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Abstract

This study examines the expansion of Amazonian forager-horticulturalists grouped within the Guarani archaeological unit,
who migrated from southwestern Amazonia to southeastern South America, spanning much of the La Plata basin and the
Atlantic coastal slope of southeastern Brazil, covering over 2500 km in a relatively short period. This process, marked by
rapid expansion and extensive territorial coverage, represents one of the most remarkable migrations recorded among known
pre-industrial societies. The initial expansion probably began in southwestern Amazonia, progressing southeastward to the
headwaters of the La Plata basin, where this population appears as a weak archaeological signal around 500 CE. Approxi-
mately 800 years later, these Amazonian groups reached the Rio de la Plata estuary, 1400 km farther south. Based on cali-
brated age ranges, the spatial distribution of Guarani sites across the basin, and the application of various statistical methods
(Silhouette Coefficient Analysis, Hierarchical Cluster Analysis, Principal Components Analysis, and Summed Probability
Distribution of radiocarbon ages), this expansion was divided into four clusters or phases, reflecting a complex migratory
process. In addition to redefining the dynamics of Guarani expansion, this study provides a better alignment with linguistic
dispersion models of these populations and offers new perspectives on how canoeing societies, in general, can rapidly spread
across a vast territory within a brief archaeological timeframe.

Keywords Guarani expansion - Demic diffusion - Human past migrations - Guarani archaeology - South American
lowlands - Forager-horticulturalists - Migration rates

Introduction

The Guarani archaeological unit' refers to the material cul-
ture and related behaviors of ancient populations of forager-
horticulturalists from the late Holocene who expanded from

! The concept of archaeological unit we use here refers to group-
ings of formal properties of the archaeological record that reflect the
lifestyle and material culture of past populations. These formal prop-
erties are synthesized under an archaeological name or label (e.g.,
Chavin, Clovis, Hopewell, Hohokam, etc.). These labels, while gen-
erally prioritizing the central tendency measures, allow for the rapid
identification of associations among various attributes within the
archaeological record. Additionally, they are useful for identifying
past populations, constructing phylogenetic frameworks, analyzing
cultural evolution, and communicating these details to others (see dif-
ferent positions in Gamble et al. 2005, Harmon et al. 2006, O’Brien
and Lyman 2002, O’Brien et al. 2010, Riede 2011; Tehrani and Riede
2008).
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the southern Amazonia to the La Plata basin, reaching the
Rio de la Plata River, approximately 2500 km south of their
Amazonian homeland. The bulk of this migratory process
took place along the waterways of the La Plata basin and
the Atlantic slope of southeastern Brazil, complemented by
shorter overland movements. South American and Euro-
pean Ethnography and Archaeology have studied the Guar-
ani expansion since the end of the nineteenth century to the
present day. The first radiocarbon ages began to be incorpo-
rated from the 1960s onwards (Long 1965), aiding in a better
understanding of the chronology of this process. In recent
decades, Guarani archaeology has experienced a significant
increase in research, mainly conducted in Brazil, Argentina,
and Uruguay, resulting in published papers, unpublished the-
sis and reports of cultural resource management projects.
This growing body of information enables us to conduct an
updated analysis of the Guarani expansion, utilizing various
statistical tools to examine its spatio-temporal structure by
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addressing five key components. First, we will consider its
antiquity—when the occupation of the La Plata River basin
began. Second, the focus shifts to exploring where this colo-
nization initially started. The third topic examines the spatial
and temporal expansion, discussing when each major area
was populated. The fourth objective focuses on expansion
rates, and finally, we will assess whether it is possible to
identify demographic pulses. Additionally, we will address
secondary issues relevant to this study, such as the technical
validity of some key ages and migration routes, methods and
approaches for presenting chronological databases, settle-
ment patterns, colonization strategies, site location, and the
importance of further research to refine chronological data.

