (Neves and Hubbe, 2005; Hubbe et
al., 2010,but see de Azevedo et al., 201for a counter-argument). Recently a similar argument
has been made to explain the morphological diversity among South and Southeast Asian
groups (ReyesCenteno et al., 2014) further supporting the idea that SE Asia experienced a
significant shift in morphology during the Holocene.

By extension then, our present results show that among the South American groups the
Botocudo largely retained the same generalized morphology until the end of the Holocene, and
similarly among the Polynesian series, Easter Island also retained a similar morphological
pattern. Easter Island is one of the most remote locations within Polynesia, and the fact that it
could have retained a more generalized morphology can be a result of their geographic isolation
from groups introducing recent Asian morphology to the region, in the same way that it has
been suggested that the Perici aml Patagonian groups in the America retained the
Paleoamerican morphology due to their geographic isolation until recent times (Lahr, 1995;
Gonzalez-José et al., 2003)

Therefore, this scenario would explain the morphological affinities observed here.
Howev er, although this hypothesis fits well with the morphological variation observed among
our series, it fails to explain the presence of Polynesian DNA lineages in individuals MN -15 and
MN -17. As highlighted by Gongalves et al. (2013), such scenario can beidcarded to explain the
two individuals with Polynesian mtDNA because the time to the most recent common ancestor

of the Polynesian motif is too young to accommodate the expansion into the Americas, and
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because the mtDNA motif observed in these individuals lack any private polymorphisms,
which is not compatible with the scenario presented above. The lack of Native American
admixture in the autosomal DNA of these two individuals (Sapfo et al., 2014) give further
support to Gongalves et al. (2013) interpretaion. On top of this evidence, to date no early
Holocene skeleton that had DNA extracted show the mtDNA haplogroups that are not Native
American (e.g., Kemp et al., 2007; Gilbert et al., 2008; Chatters et al., 2014; Rasmussen et al.,
2014; see also Raff eal., 2011 for a comprehensive review of aDNA studies in the Americas).
Therefore, while a model of retention of the morphological pattern present in the Old World by
the end of the Pleistocene could explain the morphological association between Botocudo
Indians, Early Americans and Easter Island, it fails to explain the presence of the Polynesian
DNA lineages in two of the Botocudo specimens available to study, whose explanation remains
elusive. A fourth hypothesis, is that these specimens represent Polynesan skulls that were
mixed with the National Museum collection during the past century. We find this an unlikely
scenario, because 1) the individuals are clearly labeled and well referenced in the catalogue (See
Sapfto et al., 2014, for photographs of thespecimens), and 2) from a morphological point of
view there is no strong evidence that these individuals differ from the remaining Botocudo
specimens.

Still, it is important to bear in mind that there are indeed Polynesian crania housed in the
National Mu seum that were acquired in the late 19" E1 QU UUa wi OUwUT T w?! UEADODE (
$RTPEPUDPOO? w ol 6-118 @as breughE Bran tBewChatham Islands in 1872 and
specimens MN-104 and MN-105 were brought from the Marquesas Islands-Fatu Hiva, precise
date unknown). For MN -111 this means that the specimen was acquired only two years before
the first Botocudo arrived at the National Museum in 1874 (Sapfo et al., 2014). The museum
catalogue, however, only came into existence more than three decades laterin 1906.

Taking into account how hard it is at this point to harmonize the data concerning
specimens MN-15 and MN-17, further scrutinization to eliminate the possibility of mislabeling
would be worth pursuing. In particular, it would be necessary for DNA  samples to be extracted
from the Polynesian specimens and their sequences compared to MN15 and MN-17, to
ascertain they come from different backgrounds. Complementarily, these two individuals have
considerably older age (~AD 14204 1510, although marine reservoir effect could be causing an
older date for the specimens; Sapfo et al., 2014) than the other Botocudo specimens dated so far,
and generating a better chronological context for the Botocudo and Polynesian series of the
museum are required to try to confidently rule out specimen mislabeling.

In conclusion, our analyses of the morphological affinities of the Botocudo Indians
within a worldwide context support the hypothesis proposed by Lacerda and Peixoto (1876)
that these groups from EastCentral Brazil retained the same morphological pattern from the

early inhabitants from Lagoa Santa. Indeed, we were able to further clarify that these
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similarities are best observed in the neurocranium, which is an anatomical region that is usually
less affected by adaptive responses to climate or diet change, while in the face some variations
occur, particularly in the orbit. From a morphological point of view our results fit better a
scenario where the Botocudo are biological descendants from early Paleoamerican grows (e.g.,
Lagoa Santa), who share thér last common ancestor with Polynesian groups probably in SE
Asia, before the morphological differentiation that resulted in the present day morphological
pattern seen in Asia and most of the Americas occurred. However, this scenario fails to shed
light on the origin of the Polynesian DNA lineages found in the two Botocudo specimens
collected from Rio Doce.
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ABSTRACT

Few archaeological sites in the Americas contain high concentrations of human burials dating
back to the early Holocene. The tropical karstic region of Lagoa Santa, in central Brazil (state of
Minas Gerais) is one of the richest bioanthropological records available to study the behaviors
and funerary practices of early Holocene South Americans, with more than 200 skeletons found
so far. One of the key locations to examine the history of human settlement in Lagoa Santa is the
site of Lapa do Santo, a rockshdter known to contain the oldest rock art and the earliest
evidence of funerary complexity in the continent. In this geoarchaeological investigation we
focus on the early Holocene settlement at Lapa do Santo (7.9 12.7 cal kyBP) applying high-
resolution geoarchaeological techniques, such as micromorphology, organic petrology and
MFTIR, on both archaeological, modern reference and experimental samples. This is the first
time that a micro-contextual approach integrated with experimental geoarchaeology has been
applied to study the formation of rockshelter deposits in a tropical setting. Our results show
that the stratigraphic sequence formed under the dual influence of anthropogenic
sedimentation| through continuous combustion activities | and geogenic sedimentdion in the
form of oxisol aggregates which fell from above the limestone cliff into the rockshelter. Intact
hearths and remobilized combustion debris, possibly hearth rake -out, are close to the graves
suggesting repeated burning activities as part of the ritual behavior of early Holocene South
Americans. Large amounts of ash are intermixed with heated and unheated oxisol aggregates.
Heated termite mound fragments were also found mixed within the sediments. Post -
depositional alteration of the site includes limited bioturbation and localized, low energy
surface water and sub-surface concentrations of moisture, leading to precipitation of dense,
secondary carbonates. The age inversions can be attributed to the human action of reworking
the ashy sediments and mot to post-abandonment processes. Despite this, the overall
preservation of the sediments is good and most human burials can be considered to be in
primary context.
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The karstic region of Lagoa Santa in eastcentral Brazil (state of Minas Gerais) is an
important location to understand the activities and behaviors of early Holocene populations in
South America. An astonishing amount of well -preserved human remains were found, the
OOEIT UUWEI BOT wUOT T wil OEOI wUOINdatedda.ul03 15.2 ¢al kyBFE > w U0 U
(Araujo et al., 2012; Feathers et al., 2010; Neves and Hubbe, 2005; Neves et al., 199%ter Lund,

a Danish naturalist, conducted the first research in the area in the 19" ET1 OUUUadww+UODE
observations on the skeletal remains led to bioanthropological research focused on the study of
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archaeological and presentday Native Americans, Paleoamericans are characterized by a
morphological affinity with modern populations from Africa and the South Pacific (Neves et al.,

1999, 2003, 2004, 2007; Powell and Neves, 1999; Neves and Hubbe, 2005; Hubbe et al., 2011)

Most of the 200 skeletons recovered from the region date to the early Holocene, when
systematic burial inside rockshelters first appears. The burial practices of early Holocene South
Americans from Lagoa Santa were traditionally thought to be simple and homogeneous,
involving primary deposition of flexed bodies in shallow graves (Araujo et al., 2012; Neves and
Hubbe, 2005; Neves et al., 2012, 2002; Prous and Fogaca, 199Bgcent studies demonstrate low
mobility among these groups (Da-Gloria, 2012) and novel funerary practices since early
Holocene times, including complex rituals involving the perimortemreduction of the dead body
(Neves et al., 2002; Strauss, 2010, 2016; Strauss et al., 2015)

The settlement of Lagoa Santa dates from the Paleoindian to Archaic periods(Araujo et
al., 2012, 2008; Feathers et al., 2010; Lamirigmperaire, 1979;Neves et al., 2004, 1999; Prous and
Fogaca, 1999; Prous, 1992)The stone tool technology typically consists of small flakes and
informal tools made of local quartz and quartzite, with rare bone tools and bifacial points
(Araujo and Pugliese, 2009; Araujo et al., 2012; Moreno de Souza, 2015; Pugliese 2008)espite
the technological differences between Lagoa Santa and other sites in central Brazi(Bueno, 2005;
Bueno et al., 2013a, 2013b; Dias, 2004; Kipnis, 1998; Prous and Fogaca, 1999; Prous, 1992)
subsistence in the earliest settlements is persistently characterized by broadspectrum strategies,
including plants (roots and fruits) and small and medium -sized game (Bissaro Jr., 2008; Bueno
et al., 2013a; Dias, 2004; Hermenegildo, 2009; Kipnis, 1998;r8uss et al., in press)

Adding to the long history of archaeological and bioanthropological research in Lagoa Santa,
geoarchaeological studies have provided essential information on local sedimentation processes
inside several local caves and rocksheltes (e.g. Pil6 et al., 2005; Araujo et al., 2008, 2013;
Feathers et al., 2010; Hubbe et al., 2011)

The site of Lapa do Santo, a rockshelter with deposits dating to the Pleistocene/Holocene
transition, offers one of the most complete stratigraphic sequences available to study the
chronology, subsistence, funerary ritual and artistic expressions of early South Americans. The

site is located in the north of the Lagoa Santa karstic region (Figure 1A), where 33 human
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interments have been recovered so far. Field observations suggested that the almost 5m of
powdery grey sediments could be ash from anthropogenic fires, pointing to rapid accumulation
and intensive occupation of the site. However, the possible human origin for the sediments at
Lapa do Santo has until now been unconfirmed. Few data and analyses exist that explicitly
study the relation between the ashy sediments and the multiple human burials.

