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Abstract

Some of the oldest coastal pottery in South America is found in the Pampas region of south-
ern Brazil, Uruguay and Argentina. In the region’s extensive estuarine systems pre-colonial
indigenous groups built earthen mounds, known as Cerritos, from ca. 4700 BP. The Cerritos
have multifunctional purposes, and while pottery was widely used, its role in the economic
or ritual life of the mound builders remains uncertain. Intriguingly, molecular and isotopic
characterization of food residues from Cerritos ceramics shows that vessels were used for
either cooking estuarine fish, or plant products. Microbial-derived lipids were predominantly
associated with the latter, suggesting that plants were fermented, presumably to make alco-
holic beverages. We suggest that dispersed communities were drawn to the mounds sea-
sonally to exploit and celebrate the return of migrating fish. This finding is supported by the
diversity of stable isotope values of human remains recovered from Cerritos and sheds new
light on the lifeways of these pre-colonial groups.

Introduction

Coastal wetlands are among the most biologically productive ecosystems in the world, having
supported longstanding Indigenous communities in pre-colonial South America for thousands
of years [1-3]. Patos Lagoon in southern Brazil provides examples of complex human-coastal
wetland and grasslands interaction during the Late Holocene [1, 4, 5], a human-environment
connection that was all but wiped out with European colonization from the 16 century.
Today, our understanding of this lost connection relies solely on the valuable insights provided
by the extensive regional archaeological record, and a few historical documents. Since ca. 3,500
years ago Patos Lagoon was occupied by the builders of distinctive earthen mounds locally
known as Cerritos de Indios or aterros (Fig 1 and S1 Fig). The sites are the local expression of a
larger cultural phenomenon that spread out across the Pampas biome of Uruguay, Argentina,
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and Brazil. They consist of organic-rich sediments of "dark earth" containing scattered archae-
ological remains such as pottery, lithics, botanicals, fauna, human bones, and teeth [4]. Cerritos
date between 4700 to 200 cal BP and are found both isolated and in clusters. These clusters can
incorporate up to a hundred mounds with circular or elliptical shapes. Mound diameters range
from 30 to 60 m, and can be shallow, with only a few cm in height, or tall, up to seven meters
[4, 6]. Their function remains elusive, variously interpreted as domestic, ceremonial sites,
campsites, and cultivation plots [6-8]. Based on their location in areas that are subject to flood-
ing, it has been suggested that Cerritos mounds provided a unique engineering adaptation to
the local environment [9, 10]. There is evidence that these sites were the result of systematic
seasonal occupations [4, 5], however, a few sites also contain stratigraphic layers, activity areas
(fires, human burials, refuse, pits), and structural buildings, suggesting that these mounds were
architectural planes for daily life and ritual purposes. Some sites were articulated to other struc-
tures such as micro-reliefs (mounds less than 30 cm in height), elongated platforms, borrow
pits, tracks, pathways, and artificial lakes compounding archaeological complexes [4-9].
Human remains at these sites are scarce, and when found, they are often highly frag-
mented and disarticulated [11, 12]. This hampers the ability to obtain basic demographic
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Fig 1. Map of South America, with the location of Cerritos sites in Patos Lagoon (yellow), study site highlighted in red. Map generated using ArcGIS 10.8
and Inkscape 1.1.2. We used publicly available data (CC BY 4.0) data from World Bank’s Data Catalog (https://datacatalog.worldbank.org/search/dataset/
0038272/World-Bank-Official-Boundaries), Flanders Marine Institute (www.marineregions.org), and NASA/JPL-Caltech (adapted from https://www.jpl.nasa.
gov/images/pia03388-south-america-shaded-relief-and-colored-height).

https://doi.org/10.1371/journal.pone.0311192.9001
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information and insights into individual life histories, such as health and nutritional condi-
tions. Stable carbon and nitrogen isotopic analysis of human bone from the earthen mounds
of Uruguay [13], and the Parana River delta in Argentina [14] suggests the Cerritos (Goya-
Malabrigo tradition) had a mixed economy based on C; plants, fish and terrestrial animals,
while in the south Brazilian inland maize possibly contributed to the diet [15]. At Pontal da
Barra, situated in the estuary of Patos Lagoon, southern Brazil, isotope analysis of 20 individ-
uals showed the importance of aquatic resources (marine/estuary/freshwater) but also
revealed great diversity in dietary regimes ranging from C; plants/freshwater fish to marine
and even a C4-based diet in one individual [5, 16]. The nature of this dietary variability
remains uncertain, potentially stemming from exogenous factors such as long-distance social
interactions, as well as endogenous processes including local social inequalities and food
restrictions [5, 16].

Significantly, Cerritos in the Patos Lagoon area contains some of the earliest ceramic arti-
facts in southern Brazil, dating to ca. 3,000 cal BP [16-18]. Reconstructions and technological
analysis of Cerritos pottery indicate predominantly plain, small bowl-like vessels with minor
variations in surface treatments and made with local raw materials [10, 17, 19, 20]. These arti-
facts are contemporaneous to early ceramic vessels at the sites of Potrerillo de Santa Tereza
and Craneo Marcado in Uruguay [19, 21] where phytoliths of palm fruits (Butia capitata), can-
nanaceas (Canaa sp.) as well as maize (Zea mays L.), cucurbitas squash (Cucurbita sp.), and
beans (Phaseolus sp.) were identified on ceramic surfaces [19]. Overall, the function of these
small ceramic vessels was proposed to have been mainly utilitarian, for cooking, storage, or
serving ware [10, 19]. Other interpretations suggest that Cerritos pottery was used to process
fish either for immediate consumption or for extended preservation, this is in line with abun-
dant fish remains at sites [4, 10]. However, ceramic artifacts found in funerary contexts suggest
they also had a ceremonial value [11, 22].

Here we analyzed lipid residues preserved in 54 pottery sherds recently retrieved from two
mostly contemporaneous Cerritos in Pontal da Barra, southern Brazil: PSG-02 (1859-1280 cal
BP) and PSG-07 (2340-1214 cal BP, Fig 1) [16, 17]. The sites belong to an aggregation of 24
Cerritos, of which five were recently excavated and several multidisciplinary studies were
applied to the archaeological remains [5, 11, 16, 17], making this an excellent case study to
gain insights into the function of pottery in order to advance our understanding of the econ-
omy and overall role of the Cerritos in the Patos Lagoon region. In particular, we aim to assess
the role of wetland resources, notably fish, in the longstanding debate on the economic foun-
dation of Cerritos’ society.