Although this work focuses on the Guarani expansion
process, which followed a southeastern dispersal axis from
the southwestern Amazon, other populations of the Tupi lin-
guistic family, such as the Tupinamba—whose archaeologi-
cal record closely resembles that of the Guarani—underwent
a similar expansion process during a roughly contempora-
neous period, though directed toward the northeast. Conse-
quently, the main areas of convergence between the Guarani
and the Tupinamba were located in the states of Parana and
Sao Paulo. As a result, their territories show minimal over-
lap. Studies suggest that in frontier zones, such as the upper
Paranapanema River, which separates the states of Sdo Paulo
and Parana, exchanges of artifacts and knowledge likely
occurred, as evidenced by ceramic styles (Brochado 1984;
Noelli 2004; Kashimoto and Martins 2009; Corréa 2009,
2014). Since the Tupinamba expansion and that of other
Tupi-Guarani linguistic groups occurred in different areas,
these processes involve distinct datasets that require separate
detailed analyses, which will not be addressed here (for more
information on these other processes, see Brochado 1984;
Noelli 2004; Martins et al. 1999; Kashimoto and Martins
2008; Corréa 2009, 2014; Iriarte et al. 2017; Gregorio de
Souza et al. 2020; Riris and Silva 2021).

The Guarani archaeological unit

The Guarani archaeological unit reflects the material culture
and associated behaviors of ancient forager-horticulturalists
from the late Holocene, belonging to the Tupi-Guarani lan-
guage family, specifically the Guarani subgroup (O'Hagan
et al. 2019). This connection is verifiable, as the territory
where the Guarani archaeological record is found closely
corresponds to the distribution of populations who, at the
time of first contact with European travelers, spoke what is
now referred to as Southern Guarani or Group III (Ferraz
Gerardi et al. 2023). The Guarani archaeological record is
located in the same areas as the human groups to whom the
Spanish applied the exonym "Guarani," whose language is
well documented in numerous early historical records. In
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addition, the most representative ceramic vessels found at
Guarani archaeological sites match in size and shape with
those made by ethnographic or historical Guarani popula-
tions (Ambrosetti 1895; Brochado et al. 1990; Brochado
and Monticelli 1994; La Salvia and Brochado 1989). There
are many other similarities of this kind, some subtle due to
their symbolic or behavioral nature, while others are more
obvious, such as labial ornaments or the style of smoking
pipes found at archaeological sites, which reflect those docu-
mented among ethnographic Guarani populations from the
16th to 18th centuries. Likewise, we could not connect the
ethnographic panorama of southeastern South America with
the extensive Guarani archaeological record that spans into
the historical period without acknowledging that the imme-
diate pre-colonial ancestors of these populations produced
it. Finally, there is no historical evidence, not even minimal,
suggesting the existence of another pre-Columbian popula-
tion that could account for the physical record known as the
Guarani archaeological unit, whose settlements fully extend
into the historical period.

These Guarani archaeological assemblages are well-iden-
tified thanks to consistent associations of various traits of
their material culture, and several specific behaviors. Among
the foremost is pottery, especially those pots exhibiting cor-
rugated surfaces that possess a remarkable stylistic unity.
The same applies to their polychromic ceramics, where,
systematically, colors such as red, orange, brown and black
were used to create highly characteristic geometric motifs
that acquire an emblemic style (in the sense of Wiessner
1983), primarily applied over pre-firing white slips (Prous
and Lima 2008). To a lesser extent, designs in white or black
were also executed on red backgrounds, on the natural sur-
face of uncolored paste, or on colorless slips. The vessel’s
typology includes very specific and recurring types in shape
and size, which are certainly emblemic as well. Several
authors have identified or suggested a correlation between
the shapes and decoration of archaeological vessels and the
respective emic and functional categories for the main Guar-
ani pottery types (Ambrosetti 1895; Brochado et al. 1990;
Brochado and Monticceli 1994, among others). The Guarani
record also includes distinctive ornamental artifacts, among
which are T-shaped labrets with long rounded spikes, mostly
crafted in quartz and, in smaller quantities, in resin or bone.
Pendant ornaments shaped like gourds or pears, triangular
and quadrangular earrings made of bone and stone, and clay-
smoking pipes with a highly characteristic style are frequent.
In Guarani assemblages, square and neckless axe heads, as
well as whetstones likely used to shape and maintain their
edges or other tasks such as straightening arrow shafts or
polishing lip ornaments, are quite common (Figs. 1 and 2).