High -resolution geoarchaological analysis, including micromorphology, FTIR analysis
(Fourier Transform Infrared Spectrometry) and FTIR microspectroscopy (UFTIR) have proven
their potential to study archaeological sites in caves and rockshelters (e.g., Berna et al., 2004,
2012; Goldberg and Sherwood, 2006; Schiegl and Conard, 2006; Karkanas and Goldberg, 2007;
Goldberg et al., 2009; Mallol et al., 2009; Feathers et al., 2010; Goldberg and Berna, 2010; Wadley
et al., 2011; Miller et al., 2013)Microstratigraphic analyses are especially suitable to evaluate the
relative input of geogenic vs. anthropogenic sediments in archaeological deposits. The use of
high-resolution techniques also allows us to identify past human activities that are only
recorded in the sediments themselves.

In this paper, we focus on the early Holocene occupation of the site where most of the
human remains are found. We conducted high-resolution geoarchaeological analyses with the
goal of understanding the nature and mode of accumulation of the sediments that contain the
interments and archaeological remains. We present data from micromorphology, pUFTIR and
organic petrology, testing the utility of a micro -contextual approach for the study of
rockshelters in tropical settings. The data are combined with a complete set of reference samples
of local soils and sediments and with experimental heating studies for a comprehensive
interpretation of the archaeological sediments. The wide-scale sampling strategy aims at
covering all the possible components involved in site formation, from natural to anthropogenic
ones to investigate the occupation and ritual use of the rockshelter.

LAPA DO SANTO AND THE KARST OF LAGOA SANTA

Lapa do Santoconsists of a wide sheltered area of approximately 1300n% at the base of a
ca. 30mhigh limestone massif that rises from a doline valley (Figure 1A -D). The karst is formed
in Upper Pre-Cambrian metasedimentary rocks of the Bambui Group, with a basal
metacalcareous body corresponding to the Sete Lagoas Formation dated 740 + 22 Ma,Babinski
et al., 2006)covered by metapellitic rocks (siltstones and claystones) of the Serra de Santa
Helena Formation (IBAMA -CPRM, 1998)(Figure 1A). Dissolution of the Sete Lagoas limestone
resulted in several karstic features on the landscape, such as caves and doline lakes. The soil
cover is dominated by clayey, hematite-rich, red Oxisols (latossolosn the Brazilian Soil System)
over yellow, goethite -rich oxisols developed on the Serra de Santa Helena metapellites(Araujo
et al.,, 2L3; IBAMA-CPRM, 1998; Pilo, 1998)Oxisols are highly weathered soils, rich in Fe-
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(hydr)oxides (e.g. hematite, goethite), Al-(hydr)oxides (e.g. gibbsite) and resistant clay minerals
(e.g. kaolinite) (Embrapa, 2006; Schaetzt and Anderson, 2005; Soil Surve$taff, 2003)

Figure 1. Map with location of the site of Lapa do Santo in the state of Minas Gerais, central Brazil: A)

Geological map of the karst of Lagoa Santa with location of Lapa do Santo and other archaeological sites
in rock shelters (geological map adapted from IBAMA -CPRM, 1998); B) Satellite image of the limestone
massif where Lapa do Santo is located (image from GoogleEarth); C) Photograph of the limestone wall

above the site; D) Photograph inside the rock shelter.

The modern climate is tropical semi-humid, with mean annual temperature of 22° C,
rainy summers and dry winters. The vegetation cover is dominated by Cerrado(woody savanna)
and semi-deciduous forests, although in most flat areas the natural vegetation has been
replaced by crops and pastures (CPRM, 2010)

Lapa do Santo was excavated between 2001 and 2009 as part of a project entitled
?2.UPT POUWEOEWOPEUOI YOOUUDPOOWOI wOEOwWPOw Ol UPEEO WE w
by Prof. Walter Neves (FAPESP 99/06767). The site is currently protected and no visitors are
allowed. The work exposed an area of 30.5 M in the southern portion of the site containing 26
well -preserved human burials (Figure 2A). A total of 52 radiocarbon ages were determined on
charcoal fragments and ten on human bones (Araujo et al., 2012; Strauss et al., in press) The
radiocarbon ages cluster in three distinct and non-overlapping chronological periods
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corresponding to the early, mid and late Holocene: 1) 7.9¢ 12.7 cal kyBP; 2) 3.9 5.4 cal kyBP; 3)
0.0¢ 2.1 cal kyBP (intervals 0f95.4 %) (Strauss et al., in press).

The human burials are dated between ca. 8.210.6 cal kyBP and are stratigraphically
restricted to the uppermost 1 m of sediment. They include primary and secondary burials, some
of them with evidence for decapitation, de fleshing and tooth removal (Strauss 2010; 2016;
Strauss et al., 2015, in press)A 30 x 20cm petroglyph consisting of an anthropomorphic figure
occurs at the base of the sedimentary succession, reaching 4m below the surface. The
petroglyph was dated by rad iocarbon and OSL between ca. 9200 and 12.500 BP, making it the
oldest evidence of rock art in the Americas (Neves et al., 2012)

$REEYEUDPOOUWEOWUT T wUDPUIT wUI U e métuaky Gtuals piithww UT UOUT
first Americans? Coardinated by André Strauss (Department of Human Evolution, MPI -EVA).
Two new excavations were opened: a main area of 10,5mto the east of the 20012009 excavation
and a second area of 2m (Figure 2A and D, Figure 4A). During three field seasons (2011, 2012
and 2014) sevenhuman burials were exhumed from the main area (Figure 4A). The chronology
of the archaeological record in the areas of the new excavation is based on 14 radiocarbon ages,
13 of which are between 9.4¢ 10.1 cal kyBP (Figure 4B) (see supplementary material aline 1 for
the complete list of dates). An understanding of the sedimentary dynamics inside the
rockshelter is essential for reconstructing the formation processes of Lapa do Santo. The
topography of the sheltered area shows a south-north slope of approxi mately 10 degrees that
dips into a sinkhole (Figure 2A -C). Watermarks on the limestone wall about 4m above the
modern surface suggest an area of intermittently ponded water (see Figure 2A and B). A
colluvial fan in the northwest part of the site dips into the sinkhole and consists of soil material
derived from the oxisol on top of the limestone (Figure 2C.1). The rockshelter shows an east
west slope of approximately 45 degrees near the edges that flattens to the east.

Most excavations are located to the south of the rockshelter, on its highest part. Neither
colluvial fans, nor chimneys were observed in this location (Figure 2D). About 6m south of the
20112014 excavation, an outcrop of reddish, loamy breccia consistingof limestone fragments
fills a dissolution pipe (Figure 3D and F). Large speleothems occur over the excavation area and
several speleothem fragments have fallen to the ground and are now contained within the
archaeological sediments.
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Figure 2. Topography and photographs of Lapa do Santo rockshelter: A) Topography of the site with
location of the two main excavation areas; B) Schematic crosssection of the rock shelter from north to
south; C) North view of the rock shelter with detail of the red colluviu m and sinkhole (C.1); D) South
view of the rock shelter with indication of the 2011 -2014 excavation area.
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MATERIALS AND METHODS

In this work we focus on the 2011-2014 excavation area,using a micro-contextual
approach (Goldberg and Berna, 2010) integrating micromorphology, pFTIR and organic
petrology to better understand the sediments in Lapa do Santo and study the context of the
archaeological findings (artifacts and human interments). Micromorphology is the study of
intact blocks and thin sections of sediment and soil, often under magnification (Courty, 2001;
Courty et al., 1989). This approach allows us to identify the components of deposits and soils,
and also study their spatial and stratigraphic relationship to one another.

This approach is especially useful at archaeological sites found in caves and rockshelters,
where it can provided high -resolution data that can help resolve complex stratigraphic issues
and formation processes (Goldberg and Arpin, 1999; Goldberg and Sherwood, 2006; Gatlberg,
2000; Homsey and Capo, 2006; Karkanas, 2000; Mallol et al., 2010; Schiegl, 1996; Weiner, 2009).

In archaeological contexts, FTIR analyses have proven especially useful for the
identification of diagenetic minerals and heated materials (Weiner et al., 2002; Berna et al., 2007;
Mallol et al., 2009; Miller et al., 2013; Stahlschmidt et al., 2015)Recently, WFTIR has become an
ideal, complementary technique for micromorphological studies, as it allows for the
identification of minerals and heated mater ials directly in the thin section (Berna and Goldberg,
2007; Berna et al., 2012; Goldberg and Berna, 2010).

