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Molecular and zooarchaeological
identification of 5000 year old whale-bone
harpoons in coastal Brazil

Krista McGrath 1,2 , Tatiane Andaluzia Kuss da Silveira Montes3,
Thiago Fossile1,2, Dione da Rocha Bandeira4, Fernanda Mara Borba 5,
Marta J. Cremer6, Laura G. van der Sluis 7,8, Thomas Higham 7,8,
Ana Paula Klahold Rosa5, Maria Saña 2 & André Carlo Colonese 1,2

The hunting of large whales has shaped the lifeways of many coastal com-
munities for millennia, yet its origins remain debated, often associated with
postglacial cultures in Arctic and subarctic regions dating to approximately
3500-2500 years ago. Here, we present evidence that large baleenwhales were
likely hunted 5000 years ago by Indigenous groups in southern Brazil. We
analysed museum collections of cetacean bones and artefacts from archae-
ological shellmounds, known as sambaquis, in the region of Babitonga Bay.
Zooarchaeological, typological, and molecular analyses of bone remains and
artefacts indicate that Sambaqui people exploited southern right whales
(Eubalaena australis), humpback whales (Megaptera novaeangliae) and dol-
phins in coastal waters. The abundance ofwhale bone remains, the presence of
specialisedmarine hunting artefacts, and the importance of whales in funerary
contexts are consistent with archaeological and ethnographic evidence of
whaling societies. Our results also illuminate species distributions prior to
commercial exploitation, providing insights for conservation strategies.Whale
exploitation was an element of Indigenous maritime knowledge in southern
Brazil long before European contact; an unwritten history preserved in
museum collections and in the sambaquis that have survived the impacts of
modern human activities.

For millennia, coastal communities worldwide have depended on
large whales through opportunistic harvesting and active hunting, a
practice that, while controversial today, remains integral to the food
security, cultural identity, and traditions of many coastal peoples1.
Despite its historical significance, the antiquity of whale hunting

remains elusive. While the use of whale products dates back to the
Late Pleistocene2, there is consensus that the systematic pursuit of
large whales is a more recent cultural phenomenon, emerging within
the broad spectrum of postglacial coastal and maritime adaptations.
Rock art depicting whale hunting scenes, such as the Bangudae

Received: 6 February 2025

Accepted: 1 December 2025

Check for updates

1Instituteof Environmental Science andTechnology (ICTA-UAB), Universitat AutònomadeBarcelona, Cerdanyoladel Vallès, Spain. 2Department of Prehistory,
Universitat Autònoma de Barcelona, Bellaterra, Spain. 3Programa de Pós-Graduação emAntropologia e Arqueologia - Área deConcentração de Arqueologia,
Universidade Federal do Paraná (UFPR), Curitiba, Brazil. 4Laboratório de Arqueologia e Patrimônio Arqueológico, Universidade da Região de Joinville
(UNIVILLE), Joinville, Brazil. 5Museu Arqueológico de Sambaqui de Joinville (MASJ), Joinville, Brazil. 6Laboratório de Ecologia e Conservação de Tetrápodes
Marinhos e Costeiros (TetraMar), Universidade da Região de Joinville (UNIVILLE), São Francisco do Sul, Brazil. 7Department of Evolutionary Anthropology,
University of Vienna, Vienna, Austria. 8Human Evolution and Archaeological Science (HEAS) Network, Vienna, Austria. e-mail: krista.mcgrath@uab.cat;
andrecarlo.colonese@uab.cat

Nature Communications |           (2026) 17:48 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-0692-1217
http://orcid.org/0000-0003-0692-1217
http://orcid.org/0000-0003-0692-1217
http://orcid.org/0000-0003-0692-1217
http://orcid.org/0000-0003-0692-1217
http://orcid.org/0000-0002-6822-6765
http://orcid.org/0000-0002-6822-6765
http://orcid.org/0000-0002-6822-6765
http://orcid.org/0000-0002-6822-6765
http://orcid.org/0000-0002-6822-6765
http://orcid.org/0000-0001-6198-7935
http://orcid.org/0000-0001-6198-7935
http://orcid.org/0000-0001-6198-7935
http://orcid.org/0000-0001-6198-7935
http://orcid.org/0000-0001-6198-7935
http://orcid.org/0000-0002-5949-598X
http://orcid.org/0000-0002-5949-598X
http://orcid.org/0000-0002-5949-598X
http://orcid.org/0000-0002-5949-598X
http://orcid.org/0000-0002-5949-598X
http://orcid.org/0000-0002-8344-0639
http://orcid.org/0000-0002-8344-0639
http://orcid.org/0000-0002-8344-0639
http://orcid.org/0000-0002-8344-0639
http://orcid.org/0000-0002-8344-0639
http://orcid.org/0000-0002-0279-6634
http://orcid.org/0000-0002-0279-6634
http://orcid.org/0000-0002-0279-6634
http://orcid.org/0000-0002-0279-6634
http://orcid.org/0000-0002-0279-6634
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-67530-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-67530-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-67530-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-67530-w&domain=pdf
mailto:krista.mcgrath@uab.cat
mailto:andrecarlo.colonese@uab.cat
www.nature.com/naturecommunications


Petroglyphs in Korea and various sites in the White Sea and Scandi-
navia, suggest that humansmay have engaged in whale hunting as far
back as 6000 years ago3–7. Nevertheless, the exact dates and cultural
contexts of these artworks remain uncertain. Compelling evidence of
active whaling, such as harpoon heads and whale bones bearing cut
marks, has been uncovered at sites along the Northern Pacific Rim,
North Atlantic, and the Arctic, dating back around 3500–2500
years8–14, shaping the prevailing view that the hunting of large whales
first emerged among maritime foragers in the polar and cold tem-
perate regions of the Northern Hemisphere14.

In the Southern Hemisphere, cetaceans have been used by pre-
colonial Indigenous groups in Brazil since at least 8000 years ago, as
attested by bone remains and objects found in numerous shell-
mounds, known as sambaquis15–19. Sambaquis are found along estu-
aries, bays and coastal lagoons, where abundant and predictable
aquatic resources offered conditions for the establishment of dense
and seemingly stable coastal-adapted populations for nearly 7000
years20,21, during a period of significant change in coastal environments
due to sea-level fluctuations22. In southern Brazil, zooarchaeological
studies have shown that a diversity of cetaceans were used by Sam-
baqui peoples, particularly taxa that occur in shallow coastal waters,
such as the southern right whale (Eubalaena australis), the franciscana
dolphin (Pontoporia blainvillei, the only extant species of the Ponto-
poriidae family) and several Delphinidae species such as the common
bottlenose dolphin (Tursiops truncatus)16,17,23. Bones of large baleen
whales are relatively abundant at several sites, with many bearing cut
marks resulting from butchering16,17, while others were used as grave
goods24–26, funerary structures15,27,28 or transformed into elaborate
artefacts24,28–30. Despite this, the nature of whale product use has
remained debatable. The absence of specialised harpoon technology,
as well as the lack of hunting marks, has led to a general perception
that whales were not intensively exploited, but rather used opportu-
nistically when stranded16.