Guarani mortuary practices included primary and sec-
ondary burials, some of them in funerary urns, which was
a common practice among pre-Columbian Amazonian
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Fig. 1 Examples of the Guarani
record. A: Rectangular neckless
stone axe head. B: Whetstone.
C: Labrets (quartz and bone).
D: Ceramic pendant. E-F: bone
pendants. G: Ceramic smoking
pipe. H: painted pottery with
typical Guarani geometrical
style (red—black on white slip).
I: Corrugated vessels. Scales
are approximate

Fig.2 Examples of Guarani
vessels

populations. Urn burials may contain one or more individu-
als (see different studies about Guarani mortuary patterns
in César 1966; Miiller and de Souza 2011; Cristante 2018;
Loponte et al. 2011; Loponte and Acosta 2013; Mazza et al.
2016; Carbonera et al. 2018; Carbonera et al. 2024). The
burials might have funerary items (vessels, personal adorn-
ments, instruments) or lack them. In the latter case, it is dif-
ficult to know if there were perishable materials accompany-
ing the body. Male burials also may include axes and labrets.
Subsistence patterns also followed an Amazonian model,
including gathering wild plants, slash-and-burn polyculture
and garden hunting. The main crops were tropical tubers

(sweet potatoes, yams, cassava), peanuts, beans, pumpkins,
and especially maize, with a substantial enough intake to
affect the isotopic values of their diets (Carbonera et al.
2022; Loponte et al. 2016; Loponte 2020). Along the Atlan-
tic coast of Brazil, these interior-origin populations quickly
adapted to new resources, incorporating marine foods
(Admiraal et al. 2023; Rosa 2006). While Guarani villages
seemed to have had numerous pets from wild species, the
only domesticated species known so far was Cairina mos-
chata (Muscovy Duck), an Anatidae endemic to the tropics
of South America, mentioned in historical chronicles (e.g.,
Schmidl 1948 [1536 — 1554]). However, its identification
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in the faunal record has been elusive so far (Acosta et al.
2019). Although the Guarani population expanded into areas
where other pre-Columbian populations had dogs (Loponte
et al. 2023; Milheira et al. 2016), they do not seem to have
adopted them until historical times.

Their settlements also follow a typical Amazonian pat-
tern, selectively occupying tropical and subtropical lowland
forests, generally avoiding drained or dry open field areas
and environments 600 m above sea level, where rainforests
do not thrive. Some few exceptions are observed in specific
areas of the states of Mato Grosso do Sul and Rio Grande do
Sul states and Corrientes province, exceptions that we will
analyze elsewhere.

Guarani villages were mostly situated immediately adja-
cent to watercourses. The use of canoes allowed them to
cover extensive exploration ranges, facilitating the coloniza-
tion of new spaces and fostering social, political, and eco-
nomic cooperation with distant settlements. Guarani villages
could consist of hundreds of individuals, forming a complex
socio-political organization across the territories (see fur-
ther discussions in Noelli 1993; Soares 1997; Milheira 2014,
among others).

European chroniclers of the sixteenth century described
the existence of some Guaranf fortified settlements with pali-
sades, ditches, and lines of stakes, located in areas where a
bellicose scenario prevailed, such as at the confluence of the
Paraguay and Pilcomayo rivers, where the Guarani faced
resistance from previously settled indigenous Chaco soci-
eties. During the colonial period, the Guarani population
experienced a massive loss of their lands in the tropical for-
ests and was also forced to move from the coast to the inte-
rior. Between the sixteenth and eighteenth centuries, various
indigenous societies, including different ethnic groups col-
lectively labeled as "Guarani," were resettled in Jesuit mis-
sions across Brazil, Argentina, and Paraguay. This resulted
in profound changes to their traditions, language, religion,
social structures, and political organization. Although demo-
graphic records are ambiguous, estimates suggest there were
potentially up to one million Tupi-Guarani individuals prior
to European contact (Fausto 1992). Presently, according
to the Brazilian Institute of Geography and Statistics, the
number of Tupi-Guarani speakers may not surpass 250,000
individuals.