Organic petrology is also a useful, complementary technique to soil micromorphology. It
allows not only the precise identification of burned organi ¢ material within the sediments, but
also the classification of the remains according to the type of tissue, degree of burning (from
slightly heated to completely carbonized), weathering and permineralization (Goldberg et al.,
2009; Ligouis, 2006; Villagran et al., 2013; Stahlschmidt et al., 2015a; Stahlschmidt et al., 2015b).

For this work, two sets of samples were collected for analysis, in order to cover all the
possible sedimentary agents involved in the formation of the deposit: 1) archaeological samples,
taken from the excavation surfaces and stratigraphic profiles. 2) Reference and experimental
samples from local sediments, soils, termite mounds and an experimental hearth to identify the
effects of surface heating on tropical oxisols.

Reference and experimental sampling

To asses the input of local geogenic sediments andsoils, bulk samples and undisturbed
blocks for micromorphological and pFTIR analysis were collected from: 1) the red oxisol
developed over the limestone outcrop (Figure 3A-C); 2) the colluvial deposits in the northern
portion of the site (Figure 3D-E); 3) the reddish breccia south of the 20112014 excavation area
(Figure 3D and F).

To serve as reference for identifying the thermal alteration of local clay, red oxisol
aggregates were heated in a porcelain crucible for 4 hours using a muffle furnace at
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temperatures of 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C, 900°C and 1000° C, following
the protocol of Berna et al. (2007) The heated aggregates were impregnated, cut into 30pumthick
thin sections and analyzed with a petrographic microscope and PFTIR fol lowing Miller et al. (in
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Figure 3. Off-site sampling for reference and experimental studies: A) Schematic view of the limestone
massif from above with location of the site (D), sampling locations for the red oxisol, the experimental
hearth and the termite mounds; B) View of the topmost part of the limestone wall above the site, where
the oxisol samples were collected; C) Photograph of the trench dug to collect the oxisol sample, with
details of characteristic granular structure; D) Topography of the rock shelter with indication of the
locations where samples from the colluvium (E) and red breccia (F) were collected; E) Detail of the
colluvium deposits north of the site; F) Detail of the red breccia south of the 2011-2014 excavation; G)
Experimental hearth lit on red oxisol substrate, with ind ication of the tempertature of the substrate at
various depths; H) The experimental hearth with the heated termite mound fragments and their

tempertaures after the fire extingished.
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Figure 4. Sampling for micromorphology and radiocarbon dating: A) Close -up of the topogaphy with the

two main excavations at Lapa do Santo (20032009 and 20112014) showing the location of human
burials; B) Cross section of the 20112014 excavation with vertical location of samples for radiocarbon
dating (age intervals of 95,4% in cal yrsBP); C) Same as B with vertical location of micromorphology
samples; C) Profile sampled for micromorphology with location of sampling boxes and scanned view of

the thin sections.

Another set of samples was taken from an experimental hearth lit over the red oxisol,
about 80m southeast of the site (Figure 3A and G). The experiment was made to observe the
properties of thermally altered oxisols and the extremely abundant termite mounds in
simulated field conditions. Logs, branches and dry grasses from the local vegetation were used
as fuel, as well as nuts from palm trees and fragments of termite mounds (Figure 3A). The fire
was kept for 2 hours and the temperature of the flames, the ground surface and the substrate
(ca. 25 cm below the surface) was measured using a thermocouple and a digital thermometer.
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The temperature of the remaining ashes and the substrate was measured for 2 hours after the
fire was extinguished and 24 hours later during sampling (Figure 3G). The temperature inside
the termite mound fragments was measured during the fire and after it extinguished (Figure
3H).

Archaeological sampling

Undisturbed blocks of sediment were taken at depths between 10 and 90 cm (Figures 4C
and 5). Sample collection focused on sedimentary changes sen in the excavation surfaces, as
opposed to profile sampling (n=30). This was done to identify potential differences in
sedimentation or weathering related with activity areas and/or taphonomic processes,
respectively. However, the horizontal collection indirectly favored sampling of compacted
layers over friable sediments. Therefore, another three undisturbed blocks were collected from
an excavation profile to serve as stratigraphic reference (Figure 4D). Figure 5 shows the location
of the micromorpholog y samples at different depths.

10-20cm 20-30cm 30-40cm 40 -50 cm

==

70-80cm

Figure 5. Schematic view of the excavation surface at the different depths where micromorphology
samples were collected, including scanned view of the thin sections and location of the radiocarbon
datings (age intervals of 95.4% in cal yrsBP).
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Analysis¢ Micromorphology, organic petrology and pFTIR

All micromorphology blocks were oven -dried and impregnated with a mixture of
polyester resin (Viscovoss N5), diluent (Styrene) and catalyst (MKEP). Thin sections of 9 x 6 cm
and 30 um thick were made out of the impregnated blocks and analyzed with a Stemi 2000-C
stereomicroscope and Zeiss Axio Imager A2 petrographic microscope under plane polarized
light (PPL), cross-polarized light (XPL) and fluorescent light (blue light) at magn ifications
ranging from x8.0 to x500. Micromorphological descriptions followed the guidelines of Stoops
(2003)

All the thin sections from Lapa do Santo were used for UFTIR analyses. Analyses were
done with a Cary 610 Series FTIR microscope with Resolutions Pro software (Agilient
Technologies). Spectra were collected both in transmission (64 scans), and attenuated total
reflectance using a germanium crystal (ATR ¢ 32 scans), with wavenumbers ranging between
4000 and 400 cnt at 4 cm! resolution. Transmission measurements have high resolution at the
hydroxyl (OH) region of clays (wavenumbers between 3550 and 3750 cm?), allowing for a more
precise identification of changes in the spectra due to heating. In this region of the spectrum the
glass slides do not interfere with the measurements, since amorphous silicates are transparent
to the IR radiation at wavenumbers above 2500 cm! (Beauvais and Bertaux, 2002) For
transmission measurements, the background was collected on a portion of the slide with spectra
resulting exclusively from the absorption of the glass and the resin used for impregnation. For
ATR spectra background measurements were taken on air.

Of the 33 undisturbed archaeological samples nine were selected for analysis with
organic petrology. Five of the impregnated blocks were dry -polished and analyzed with
reflected white light (RLo) and incident ultra violet light (RVL0o) under oil immersion  (Taylor et
al., 1998)using a Leica DMRX/MPV -SP microscope photometer (50x to 500x magnificatios).
Complementary analyses were done with PPL and XPL. Four thin sections were dry polished
for the same analysis. The description and classification of organic micro-components followed
the nomenclature for brown coal and coal (ICCP, 2001, 1998; Sykorovét al., 2005; Taylor et al.,
1998) Reflectance measurements were done on plant tissues identified in the polished blocks
and one polished thin section to determine the degree of humification and/or carbonization
(Borrego et al., 2006; Guo and Bustin, 1998Jacob, 1980; Jones et al., 1991; Schwaar et al., 1990)
The random reflectance in oil (mean %Rr) of the organic micro-components was measured
following the pro cedure in Taylor et al. (1998).

REFERENCE AND EXPERIMENTAL RESULTS
Local oxisol, red brecciadinolluvium

Red oxisols near Lapa do Santo are made of homogeneous, red colored (PPL), coalesced
granules, with mammilated chamber and channel voids, and undifferentiated b -fabric due to
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high Fe-oxide content: all typical micromorphological attributes of tropical oxisols (see
Marcelino et al., 2010) (Figure 6A). Fine to very fine sand-sized grains of quartz are frequent,
large Fe(hydr)-oxide nodules, rock fragments and opaque grains are rare. The ATR spectrum of
the oxisol shows the presence of kaolinite in the clay fraction (absorption bands at 3694, 3645,
3620, 1028, 999, 910, 749, 534 ¢mnwith small amounts of quartz (794 and 684 cm?). The
kaolinite bands at the OH region are also readily seen in the transmission spectrum (3697, 3646,
3621 cmt and shoulder at 3666 cm?) (see Beauvais and Bertaux, 2002)together with an
absorption band corresponding to gibbsite (3527 cm?) (Figure 6A). The main interference of the
resin is seen between 1200 and 1800 ci with only minor interference between 800 and 700 cm
L. In general, the low porosity of the material prevents the resin to completely mask the main
clay peaks in the spectra, although slight shifts in the main clay peaks are sometimes observed.

The red breccia that outcrops south of the 20112014 excaation area shows a clayey red
matrix (PPL), with undifferentiated b -fabric and dense sparite infillings. uFTIR analysis shows
kaolinite and calcite in its composition, with small amount of quartz and gibbsite (Figure 6B).
The colluvial deposit north of th e excavation area has an heterogeneous composition made of
speckled to cloudy clay with weak stipple -speckled b-fabric, coarse Fe(hydr)oxide nodules,
plant remains, rock fragments and charcoal fragments. Channel and chamber voids are
dominant, indicating intense bioturbation. Surface crusts are frequent, suggesting reworked
surfaces by colluvial transport. As in the oxisol and red breccia, kaolinite is the predominant
clay mineral with some gibbsite and quartz. pFTIR analysis also showed that several of the
Fe(hydr)-oxide nodules are goethite (Figure 6C).