The coast of Santa Catarina state in southern Brazil has a high
concentration of sambaquis, with over 200 documented sites in
Babitonga Bay and nearby coastal areas31,32. Worked (artefacts) and
unworked cetacean bones have been recovered frommany sambaquis
in the region (Fig. 1), largely by the amateur archaeologist and collector
Guilherme Tiburtius between 1940 and 196025,28, during the dis-
mantling of sites for commercial lime production and embankments,
which continued inBrazil until the 1960s.Many of these sites no longer
exist, with the only remaining evidence being the artefacts and human
and faunal remains that have survived in Tiburtius’ collection, the
majority of which is currently housed at the Museu Arqueológico do
Sambaqui de Joinville (MASJ, Santa Catarina, Brazil). It is arguably the
richest assemblage of pre-colonial cetacean artefacts in the country,
and includes elongated, flat circular, ellipsoidal, spherical and rectan-
gular objects, pendants, and zoomorphic figurines crafted from ceta-
cean bones. Several of the artefact typologies appear to be unique to
sambaquis in southern and southeastern Brazil, specifically those
crafted from cetacean tympanic bullae (a dense bone forming part of
the middle ear), and numerous worked and unworked cetacean
remains were found in funerary contexts24,28,29. For all of the artefacts,
their physicalmodifications have eliminated distinguishing anatomical
features, while the fragmented nature of much of the unworked bone
renders taxonomic identification difficult.

In this study, we reassessed Tiburtius’ collection, along with
artefacts and remains from other collections (Collections Lepper,
Kuhlhof, Bandeira, Afonso and DeBlasis, Goulard, and Imhof) also
housed at MASJ. We combined conventional zooarchaeology and
collagen peptide mass fingerprinting (Zooarchaeology by Mass Spec-
trometry, or ZooMS) to identify the taxaof bothworked andunworked
bone objects from sambaqui sites in and around Babitonga Bay, and
reconstructed the chronologyof cetaceanexploitation in the regionby
expanding radiocarbon dating of human and cetacean bone speci-
mens. Significantly, comparison with archaeological and ethnographic

Fig. 1 | Location of known sambaqui sites in the region of Babitonga Bay, in
Santa Catarina state (southernBrazil).Thenumbers indicate thosewith cetacean
remains and harpoons studied herein. The location of one site, Sambaqui Edgard
Tiburtius-PraiaGrande, is uncertain and thus has not been included in themap. The
submerged coastline represents the maximum extent of sea-level rise during its
highstand around 5000 years ago, gradually declining to present-day levels

thereafter. Map generated using ArcGIS 10.8 and Inkscape 1.2.1, with public data
from Instituto Brasileiro de Geografia e Estatística (https://www.ibge.gov.br/
geociencias/downloads-geociencias.html) and Heraldry via Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:Cartography_of_South_America.svg).
The submerged area was created using contour lines (IBGE), generating TIN and
raster files, using sea level data from Toniolo et al.22.
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literature shows that some enigmatic artefacts recovered from the
sambaquis in the second half of the last century are in fact harpoon
foreshafts made of whale bone, among the largest documented from
archaeological sites in South America. Their association with whale
bone remains and artefacts reveals that Sambaqui populations pos-
sessed the technology for hunting large baleen whales and dolphins as
early as 5000 years ago. This study positions southern Brazil as one of
the earliest centres of large baleen whale exploitation, potentially
extending the antiquity of whaling by more than a thousand years.

Results
Marine mammal diversity
Marine mammal bones have been extensively found in sambaquis in
southern Brazil, but the vast majority remain unidentified beyond the
order or suborder level (Cetacea, Mysticeti for baleen whales), or the
family level in the case of Otariidae and Delphinidae (Fig. 2A, B).
Combining conventional zooarchaeology and ZooMS, our results
expand the taxonomic list of exploited species and offer glimpses of
cetacean diversity in Babitonga Bay between approximately 5700 and
500 cal BP (Supplementary Data 1). Zooarchaeological analysis of
worked and unworked bones (n = 162) from 18 sambaquis tax-
onomically resolved several Delphinidae species, such as the bot-
tlenose dolphin (T. truncatus), the Guiana dolphin (Sotalia guianensis),
and the genus Stenella, along with generic Delphinidae (n = 10). Other
remains could be identified only to the suborder level, as Mysticeti
(n = 62) and Odontoceti (n = 12, including a probable franciscana dol-
phin (P. blainvillei)), or more generically as cetacean (n = 75) (Supple-
mentary Data 2). Teeth from Delphinidae species were also identified
at several sites, and a spermwhale (Physeter macrocephalus) tooth was
identified at the site ofMorro do Ouro, which has been dated between
4900-4710 and 3760-3520 cal BP (68.3% confidence interval, Supple-
mentary Data 1). A large number of bones were either fragmented or
modified during the manufacturing of artefacts, preventing further
taxonomic identification using morphological features.

A total of 155 samples (85 unworked, 70 worked) were analysed
via ZooMS, of which 79% (n = 122) provided taxonomic identifications
of varying degrees (Fig. 2C). Of the unworked remains, 98% (n = 83)
were able to be identified, while the worked objects had a lower
success rate, with 56% (n = 39) providing usable peptide markers
(Supplementary Data 2 and 3). The lower success rate of the worked
objects was expected, as the majority of these were sampled using
minimally-invasive methods, which are known to be less effective
than destructive techniques33–35. Considering that nearly half of the
worked objects were made from highly mineralised bone elements,
such as tympanic bullae (n = 34, plus 3 additional unworked)36, and
the majority were highly polished, the available surface collagen that
minimally-invasive techniques rely upon would have been sig-
nificantly reduced through manufacturing and subsequent tapho-
nomic processes in the burial environments, and even more so by
post-excavation cleaning and storage methods. As such, a minimally
invasive success rate of 56% was better than anticipated.

Of the 122 identifiable samples, 118 were cetaceans, with ZooMS
confirming the presence of at least six different taxa, including
southern right whale (E. australis), the Delphinidae/Phocoenidae
families, sperm whale (P. macrocephalus), and taxa previously
undocumented through conventional zooarchaeology in coastal
sites in Santa Catarina state23, such as humpback whale (Megaptera
novaeangliae), sei whale (Balaenoptera borealis), and blue whale
(Balaenoptera musculus) (Fig. 2C and Supplementary Data 3). While
ZooMS is effective at distinguishing between many whale species,
this is not the case for species within the Delphinidae and Phocoe-
nidae families. Many species from these two families are currently
missing from available ZooMS databases, and those that are available
typically have highly similar collagen sequences,meaning ZooMS can
only identify them into larger groupings. The Balaenidae species,
including the three species of the genus Eubalaena (E. australis, E.
japonica, and E. glacialis) and the bowhead whale (Balaena mystice-
tus), cannot be distinguished using ZooMS; however, since the

Fig. 2 | Marine mammal remains from sambaqui sites in southern Brazil.
A, B Number and relative abundance of identified marine mammal remains from
pre-colonial archaeological sites in southern Brazil using data in ref. 23.

C Taxonomic identification of unworked and worked cetacean bones from sam-
baquis in Babitonga Bay using ZooMS. Failed samples and those with non-cetacean
ZooMS identifications (n = 4) have not been included.
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southern right whale is the only species found in the South Atlantic
ocean37, the others can be ruled out. Additionally, nine samples
(three unworked and six worked) could only be identified as either
right whale or fin whale (Balaenoptera physalus), as only a single
peptide marker, COL1ɑ2 292 or the P2 marker, is used to distinguish
them (Supplementary Fig. 3). As no sample was definitively identified
as being fin whale, it is very likely that those identified as right/fin
whales are in fact southern right whales, and we have therefore
assumed this to be the case in the following results.