The dispersal of the Tupi-Guarani

Around 2500 BP (~500 CE), a division likely occurred
between the Tupi-Guarani and Aweti language families
in the upper courses of the Xingi and Tapajds rivers in
northeastern Amazonia (Ferraz Gherardi et al. 2023) or
in the lower Xingu River basin (O’Hagan et al. 2019).
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Linguistic evidence suggests that the initial stage of the
Tupi-Guarani branch emerged approximately 1750 years
ago (~250 CE) and that the Southern branch began to
develop around 1250-1300 BP (Ferraz Gherardi et al.
2023, Fig. 6). At some point, the Southern branch, also
known as Group III (Ferraz Gherardi et al. 2023), may
have included populations whose cultural assemblages
correspond to the Guarani archaeological unit.

As discussed in Sect. "Results", these assemblages
are detected in the upper Parané basin around 500 + 100
CE (~1500 + 100 BP). However, archaeological studies
have identified sites in Southwestern Amazonia dating
back ~ 4000 years BP that feature ceramics with several
stylistic and typological similarities to Guarani pottery.
Some of these resemblances are so striking that they
have been designated as “Proto-Tupiguarani” or directly
“Tupiguarani Tradition.” Nevertheless, the current
archaeological data remains insufficient and fragmented
to fully address the complexity surrounding the origins
of the Guarani record. Moreover, the chronology of these
assemblages requires further investigation (see various
studies and perspectives in Almeida 2013; Caldarelli 2008;
Miller 2009; Gregorio de Souza et al. 2020; Zimpel 2009,
2018, among others).

Beyond chronological and evolutionary considerations
regarding the origin of Guarani archaeological
assemblages, the expansion of these Amazonian
horticulturists extended from the southwestern Amazon
to the Atlantic Forest, carrying numerous previously
developed cultural traits such as corrugated vessels and
polychrome geometric decoration (Brochado 1973, 1984).
The newly colonized area did not represent a significant
ecological change, as the Atlantic Forest is similar to
the Amazon rainforest. Although these two forests are
separated by a semi-arid diagonal and open wetlands
(Cerrado and Pantanal, respectively), they have been more
or less connected throughout their evolutionary history,
depending on the spatial fluctuations of their borders.
This proximity, along with climatic fluctuations, has
facilitated the expansion of various organisms, including
human populations such as the Guarani (Batalha-Filho
et al. 2013; Ledo and Colli 2017; Machado et al. 2021)
(Fig. 3).

Several studies have explored the relationship between
the expansion of the Tupi-Guarani language family and cli-
matic fluctuations (e.g., Iriarte et al. 2017 and the sources
cited therein). While these efforts have significantly con-
tributed to our understanding of the factors, among others,
that may have driven Guarani expansion, substantial gaps
in both archaeological and paleoclimatic data persist, mak-
ing it difficult to establish a detailed and cohesive connec-
tion between these two types of evidence to date.
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Fig.3 Left: main biological corridors between Amazonia and the
Atlantic Forest 1=Northeastern route. 2=Central route. 3 =_South-
western route. PC =Southern Parana Corridor. UC=Uruguay corri-
dor (taken and modified from Machado et al. 2021, and www.conex
oesamazonicas.org). Right: General outline of the southern territorial

Materials and methods
Radiocarbon and TL ages

For this study, we considered several works that compiled
radiocarbon and TL ages from Guarani sites (Acosta et al.
2019; Brochado 1971, 1984; Bonomo et al. 2015; Cerezer
2017; Corréa 2009; Kashimoto and Martins 2008, 2009;
Loponte et al. 2011, 2024a, b, 2025; Martins et al. 1999;
Milheira 2010, 2014; Noelli 1999-2000; Rogge 2005;
Schmitz n.d.; Schneider 2014, 2019, among others; see
Table 1). This database was refined and expanded with sev-
eral new radiocarbon analyses, resulting in a total of 228
radiocarbon ages and 85 thermoluminescence (TL) ages
(n=313), which are listed in Table 1. Approximately 70%
of the TL ages were obtained by Martins et al. (1999) and
Kashimoto and Martins (2008, 2009), where in-situ radio-
metric doses were measured (Hatsue Tatumi pers. comm.,
2024). Most of these TL-dated fragments were recovered
from archaeological layers, although some originated from
surface contexts. In all cases, the external surfaces of the
fragments were scraped to ensure proper sampling and

spread of the Tupi-Guarani language family from the lower Xingi
(1) to southwestern Amazonia (2), headwaters of the La Plata Basin
(3) and Rio de la Plata River (4) (see also Ferraz Gerardi et al. 2023,
Fig. 4)

accurate TL dating, following standard protocols (e.g., Ait-
ken 1985, 1998; Kusiak et al. 2011).