Materials and methods

Fifty-four pottery sherds from the site of Pontal da Barra in Patos Lagoon, southern Brazil
were analyzed by organic residue analysis. Permits for organic residue analysis were obtained
from the Instituto do Patrimonio Historico e Artistico Nacional (IPHAN, protocol
01510.000608/2021-80, 01512.000594/2020-01, 01510.000612/2020-67, 01510.000422/2022-
10). We compared our data to modern reference samples of fish (bone), obtained from Babi-
tonga Bay in Brazil (52 Table). Modern fish samples, previously analyzed by Fossile et al. [23]
were commercially acquired in Joinville between 2018 and 2019 and registered in the Sistema
Nacional de Gestio do Patrimo6nio Genético e do Conhecimento Tradicional Associado (Sis-
Gen, n°. RF54A7C and R22244B) following article 22 of Decree 8.772, of May 11, 2016. Infor-
mation regarding the ethical, cultural, and scientific considerations specific to inclusivity in
global research is included in the S1 Checklist.
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Organic residue analysis

Pottery (S1 Table) and modern fish bone (S2 Table) samples were extracted using acidified
methanol and following existing protocols [24]. Briefly, after mechanically cleaning the pottery
surface to avoid contamination (removal of ca. 1 mm of the surface), ceramic powder samples
of ca. 1 g were obtained by drilling into the pottery sherd (ca. 2-5 mm). The modern fish
bones (see S2 Table) were solvent-washed (3x 2 mL dichloromethane/methanol 2:1 v/v) before
acidified methanol extraction of ca. 1 g of sample. Four mL of methanol was added to all sam-
ples (including a standard and blank per batch) and sonicated for 15 min after which 800 uL
sulfuric acid was added. The samples were subsequently heated for 4 hours at 70 °C. Lipids
were extracted with n-hexane (3 x 2 mL). Seven samples were also solvent extracted [25]. In
short, the ceramic powder (ca. 1 g) was extracted using a dichloromethane/methanol 2:1 v/v
mixture (3x 2 mL). Subsequently, the acid and solvent extracts were derivatized to their TMS
esters using N, O-bis(trimethylsilyl) trifluoroacetamide (BSTFA). Samples were then analyzed
by GC-flame ionization detection (GC-FID), GC-MS, and GC-C-IRMS (see S1 File for details).
To facilitate comparison with our archaeological pottery data, modern §'°C isotope values of
reference materials were corrected for the Suess effect, taking into account the year of death of
the animal. Moreover, we estimated that the contribution of post-industrial carbon in the
modern marine animal was 50% [26].

Statistical analysis and mapping

Statistical analysis (Pearson R) was performed using R Studio (version 2022.07.2). The map
(Fig 1) was generated using ArcGIS 10.8 (https://desktop.arcgis.com/en/) and Inkscape
(https://inkscape.org/) on data publicly available (CC-BY NC 4.0) from i) GeoWeb Embrapa
(https://mapas.cnpm.embrapa.br/apps/site_aquicultura/#/map), ii) the Flanders Marine Insti-
tute (www.marineregions.org), and iii) NASA/JPL-Caltech (https://www.jpl.nasa.gov/images/
pia03388-south-america-shaded-relief-and-colored-height).

Results

We analyzed the organic residues preserved in 54 pottery sherds from Cerritos PSG-02

(n = 30, of a total of 1220 sherds) and PSG-07 (n = 24, of a total of 864) in Pontal da Barra,
southern Brazil. Sherds were selected from different layers and units throughout the sites aim-
ing to avoid multiple sampling of the same vessel. Preservation was sufficient for interpretation
(> 5ugg") in all samples and lipid concentrations range from 7 to 988 pg g (mean = 144 pg
g’!) (S1 Table). Through the combined analysis of the molecular composition of the samples
and the bimodal distribution of the stable carbon isotope values of palmitic (C,9) and stearic
acid (Cyg,0), we distinguished two main uses of the Cerritos pottery: 1) aquatic (marine/estua-
rine), reflected in high §'°C values of palmitic and stearic acids, high lipid concentrations, and
the presence of aquatic biomarkers; and 2) plants, reflected in low lipid concentrations, low
8"C values of palmitic and stearic acids for C; plants (with the exception of three samples
potentially reflecting the processing of maize and portraying high 8'°C,4, and 8'°C; g, values),
plant biomarkers, and ketones (K,9 33). These groups are discussed in detail below.

Marine products

Eight of 54 samples (14.8%) had aquatic biomarkers in the form of w-(o-alkylphenyl) alkanoic
acids (APAAs) with a Cyg14 ratio of >0.06 [27], or dihydroxy acids (DHAs). These com-
pounds are formed from mono-, di-, and tri-unsaturated fatty acids present in aquatic oils.
Specifically, APAAs will form when these compounds are subjected to prolonged heating
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Fig 2. Carbon isotope values of palmitic (C,¢.0) and stearic (C,g.0) acid of Cerritos ceramics from Pontal da Barra.
Red = PSG-02; yellow = PSG-07, against 68% confidence ellipses based on modern reference materials (see S2 Table)
and as a density plot illustrating the two use categories of Cerritos pottery. Star shapes refer to samples containing
aquatic biomarkers in the form of APAAs with a Cy,;5 ratio of >0.06 [27], symbol size reflects lipid concentrations.

https://doi.org/10.1371/journal.pone.0311192.9002

[27-30]. Interestingly, nearly all of the samples with APAAs occur in Cerritos PSG-07, indicat-
ing that aquatic resources were extensively heat processed in the ceramics from this mound. A
total of 25 samples (46%), equally distributed across the two mounds, presented further evi-
dence for the presence of aquatic resources in these pots, reflected in the abundance of the
SRR diastereomer of phytanic acid (SRR% >75.5) and the presence of TMTD [31]. The molec-
ular evidence is further supported by high 8"2C values of C,¢. and C,g.9, with values plotting
in the range of modern reference fats of marine and estuarine species. These samples (n = 30)
presented high lipid concentrations (mean = 236 ug g, see Fig 2). Indeed, we observe a strong
correlation between lipid concentrations and 8'°C values (Pearson r = 0.576, df = 49, t = 4936,
p = <0.05) in our data (Figs 2 and 3, S1 Table).