The southern right whale was by far the most identified species,
with 51% (n = 60) of all cetacean remains. Of the 83 identifiable
unworked remains, 81 were found to be of cetacean origin, with 49%
identified as southern right whale (n = 40, of which 3 were identified
as right/fin whale), 35% as Delphinidae (n = 28, of which 3 were
identified as Delphinidae/Phocoenidae), 11% as humpback whale
(n = 9), and a single sample was identified each for sei whale and
sperm whale, with two additional samples only identifiable as Mys-
ticeti or Cetacea. For the 39 identifiable worked objects, 37 were
identified as cetaceans, with 54% as southern right whale (n = 20, of
which 6 were identified as right/fin whale), 22% as humpback whale
(n = 8), 19% as Cetacea (n = 4) or Mysticeti (n = 3), and one object for
each of Delphinidae and blue whale (Fig. 2C). No other marine
mammal taxa were found with either zooarchaeological or ZooMS
analyses, even though other marine mammal species have been
recovered from different sites in the region23,32. Several bones had
visible cut marks likely resulting from butchering (46 out of 162,
28.4%, Supplementary Data 2). For example, a bone of a southern
right whale (Col. Tiburtius 3786) from Areias Pequenas had deep
transverse incisions and chop marks in the mid-shaft, and was
radiocarbon dated to 1450–1300 cal BP (68.3% confidence interval,
Supplementary Data 1). These types of cut marks are typically asso-
ciated with the removal of blubber and meat38.

Harpoon technology
Tiburtius’ notebooks about his collection list more than 200 objects
reported as whale, whalebone, or ‘ear bone’ (referring to whale tym-
panic bullae) from sambaqui sites in the region of Babitonga Bay. Of
these, a distinct group of worked bones (12 from Tiburtius’ collection,
plus two from the Kuhlhof collection and one from the Lepper

collection), generically reported as bastões (sticks or rods), have been
found in three sambaquis in the region21,25,28. These objects show a high
level of standardisation in size, shape, andmaterial used, and could be
differentiated into two distinct typological classes. The first class,
manufactured from cetacean rib bone, comprises four objects (three
of which were broken at one extremity) showing similarities with
harpoon socket pieces documented among ethnographic coastal
Indigenous populations in South and North America39–41. One extre-
mity of the long bone has been hollowed out for the insertion of a
detachable head that was likely made of stone, bone or wood
(Fig. 3A–D). The other extremity may have been inserted and hafted
into amain shaft piece (fixed), as described among some ethnographic
groups40,42. The four objects, two of which were identified as southern
right whales, were found at Conquista, where seven human individuals
presented radiocarbon dates ranging from 5450–5280 to 2040–1880
cal BP (68.3% confidence interval, Supplementary Data 1).

The second type, also manufactured from cetacean rib bone, was
longer (26.4–52 cm) and exhibited a carved and polished bevelled
distal extremity. Perpendicular fine grooves that run along the bev-
elled extremity would have facilitated the hafting of a side barb-point
with animal hide, sinew or plant fibres (Fig. 4A–G). In all objects, the
other proximal extremity is slightly conical, possibly to fit into the end
of a main shaft. Their shape and size show similarities with simple-
barbed harpoon heads made of wood reported by Mason (Peruvian
and Chilean harpoon)39 and Ballester43,44 (Type B and D) for coastal
sites in Chile, dated from ca. 2500 cal BP. Eight complete or nearly
complete foreshafts were found at the sambaquis of Morro do Ouro
(n = 5), Cubatãozinho (n = 2), and Conquista (n = 1), along with at least
an additional six objects (Col. Tiburtius 4595, 4597, 4920, 5073, 8306,
8472) from the aforementioned sites, which are probable fragments of
such foreshafts. ZooMS analysis revealed that the foreshafts were
manufactured using bones of southern right whales and humpback
whales. Two of these objects, Col. Tiburtius 4215 fromMorro do Ouro
(Fig. 4F) and Col. Tiburtius 8273 from Conquista (Fig. 4G, lower por-
tion), both identified as southern right whales, were directly radio-
carbon dated to 4900-4710 and 4970-4780 cal BP (68.3% confidence
interval), respectively. Their radiocarbon ages match the chronology
of human, charcoal and faunal remains from these sites (Supplemen-
tary Data 1). In the case of Conquista, the foreshafts were recovered

Fig. 3 |Whale boneharpoon socketpieces.Harpoon socket pieces fromConquista, identified as southern rightwhale (A—Col. Tiburtius 8384,B—Col. Tiburtius 6837) and
cetacean (C—Col. Tiburtius 7710 and D— Col. Tiburtius 5586, neither analysed with ZooMS). Photos and illustrations (created using Inkscape 1.2.1) by the authors.
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from deposits containing marine mammal remains, along with other
artefacts manufactured from marine mammal bones24.

One large bevelled bone point from Conquista (Col. Tiburtius
8400, Fig. 4H), identified as a southern right whale, contained three
perpendicular notches that were possibly used for hafting the point at
the bevelled extremity of the foreshafts (Fig. 4I). Bevelled points are
widely documented in sambaqui sites, where they formed part of the
hunting and fishing arsenal21,45. Their use as composite side barbs on
projectile points is also well attested among Indigenous groups in
tropical South America46–48. As observed with Chilean harpoons, both
types wereprobablymounted at the distal end of amain shaft andmay
have included lines for the retrieval of the prey by the hunter. Themain
shaft was likely made of wood, while the lines would have been plant
fibre or sinew, all of which rarely survive in subtropical burial envir-
onments except under exceptional circumstances (Fig. 5A–F). Sig-
nificantly, three foreshafts (Col. Tiburtius 4595 and 4596, Col. Kuhlhof
72.06.16) were reported by Tiburtius as grave goods in human burials
at Morro do Ouro25, with the Col. Kuhlhof foreshaft identified as a
southern right whale (the other two were not available for sampling).
Additionally, Tiburtius reported that one foreshaft fromCubatãozinho
was also found associated with a human burial24. Although there is no
information about the human individuals associated with these fore-
shafts, their funerary contexts suggest they were prised possessions
with significant ritualistic, symbolic and/or spiritual meanings.