Heated clay from local oxisols

A distinct change in color is the most evident macroscopic alteration of the heated oxisol
aggregates (Figure 7). Kaolinite is identified in the soil aggregates heated from 200° C to 500° C,
both in the ATR and transmission spectra, at the main SiO-Si peak (~1030 cnt) and the OH
region, respectively (Figure 7). The interference of the resin is mainly seen in the absorption
band at 1045 cmt in the sample heated at 200°C, ad in the broad peak at 1038 cmt! for the
sample heated at 300° C; both caused by a main resin peak at ~1066 cmThe spectra for the
aggregates heated above 600°C are consistent with previous FTIR studies on heated kaolinite
(Berna et al., 2007; Friesemteal., 2013; Karkanas and Koumouzelis, 2004; Shoval and Beck, 2005;
Shoval, 1994; Shoval et al., 2011yhich show temperature -induced changes in the OH region
and the main Si-O-Si peak (Figure 7). Changes in the OH region are caused by the
dehydroxylation of the clay minerals and loss of structurally bound water. The changes in the
main Si-O-Si band are associated to the destruction of the clay minerals, formation of an
amorphous phase (named metakaolinite) and crystallization of new minerals at higher
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temperatures (Berna et al., 2007; Friesem et al., 2013; Karkanas and Koumouzelis, 2004; Shoval
and Beck, 2005; Shoval, 1994; Shoval et al., 2011)
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Figure 6. Reference and experimental data: Scanned thin sections from the red oxisol (A), red breccia (B),
colluvium deposit (C), experimental hearth on oxisol substrate (D), and heated termite mound fragment
with orange (E) and black (F) colors, with photomicrograph and ATR -pFTIR spectra, including detail of
transmission spectra at the hydroxyl region of clays (blue line).

The transmission spectra show a broad absorbance peak in the OH region above 600° C,
which progressively decreases in intensity at higher temperatures and shifts to higher
wavenumbers (Figure 7). Similar abrupt changes at 600° C are also seein the ATR spectra at
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the main Si-O-Si peak and the Al-O-H absorbance peak (~910 cm): the SFO-Si peak broadens
and the Al-O-H peak disappears. The shift to lower wavenumbers seen at the main SiO-Si peak

is caused by interference of the resin. The shiftto higher wavenumbers that characterizes heated
kaolinite (see Shoval, 1994; Shoval & Beck, 2005; Shoval et al, 2011; Friesem, et al. 2013) is only
seen above 800° C. The results of the uFTIR analysis of heated oxisol aggregates indicate that
clear alterations of the clay due to heating (at the OH region, main Si-O-Si and Al-O-H bands)

will only be identifiable after exposure to temperatures above 500-600°C.

Hearth over red oxisol substrate and heated termite mounds

The maximum temperature reached by the experimental fire was 875°C, with a mean
temperature of ~650°C in the flames. The maximum temperature in the substrate (25 cm deep)
reached 236°C, with a mean of ~110°C (see supplementary material online 2 for further
information on the experimental heart h).

The first 5cm of heated soil beneath the ashes showed dark brown to black color with
coarse granular structure, turning gradually red with increasing depth (Figure 3G). No
rubefication occurred, since the soil is naturally rich in red iron oxides. Des pite the color
changes underneath the fire, HFTIR analysis shows no signs of alteration of the clays (Figure
6D). Even the clay at the topmost part of the blackened lens was not affected. This is consistent
with the temperatures reached by the substrate, below the threshold of heat-induced alteration
of kaolinite (500-600 C).

The heating of termite mound fragments in the fire proved their capacity to attain high
temperatures and preserve heat for long periods of time. During the experiment the
temperature inside the termite mound fragments varied from 609 to 430°C, according to the
proximity to the flames. After the fire extinguished, the temperature inside the fragments varied
from 120° C to 170° C (Figure 3H). The next day all fragments had temperatures aound 30° C.
Most termite mound fragments turned bright orange after heating, showing a color gradient
from yellow to orange when sectioned (Figure 6E). ATR-UFTIR and transmission spectra are
consistent with the transformation of kaolinite above 600° C (Figure 8E). Other aggregates
showed a dark brown core and yellow rims, with spectra also showing heat -altered kaolinite
(Figure 8F).

ARCHAEOLOGICAL RESULTS

The stratigraphic profiles from the 2011-2014 excavation at Lapa do Santo show little
variation and are mostly composed of tabular, grey, centimetric layers (5YR 6.1) of powdery
carbonate-rich sediments, with common sand grains, frequent clay aggregates (20-40 %) and
dispersed charcoal. Some red centimetric lenses (5YR 5.6) of indurated clay are also present, as
well as black, millimetric and centimetric lenses of black silty -clay sediments. Some areas of
grey, cemented sediments were discovered during excavation (see Figure 5). Besides this,
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sediments are mostly loose and dusty, showing slight variations in color and texture more
visible in the excavation surfaces than in the profiles.
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Figure 7. Heated oxisol aggregates from 200 to 1000° C with ATRUFTIR spectra (black line) and
transmission spectra at the hydroxyl region of clays (blue line). The peak numbers in bold are diagnostic
of kaolinite. According to Beauvais and Bertraux (2002), the absence of the 3668 crhband and the good
resolution of the 3695, 3654 and 3622 cribands are indicative of small-size, poorly ordered kaolinite. As
also described by Friesem et al (2013), the SD-Al band at ~540 cm? shifts to 550 cm? at 600°C. The
Kaolinite band at ~1110 cm? is masked by a resin band at 1112 cnt. Absorption bands at 3525 and 3376

cm-indicate gibbsite.
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More than 90% of the thin sections analyzed show similarities in coarse fraction and
micromass: the coarse fraction is always made of clay aggregates with random distribution and
poorly sorted (sizes from 30 pum to 1 cm); and the micromass consistently includes well
preserved ash rhombs (see supplementary material online 3 for tables with micromorphological
descriptions) (Figure 8A and B). Besides clay aggregates and ashes, theegliments at Lapa do
Santo include minor concentrations (below 5%) of other components such as: charcoal
(unsorted); limestone fragments from the cave walls; quartzite micro -artifacts (stone flakes);
opaque minerals and quartz grains detached from the clay aggregates; fine bone (mostly fish
bones) and shell fragments, frequently burned; articulated ashes; partially carbonized tissue;
tissue residues; and loose and articulated phytoliths. The low amount of charcoal in the samples
may result from a sample bias, since high quantities of charcoal were recovered during
excavation.

Ashes are certainly the predominant component at the site. Random accumulations of
ashes make up the fine fraction of all the analyzed samples. Ashes form when calcium oxalate
crystals within the plant tissue decompose through heating. At lower temperatures (<500C)
calcite forms spontaneously in solid state, whereas at higher temperatures (above 740°C), the
oxalates first transform to calcium oxide (CaO) which, after cooling, can transform to calcite
through re -carbonization (Regev et al., 2010; Shahacksross and Ayalon, 2013; ShahackGross et
al.,, 2008) Under the microscope ashes frequently appear as rhombs (1680 pum) of micro-
crystalline calcite. Because they often preserve theoriginal form of the oxalate druses, they are
called pseudomorphs of calcite after calcium oxalates (POCC) (Brochier, 1983; Canti, 2003;
Courty et al., 1989). The ashes in Lapa do Santo are generally well preserved, though areas of
cemented ashes are als@resent (Figure 8C).

In almost all the samples the ashes are embedded in a pale yellow (PPL) undifferentiated
(XPL) phosphatic micromass (Figure 8D). Phosphate concentrations and nodules are frequently
associated with tissue residues, phytoliths and plant pseudo-voids (Figure 8E and F). This
association indicates that phosphates could derive from the ashes and/or the decay of plant
tissue (Karkanas et al., 2002; Weiner et al., 2002)Another possible source may be bat guano, a
common input in caves and rock shelters (Goldberg and Nathan, 1975; Karkanas, 2000; Shahack
Gross et al.,, 2004) However, the overall good preservation of the ash crystals indicates low
action of acidic waters, like the ones produced after passing through guano (Karkanas et al.,
2002) The few bones in the sediments, combined with the pH conditions favorable for
hydroxyapatite preservation (alkaline pH), preclude bone dissolution as a source for the
authigenic phosphates. Though plant residues and ashes seem to be the main source of
phosphates, the fact that the excavation contains at least seven human burials suggests another
likely input of phosphates: the byproducts of the decomposing human bodies.
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Figure 8. Photomicrographs of microfacies (mF) from Lapa do Santo, with phosphates and plant remains
(PPL): A) Predominant microfacies (mF I) with clay aggregates in between ashy micromass, sample A
from profile; B) Detailed view of well -preserved ash crystals (a) in between a phosphatic matrix (ph),
sample 21; C) Recrystallized ash crystés (ra), sample 1; D) Ash crystals, dense phosphates, tissue residues
and chamber voids, sample 21; E) Phosphatic nodule (ph) in association with a plant tissue fragment (t)
partially removed during sectioning, in an ashy matrix (a), sample 21; F) Articula ted and dispersed
phytoliths in between ashes and phosphates, sample A.
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Besides ashes, clay aggregates are the most conspicuous and frequent component in the
sediments. The aggregates are mostly blocky, varying from angular to sub-rounded, with
undiffere ntiated b-fabrics (XPL) due to high iron content. They show four distinct colors in
PPL: red (Figure 9A), orange (Figure 9B), yellow (Figure 9C) and, less frequently, dark brown
(Figure 9D). All clay aggregates show coalesced granular to massive microstructures, with star-
shaped voids, chamber voids and fissures. Some aggregates contain limpid and laminated clay
coatings and infillings suggesting they derive from a Bt horizon of a soil outside the shelter. The
yellow clay aggregates have weak interference color and massive or striated microstructures
and sometimes show a color gradient from yellow to bright orange (Figure 9G) or from dark
brown to yellow (Figure 9H); Other yellow aggregates have a distinctive 100 -200 pm red or
dark red rim (Figure 9l -L). Same orange aggregates show a distinct morphology, with smooth
curved edges that differ from the predominant blocky shape (Figure 9E and F) and resemble the
termite mound fragments (see Figure 6E and F). Clay aggregates may show a dense rim of
recrystallized ashes (Figure 9K and L), whose sharp edges and disconnection with the
surrounding powdery matrix suggest remobilization of the ash -cemented aggregates.