C; plants

Samples with low 8"2C values of Cy¢,0 and Cg.0 along with low lipid concentrations (n = 21,
mean = 17 ug g™') are consistent with the processing of C; plants compared to other terrestrial
products. Plant biomarkers (Stigmasterol, B-Sitosterol, and B-Amyrin) were present in six
samples, and five samples yielded high proportions of lauric acid (C,.) relative to the other
saturated fatty acids (Ci4.0_1s.0), possibly reflecting the processing of palm kernel oil in these
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of the samples as aquatic, maize and/or C; plants; the potential of mixing in samples based on the offset of the isotopic values of Cy¢, and C, g, fatty acids [45];
lipid concentration (> 100 ug 1); presence of heating markers: APAAs, ketones, and retene [28]; hopanes [35]; plant biomarkers (sterols, terpenes, APAA E/H
ratio [27], and high % C,, reflecting the potential presence of palm products [30]; P/S ratios over 4 from fatty acids and reconstituted P/S ratios from ketones
[37]; the presence of n-dotriacontanol [40]; abietic acid and derivatives [34]; high and low 8'3C values of fatty acids and ketones (the latter only in sample 771);
and the presence of aquatic biomarkers (APAAs Cyg,;5 ratio > 0.06, and SRR isomer >75.5% [31]).

https://doi.org/10.1371/journal.pone.0311192.9003

vessels [32, 33]. Abietic acid derivatives (dehydroabietic acid, 7-oxo-dehydroabietic acid and
retene) were present in 28 samples (5 in trace amounts), which may indicate the use of conifer-
ous resins for coating or sealing pottery [34, 35], while these compounds may also enter the
ceramic matrix through firing or cooking using wood as fuel [36]. Eighteen samples contained
mid-chain ketones Kyq 33, of which 16 had reconstituted P/S ratios of 2.1-5.4 presenting good
evidence for the plant origin of these heating markers as ketones are unlikely to be affected by
diagenesis [37]. Several samples (n = 7) had large abundances of n-alkanes with average chain
lengths (ACL) ranging from 26.6 to 31.2, a carbon preference index (CPI) of 0.98 to 1.03 indi-
cates that these n-alkanes are likely derived from a petroleum source and are therefore likely
the result of contamination [38-40].

Maize

Long-chain n-alkanols including n-dotriacontanol (Cs,), were observed in 19 samples. Of these,
13 had high 8"°C values of palmitic and stearic acid (Figs 2 and 3), and 9 of those lacked aquatic
biomarkers and had relatively low lipid concentrations (mean = 93 pug g'). Two of these samples
had mid-chain ketones with reconstituted P/S ratios (4.1 and 6.8) reflective of plants. While the

abundance of the n-dotriacontanol was not sufficient to directly measure its isotopic value,
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considering the other evidence, we cautiously interpret these samples as potentially representing
the processing of maize [41-43]. In one sample (PSG-02-771) we were able to measure the §'°C
values of ketones K3; and K33, which confirmed a C, plant origin with high 8"°C values (ca.
-22%o). Interestingly, the §'C values of the free fatty acids in this sample were comparable to
those of C; plants (ca. -28%eo, see S1 Table). Other evidence also points to the processing of
plants in this sample (e.g., low lipid concentration of 23 pg g™, high lauric acid %, and a high

P/S ratio of 6.2) and might reflect the mixing of C; and C, plant products. Interestingly,
although oleic acid (Cyg,;) is generally abundant in plants (e.g. maize, palm kernel and pulp,
nuts, tubers, beans, squash), it is absent in most Cerritos samples (n = 52), perhaps due to degra-
dation. Likewise, diacid Co,, a degradation product of oleic acid, is also absent in these samples.

Heating markers

The majority of samples (n = 33, 61%) have evidence of thermally altered lipids, providing
unequivocal evidence for the heat transformation of products during cooking. These include
mid-chain ketones, formed from the heating of animal and/or plant oils [44, 45], APAAs as
described [27, 28]; and retene, formed from heating coniferous resins [34]. Interestingly, 19 of
the 20 samples that yielded mid-chain ketones were from mound PSG-02 as are 7 of the 11
samples containing retene. In contrast, 8 of 10 samples with APAAs were from PSG-07, which
points to different processing/cooking methods between the two locations. As ketones are
formed at higher temperatures than APAAs [27, 28, 43, 44] this may reflect differences in the
heat applied to the vessels. While the relationship between the formation of heating markers
and the culinary processes/cooking techniques is not yet fully understood, and further experi-
mental work is needed, we observe interesting patterns in the distribution of heating markers
in the Pontal da Barra pottery assemblage. Only one sample (PSG7-790) yielded both ketones
and APAAs. APAAs are mainly limited to marine samples (9 out of 10), while ketones and
retene seem to occur predominantly in samples interpreted as C; plants or maize, suggesting
that these products were subjected to different culinary processes.

Discussion
Specialized use of pottery by the Cerritos mound builders of Patos Lagoon

The organic residue analysis of Cerritos pottery from Patos Lagoon revealed two main prod-
ucts: marine resources and plants, the latter including maize. Interestingly, there is only lim-
ited evidence for mixing of these two sources. Based on our results, we hypothesize that
pottery at Pontal da Barra was deliberately produced for the processing and consumption of
these specific resources in the context of seasonal harvesting of fish and feasting, much in the
way that the Guarani produced pottery specifically for feasting events [52]. The distribution of
heat altered lipids shows that specific modes of cooking were deployed and that these had a
spatial dimension with differences between mounds. The use of utilitarian cooking pots
reflecting the co-, or sequential, processing of different plant and animal products, as exten-
sively documented at ceramic Atlantic forest sites [45], is less well supported here. Further-
more, terrestrial animal fats were not apparent despite the presence of ruminant animals and
rodents in the faunal assemblage [5]. So why were marine fish only found in a selection of pots
analyzed, and why were these rarely found mixed with wild or cultivated plants?