Other worked objects previously reported by Tiburtius25,28 and
analysed herein included decorated long bones with zoomorphs
(n = 2), possible pendants (n = 6), centrally perforated and non-
perforated flat circular (n = 6), ellipsoidal (n = 2) and rectangular
(n = 1) disk-like artefacts (some with notched outer edges), solid
spheres (n = 12), double-ended points (n = 3), and zoomorph figurines
(n = 3), among others (Fig. 6A–J). The two decorated long bones were
manufactured from cetacean ribs, with one identified as a humpback
whale (Fig. 6B, Col. Lepper 75.12.03). The other was found next to the
femur of a human individual in Conquista (Fig. 6A, Col. Tiburtius
8097)24, and was earlier interpreted as a possible atlatl21. Several rec-
tangular pendants and other artefacts were also made from long

bones, with the majority identified as originating from either southern
right or humpback whales; however, one rectangular object from
Conquista was also identified as a bluewhale (Col. Tiburtius 7383). The
large majority of the other artefacts were made from tympanic bullae
(Fig. 6C–J), generically attributed to southern right whale or Mysticeti,
and found at the sambaqui sites of Areias Grandes, Areias Pequenas,
Barra do Sul, Conquista, Harmonia Lyra, Itacoara, Linguado, Morro do
Ouro, Rio Pinheiros I, and Edgard Tiburtius-Praia Grande, with cali-
brated radiocarbon dates between 5880-5560 and 630-510 BP (68.3%
confidence interval, Supplementary Data 1). Assuming that only one
artefact could be generated from a single tympanic bulla, it is possible
to estimate thatmore than 15 individuals are represented by the bullae
objects analysed herein (many more exist from the aforementioned
sites but were not subjected to ZooMS). Twonear-complete unworked
bullae, one from a southern right whale (Col. Tiburtius 4093) and the
other a sei whale (Col. Tiburtius 4903), were identified from Barra do
Sul, while an additional broken one, identified as Mysticeti (Col.
Tiburtius 8042), was found at Conquista. Nevertheless, according to
Tiburtius24, Conquista alone yielded 60 artefacts manufactured from
tympanic bullae, of which 22 were fully finished, 18 were broken, 15
were in preparation, and 5 were nearly finished. This suggests that a
minimum of 30 individual whales, obtained through hunting or
scavenging, were processed at this site alone.

While the use of some object types can be hypothesised, such as
some drop-shaped artefacts resembling net weights (Col. Tiburtius
5281, identified as humpback whale, Fig. 6C) and perforated disks
resembling spindlewhorls49 (Fig. 6D, E), the function of themajority of
these objects remains unknown and several types, specifically those
originating from tympanic bullae such as spheres, unperforated disks,
and doubled-ended points (‘gotas’), are seemingly unique to the
Sambaqui populations. Artefacts crafted on tympanic bullae were also
found in sites to the north, from the coasts of São Paulo (e.g.
Piaçaguera50) and Paraná (e.g. Gomes, Matinhos, Guaraguaçu, Ramal,
Araujo II19,28,29,51–54) and south to Santa Catarina Island (e.g. Pantano do
Sul28,55), spanning approximately 700 kilometres of coastline. Even the
possible spindle whorls are unique in that they derive from tympanic

Fig. 4 |Whaleboneharpoon foreshafts and abevelledprojectilepoint.Harpoon
foreshafts from Cubatãozinho (A—Col. Tiburtius 4329; B—Col. Lepper 75.12.01),
Morro do Ouro (C—Col. Khulhof 72.06.16; D—Col. Tiburtius 4597 A, Cetacean; E—
Col. Khulhof 72.06.17, not available for sampling; F—Col. Tiburtius 4215), and

Conquista (G—Col. Tiburtius 8273-8062); H—bevelled projectile point with hafting
notches from Conquista (Col. Tiburtius 8400); I— depiction of how point H may
have been attached to shaft G found at the same site. Photos and illustrations
(created using Inkscape 1.2.1) by the authors.
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bullae, while spindle whorls from coastal groups in the Northwest
coast of North America are largely manufactured out of other marine
mammal bone elements (e.g. epiphysis)49. Several other worked and
unworked cetacean bone objects were also found associated with
humanburials at the sambaquis ofMorrodoOuro (Col. Tiburtius 4691)
and Rio Pinheiros I (Col. Tiburtius 4689, 4699, 4740, 5016), again
pointing to the important ritualistic and spiritual role cetaceans held
for early Sambaqui societies, as does the presence of the ‘cetacean’
zoomorph (Fig. 6G, Col. Tiburtius 8381) found at Conquista and made
from a cetacean tympanic bulla.

Discussion
The antiquity of subsistence whaling has been the subject of con-
tentious debate for decades, particularly due to the difficulty of using
often fragmentary and ephemeral archaeological evidence to deter-
mine whether whales were exploited opportunistically as stranded
animals or drifted carcasses, or actively hunted14,56. Today, multiple
lines of evidence are generally invoked as likely indicators of active
whaling among prehistoric groups. These include, for example, the
abundance of whale bones, the presence of specialised hunting tech-
nology, bones with butchering and harpoon strike marks, bones with
embedded points, the repeated occurrence of inshore and slow
moving species across multiple sites, a high quantity of artefacts
crafted fromwhale bone such as figurines representing whales, whale-
derived objects used as grave goods, and the depiction of hunting
scenes, among others8,44,57–59. With the exception of bones bearing
harpoon strikes or embedded points and depictions of whaling, all
other key indicators are present in sambaqui sites in southern Brazil.
Significantly, our study shows that Sambaqui populations in Babitonga
Bay also produced whale bone harpoons for the pursuit of large
marine prey as early as 5000 years ago. It is worth noting that the
collection studied was specifically searched for cetacean remains and

while pinniped remains were absent in Tiburtius’ collection, their
occurrence in sites in southern Brazil17,23,24,60 suggests these animals
may also have been targeted by Sambaqui groups in Babitonga Bay
through harpooning. The use of harpoons likely extended to other
marine animals as well, such as sharks, rays and other large fish, which
are well represented in the archaeological record32, and beached
cetacean carcasses or stranded individuals would have certainly been
viewed as valuable resources.

To date, large harpoon foreshafts have been documented at only
three sites in Babitonga Bay (Morro do Ouro, Conquista, Cubatão-
zinho) and the distinctive features of a few localised sites cannot be
taken to represent all Sambaqui populations. Nevertheless, the
broader archaeological record reveals socio-ecological traits con-
sistent with those expected in prehistoric whaling societies8. These
include reliance on predictable fish resources, community-based
exploitation strategies that enable cooperative hunting31, reduced
residential mobility and locally high population densities61. In parti-
cular, faunal32,62 and stable isotope analyses31,63,64 of hundreds of
human individuals recovered from dozens of sites indicate dietary
dependenceonmarine and brackish organisms, primarily fish, but also
marine mammals16,17 obtained either through active hunting or
opportunistic acquisition. Terrestrial mammals, by contrast, are rela-
tively rare in sambaqui sites23 and their dietary contribution is esti-
mated to have beenminor31. The large harpoons analysed in this study
were therefore designed to target large marine prey, with baleen
whales representing the largestof these targets.Whilemore research is
needed to resolve the earliest origins of whaling, with previous con-
sensus pointing to whaling cultures in cold temperate and Arctic
regions between approximately 3500 and 2500 years ago14, the lines of
evidence presented herein would push back the earliest known record
of activewhalingby at least 1000years. Early harpoonheads have been
recovered from coastal sites in Tierra del Fuego and the Atacama

Fig. 5 | Reconstruction of harpoon assemblage. A Chilean harpoon of type B and
B type D, both with foreshafts made of wood, fitted with a bone barb and, in some
cases, a stone point (type D); illustration created by the authors of an artefact
published in Ballester43. C Hypothetical reconstruction of a Sambaqui harpoon
foreshaft with a hafted bevelled bone projectile point (Col. Tiburtius 8400). The
barb of this bevelled point is broken and would have originally extended further to
allow for effective retention. D Hypothetical reconstruction of a Sambaqui socket-

piece assemblage with a bone point and a lateral barb (bevelled bone point).
E, F illustrate reconstructions of how both the harpoon foreshafts and socket-
pieces likely would have been assembled into a complete harpoon, with the main
shaftmade ofwood and the linemade of sinewor plant fibre (based on examples of
preserved Chilean harpoons43). Photos and illustrations of harpoons (created using
Inkscape 1.2.1) by the authors.
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Desert, dated to around 7000 and 4000 years ago43,44,65, but their
association with the hunting of large whales remains uncertain.