All radiocarbon ages in this study were calibrated using
the SHCal-20 curve with the OxCal program (Bronk Ram-
sey 2021; Hogg et al. 2020). The chronological ranges of
TL ages were expressed based on the errors reported by
each laboratory, referencing either the publication date or
the analysis date when available. Regardless, the potential
resulting errors are limited to a few years, or at most one or
two decades, which does not impact the analyses presented
here. Throughout the text, radiocarbon years before present
(1*C years BP) and their calibrated ranges in BCE/CE format
(Before Common Era/Common Era) are used.

Location of the sites

The location of the archaeological sites was determined
based on information available in the literature. In some
cases, these locations are approximate, leading to minor dis-
tortions of a few kilometers that do not affect the analysis
in this study. We also benefited from the site locations com-
piled by Bonomo et al. (2015), but we introduced several
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modifications for this study based on updated analyses of the
locations of various sites (e.g., Cerezer 2017; Loponte et al.
2024a, b). This refinement of site locations remains a work
in progress, as in several cases, the original geographical
coordinates rely on unpublished original data found in hand-
written reports. Many sites have multiple sets of coordinates
in the original literature (particularly from CRM projects),
corresponding to their different sectors. For simplicity, we
have selected only one set of coordinates for each site.

Data clustering

Since radiocarbon and thermoluminescence determinations
provide chronological ranges, relying on midpoint values
and grouping them based on heuristic rules can result in
conceptual errors in clustering. Therefore, we utilized the
calibrated ranges (lower and upper limits for each date)
combined with statistical tools, to perform the clustering
analysis.

The analysis of the distribution of the calibrated ranges
were conducted by applying K-means analysis through
Silhouette Coefficient (SCA), Hierarchical Cluster Analy-
sis (HCA), Principal Components Analysis (PCA), and
Summed Probability Distributions (SPD). The first method
tends to group data based on their centroids, significantly
reducing sample variability and producing results with mod-
erate to low dispersion (Liu et al. 2008; Rousseeuw 1987).
Meanwhile, HCA applies more flexible criteria, primarily
considering ranges, often resulting in a greater number of
groups and promoting higher data dispersion. PCA was
employed as a supplementary tool to analyze data dispersion
and clustering along both components, providing insights
into potential clustering within the SCA-derived groups.
These three methods are complementary, offering diverse
perspectives for evaluating data clustering. Furthermore,
they can be compared with the Summed probability dis-
tribution (SPD), whose peaks and valleys not only assist in
grouping ages but have also been partially associated with
population density (Attenbrow and Hiscock 2015; Crema
and Bevan 2021a, b; Hiscock and Attenbrow 2016; Smith
2016; Williams 2012). To avoid oversampling, we generated
a second SPD graph by calculating the Bayesian average
for dates originating from the same site with overlapping
calibrated ranges. Additionally, we applied a Gaussian filter
with a high sigma (o = 10) to smooth minor fluctuations and
highlight general trends.

Some issues commonly associated with analyzing large
datasets within the SPD framework are not relevant for the
series examined in this study or have a lesser impact. These
biases include taphonomic loss of the datable record or vari-
ation resulting from the use of different calibration curves
(Williams 2012). Other biases, such as sample sizes, are
inherent to any archaeological analysis based on sampling,

which is why the results presented here are probabilistic. As
we will observe, all data clustering methods produce broadly
consistent results, with minor variations in nuance.

Another secondary issue relates reports to some ages with
high uncertainties, typically with errors > 100 years, which
hinder their correct inclusion within the clusters. While
some authors facing similar problems in other regions of
the world discard them (e.g., Kennett et al. 2014; Martinez-
Grau et al. 2021), in this coarse-grained study this impact
is minimum.