Feasting on fish

One explanation is that the usage patterns are the results of seasonal or episodic use of pottery
when fish were in high abundance. The whitemouth croaker (Micropogonias furnieri) is a
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coastal/estuarine teleost fish that often dominates the faunal assemblage at Cerritos mounds.
These were likely caught together with marine catfish (Genidens sp.) during the summer
spawning season, when they are at particularly high abundance [17, 46, 47]. Although no sea-
sonality data is available at the Cerritos sites, studies of whitemouth croaker otoliths from mid-
to late-Holocene sites in the northern Rio Negro in Argentina consistently show that they were
captured between November and January [48]. We suggest that Cerritos pottery was, at least
in part, produced to maximize the return from these seasonally abundant fish, through pro-
cessing for long-term preservation. Investment in pottery production in anticipation of sea-
sonal aquatic resources is thought to be a major driver for its uptake in north-eastern North
America, where it is proposed that dispersed groups aggregated at certain times of the year to
participate in collective mass harvesting of fish and undertake other social activities, such as
funerals and marriages [49], a practice also known from other areas [50].

A similar socio-economic mechanism might explain the appearance of pottery at the Cerri-
tos mounds. Hayden emphasizes the role of pottery, over other organic containers, as a pres-
tige technology that would have been overtly displayed during competitive feasts [51].
Although seasonal occupation of the Cerritos was proposed decades ago [10] and dismissed
more recently in favor of a more permanent settlement [5, 17], we argue that some aspects of
the activities at these mounds, particularly associated with harvesting, fishing, and feasting,
may indeed have had a seasonal component. This hypothesis is supported by the stable isotope
analysis of human remains recovered from the Patos Lagoon Cerritos, not reflecting the con-
sumption on site, but showing that individuals had distinct dietary histories, with a substantial
number of predominantly terrestrial consumers, indicative of a broad social catchment [5]. It
is likely that individuals from outside the coastal community either visited the site, or else their
remains were brought to the site for secondary burial. Evidence of funerary activity fits well
with seasonal feasting dictated by the annual return of spawning fish.

Seasonal aggregation for intensive aquatic resource exploitation invites questions regarding
the role of pottery in the processing, storage, and consumption of fish products. Heating mark-
ers were found in approximately half the pots with fish (11 of 21), which might be the result of
the extraction of fish ‘meal’ (or ‘flour’) or the rendering of oil, but equally as fish stews, likely
for more immediate consumption. Historic indigenous groups on the coast of Brazil were
observed to have used pottery for these purposes [52]. The absence of heating markers in pots
containing marine oils is intriguing since they are readily formed when heated [27]. It is possi-
ble that fish were fermented rather than cooked to facilitate their long(er)-term storage.
Although pottery is an abundant find at Pontal da Barra, regrettably, it consists mainly of
small, fragmented sherds of plain ceramics, preventing reconstruction of vessel shape and vol-
ume to investigate specialized use in more detail. Traits such as fabric (mainly coarse inclu-
sions of quartz and feldspar) or surface treatments (mainly smooth surfaces) also did not allow
for discrimination between samples. Sherd thickness shows no correlation to our results (iso-
topic values: Pearson r = -0.0098, df = 31, p = 0.958; lipid concentration: Pearson r = -0.18,
df = 31, p = 0.321; interpretation categories: Pearson r = 0.15, df = 30, p = 0.422; and aquatic
biomarkers: Pearson r = -0.33, df = 32, p = 0.052).

Fermentation of plants?

A range of C; and C, plants such as squash, beans, tubers, palm, peanuts, and maize, were
widely exploited by the Cerritos mound builders, as shown by archaeobotanical research [4, 6,
13, 19, 53, 54]. We were able to corroborate evidence for maize in a limited number of vessels
(9 potentially, 4 more confidently: see Fig 3). Distinguishing different C; plants is more chal-
lenging, and we expect that starch rich tubers, legumes, and squashes leave minimal lipid
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residues due to their very low lipid content. High abundances of lauric acid in five samples are
consistent with palm kernel oil, this is supported by the presence of lithic artifacts at the Cerri-
tos sites known as quebra-coquinhos, used for breaking open the butia nuts of palm trees [21].

The presence of heating markers associated with plant residues in PSG-002 and their
absence in PSG-007 is intriguing and suggests that plants were treated differently spatially at
Pontal da Barra. Cooking or roasting was often an important step in the preparation of fer-
mented beverages among Brazilian indigenous groups, especially for the fermentation of cas-
sava and maize based beverages [55, 56]. Heating is, however, not a requirement for
fermentation. The lack of heating markers in mound PSG-007 may reflect the use of a different
fermentation technique or a different use of the pottery altogether, for example for storage or
as serving ware. In indigenous fermentation practices bowls are known to have been used to
collect chewed plant materials, the saliva containing the Diastase enzyme which aids in the fer-
mentation process as it allows the conversion of starches to sugars [55, 56]. Hopanes (Csg_35),
with a base peak of m/z 191, previously interpreted as markers of fermentation [35, 57], were
found in pots with both C; plant and maize residues (see Fig 3; S1 Table). These compounds
are the degradation products of bacteriohopanoids derived from a wide range of bacteria, and
as such, are ubiquitous in soils as well as modern and ancient sediments and may also derive
from petroleum products [58]. While their occurrence does not correspond to pots with or
without heating markers, it is noteworthy that these compounds are rarely present in vessels
containing aquatic derived lipids (n = 1). Similarly, all samples with hopanes also contain the
diterpenoid, abietic acid, derived from conifer resin, and the latter is dominant in samples
with plant residues (Fig 3). It might be that conifer resins were used as liners to seal vessels
used to hold or ferment liquids [35]. Although the evidence for fermentation is not conclusive,
the correspondence between plant biomarkers, conifer resin and bacterial derived lipids is
intriguing.