The prevalence of southern right whales across all sites, as both
unworked bones and artefacts, indicates that they were procured
during their migratory seasons. Southern right whales are the most
common whale species in southern Brazil. Today, and historically,
from June to November, the coast of Santa Catarina becomes a
breeding hotspot for southern right whales, where cow-calf pairs and
lone adults spend days or weeks moving slowly between protected
shallow bays close to the shoreline66. This particular coastal habit,
along with their slow swimming and high buoyancy and floatability
after death67,68, would have facilitated their capture with relatively
simple technologies, in the sameway this species was pursued by local
coastal whalers in colonial times using row boats and hand-thrown
harpoons69. Young animals and females would have offered relatively
accessible prey for hunters operating in inshore waters such as Babi-
tonga Bay and the adjacent coastal areas. The hunting of breeding
stocks is supported by the presence of young individuals in sambaqui
sites in southern Brazil17, which suggests active selection rather than
passive collection. Sambaqui groups would have undoubtedly had
access to and made use of stranded individuals; however, stranding
events are unpredictable and while the stranding rates over the past
5000 years are unknown, today they are a rare occurrence for south-
ern right whales in this region70.

In addition to southern right whales, ZooMS identified three
other species of mysticetes (humpback, blue and sei whales) from
several sambaquis. The relative abundance of humpback whale
remains suggests that this species may previously have been more

common in the region and that it is likely they were also pursued by
Sambaqui groups in the shallow coastal waters around Babitonga Bay,
though to a lesser extent than southern right whales. There is no
information about the southern distribution of humpback whales
prior to their commercial exploitation during colonial times. The
results presented here provide the first indisputable evidence that
humpback whales once occupied the coastal waters of southern
Brazil, extending at least as far as the northern coast of Santa Catarina
state. Current knowledge accumulated over the past few decades
highlights a reproductive concentration area for this species in
Abrolhos Bank, off the coast of the northeastern Brazilian state of
Bahia, with a southerly oceanic distribution consideredmerely part of
their migratory route71. Over the past decades, however, Brazil’s
southeastern and southern regions have seen an increasing occur-
rence of humpback whales during the breeding season, which has
been attributed to recent rapid population growth72,73, but may in fact
represent a reoccupation of areas previously inhabited by the species.
Recognising this expansion as a reoccupation of areas previously
inhabited has important implications for humpback whale conserva-
tion, which is particularly relevant considering the growing conflicts
between humpback whales and marine vessels, with increasing
records of entanglements in gillnets and collisions in the region74.

Blue, sei and sperm whales, by contrast, are typically oceanic
species that do not occur near the coast and strandings are rare along
the Santa Catarina coast75, which is also reflected in our results with
these species represented by only a single specimen each. These spe-
cies were probably exploited as drift carcasses or stranded individuals
rather than actively hunted. Similarly, if any fin whale is present in the

Fig. 6 | Common whale bone artefact types from sambaqui sites in
Babitonga Bay. Decorated ribs with zoomorphic designs from Conquista (A—Col.
Tiburtius 8097) and Cubatãozinho (B—Col. Lepper 75.12.03), and objects made
from tympanic bullae such as drop-shaped artefacts (C—Col. Tiburtius 5281, Barra
do Sul), perforated flat ellipsoidal (D—Col. Tiburtius 4392,Morro doOuro), circular
(E—Col. Tiburtius 7825, Conquista) and rectangular (F—Col. Tiburtius 2194, Areias

Grandes) disks, solid spheres (G—Col. Tiburtius 5536-A,Morro doOuro), zoomorph
figurines representing a whale (H—Col. Tiburtius 8381, Conquista) and a bird (I—
Col. Tiburtius 4311, Barra do Sul), and rectangular pendants (J—Col. Tiburtius 7810,
Conquista). Bone of southern right whale with cutmarks fromAreias Pequenas (K—
Col. Tiburtius 3786). Photos and illustrations (created using Inkscape 1.2.1) by the
authors.

Article https://doi.org/10.1038/s41467-025-67530-w

Nature Communications |           (2026) 17:48 7

www.nature.com/naturecommunications


few sampleswhichwereonly able tobe resolved to the level of right/fin
whale, it is likely these would also represent strandings rather than
actively hunted individuals considering their offshore distribution on
the Atlantic coast, even though the species was heavily exploited by
the whaling industry in Brazil between the 1960s and 1980s in regions
further north, between the states of Rio de Janeiro and Paraíba76.

A variety of dolphin species, found primarily as unworked bones
in sambaquis, may have been hunted with harpoons and nets close to
shore16. As previously mentioned, ZooMS cannot effectively separate
most dolphin and porpoise species and conventional zooarchaeolo-
gical analysis can often provide greater taxonomic resolution with
good bone preservation. For example, a sternum from Porto do Rei
(Col. Tiburtius 6847) identified as Delphinidae via ZooMS was deter-
mined zooarchaeologically to be a Guiana dolphin. This species is
associated with bays and estuaries along the coast, where it forms
resident populations, as is the case with Babitonga Bay and may have
constituted a resource available year-round. Similarly, also from Porto
do Rei, a caudal vertebra (Col. Tiburtius 6836) with a ZooMS identifi-
cation of Delphinidae, was identified zooarchaeologically as a fran-
ciscana dolphin, another common coastal species with a resident
population in Babitonga Bay and recorded in sambaqui sites, however,
in smaller numbers77. The combined zooarchaeological and ZooMS
results highlight the complementary nature of these two techniques
and the increased effectiveness when used together.

Drawing parallels from ethnographic and archaeological
records10,44,57, whale exploitation could have been central to Sambaqui
social organisation, settlement patterns and resource management.
The rarity of bone harpoons in sambaquis alludes to the importance of
such artefacts that must have beenmaintained and curated and hence
less frequently produced56; to their specific function, with harpoons
potentially often lost at sea or broken during the hunt; to the prestige
of whaling; and to the social prominence of the individuals involved in
these practices58. The direct association of harpoons and whale bones
with human burials, in fact, evokes individuals invested with various
roles related to acquiring, processing and distributing whale
products57. As documented among whaling cultures of North
America57, the pursuit of a whale may have been restricted to a few
individuals, passed through chiefly lineages that fostered social status,
rights and privileges9,57,78, while the processing of the animal could
have involved the whole community79. European travellers of the 16th
to 18th centuries reported the killing of large whales by Indigenous
groups in Tierra del Fuego, the Atacama Desert and the Gulf Coast,
either for meat and oil44,79, or specifically to recover tympanic bullae
used in the funerary practices of deceased chiefs80, with whales being
targeted by both individuals and organised groups. In southern Brazil,
the hunting, particularly in winter, may have catalysed social gather-
ings along specific whaling sites holding political and ideological
significance20,61. Large coastal sambaquis may have served as com-
munal gathering places for whale sighting and monitoring, hunting
ceremonies, rituals of ancestral worship and other aspects related to
the reproduction of whaling culture. Access to whaling grounds could
have been regulated through exclusive ownership, with particular
groups or individuals having rights over specific areas57.