Changes in porosity and incidence of pedofeatures cementing the sediments reflect post
depositional alterations. Pedofeatures include mostly dense sparitic coatings and infillings
(Figure 10D and E). Secondary sparite implies slow water passage through the sediments
and/or episodes of water saturation and drying, also suggested by the few iron (hydr)oxide
hypocoatings and nodules and manganese dendrites (Figure 10F) in the micromass. A few
channel and chamber voids suggest that some bioturbation influenced the deposits.

Microfacies identification

A total of 44 microfacies units (mF) was described in the 30 samples collected from the
excavation surfaces. Slight changes in the relative frequency of clay aggregates vs. ash crystals
(i.e. variations in the c/f ratio), and the presence/absence of organc elements (charcoal,
articulated ashes, partially carbonized tissue, tissue residues and phytoliths) express variations
between microfacies. Three main microfacies types characterize the deposit: mF | (~85% of the
microfacies), containing ashes (randomly distributed and articulated), clay aggregates and
organic remains (charcoal, tissue, bone etc) (Figure 10A); mF Il (~10%), made of a massive,
highly compacted dark grey micromass (PPL) with ashes and phosphates (Figure 10B); and mF
Il (~5%), with only red oxisol material.

HFTIR analysis of clay aggregates

Clay aggregates in the thin sections were analyzed for the identification of heated clay in
the site by comparing the spectra with the results of the experimental heating of oxisol
aggregates. A total of 30 thin sections were studied: 28 from the excavation surfaces, and one
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from the profiles. Table 1 summarizes the results and shows that the majority of the analyzed
clay aggregates are in fact heated above 50®00° C. In the nonheated aggregates the kadinite
peaks in the OH region are clearly visible, as well as the main StO-Si peak at ~1030 cmand the
Al-O-H peak at ~910 cmt. In the heated samples, the OH region shows no peaks, the main SiO-
Si peak becomes broad and the A}O-H peak disappears. The shift to lower wavenumbers in the
main Si-O-Si peak was also described in the experimental test as being produced by interference
of a main resin peak. Only at above 800°C does the main SO-Si peak shift to higher
wavenumbers, indicating that clay aggregates at the site were heated above 50®00°C, but
below 800°C.

Also noticeable is the fact that most red clay aggregates are norheated or heated at
temperatures below 500°C, while orange, orangeyellow, yellow and brown aggregates are
always heated, with only few exceptions (seven aggregates, mostly orange). Figure 11 presents
four examples of thin sections with the analyzed clay aggregates and selected spectra. The thin
sections show the mix of non-heated and heated aggregates that characterize the sedimets at
Lapa do Santo, with most samples containing aggregates heated above 50@00° C.

Figure 9. Photomicrographs of different types of clay aggregates identified at Lapa do Santo (PPL): A)
Red clay aggregate, sample 5; B) Orange clay aggregate, samplg; C) Yellow clay aggregate, sample 8; D)
Brown clay aggregate, sample 1; E) Orange clay with smooth edges resembling termite mound fragments,
sample 15; F) Same as E, sample 1; G) Clay aggregate with transition from yellow to orange color, sample
1; H) Clay aggregate with transition from yellow to dark brown color, sample 25; I) Yellow clay aggregate
with red rim, sample 7; J) Yellow clay aggregate with dark red rim, sample 30; K) Clay aggregate with
dark rim and coated with recrystallized ashes, sample A ; L) Closer view of K showing sharp edge of the

micrite coating.
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Figure 10. Photomicrographs of pedofeatures and microfacies from Lapa do Santo (PPL): A) Detail of
typical mF | with clay aggregates embedded in a phosphatic matrix with ash crystals, sampl e 8; B) mF I
(top) made of massive, highly compacted dark grey micromass consisting of permineralized plant

remains with ashes and phosphates, sample 6 (hote sharp boundary with underlying sediments); C)

Laminated organic tissue remains cemented with ashes, phosphates and sparitic infillings, sample 10; D)
Detail view of sparitic infillings in XPL, sample 3; E) Area of sparitic cementation (XPL), sample 16; F)
Manganese dendrites, frequently found in the groundmass, in the clay aggregates and even on bone
fragments, sample A.

Organic petrology
Petrographic analysis confirmed that plant tissue remains are only a minor component of
the sediments, randomly embedded in the ashy matrix with sizes that vary from 1 pm to 200
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pm. Woody tissue prevail over herbaceous tissue. Plant remains are mostly permineralized
(Figure 12A), especially with phosphate replacement (Figure 12C and F), Mn-oxide replacement
and silicification (Figure 12D). Small plant remains described as cell detritus were also found
inside the clay aggregates, confirming the association of the aggregates with soil material.

As described in the micromorphology section, secondary phosphates are frequent in the
matrix (Figure 12B, E and F). The dense, dark grey (PPL) micromass described for samples 06,
28 and 29 is made of dense metal oxides (possibly Fe/Mpoxides) (Figure 12G) phosphates and
secondary carbonates embedding the ash rhombs and the tissue remains. Charcoal fragments of
white color in RLo (fusinite and inertodetrinite) show high reflectance values (0.81.746 %Rr)
(Figure 13A) and are sometimes complete or partially permineralized by Mn -oxides (Figure
13B). However, most plant detritus seems oxidized and/or degraded by fungi (see
supplementary material online 4 for the complete list of reflec tance measurements). Despite
their low reflectance (0.3-0.7 %RYr) indicative of humified plant tissue (Jacob, 1974; Teichmidiller,
1961, 1950), they show no fluorescence, have the same morphology as the charcoal particles and
occur together with charcoal and ashes. Also, some detritus show domains of variable
reflectance (ranging from 0.45 to 1.10 %Ryr) indicating different degrees of thermal alteration
(Figure 13C). Thus, the data suggest that most plant remains in the sediments are in fact low
reflecting charcoal particles (semifusinite) (Figure 13D) produced after the incomplete
combustion of wood.

Moreover, a frequent phenomenon is the presence of well-preserved cell fillings
(secretinite: organic gels that naturally fill cell voids in plant tissue), both isolated in the
groundmass or inside the charcoal (semifusinites) and permineralized tissue (Figure 13E). Since
wood charcoal does not contain secretinite (Braadbaart and Poole, 2008; Braadbaart et al., 2012;
Guo and Bustin, 1998; Jones and Lim, 2000; Scott et al., 2000; Taylor et al., 1998he
preservation of organic gels in the charocal indicate that the tissue underwent advanced
humification prior to charring. This is also suggested by the swollen appearance of the cell walls
(Diessel, 1992)showing shrinkage cracks and corroded edges (Figure 13F). Both the cell walls
and cell fillings have fung al borings (Figure 13G), also suggesting biological weathering of
wood prior to burning (Guo and Bustin, 1998; Jones and Lim, 2000)These results imply that
mostly decayed wood (e.g. forest litter), was used to light the fires at Lapa do Santo (Figure
13H).

DISCUSSION
Geogenic sedimentation

The results of the micromorphological and PFTIR analyses show there is no similarity
between the clay aggregates in the archaeological sediments and both the two possible geogenic
sources near the excavation area: the red breccia and the colluvial deposits Both the
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composition and groundmass of the red clay aggregates are similar to the oxisol samples
analyzed in this study and described in previous works (see Pil6, 1998; Pil6 et al., 2005; Araujo
et al., 2008, 2013) The yellow clay aggregates, which are much less in number and show
different micromorphological features (massive microstructure and weak interference color),
may derive from the yellow, goethite -rich oxisol that underlies the red oxisols, as suggested for
other sites in the region (Araujo et al., 2008; Pil6 et al., 2005)However, both orange or dark
brown clay aggregates are not observed in the natural soils. Neither are soil aggregates with
color gradients or colored rims, as described for many of the yellow clay aggregates. Bright
orange clay could only be observed in the heated clay experiment, while a dark brown color
was only seen in the burned termite mound fragments, as will be discussed in the following
sections.
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Figure 11. Selected thin sections with ATR-UFTIR spectra of analyzed clay aggregates proving the
presence of a mixture of unheated and heated clay in the archaeological sediments.
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Table 1 Clay aggregates (discriminated by color) analyzed in the thin sectiansLfipa do Santo with

HFTIR (ATR and transmission). The aggregates were chosen trying to sample at least one of the different
colors seen in each slide. The black dots showed no signs of heating at abe®@038aD, the red dots

are heated above this tempature and the grey dots gave ambiguous results (spectra that does not
allow a clear differentiation between heating and nbeating). The slides where fewer aggregates were
studied are those that contain clay of only one color.