There is ample historical evidence of fermentation by Indigenous groups of the South
American lowlands. The sap of the Acuri or Buriti palm is documented to have been fer-
mented by the Guatd from the Pantanal biome, while the Coroados from southern Brazil used
to extract and ferment tree sap from the trunk of the palm tree [59, 60]. Guarani groups also
made a fermented beverage (Mapuita Rykueof) of palm (Syagrus romanzoffiana) named Pindo
[61, 62]. Today, the mel do butid (honey of the palm fruit) is used as a syrup for respiratory dis-
eases and as an alcoholic drink, linking recent history to the past traditional indigenous use of
this plant [63]. Among the Guarani, fermented beverages are thought to have played an impor-
tant role in rituals [52] and were essential for forging political relationships between groups,
allowing them to mobilize, control, and spread manpower [64]. They are suggested to have
played a major role in the spread and adoption of pottery in South America [65]. Given the
other evidence, the potential role of fermented beverages in feasting during periods of seasonal
aggregation in Cerritos’ society is compelling.

Conclusion

The specialized pottery usage patterns described here for the Cerritos mound builders stand
out compared to previous studies of pottery by lowland coastal South American groups. While
the contemporary Taquara-Itararé pottery (ca. 1200-900 cal BP) found to the north of Patos
Lagoon in the coastal areas of Santa Catarina island, Babitonga Bay and Laguna was used to
process a range of marine/estuary resources, terrestrial animals and C; plants [26, 33, 45, 66],
frequent mixing of these resources shows a primarily utilitarian function. Similarly, pottery
use by the Guarani, that superseded the Cerritos of the Pampas and the Taquara-Itararé on the
Atlantic forest coast, shows extensive mixing of maize with terrestrial plants and animals.
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Guarani pottery, specifically from Patos Lagoon, is an interesting exception in that it was not
used for processing maize or marine resources, but instead was used to process Cs plants [45].
The reason for the absence of maize in Guarani pottery from this region remains unclear, but
likely sustainable cultivation was not possible in the saline environment [67]. While the pres-
ence of maize in Cerritos pottery, potentially as a fermented beverage, from the same region
may imply that it was brought to the site specifically for ritual feasting. We suggest that these
sites, at least in part, functioned as prominent monuments in a frequently flooded landscape
conducive to seasonal mass capture of fish, and that social aggregation and ritual feasting were
major activities. Pottery, perhaps as a prestige technology, was deeply integrated in this com-
plex socio-economic system. Therefore, this study contributes to a wider understanding of the
significance of coastal wetlands to pre-colonial indigenous societies in South America.
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S1 Fig. Aerial image showing the flooding location of the Cerritos from Pelotas, southern
Brazil: A) Pavao 01 site, located by the Sao Gongalo channel; B) the Pontal da Barra sites
between the Sao Gongalo channel and the Patos Lagoon (Images by Rafael Milheira).
(JPG)

S1 File. Supporting information. Supporting information Methods and Materials (instru-
mentation).
(DOCX)

S1 Table. ORA data Cerritos. Biomolecular and stable isotope results from Cerritos pottery
analysed in this study.
(XLSX)

S2 Table. Compound specific isotope reference data. Compound specific isotope values of
fatty acids from reference materials using in this study.
(XLSX)

S1 Checklist. Questionnaire on inclusivity in global research.
(DOCX)

Acknowledgments

The authors would like to thank Lizzie Hicks for the ceramicist analysis of the pottery, and
Matthew von Tersch and Jasmine Lundy for their assistance in the laboratory, and for the
maintenance of the instruments. We thank Thiago Fossile for generating the map used in Fig 1.

Author Contributions

Conceptualization: Marjolein Admiraal, André C. Colonese, Oliver E. Craig.
Data curation: Marjolein Admiraal.

Formal analysis: Marjolein Admiraal, Alice Di Muro, Helen Marie Talbot.
Funding acquisition: André C. Colonese.

Investigation: Marjolein Admiraal, André C. Colonese, Rafael Guedes Milheira, Alice Di
Muro, Oliver E. Craig.

Methodology: Marjolein Admiraal, Alice Di Muro, Helen Marie Talbot, Alexandre Lucquin,
Oliver E. Craig.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311192  February 5, 2025 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311192.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311192.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311192.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311192.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311192.s005
https://doi.org/10.1371/journal.pone.0311192

PLOS ONE

Function of ancient Cerritos pottery from southern Brazil

Project administration: André C. Colonese, Oliver E. Craig.

Resources: Rafael Guedes Milheira.

Supervision: André C. Colonese, Oliver E. Craig.

Visualization: Marjolein Admiraal, Rafael Guedes Milheira.

Writing - original draft: Marjolein Admiraal, Oliver E. Craig.

Writing - review & editing: Marjolein Admiraal, André C. Colonese, Rafael Guedes Milheira,

Oliver E. Craig.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

Iriarte J, Glaser B, Watling J, Wainwright A, Birk JJ, Renard D, et al. Late Holocene Neotropical agricul-
tural landscapes: phytolith and stable carbon isotope analysis of raised fields from French Guianan
coastal savannahs. J Archaeol Sci. 2010; 37: 2984-2994.

Schaan DP. The Nonagricultural Chiefdoms of Marajé Island. In: Silverman H, Isbell WH, editors. The
Handbook of South American Archaeology. New York, NY: Springer New York; 2008. pp. 339-357.

Beach T, Luzzadder-Beach S. Pre-Columbian People and the Wetlands in Central and South America.
In: Menotti F, O’'Sullivan A, editors. The Oxford Handbook of Wetland Archaeology. Oxford University
Press; 2013. pp. 82—-103.

Milheira RG, Gianotti Garcia C. The Earthen Mounds (Cerritos) of Southern Brazil and Uruguay. Ency-
clopedia of Global Archaeology. Cham: Springer; 2018. pp. 1-9.

Chanca |, Borges C, Colonese AC, Macario K, Toso A, Fontanals-Coll M, et al. Food and diet of the pre-
Columbian mound builders of the Patos Lagoon region in southern Brazil with stable isotope analysis. J
Archaeol Sci. 2021; 133: 105439.

Iriarte J. Landscape transformation, mounded villages and adopted cultigens: the rise of early Forma-
tive communities in south-eastern Uruguay. World Archaeol. 2006; 38: 644—663.