Whaling relies on maritime technologies, including watercraft,
harpoon lines and flotation devices, that rarely survive in tropical and
subtropical regions due to being crafted from perishable materials
such as wood, plant fibres, internal organs (bladders) and
hides10,40,43,79. A single cetacean would provide large quantities of raw
materials, the majority of which would leave no trace in the archae-
ological record, or may not even have formed part of it, such as
bones left at butchering sites on the shore10,57,81. Skin from cetaceans
could have been used for boats, tents and clothing; internal organs
would have provided containers and float devices such as those used
to create drag in whaling; and baleen may have been used for mats,
baskets, nets, weirs and snares, among others8,58,82. Large quantities

of oil, which may represent 25% to 50% of cetacean body weight
depending on species83, may have been extracted from blubber and
bones and used as fuel in domestic and ceremonial activities16,79.
Bones could have been employed for architectural purposes84 and, as
shown here, for the production of numerous tools and objects,
including spindles for weaving and making cordage.

Whales and dolphins may have played a much larger role in the
diet of Sambaqui people than estimated by studies of faunal
remains16,17,32 and stable isotope analyses of human individuals, which
havemostly focused on the contribution of fish in dietarymodels31,63,64.
This has possibly been exacerbated by the highly fragmented and
weathered condition of marine mammal bones, which often char-
acterises the bone assemblages at these sites17,24. Cetacean meat,
blubber and bone contain significant amounts of proteins, mineral
nutrients, oils and fats83,85, which must have been particularly valuable
during colder months of the year. The cut marks on a number of the
cetacean bones studied herein are possible evidence of such
exploitation38,86,87. It is also important to note that, along with bone
remains being left at butchering sites and thus not entering the
archaeological record, cetacean bones have a history of being dis-
regardedduring archaeological excavations, particularly those that are
highly fragmented. In addition, many of the remains studied herein
were not excavated following modern standards or were collected
under varying circumstances and thus, a large portion of the cetacean
remains at any given site likely went unnoticed. Together, this implies
that the cetacean remains that make up the studied collections only
represent a small fraction of the actual level of exploitation.

Sambaqui populations were initially perceived as mollusc
gatherers88, then later as fishers89 and now also as possible whalers.
This represents a paradigm shift in Sambaqui archaeology, one that
opens new avenues of research and unlocks diverse interpretative
models of social organisation, technology and cosmology that place
interactions with large marine mammals at the centre of the equation.
The evolution, scale and geographic spread of whale hunting in pre-
colonial Brazil, however, remain unknown, as does its eventual decline.
Interestingly, the largest accumulations of cetacean remains and the
majority of cetacean bone artefacts derive from early sambaqui sites
such as Conquista, Morro do Ouro, and Barra do Sul, largely dating
between 5700 and 3600 cal BP. More recent sites with cetacean
remains, such as Espinheiros II and Bupeva II, which date to 3000 and
500 cal BP, respectively, generally only have unworked cetacean
remains and little to no artefacts. Related Indigenous knowledge
seems to have vanished sometime prior to European contact, as there
appears to be no record of it in European accounts from the 16th
century AD90. Unfortunately, much of this unwritten history has been
lost due to escalating anthropogenic impacts on sambaquis and other
archaeological sites over the last centuries. The limited evidence that
survives has reached us thanks to the efforts of those who strived to
preserve this invaluable Indigenous cultural heritage. We suspect that
there aremanymore suchobjects sitting in archive boxes inmuseums,
unseen and untouched for decades, just waiting for their stories to be
rediscovered. Our study highlights the crucial role these institutions
and their collections play in addressing fundamental questions about
the origins and evolving nature of past human coastal adaptations.

Methods
Permissions and permits
Prior to analysis, permits for proteomic analysis and radiocarbon dating
of these specimens were obtained from the Instituto do Patrimônio
Histórico e Artístico Nacional (IPHAN, Processes 01450.006223/2024-21,
01510.000059/2021-43, 01510.000039/2022-53).

Inclusion and ethics
The study included several Brazilian researchers (A.C.C., T.A.K.S.M.,
D.B., M.J.C., F.B., T.F. and A.P.K.R.) who contributed to various aspects
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of the research project. The research is locally relevant and the local
institutions involved in the article (MASJ, UNIVILLE) have repeatedly
expressed public support. We have a collaboration agreement with
MASJ and UNIVILLE and throughout the ERC project TRADITION, we
have trained local students and researchers in zooarchaeology (TF),
stable isotopes (TF) and ZooMS analysis (TF, TAKSM). These
researchers are now applying for grants to establish laboratories in
Brazil. The type of studyweconducted did not require approval from a
local ethics review committee.

Archaeological setting
The estuarine environment of Babitonga Bay and the adjacent coastal
region, in the northeast corner of the state of Santa Catarina, is
referred to as the Babitonga Ecosystem91. It contains a high con-
centration of known pre-colonial coastal archaeological sites, with
over 200 officially recorded. Of these, approximately 25 sambaquis
preserved worked (artefacts) and/or unworked remains of marine
mammals. This study analysed cetacean remains from 18 sambaqui
sites (Fig. 1) with archaeological materials housed at the Museu
Arqueológico de Sambaqui de Joinville (MASJ) in Joinville, Santa Cat-
arina. The sites include Areias Grandes, Areias Pequenas, Barra do
Sul, Bupeva II, Conquista, Costeira, Cubatãozinho, Edgar Tiburtius-
Praia Grande, Enseada I, Espinheiros II, Harmonia Lyra, Ilha dos
Espinheiros II, Itacoara, Linguado I, Morro do Ouro, Pernambuco,
Porto do Rei and Rio Pinheiros I. The archaeological material was
largely collected by Guilherme Tiburtius from 1940 to 1960 through
a combination of controlled excavations and rescue interventions
when sites were being dismantled for the lime industry, roads and
residential embankments25,92. Many of the sites no longer exist and
those that do have been substantially altered; thus, the specific
chronological context of some material is limited. Most of the
material comes from the Collection Tiburtius; however, some
material from other excavations/collections (e.g. harpoons from the
Collection Lepper and the Collection Kuhlhof) also housed in MASJ
and visually identified as cetacean, were included in the study
(Supplementary Data 2). For most of these sites, the faunal remains
were handpicked during excavations that did not follow modern
standards (such as sediment sieving using different mesh sizes,
recovery of all remains, etc.), with a focus on visible specimens (large
bones, bone and stone artefacts, human materials). As a result, some
of the collections lack the comprehensiveness (including small,
fragmented and non-identifiable remains) expected in modern
archaeological practice. The cetacean bones analysed herein likely
represent only a very small fraction of the total amount of marine
mammal bone originally present within the sambaquis. For example,
at Conquista, Tiburtius reported (but did not recover) a large num-
ber of whale bones, often showing signs of percussion by stone tools,
as well as small hearths of piled stones surrounded by partially
charred fragments of whale bones, probably the remains of meals24.