Color of clay aggregates
Orange-
yellow

Sam p|e non- heated heated non- heated heated heated non- heated heated heated Tota|
LDS-01
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Figure 12. Organic petrology of samples from Lapa do Santo: A) Completely permineralized plant tissue
(pt) (RLO), sample 18; B) Same as A with phosphates (ph) visible under RVLo; C) Bright fluorescing
phosphatized tissue (RVLo), sample 21; D) Silicified tissue (st) (RLo), sample 18; E) Colloform texture in
phosphates (RVLo), sample 28; F) Mineral micromass rich in phosphates (ph) with phosphatized tissue
fragments (pht) (RVLo), sample 8; G) Contact between red clayaggregates (ca) and permineralized ashy
matrix (pm) (RLo), sample 28; H) Permineralized tissue with Mn -oxides (RLo), sample 28.
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Figure 13. Organic petrology of samples from Lapa do Santo (RLo): A) Wood-derived fusinite tissue,
sample 8; B) Partially permineralized fusinite tissue in ash matrix (ash crystals seen as grey rombs),
sample 18; C) Semifusinite with heterogeneous reflectance, sample 11; D) Poorly preserved semifusinite
tissue, sample 8; E) Relicts of cell fillings (cf) in a permineralized tissue, sample 25; F) Semifusinite tissue
with swollen cell wall, sample 11; G) Semifusinite tissue with holes in cell fillings from fungal attack,
sample 11; H) Fusinitized humified tissue with droplets of humic colloids droplets attached to cell walls,
sample 21
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The absence of cracks, conduits or chimneys bringing soil material to the rockshelter,
and the similarity in composition, color and structure with the local oxisols suggests that clay
aggregates fell from the red oxisol developed directly over the limes tone massif. The steep slope
on top of the limestone promotes the downhill creep of eroded and loosened soil aggregates. In
fact, observations during fieldwork attest to the continuous fall of soil material into the
rockshelter, especially in the dry seasm, when vegetation cover is minimal and soil erosion is
naturally enhanced.

Anthropogenic sedimentation and recurrent burning activities

Our study demonstrated that human -made fires and combustion activities were key
sedimentary processes at the early Holocene burial area in Lapa do Santo. Anthropogenic
burning promoted the accumulation of ashes that mixed with soil continuously falling fro m
above the limestone cliff (Figure 15). By extrapolating the results of this study to the whole site,
we could expect this mixing process to be responsible for the accumulation of almost 5m of
sediments during a time span of almost 5000 years. Decayed woda, possibly coming from forest
litter, was used as fuel to light the fires. This observation could serve as indirect evidence of
seasonality of site occupation. Forest litter in the Cerradodecays at a higher rate during the rainy
season (from October to March) (Peres et al.,, 1983)or the transition from the dry to rainy
seasons (September to November)(Sanches et al., 2008)However, careful analysis of the
charcoal remains are needed in order to confirm this, since dry wood may have burned
completely, thereby fully converting to the ashes found in the deposit.

Thick concentrations of ashes have been identified at least in another rockshelter in
Lagoa Santa, at the site of Lapa das BoleiragAraujo et al., 2008) and recently at Lapa Grande
de Taquaragu (Villagran, 2013). The sediments at Lapa das Boleiras were interpreted as
reworked hearths, mobilized by humans as part of site maintenance activities/ trampling, or as
wind blown particles transported by local a ir currents (Araujo et al., 2008). At Lapa do Santo the
ashes and byproducts of combustion activities seem to include both intact and reworked
combustion structures. On the one hand, the random distribution of unsorted coarse fraction
components (clay aggregates, charcoal, tissue residues etc.) and the absence of micro
stratification and/or clear boundaries between the ash layers are indicative of continuous fire -
building at a location (see Karkanas et al., 2007; Mallol et al., 2013)A similar arrangement of
components has been interpreted as resulting from dumped, burned materials or hearth rake -
outs (Aldeias et al., 2012; Goldberg, 2003; Goldberg et al., 2009; Meignen et al., 2007; Mentzer,
2011; Miller et al., 2013; Vallverdu, 2002)and interpreted as the result of dumping and sweeping
of hearth components for site maintenance and cleaning.

However, some of the microfacies units with high frequency of partially carbonized
tissue and articulated ashes at Lapa do Santo (see Figure 14) indicate low reworkirg of parts of
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the deposit and possible ash lenses from intact combustion features (see Mentzer, 2014). Thin

ash lenses (~1cm) containing articulated ashes and partially carbonized tissue can also

correspond to intact hearths, as described by Mentzer (2011)i OUw UT 1 w2 AEA¢ & 0¢ w ( w
components are very fragile structures and minimal disturbance, or only short -distance

transport, is necessary for their preservation. They have been described in ethnographic and

experimental hearths (Mallol et al., 2007; Villagran et al., 2011) and also in archaeological

contexts where they are interpreted as intact combustion structures (Homsey and Capo, 2006;

Karkanas, 2010; Karkanas et al., 2007; Mentzer, 2011; Shaha&koss et al., 2008)
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Figure 14. Schematic view of the excavation surfaces at different depths where micromorphology
samples were taken, with representative photomicrographs. In the photomicrographs it is indicated the
percentage of clay aggregates vs. ashes and the presence of phosphates and organic renms in the
samples. Micromorphological analysis allowed mapping of the approximate location of: 1) cemented
areas within the excavation, surrounding the large speleothem fragment that covered a portion of the
excavation surface (indicated with a dashed line), where sparitic coatings and infillings are prevalent; 2)
concentrations of plant tissue remains and articulated ashes in mF type I; 3) the location of mF type llI,
composed of pure red oxisol at about 80-90 cm depths; 4) and the location of an ancientdepression within
the site where Mn-water dripping from the roof cemented an area rich in plant tissue remains (described
as mF type Il). Scale bar in samples 4, 8op, 9, 10, 11, 15, 16, tWp, 18, 19, 26bottom, 21, 22, 23, 24, 25
top, 28-top and 29 is 1000 um. Scale bar in samples 1, 3, 5, 7-8ttom, 10-bottom, 12, 13, 14, 17bottom,
20-top, 25-bottom, 26, 28-bottom and 30 is 500 um. Scale bar in sample 2 (top and bottom) is 200 um and
in sample 6 is 2 mm.
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FORMATION PROCESSES AT LAPA DO SANTO

E Bambui Formation . Red oxisol

- Colluvium . Mixed reworked ashes and colluvium

. Reworked ashes / hearth rake cut '@ Human burial
Intact ash layers == |ntact combustion feature

Cave entrance

Figure 15. Formation processes at Lapa doSanto. The combined action of geogenic and anthropogenic
sedimentation produced the archaeological sediments described in this study, which contain a mixture of
soil aggregates eroding and falling from the top of the limestone massif into the rock shelter, with the
reworked residues of hearths and other burning activities. Sediments mostly contain reworked ashes and
successive layers of hearth rakeout that mixed with the soil falling from above. Thin layers of intact
ashes are also described, indicating the presence of in situ synchronic and diachronic hearths throughout
the studied time -span of human settlement. Ash layers combined with charcoal lenses have also been
described during excavation. Human interments are frequently close to the fires; the grave s were dug in
the ashy matrix.

Articulated ashes and partially carbonized tissue exist at Lapa do Santo and are
especially abundant in the samples that contain higher amount of heated clay aggregates. This

association allowed the mapping of intact ash layers in the excavation area, which frequently
117



Appendix IlI

coincide with areas of higher concentration of plant tissue remains (see Figure 14, samples 24,
25). One exception is sample 06, which contains a concentration of plant tissue but no
articulated ashes. However, the sample was taken from underneath the area covered by a large
speleothem fragment (square 012, see Figure 4).

Traditionally, a tripartite sequence of rubified sediment, charcoal and ash is used to
interpret intact combustion structures (see Mentzer, 2014, for a complete review of the
micromorphological characteristics of combustion features). The absence of this sequence at
Lapa do Santo, or at least in the 20112014 excavation area, can be explained in different
manners: 1) the lack of rubified sediments may be due to the fact that hearths are stacked and
successively lit over each other (i.e. over the ash lenses of previous hearths) lacking a clayey
sedimentary substrate to be rubified in the first place; 2) the low amount of charcoal in the
micromorpho logy samples is a product of sampling bias, since thin and sparse charcoal lenses
are visible during the excavation.

Thus, the sediments at Lapa do Santo include few stacked combustion features,
containing superimposed ash lenses, and dumped burned materials or hearth rake-out. The
geoarchaeological evidence points to the recurrent use of the site for combustion activities, with
some combustion features maintained intact while others were remobilized (see Figure 14). The
dual presence of intact and remobilized combustion features explains the inversions in the
radiocarbon ages from the 20112014 excavation aregseesupplementary material online 1).

The high concentration of human burials at the site, both surrounded and covered by
combustion residues, suggests that the lighting of fires and the dumping of hearths was done
close to the interments. A possible explanation for the dumped hearths could be to
accommodate the human interments, since highly manipulated human bodies were buried in
the ashy sediments and covered by them.