Suarez Villagran X, Gianotti C. Earthen mound formation in the Uruguayan lowlands (South America):
micromorphological analyses of the Pago Lindo archaeological complex. J Archaeol Sci. 2013; 40:
1093-1107.

Gianotti C, Criado-Boado F, Lépez Mazz JM. Arqueologia del Paisaje: la construccion de cerritos en
Uruguay. Excavaciones en el exterior 2007 Informes y trabajos 1. Ministerio de Cultura; 2008.
pp. 177—-185.

Ferrés C. Los terremotos de los indios. Revista de la Sociedad Amigos de la Arqueologia.
1927. pp. 139-149.

Schmitz PI. Sitios de pesca lacustre em Rio Grande, RS, Brasil. PhD, UNISINOS, S&o Leopoldo. 1976.

Milheira RG, Ferreira GR. Bioarqueologia dos cerritos do Rio Grande do Sul, Brasil. Rev Mus Arqueol
Etnol. 2023; 189-214.

Lopez Mazz JM. El Paisaje Prehistérico pre Guenoa-Minuan. In: Lopez Mazz JM, Bracco D, editors.
Minuanos Apuntes y notas para la historia y la arqueologia del territorio Guenoa-Minuan (indigenas de
Uruguay, Argentina y Brasil). Linardi y Risso, Montevideo; 2010. pp. 253-274.

Del Puerto L. Interrelaciones humano-ambientales durante el Holoceno tardio en el este del Uruguay:
cambio climatico y dindmica cultural. PhD, Universidad de la Republica (Uruguay). 2015. https://www.
colibri.udelar.edu.uy/jspui/handle/20.500.12008/8184

Bonomo M, Scabuzzo C, Politis GG, Zucol AF. Stable carbon and nitrogen isotope studies in the
Parand River delta (Argentina): an approach to prehispanic diets. Latin American Antiquity. 2017; 28:
105-126.

Loponte D, Carbonera M. From the Atlantic coast to the lowland forests: Stable isotope analysis of the
diet of forager—horticulturists in southern Brazil. Int J Osteoarchaeol. 2021. https://doi.org/10.1002/0a.
3037

Milheira RG, Macario KD, Chanca IS, Alves EQ. Archaeological Earthen Mound Complex in Patos
Lagoon, Southern Brazil: Chronological Model and Freshwater Influence. Radiocarbon. 2017; 59:
195-214.

Milheira RG, Attorre T, Borges C. Construtores de cerritos na Laguna Dos Patos, Pontal da Barra, sul
do Brasil: lugar persistente, territorio e ambiente construido no Holoceno recente. Latin American Antig-
uity. 2019; 30: 35-54.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311192  February 5, 2025 11/14


https://www.colibri.udelar.edu.uy/jspui/handle/20.500.12008/8184
https://www.colibri.udelar.edu.uy/jspui/handle/20.500.12008/8184
https://doi.org/10.1002/oa.3037
https://doi.org/10.1002/oa.3037
https://doi.org/10.1371/journal.pone.0311192

PLOS ONE

Function of ancient Cerritos pottery from southern Brazil

18.

19.

20.
21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bocksar RB, Duarte C, Gascue A, Bortolotto N, Milheira RG, Gutiérrez O, et al. Comparacion de los pro-
cesos de acrecion de los monticulos de Cafiada Saldafia y cuenca de la Laguna Merin a través de data-
ciones luminiscentes. Rev Cad CEOM. 2022; 35: 29-51.

Capdepont |, Inda H, del Puerto L. Caracterizacion tecnoldgica y funcional del material ceramico
arqueoldgico de la cuenca de la Laguna de Castillos (Rocha-Uruguay). Del mar a los salitrales: Diez mil
anos de historia Pampeana en el umbral del tercer milenio Mar del Plata: Facultad de Humanidades.
2002; 41-50.

Ribeiro BLR. A Tradicao Vieira vista de outra perspectiva. Revista de Arqueologia. 2016; 29: 114—135.

Mazz JML, Dabezies JM, Capdepont I. La Gestion de Recursos Vegetales En Las Poblaciones Prehis-
téricas de Las Tierras Bajas Del Sureste Del Uruguay: Un Abordaje Multidisciplinar. Latin American
Antiquity. 2014; 25: 256-277.

Ulguim VF. “Contato entre maos e dguas”: uma abordagem zooarqueoldgica sobre os artefatos 6sseos
do Cerrito Moreira 1—Capao do Leao/RS. Universidade Federal de Pelotas. 2022. http://www.
repositorio.ufpel.edu.br/handle/prefix/9346

Fossile T, McGrath K, Comes P, Villanueva J, Sayle KL, Gilson S-P, et al. The historical ecology of sub-
sistence and early commercial fisheries in mangrove systems in Brazil. J Archaeol Sci. 2024; 166:
105986.

Papakosta V, Smittenberg RH, Gibbs K, Jordan P, Isaksson S. Extraction and derivatization of
absorbed lipid residues from very small and very old samples of ceramic potsherds for molecular analy-
sis by gas chromatography-mass spectrometry (GC-MS) and single compound stable carbon isotope
analysis by gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS). Micro-
chem J. 2015; 123: 196-200.

Evershed RP, Heron C, Goad J. Analysis of Organic Residues of Archaeological Origin by High-temper-
ature Gas Chromatography and Gas Chromatography Mass Spectrometry. Analyst. 1990; 115: 1339—
1342.

Hellevang H, Aagaard P. Constraints on natural global atmospheric CO2 fluxes from 1860 to 2010
using a simplified explicit forward model. Sci Rep. 2015; 5: 17352. https://doi.org/10.1038/srep17352
PMID: 26611741

Bondetti M, Scott E, Courel B, Lucquin A, Shoda S, Lundy J, et al. Investigating the formation and diag-
nostic value of w-(0-alkylphenyl)alkanoic acids in ancient pottery. Archaeometry. 2021; 63: 594—-608.

Hansel FA, Copley MS, Madureira LAS, Evershed RP. Thermally produced w-(o-alkylphenyl)alkanoic
acids provide evidence for the processing of marine products in archaeological pottery vessels. Tetra-
hedron Lett. 2004; 45: 2999-3002.