Sampling
The Collection Tiburtius at MASJ consists of more than 9000 speci-
mens, while Tiburtius’ notebooks (which unfortunately are not com-
plete and do not include all of his collected items) list over 200 whale
bone specimens from pre-colonial sites in Babitonga Bay; however, in
some cases, the sites and/or specific contexts are not clear. Initial
zooarchaeological analysis was performed to first identify potential
cetacean remains, generally avoiding those from unknown archae-
ological contexts. Marine mammal bones tend to be fairly distinct
when compared to those of terrestrialmammals and large fishbecause
of their high porosity. Nevertheless, when dealing with highly frag-
mented bone assemblages, they can be confused with those of certain
large terrestrial mammals; however, suchmammals tend to make up a
small proportion of the fauna found in sambaquis23,93. Once separated,
the potential cetacean remains were classified based on artefact

types94 and further taxonomic identifications were assigned when
possible through side-by-side comparison with modern specimens of
the Iperoba Biological Collection (ABI) at the Universidade da Região
de Joinville (UNIVILLE) in São Francisco do Sul, along with specialised
literature (Supplementary References). From the preliminary
zooarchaeological analysis, 155 samples comprising 85 unworked
remains and70workedobjectswere selected for ZooMSanalysis using
a combination of destructive (unworked) and minimally-invasive
(worked and unworked) sampling methods (Supplementary Data 2).
Several studies have shown thatdestructive ZooMSanalysis results in a
greater success rate when compared to minimally-invasive
methods33,35,95, however, the near-complete state of preservation of
many of the objectsmeant physical removal of even small samples was
undesirable. Some remains identified anatomically as cetacean were
not selected for ZooMS due to either being deemed inappropriate for
biomolecular analysis (ie, evidence of burning, obvious presence of
consolidation material, etc.) or to avoid unnecessary sampling when
successful collagen extraction was unlikely, as was the case for a
number of artefacts made from tympanic bullae. These artefacts ten-
ded to be highly polished, often having the appearance of ivory and
could not be sampled destructively; therefore, sampling was per-
formed using minimally-invasive techniques which rely on the avail-
ability of surface collagen. The combination of highly dense and
polished bone equates to less available surface collagen, which would
have been even further reduced through post-depositional and post-
excavation activities. As such, only a subset of these artefacts was
selected for ZooMS analysis.

Destructive ZooMS
Subsamples of 15 to 40mg of bone (taken from areas without
obvious consolidant, when evident) were demineralised in 250 µL of
0.6M hydrochloric acid (HCl, 4 °C). Once demineralised, the acid was
discarded and samples were washed three times with 200 µL of
50mM ammonium bicarbonate (AmBic, NH4HCO3, pH 8.0). A final
100 µL of AmBic was added and the samples were gelatinised at 65 °C
for 1 h. 50 µL of the gelatinised supernatant was transferred to a new
tube and 0.4 µg of trypsin was added and incubated overnight at
37 °C to digest the collagen. 1 µL of 5% trifluoroacetic acid (TFA)
solution was added to stop the trypsin and peptides were desalted
using Pierce™ C18 ZipTip® pipette tips (Thermo Scientific™) for a
final elution of 50 µL. 1 µL of eluted peptides was combined with 1 µL
of matrix solution (α-cyano-4-hydroxycinnamic acid) and spotted in
triplicate onto a Bruker ground steel target plate, along with cali-
bration standards, then analysed on a Bruker Ultraflex III MALDI-ToF-
MS in reflectron mode. Triplicate spectra were averaged and ana-
lysed using mMass (version 5.5.0) software96 and compared to a
database of known collagen peptide markers97–99.

Minimally-invasive ZooMS
Two different minimally-invasive methods were employed. Initially,
the forced bag method33 was used and later, after the (expected) lim-
ited success of the forced bag samples, a number of samples were
selected for microfilm sampling100, which has been shown to be the
most effective minimally-invasive method to date35,95.

Forced Bag ZooMS
The forced bag method was followed as described in McGrath et al.33.
Objects were placed into a new, previously unused zip-seal bag and
gently rubbed in the bag (from here referred to as the ‘forced bag’).
The objects were removed from the forced bag and returned to their
original storage bag/box. 200 µL of AmBic (65 °C) was added to the
forced bag and spread around the bag surface, where possible,
focusing on areas of the bag that had visible residue and then trans-
ferred to a new tube. In some instances, very small bone fragments
could be seen in bags that had fallen off the object while it was being
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rubbed in the bag. In these cases, the bone pieces were collected and
included in the AmBic. The AmBic was incubated at 65 °C for 20min
and 0.4 µg of trypsin was added, then incubated at 37 °C for 6 hours.
1 µL of 5% TFA solution was added to terminate trypsin activity and
peptides were desalted, eluted and analysed via MALDI-ToF-MS as
described above.

Microfilm ZooMS
Previously cut pieces of polishingmicrofilm (30 µmgrit, PFL-2RAO-30-
PSA, Precision Fibre Products)were gently rubbed on the objects using
a clean pair of tweezers and the microfilm was placed into a new tube.
Extraction followed that as outlined in refs. 95,100. 100 µL of AmBic
(65 °C) was added to the microfilm, then vortexed for several min-
utes and centrifuged briefly. The supernatant was transferred to a new
tube and gelatinised at 65 °C for 30min then 0.4 µg of trypsin was
added and incubated at 37 °C for 6 h to digest the collagen. Trypsin
activity was terminated and peptides were desalted, eluted and ana-
lysed via MALDI-ToF-MS as described above.

Radiocarbon dating
Many of the studied sites have limited chronological information and
lack radiocarbon dates. Due to the uniqueness of the artefacts, sam-
pling for radiocarbon dating was not permitted, with the exception of
twowhalebone harpoons (see below). Therefore, radiocarbon analyses
were performed on a range of other associated material from the
sambaqui sites. These included unworked cetacean remains from
Areias Pequenas (n = 1), Barra do Sul (n = 2), Costeira (n = 1), Espin-
heiros II (n = 4), Ilha dosEspinheiros II (n = 2) andMorrodoOuro (n = 2)
and human remains from the sites of Areias Pequenas (n = 2), Barra do
Sul (n = 1), Conquista (n = 7), Enseada I (n = 5), Espinheiros II (n = 2),
Itacoara (n = 8) and Linguado (n = 2). The cetacean bones, and some of
the humans selected for radiocarbon dating, were first analysed using
ZooMS to rule out possible contamination of animal-derived con-
solidants that were commonly used in 19th and early 20th-century
curation practices101. Permission was granted to sample two broken
harpoon foreshaft pieces for dating, one from Morro do Ouro (Col.
Tiburtius 4215) and one from Conquista (Col. Tiburtius 8273). These
new dates were then supplemented with previously published radio-
carbon dates (Supplementary Data 1).

Unworked bones of 12 cetaceans were pretreated and extracted
at the Higham Lab, Faculty of Life Sciences, University of Vienna
(Austria). The samples were drilled using tungsten carbide drill bits,
with samples weighing between 380 and 1540mg. Collagen was
extracted using a modified Longin collagen method outlined in
refs. 102,103. The samples were gelatinised inweakly acidic pH3water
and ultrafiltered using 30 kD Sartorius ultrafilters, before being
freeze-dried. A 0.3mg portion of each sample was measured for δ13C
and δ15N values using an Elemental Analyser-Isotope Ratio Mass
Spectrometer (EA-IRMS) at the Faculty of Life Sciences Silver
Laboratory to a precision of ± 0.3‰ relative to V-PDB and AIR,
respectively. The remaining collagen was combusted, graphitised and
measured at the Keck AMS Facility, University of California at Irvine
(USA). Samples were combusted with CuO and silver, after which the
CO2 was graphitised on a hydrogen reduction line with pre-baked Fe
as a catalyst at 550 °C. Targets were pressed and measured on the
AMS system (National Electrostatics Corporation compact 0.5MV
accelerator (NEC 1.5SDH-1) with several upgrades). Samples were
normalised and corrected for fractionation using the AMS δ13C value.
More specific information of target preparation and AMS measure-
ment can be found in refs. 104,105. The fraction modern values were
corrected using blanks prepared in Vienna from a beyond radio-
carbon background (the Hollis mammoth bone106), which yielded
values of 0.0019 and 0.0017 (± 0.0000) FmC, or 50.3 and 51.2 ka BP.