Human-made fires and their effects on geogenic sediments

The pFTIR analysis showed that more than half of the clay aggregates analyzed in 28
thin sections was heated at temperatures above 508600° C (68 aggregates of 119). Heatinglso
explains the different colors described in the aggregates during the micromorphological study.
Orange, yellow and brown aggregates consistently show signs of heating as opposed to red
colored aggregates, which are mostly non-heated. As shown by the experimental heating of
oxisol material, the clay in the local soils will only present orange color and signs of heat-
induced alterations when exposed to temperatures above 500600° C (see Figure 7). However,
the experimental hearth on oxisol substrate demonstrated that such high temperatures are not
attained in the substrate of the fire, even close to the surface with flames reaching temperatures
above 800° C. This means that clay aggregates must be either in direct contact with the flames to
be altered at temperatures above 506600° C.
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This is consistent with the provenance of geogenic sediments, eroding from above the
rockshelter and partially falling inside the human -made fires. The clay aggregates may have
been also heated already after deposition, by being beneath the fires lit on the ashy substrate.
Low -density ashy sediments may transfer heat more readily than solid soil, thus heating the
clay aggregate already contained within the ashes. Whatever the possibilities, our study shows
that heated soil aggregates make up more than half of the clay aggregates at the site and they
likely do not come from fires lit outside the rockshelter on natural soils. Hearths appear to have
only been built inside the rockshelter and in close association with the human i nterments.

The presence of termite mound fragments in the sediments

Human selection of materials may also account for the presence of some of the heated
aggregates within the site. For instance, several clay aggregates whose heating was
demonstrated by pFTIR are similar to the heated termite mound fragments. Similarities include:
yellow and dark brown -colored aggregates with signs of heating; the color gradient seen in
some heated aggregates; the orange and red rims that do not exist in the natural soils;and the
massive microstructure of the aggregates with weak interference color. Termite mound
fragments would not fall naturally into the site like the soil aggregates, since termites do not
built their nests on shallow loose soil. Above the site, the termite mounds appear on the
limestone massif only over flat terrain and far from the cliff (Figure 3A).

The use of termite mounds by the prehistoric inhabitants of Lagoa Santa should not
come as a surprise. Termite mounds are extremely frequent in the region: near the site we noted
the presence of 256 nests identified at the elevation of the site and 41 above the limestone
massif. Termites have existed for millions of years before the human settlement in the area and
some authors believe that termite activity since the Paleogene/ Neogene (former Tertiary) is
responsible for the characteristic granular microstructure of Brazilian oxisols (Sarcinelli et al.,
2009; Schaefer, 2001)

Termite mounds are dense and compact (Cosarinsky and Roces, 2007)and our
experimental heating studies show they can retain heat for long periods of time. Because of its
characteristics, the ancient and modern populations of Minas Gerais used termite mounds as a
type of natural clay oven for food preparation (Nunes & Nunes, 2001). It is also known that
ethnographic Xavante groups from central Brazil use termite mounds to build small ovens
(Prous, 1992)and for the fires used to cook their traditional maize cake (Lewis, 1967). The
termite mound fragments at Lapa do Santo are possible evidence for the use of such resources
by early Holocene human groups in South America. However, our analyses cannot determine at
this point whether the termite mounds were in fact carried to the site or unintentionally brought
as attached fragments to firewood.
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The postdepositional alteration of the site

The horizontal strategy of sampling for micromorphology revealed that spatial
differences within the excavation area are mostly due to post-depositional processes, caused by
water passage through the sediments. Dense sparite infillings are mostly concentrated around
the large speleothem fragment that existed in the excavation area (see Figure 4 and 14) (see
supplementary material online 5 for 3D view of the excavation area with the speleothem). These
pedofeatures attest to water accumulation and slow draina ge in this area of the site.

CONCLUSIONS

The site of Lapa do Santo contains one of the thickest archaeological deposits of the
rockshelters in Lagoa Santa, a region weltknown for its human remains dating back to the early
Holocene. The site has gained recognition for its earliest evidence of rok art in the Americas
and the complexity of the funerary practices (Araujo et al., 2012; Neves et al., 2012; Strauss,
2016; Strauss et al., 2015, in press), both opposing the traditional expectations of cultural
2UDPOxOPEDPUA» wi OUwUT 1 and of theGantinent Gysfutlylg the>sEatigthghie U
sequence at Lapa do Santo using a micrecontextual approach (Goldberg and Berna, 2010)
integrating micromorphology with pFTIR analysis, organic petrology and experimental
studies| our study provides key in formation on 1) the human activities at the site; 2) the
influence of natural processes in site formation; 3) the potential use of local resources (e.g.
termite mounds); 4) and intensity of occupation.

The hearths that people lit during occupation of the site contributed significantly to the
formation of the archaeological deposit. The ashes and other combustion remains are spread
across the southern portion of the rockshelter, which was used as multi-functional space
including a burial ground. Micromorphol ogical evidence points to a combination of intact
hearths and remobilized hearths through site maintenance activities. The remobilization and
lateral reworking o f sediments, which explains the age inversions reported for the 2011-2014
excavation, may be rdated to the funerary practices of the site inhabitants, since all the
interments were dug into the ashy sediments and later covered by them. This opens a venue for
future studies, focusing on understanding the causal or intentional relation between the
anthropogenic sediments and the funerary practices of the site inhabitants.

Micromorphology showed a dual influence in sediment formation that is not evident in
the field. There is a noticeable input of geogenic sediments in the form of clay aggregates
derived from soil eroding from a steep slope over the limestone cliff and falling into the
rockshelter. The clay aggregates are unsorted and vary from rounded to angular. They show
different colors which UFTIR studies proved to be related with their thermal al teration: red clay
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aggregates are mostly nonheated fragments of oxisols, whereas orange aggregates are mostly
heated at temperatures above 508600° C.

This type of anthropogenic infilling is documented around the world, in areas as distant
as the Levant (Mentzer, 2011) and South Africa (Miller, personal observation). However, this
work is the first micro -contextual approach applied to fully understand the natural and
anthropogenic sedimentary dynamics behind the formation of thick ash deposits containing
oxisol aggregates. The results of this work indicate that the techniques and approaches here
should be applied at other sites to unravel the full set of information contained in mixed ash/
oxisol deposits in rockshelters, despite their geographic and/or climatic context. Besides
micromorphology, which has long proved its efficacy in site formation studies, complimentary
techniques such as PFTIR and organic petrology should be included as sources of data not
easily obtained through standard, optical microsco pic observations, such as: the heatinduced
alteration of sediments; temperatures attained by human-made fires; and fuel sources.

Other components identified in the sediments at Lapa do Santo have a less
straightforward association with local soils. These aggregates are heated and show resemblance
in shape, color and micromorphology to heated termite mound fragments. This observation
suggests the use of termite mounds by the early inhabitants of Lagoa Santa, which appear in
dense concentrations around this and other sites in the region. Their presence at the site may be
the first potential evidence for the use of this local resource by early South Americans, possibly
for heating and/or cooking. However, further experimental studies are needed to refute a
possible natural cause for the presence of this resource ate the site.

Despite the high amount of ashes and charcoal, fresh plant remains are scarce and, when
present, are persistently permineralized with Mn -oxides, silicified or phosphatized. The high
concentration of secondary phosphates in the sediments seems to derive from the ashes and the
charred plant remains, as indicated by the association of concentrated plant residues and
phosphate nodules and the ash crystals persistently embedded in a phosphatic micromass.
However, the possible relation of secondary phosphates with decaying human bodies must be
further investigated. The charred plant remains in the sediments derived from decomposed
wood (degraded by fungi) point at the use of decayed forest litter as fuel.

Understanding the dual composition of the sediments at Lapa do Santo (i.e. ashes and
oxisol aggregates) is essential when discussing the intensity of occupation. The thick
archaeological deposit resulted from the mixed input of anthropogenic sed iments from intact
and remobilized hearths, and from the constant fall of soil aggregates into the rockshelter. This
indicates that thickness in the archaeological deposit does not necessarily correlate with a more
intensive occupation of the site, and that local sedimentation processes must be taken into
consideration for comparison. However, the recurrent use of Lapa do Santo and other sites for
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almost 5000 years certainly reflects the central position of the region in the cultural landscape of
the early Holocene.
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ABSTRACT