Hansel FA, Evershed RP. Formation of dihydroxy acids from Z-monounsaturated alkenoic acids and
their use as biomarkers for the processing of marine commodities in archaeological pottery vessels.
Tetrahedron Lett. 2009; 50: 5562—-5564.

Hansel FA, Bull ID, Evershed RP. Gas chromatographic mass spectrometric detection of dihydroxy
fatty acids preserved in the “bound” phase of organic residues of archaeological pottery vessels.
Rapid Commun Mass Spectrom. 2011; 25: 1893—1898. https://doi.org/10.1002/rcm.5038 PMID:
21638365

Lucquin A, Colonese AC, Farrell TFG, Craig OE. Utilising phytanic acid diastereomers for the character-
isation of archaeological lipid residues in pottery samples. Tetrahedron Lett. 2016; 57: 703—707.

Copley MS, Rose PJ, Clapham A, Edwards DN, Horton MC, Evershed RP. Detection of palm fruit lipids
in archaeological pottery from Qasr Ibrim, Egyptian Nubia. Proc Biol Sci. 2001; 268: 593-597. https:/
doi.org/10.1098/rspb.2000.1394 PMID: 11297176

Colonese AC, Collins M, Lucquin A, Eustace M, Hancock Y, de Alimeida Rocha Ponzoni R, et al. Long-
term resilience of late holocene coastal subsistence system in Southeastern South america. PLoS One.
2014; 9: e93854. https://doi.org/10.1371/journal.pone.0093854 PMID: 24718458

Regert M, Devise T, Le H A-S, Rougeulle A. Reconstructing ancient Yemeni commercial routes during
the middle ages using structural characterization of terpenoid resins. Archaeometry. 2008; 50: 668—
695.

Correa-Ascencio M, Robertson IG, Cabrera-Cortés O, Cabrera-Castro R, Evershed RP. Pulque pro-
duction from fermented agave sap as a dietary supplement in Prehispanic Mesoamerica. Proceedings
of the National Academy of Sciences. 2014; 111: 14223-14228. https://doi.org/10.1073/pnas.
1408339111 PMID: 25225408

Simoneit BRT, Rogge WF, Lang Q, Jaffé R. Molecular characterization of smoke from campfire burning
of pine wood (Pinus elliottii). Chemosphere—Global Change Science. 2000; 2: 107—122.

Baeten J, Jervis B, De Vos D, Waelkens M. Molecular evidence for the mixing of Meat, Fish and Vegeta-
bles in Anglo-Saxon coarseware from Hamwic, UK. Archaeometry. 2013; 55: 1150-1174.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311192  February 5, 2025 12/14


http://www.repositorio.ufpel.edu.br/handle/prefix/9346
http://www.repositorio.ufpel.edu.br/handle/prefix/9346
https://doi.org/10.1038/srep17352
http://www.ncbi.nlm.nih.gov/pubmed/26611741
https://doi.org/10.1002/rcm.5038
http://www.ncbi.nlm.nih.gov/pubmed/21638365
https://doi.org/10.1098/rspb.2000.1394
https://doi.org/10.1098/rspb.2000.1394
http://www.ncbi.nlm.nih.gov/pubmed/11297176
https://doi.org/10.1371/journal.pone.0093854
http://www.ncbi.nlm.nih.gov/pubmed/24718458
https://doi.org/10.1073/pnas.1408339111
https://doi.org/10.1073/pnas.1408339111
http://www.ncbi.nlm.nih.gov/pubmed/25225408
https://doi.org/10.1371/journal.pone.0311192

PLOS ONE

Function of ancient Cerritos pottery from southern Brazil

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Diefendorf AF, Freeman KH, Wing SL, Graham HV. Production of n-alkyl lipids in living plants and impli-
cations for the geologic past. Geochim Cosmochim Acta. 2011; 75: 7472—-7485.

Dunne J, Mercuri AM, Evershed RP, Bruni S, di Lernia S. Earliest direct evidence of plant processing in
prehistoric Saharan pottery. Nat Plants. 2016; 3: 16194. https://doi.org/10.1038/nplants.2016.194
PMID: 27991880

Reber EA, Dudd SN, Van der Merwe NJ, Evershed RP. Direct detection of maize in pottery residues via
compound specific stable carbon isotope analysis. Antiquity. 2004; 78: 682—691.

Reber EA, Evershed RP. Identification of maize in absorbed organic residues: a cautionary tale. J
Archaeol Sci. 2004; 31: 399—-410.

Reber EA, Evershed RP. How did Mississippians prepare maize? The application of compound-specific
carbon isotope analysis to absorbed pottery residues from several Mississippi valley sites. Archaeome-
try. 2004; 46: 19-33.

Raven AM, van Bergen PF, Stott AW, Dudd SN, Evershed RP. Formation of long-chain ketones in
archaeological pottery vessels by pyrolysis of acyl lipids. J Anal Appl Pyrolysis. 1997; 40—41: 267-285.

Evershed RP, Stott AW, Raven A, Dudd SN, Charters S, Leyden A. Formation of long-chain ketones in
ancient pottery vessels by pyrolysis of acyl lipids. Tetrahedron Lett. 1995; 36: 8875-8878.

Admiraal M, Colonese AC, Milheira RG, da Rocha Bandeira D, Demathe A, Pereira dos Santos AM,
et al. Chemical analysis of pottery reveals the transition from a maritime to a plant-based economy in
pre-colonial coastal Brazil. Sci Rep. 2023; 13: 1-9.

Fossile T, Herbst DF, McGrath K, Toso A, Giannini PCF, Milheira RG, et al. Bridging archaeology and
marine conservation in the Neotropics. PLoS One. 2023; 18: e0285951. https://doi.org/10.1371/journal.
pone.0285951 PMID: 37228060

Milheira RG, Calippo FR, Haimovici M. Archaeology of Fishing of the Earthen and Shell Moundbuilders
(Cerritos and Sambagquis) of the Patos Lagoon, Southern Brazil, 3200-200 Years BP. In: Colonese AC,
Milheira RG, editors. Historical Ecology and Landscape Archaeology in Lowland South America.
Cham: Springer International Publishing; 2023. pp. 181-204.