Bone collagen of 17 human samples was extracted and radio-
carbon dated at the Centre for Applied Physics, Dating andDiagnostics

(CEDAD) at the University of Salento (Italy), following the protocol
reported inQuarta et al.107, with collagen extracted following the Login
method108, then dried and vacuum-sealed in pre-evacuated quartz
tubes together with CuO and silver wool. Samples were converted to
CO2 by combustion in sealed quartz tubes and the CO2 was converted
at 550 °C into graphite by using ultrahigh purity hydrogen as a redu-
cing medium and 2mg Fe powder as a catalyst. Samples yielding an
optimal amount of graphite were then pressed in the aluminium
cathodes of the AMS system (3 MV TandetronTM Mod. HVEE 4130HC)
for the measurement of the isotopic ratios. Measured 14C/12C were
corrected for mass fractionation by using the δ13C term measured
online with the AMS system and for machine and chemical processing
background.Uncertainty inmeasured isotopic ratioswas calculated by
considering both the scattering of the 10 repeated determinations
performed on each sample and the radioisotope counting statistics.

Two cetacean bone harpoon foreshafts and 10 humanbones were
extracted and radiocarbon dated at the CIRAM Radiocarbon Facility
(France). In short, collagen was demineralised and gelatinised follow-
ing the Login method108, then combusted at 920 °C and transformed
into gas using an elemental analyser (ElementarVario ISOTOPE Select).
The residual CO2 from the EA outlet was absorbed in the zeolite trap of
an AGE automated graphitisation system (AGE 3, Ion Plus) and released
to the given reactor for graphite transformation by catalysis following
the method described by Vogel et al.109. The δ13C and δ15N values were
measured using an EA-IRMS (Elementar Isoprime precision) with an
error below 0.1‰. The different carbon isotopes were separated using
a 250kV accelerator mass spectrometer in a joint venture with JSC
Barnas (ISO 9001 and ISO 14001). 14C content was determined by
comparing the simultaneously collected 14C, 13C and 12C beams with
those of control products (oxalic acid, CO2 standard, charcoal). In all
three labs, the dates were reported in radiocarbon years BP (Before
Present, 1950 AD, using the half-life of 5568 years).

Radiocarbon calibration
Radiocarbon dates of Delphinidae bone collagen were calibrated
using the 100% Marine20 curve110, applying an estimated average
local marine radiocarbon reservoir correction value (ΔR) of
−126 ± 29 for the coasts of the Brazilian states of São Paulo, Paraná,
Santa Catarina and Rio Grande do Sul, generated from eight refer-
ence points between latitudes 32.00°S and 23.73°S111–113 according to
the Marine Reservoir Correction database (http://calib.org/marine/).
Because ΔR varies as a function of coastal environments and ocea-
nographic dynamics through time114, we assume that the local ΔR
remained relatively stable throughout the period under considera-
tion. This assumption is supported by the fact that the ΔR value
applied in this study falls within the range of values recorded for
Santa Catarina between approximately 4000–3500 years ago and the
present day (–263 ± 46, –244 ± 53, –205 ± 80, –114 ± 25)115,116. How-
ever, we acknowledge that the available ΔR values for the Brazilian
coast were obtained through pairwise comparisons between marine
shells and terrestrial plant materials, and uncertainties remain as to
whether these corrections can be reliably applied to fish and marine
mammals, which feed across distinct ecological niches.

The radiocarbon dates of the human bone collagen samples were
modelled using a mixed curve (SHCal20117 and Marine20) to take into
account the variable intake of marine resources by these populations.
As observed by others31,63,118,119, the δ13C and δ15N values of human bone
collagen reflect three main dietary protein sources: marine resources,
terrestrial C3 animals and terrestrial C3 plants (Supplementary Fig. 1).
Based on the distribution of δ13C values and assuming that the highest
(–11.22‰ and –11.74‰) and lowest (–22.80‰ and –22.60‰) values
correspond to 100% and 0% marine protein intake respectively (here
assumed to be the equivalent of the contribution of marine carbon to
collagen), a linear equation was obtained to estimate the percentage
contribution of marine protein to the diet of each individual analysed
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in this study (Marine protein (%) = 89,034δ13C + 202.14). Although this
represents a relatively simple model, it allows for individual-level
estimations rather than relying on generalised dietary assumptions. To
account for uncertainties in this estimation, we applied a deviation of
±9% as reported by Toso et al.31. For one individual with no stable
isotopedata published byColonese et al.120, the contribution ofmarine
carbon to collagen was assumed to be 52 ± 9% as proposed by Toso
et al.31. For samples analysed by others, we used the published esti-
mates of marine carbon contribution to collagen reported in their
studies64. The modelled radiocarbon dates used the same local ΔR
value of −126 ± 29, as applied to the Delphinidae bone collagen.

Southern Hemisphere humpback whales feed primarily on krill
(Euphausia superba) in Antarctic waters before migrating to lower
latitude breeding regions121. Bone collagen δ13C values of samples
herein analysed ranged from –22.39‰ to –19.39‰ after correcting for
trophic fractionation (–3.11‰)122, matching values reported for krill
collected between the western Antarctic Peninsula121 and the southern
Patagonian Shelf123. Radiocarbon dates of humpback whale bone col-
lagen were thus calibrated using the 100% Marine20 curve and the
average radiocarbon reservoir correction value (ΔR) of 443 ± 135 for
the western Antarctic Peninsula124. Southern right whales feed on
pelagic copepods and krill across the Southern Hemisphere125,126. Bone
collagen δ13C values herein ranged from −18.62‰ to −17.05‰ after
correcting for trophic fractionation, reflecting food sources in the
Patagonian shelf123. Radiocarbon dates of southern right whale bone
collagenwere therefore calibrated using the 100%Marine20 curve and
the average radiocarbon reservoir correction value (ΔR) of 448 ± 33,
obtained from 10 open sea reference points along the Argentinean
Patagonia coast127. Calibrations were performed in OxCal 4.4
online128,129 and radiocarbon dates were rounded to 10 years. Radio-
carbon results are presented in Supplementary Data 1 and plots of
reservoir-corrected calibrated radiocarbon ages forhuman andmarine
mammal bones are reported in Supplementary Fig. 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this
published article (and its Supplementary Information files). MALDI
spectra have been deposited in Zenodo: https://doi.org/10.5281/
zenodo.15024595. All analysed samples, including those used for
radiocarbon dating, are curated at the Museu Arqueológico de Sam-
baqui de Joinville (MASJ). Fernanda Mara Borba serves as the main
curator and is a co-author of this manuscript.
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