In reconstructing the life of past populations, human burials are highly informative of symbolic
and ritual behavior. In eastern South America, however, skeletal remains dating to the early
Archaic are rare, precluding the proper study of their ritual dimensions. Here we report 26
human burials from this period foun d in Lapa do Santo (eastern Brazil) and their associated
archaeological context. Lithic technology, zooarchaeology, and multi -isotopic analyses indicate
groups of hunter -gathers with low mobility and a subsistence strategy focused on gathering
plant foods and hunting small and mid -sized animals. The use of Lapa do Santo as arinterment
ground started between 10.3-10.6 cal kyBP with primary burials. Between 9.4-9.6 cal kyBP the
reduction of the body by means of mutilation, defleshing, tooth removal, exposure to fire and
possibly cannibalism, followed by the secondary burial of the remains according to strict rules,
became a central element in the treatment of the dead. In the absence of monumental
architecture or grave goods, these groups were using parts of fresh corpses to elaborate their
rituals, showing this practice was not restricted to the Andean region at the beginning of the
Holocene. Between 8.28.6 cal kyBP another change occurred whereby pits were instead filled
with disarticulated bones of a singl e individual without signs of body manipulation. Those
changes show that during the early Archaic, Lagoa Santa was a region inhabited by dynamic
groups that were in constant transformation over a period of centuries.
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In reconstructing the life of past populations, human burials are highly informative of
symbolic and ritual behavior. In preterite societies, bones and body parts constituted a potent
cultural resource and their manipulation and organization into meaningful arrangements were
commonly used to reify cosmological ideas and beliefs system (J. Brown, 2010; Goldstein, 2000)
This kind of practice is usually considered part of a broader system of ceremonies that reflect a
high degree of symbolic complexity and is therefore of great interest for archaeologists all over
the world (Sofaer, 2006)

In South America, despite recent studies revisiting the possibility of occupations in the
continent going back to 28,000 years or more(Boéda et al., 2013, 2014, Dillehay et al., 2015;
Lahaye et al., 2013) human skeletal remains only appear in the archaeological record from the
early Holocene onwards (Lucas Bueno, Dias, et al., 2013; W.A. Neves et al., 2013n this period,
known as the early Archaic, most landscapes of the sub-continent were already occupied and
human populations thrived (Aceituno et al., 2013; Lucas Bueno, Dias, et al., 2013; Capriles &
Albarracin -Jordan, 2013; Martinez et al., 2013; Mazz, 2013; Melgar, 2013; Prates et al., 2013;
Rademaker et al., 2013) These groups are rehtively well studied in regard to their mobility
patterns and subsistence strategies being characterized as generalist foragers with a strong
emphasis on the exploitation of vegetable and maritime items when available (Scheinsohn 2003;
Kipnis 1998, 2002; Brrero 2015) Considering ideational, symbolic or ritualistic aspects,
however, the available information is limited (Dillehay, 1997). Since rock art is usually difficult
to date with precision (W.A. Neves et al., 2012; Pessis, 2013nost of the informatio n on
symbolic behavior during the early Holocene is left to the analysis of human burials.

In the western portion of the continent substantial efforts have been made both in the
sense of increasing the number of available sites and of providing new theoretical frameworks
(Santoro, Standen, Arriaza, & Dillehay, 2005). In a synthesis of the available evidenceon the
Andean region, Santoro and collaborators (2005:330) have concluded thatthe manipulation and
transformation of dead bodies was more common theviopsly thought in the study of Archaic
mortuary rituals and that despite considerable diversity of mortuary practices, a common
emphasis on the preservation or reduction of the body can already be discerned during the
early Archaic.

In the eastern part of the continent, however, archaeological sites containing skeletal
remains dating to the early Archaic are extremely rare, precluding the proper study of their
ritual dimensions. One exception is the region of Lagoa Santa in central Brazil where hundreds
of early Holocene human skeletons have been exhumed in almost two centuries of research
(W.A. Neves & Hubbe, 2005). According to the classic descriptions, the mortuary practices in
Lagoa Santa were simple and homogenous, including nothing but primary inte rments without
grave goods (W.A. Neves et al., 2003; Walter, 1958)It contrasted, therefore, with the elaborated
burials described for the western part of South America during the same period (Santoro 2015).
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In 2001, however, excavations restartedin Lagoa Santa and findings from Lapa das
Boleiras and Lapa do Santo engendered a transformation in our understanding of the mortuary
rituals in the region (Araujo et al., 2008, 2012Araujo, 2010; Strausset al., 2015) The abundance
of well -preserved early Holocene burials in those sites offered a rare window into the
commonly inaccessible world of the funerary rituals of the early Archaic hunter -gatherers in
eastern South America (Astolfo G.M. Araujo et al., 2012). Here we report burials from Lapa do
Santo and their associated archaeological context discussing their implication for a proper
understanding of the mortuary landscape of South America during the early Holocene. Far
from simple, the burials of Lapa do Santo points to an unexpected sophistication based on the
manipulation of the fresh corpse as a key element of the rituals.

LAPA DO SANTO ARCHAEOLOGICAL CONTEXT

Lapa do Santo is an archaeological site located in thenorthern part of the Lagoa Santa
karst (Araujo et al., 2012fsee Si1 for a detailed description). Lagoa Santa is located in east
central Brazil (Fig. 1a)and is well known among archaeologist and paleontologists since the 19
century. The first human skeletons were found by the Danish naturalist Pe ter Lund between
1835 and 1844 in the Sumidouro cave in association with bones of extinct megafaungAraujo et
al., 2005; Cartelle, 1994; Luna, 2007; Lund, 1844; Pil6 & Auler, 2002Due to this putative
coexistence of man and megafaunalLagoa Santa becamethe focus of many 19" century scholars
@ EOUI OOwhwWwwwOw' UEOg8 OE Ow huN hul .Couringdtted20E Cettuids, W WK O w 3 |
different teams went to the region pursuing to find evidence that could confirm the coexistence
hypothesis (Banyai, 1997; Hurt & Blasi, 1969; Laming-Emperaire, 1979; Walter et al., 1937;
Walter, 1958) As a result of more than 170 years of excavations a large collection of early
Holocene skeletons was formed (Neves et al. 2013; Bernardo et al. 2011; DaGloria 2012).
However, all those excavation were done in a time when proper documentation was not
available and, therefore, they considerably lack contextual information. 3T 1 wx UONIT EQOw?. UE
EOQOEw, PEUOI YOOUUDOOWOT w, EOwDPOw O1I UPEEOWEwW/ EOI OEOQUI
this situation by identifying and excavating new sites in Lagoa Santa region. Lapa do Santo was
found in the frame of those efforts.

Lapa do Santo is a cave with an associated sheltered area of ca. 1300 2n{Fig. 2a)

developed under the negative slope of a 30 meters high limestone massif (Fig. 1b). The
southern region of the sheltered area is relatively flat, high and dry, and is located immediately
POwi UOOUWOI wUTT WEEYI zUwil OUUEOGETI w3l il wi OOOUwWOI wUl
towards the north, which becomes flat again near a natural sinkhole located in the northern
extreme of the sheltered area(Figs. 2¢f). The chronology of the site is based on OSL(Tables St
S5) and radiocarbon dating (Fig. 3a, Table S6, and SP) and it defines three distinct periods of
human occupation with the oldest one starting at 12.7-11.7 cal kyBP (all chronological ranges
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are based on a 95.4% interval)(Table 1). When the three periods areonsidered, there is agood
agreement between depth (i.e., zvalue) and dated charcoals, showing the stratigraphic integrity
of the deposits (Fig. 3b). Site formation process analysis concluded that Lapa do Santo contains
an expressive component of anthropogenic sediments produced after repeated combustion
activities (Fig. 4; SF3 and SI-4)(X. Villagran, Strauss, Miller, Ligouis, & Oliveira, 2016) .

Table 1. Chronological periods for the 2001-2009 excavations in Lapa do Santo.

68.2% interval 95.4% interval Vertical interval
(z-value in meters)
Lapa do Santo Period 3  0.7-1.1 calkyBP 0-2.1 cal kyBP >0.947
Lapa do Santo Period 2  4.0-5.2 cal kyBP 3.95.4 cal kyBP 0.1370.947
Lapa do Santo Period 1 8.1-12.5 cal kyBP 8.0-12.7cal kyBP <0.137

Figure 1: Geographic location and aerial view of Lapa do Santo: Left, Map of South America showing
the location of Lagoa Santa region (red star) and other sites mentioned in the text: Bafio Nuevo (yellow
diamond), Huchichocana Cave (black diamond), La Chimba (purple diamond), La Fundicién (orange
diamond), Lauricocha (light b lue diamond), Pampa de los Fossiles (light green diamond), Tequendama
(white diamond), Capelinha (black square), Justino (green square), Loca do Suim (yellow square),
Santana do Riacho (white square) and Toca dos Coqueiros (blue square)Right, Aerial view of the Lapa
do Santo massif. The black arrow points to the sheltered area where the archaeological site is located.
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Figure 2: Plan and sections of Lapa do Santo. a, Plan of Lapa do Santo. The grid corresponds to 1 square
meter units. Pink and orange indicate, respectively, excavated surfaces. Pink indicate the main excavation
area (MEA). The bedrock is depicted in gray and secondary deposits such as breccia and stalagmites in
beige. The topographic lines are 10 cm equidistant and the associated valuesorrespond to the z-value of
the site coordinate system. The red letters indicate the start and end of the sections depicted in
? E2 02 E» O~H, Dalai ¢ theuMEA warea. Red, green and blue dots are, respectively, early, middle
and late Holocene dated charcoal samples. The number next to the dots indicates the radiocarbon non
calibrated date. Black disks indicate the position of the human burials and their correspondent number is
indicated by the underlined numbers. The green diamond indicates where the hematite blade was found
(Lst-6410). Numbers in the lower and right margin indicate the x and y values, respectively, from the
coordinate system of site. The dashed green lines indicate the surfaces of the profiles in Figure 3c, profile
frompoints Ato 7 WEUwDP OEDEHEW?2 EB®BDUOERUOOwWx OD OU U ue Sadiidhirony WE Uwb OF
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