Scartascini FL, Sdez M, Volpedo AV. Otoliths as a proxy for seasonality: The case of Micropogonias fur-
nieri from the northern coast of San Matias Gulf, Rio Negro, Patagonia, Argentina. Quat Int. 2015; 373:
136-142.

Taché K, Craig OE. Cooperative harvesting of aquatic resources and the beginning of pottery produc-
tion in north-eastern North America. Antiquity. 2015; 89: 177—190.

Jordan P, Zvelebil M. Ceramics before farming. The dispersal of pottery among prehistoric Eurasian
hunter-gatherers. Walnut Creek, California: Left Coast Press Inc.; 2009.

Hayden B. The emergence of prestige technologies and pottery. in The Emergence of Pottery: Technol-
ogy and Innovation in Ancient Societies (eds. Barnett W. K. & Hoopes J. W.) 257-266 ( Smithsonian
Institution Press, 1995).

Staden H. Hans Staden’s True History: An Account of Cannibal Captivity in Brazil. Whitehead NL,
Harbsmeier M, editors. Duke University Press; 2008.

Iriarte J, Holst I, Marozzi O, Listopad C, Alonso E, Rinderknecht A, et al. Evidence for cultivar adoption
and emerging complexity during the mid-Holocene in the La Plata basin. Nature. 2004; 432: 614—617.
https://doi.org/10.1038/nature02983 PMID: 15577908

del Puerto L, Inda H. Estratégias de Subsistencia y Dinamica Ambiental: Andlisis de silicofitolitos en
sitios arqueoldgicos de la cuenca de Laguna de Castillos, Rocha, Republica Oriental del Uruguay. In:
Zucol AF, Osterrieth M, Brea M, editors. Fitolitos, Estado actual de sus conocimientos en America del
Sur. 2009. pp. 221-236.

Noelli FS, Brochado JP. The Cauim and the beverages among the Guarani and the Tupinamba: equip-
ments, preparation techniques and consumption. Revista do Museu de Arqueologia e Etnologia. 1998;
8:117-128.

Mayorga GAC, Palma GBA, Sandoval-Cafas GJ, Ordofiez-Araque RH. Ancestral fermented indige-
nous beverages from South America made from cassava (Manihot esculenta). Food Sci Technol. 2021;
41: 360-367.

Rageot M, Métsch A, Schorer B, Bardel D, Winkler A, Sacchetti F, et al. New insights into Early Celtic
consumption practices: Organic residue analyses of local and imported pottery from Vix-Mont Lassois.
PLoS One. 2019; 14: e0218001. https://doi.org/10.1371/journal.pone.0218001 PMID: 31216292

Kusch S, Rush D. Revisiting the precursors of the most abundant natural products on Earth: A look
back at 30+ years of bacteriohopanepolyol (BHP) research and ahead to new frontiers. Org Geochem.
2022; 172: 104469.

Schmidt M. Resultados de mi tercera expedicion a los Guatos efectuada en el afio de 1928. Revista de
la sociedad cientifica del Paraguay. 1942; 5: 41-75.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311192  February 5, 2025 13/14


https://doi.org/10.1038/nplants.2016.194
http://www.ncbi.nlm.nih.gov/pubmed/27991880
https://doi.org/10.1371/journal.pone.0285951
https://doi.org/10.1371/journal.pone.0285951
http://www.ncbi.nlm.nih.gov/pubmed/37228060
https://doi.org/10.1038/nature02983
http://www.ncbi.nlm.nih.gov/pubmed/15577908
https://doi.org/10.1371/journal.pone.0218001
http://www.ncbi.nlm.nih.gov/pubmed/31216292
https://doi.org/10.1371/journal.pone.0311192

PLOS ONE

Function of ancient Cerritos pottery from southern Brazil

60.

61.

62.

63.
64.

65.

66.

67.

Mabilde PFAB. Apontamentos sobre os indigenas selvagens da Nagédo Coroados dos Matos da provin-
cia do Rio Grande do Sul, 1836—1866. IBRASA em convénio com o Instituto Nacional do Livro, Fun-
dacéo Nacional Pré-Memodria; 1983.

Ikuta ARY. Praticas fitotécnicas de uma comunidade indigena Mbya Guarani, Varzinha, Rio Grande do
Sul: da roca ao artesanato. Universidade Federal do Rio Grande do Sol. 2002. https://www.lume.ufrgs.
br/handle/10183/72614

Batista KM. Saberes tradicionais do povo Guarani Mbya como cultura de referéncia: contribuicao teor-
ica a sociobiodiversidade e a sustentabilidade ambiental. PhD, Universidade do Extremo Sul Catari-
nense, Criciima. 2017. https://core.ac.uk/download/pdf/297688904

Cardoso L. El palmar, la palma y el butid. Rocha: Probides; 1995.

Almeida FO de. A arqueologia dos fermentados: a etilica histéria dos Tupi-Guarani. Estud av. 2015; 29:
87-118.

Stahl PW. The hallucinogenic basis of early Valdivia phase ceramic bowl iconography. J Psychoactive
Drugs. 1985; 17: 105—123. https://doi.org/10.1080/02791072.1985.10472329 PMID: 3894606

Hansel FA, Schmitz PI. Classificacdo e interpretagéo dos residuos orgénicos preservados em fragmen-
tos de cerdmica arqueoldgica por cromatografia gasosa e cromatografia gasosa-: Espectrometria de
massas. Pesquisas Antropologia. 2006; 81—-112.

Costa FHR, Goes GF, Aimeida M de S, Magalhdes CL, Sousa JTM de, Sousa GG. Maize crop yield in
function of salinity and mulch. Rev Bras Eng Agric Ambient/Braz J Agric Environ Eng. 2021; 25: 840—
846.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311192  February 5, 2025 14/14


https://www.lume.ufrgs.br/handle/10183/72614
https://www.lume.ufrgs.br/handle/10183/72614
https://core.ac.uk/download/pdf/297688904
https://doi.org/10.1080/02791072.1985.10472329
http://www.ncbi.nlm.nih.gov/pubmed/3894606
https://doi.org/10.1371/journal.pone.0311192