Quality and assignation of radiocarbon and TL ages

Before conducting the clustering analyses, we thoroughly
reviewed the Guarani chronological databases available
in the literature, focusing on studies that have previously
addressed the Guarani expansion, and with particular atten-
tion to the reliability of key ages. This review identified sev-
eral issues. The first involves the attribution of certain ages
to Guarani occupations that, in reality, do not correspond to
Guarani sites or layers. These data were therefore excluded,
a necessary step as they are unrelated to the phenomenon
under study—namely, the Guarani expansion. The second
issue concerns errors in the assignment of radiocarbon or
TL determinations; although the dates are associated with
Guaranf sites, the site names or ages were either inaccurately
recorded or misattributed. Below, we provide significant
examples of both types of issues, while a more comprehen-
sive discussion is presented in the Supplementary Text.

As a first example, we highlight the Lagoa 1 site (Ariranha
— MS-PR-22), where a radiocarbon age of 1800 +40 '“C years
BP (code Gif-11073) was obtained by Martins et al. (1999)
from a hunter-gatherer occupation (see also Kashimoto and
Martins 2008, 2009). However, this age was attributed to a
Guarani occupation in the study by Bonomo et al. (2015: 58).
In fact, the Guarani layer at this site is dated to 370 +20 years
BP (TL), corresponding to laboratory code Fatec-185 (Mar-
tins et al. 1999: 83-84; Kashimoto and Martins 2008: 161;
Kashimoto and Martins 2009: 145-146; Kashimoto, pers.
comm.; see Supplementary Text). A similar issue arises with
the radiocarbon age of 900 + 50 C years BP from site U-368
(code Beta-118377), associated with a hunter-gatherer occupa-
tion in the upper Uruguay River valley (Domiks 2001; Monti-
celli, pers. comm.), but erroneously attributed to the Guarani
site SC-U-71 in previous databases (e.g., Noelli 1999-2000;
Bonomo et al. 2015, among others). In reality, SC-U-71 (or
U-71) is indeed a Guarani site, but it has two distinct radiocar-
bon dates with laboratory codes Beta-118375 and Beta-118376
(Loponte et al. 20244, b; Table 1 and Supplementary Text).

Another significant example concerns the age 2010+ 75
14C years BP (SI-5028), attributed to a Guarani occupa-
tion at the Fazenda Dona Carlota site (PR-FI-140) by Noelli
(1999-2000) Bonomo et al. (2015) and Noelli and Corréa

@ Springer
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(2016) among others. However, Chmyz, who excavated this
disturbed site, rejects this attribution, considering that only
a second radiocarbon age of 745 + 75 *C years BP obtained
from this layer accurately reflects the Guarani occupation.
The recovered materials correspond to the "Ibirajé phase",
which has similar radiocarbon ages to the latter throughout
the region (Chmyz 1983; pers. comm.).

More extensive errors involve multiple ages, such as those
attributed to the Brasilandia 11 site. All ages from this site
were obtained and published by Martins et al. (1999) and
Kashimoto and Martins (2008, 2009; Kashimoto, pers.
comm.) attributed to unidentified pottery occupations. How-
ever, they were erroneously assigned to Guarani occupations
at the Ilha Verde 2 site (e.g., Bonomo et al. 2015:59).

The exclusion or reassignment of these determinations
is not due to their inherent quality or because they do not
fit a specific model, as no model had been constructed at
this stage of the analysis. On the contrary, these exclusions
and corrections are mandatory because they simply address
errors in attribution. It is important to emphasize that these
dates were excluded prior to the clustering analysis. There-
fore, no data were removed to fit an existing model; instead,
the model presented here emerged after refining the data-
base, resulting in a robust framework. This approach allows
for future expansion as new, consistently obtained ages are
incorporated, following best practices established in other
regions for managing reliable chronological databases.

Finally, there is another small group of determinations
that has raised concerns within the archaeological com-
munity regarding their reliability. These are often extreme
outliers that lack the necessary contextual data for robust
chronological analysis, particularly when used to establish
the earliest Guarani occupations in certain regions. For
example, one case involves the radiocarbon age from the San
Miguel II site in Corrientes, Argentina, dated to 1860+ 50
14C years BP, originating from an archaeological context
briefly described by Mujica (1995a, b). While this result is
potentially relevant to discussions of Guarani expansion, it
conflicts with regional patterns and creates an unexplained
Guarani archaeological gap of 1000 radiocarbon years, as
the other 22 radiocarbon determinations available for this
area are all later than ~ 800 '*C years BP. This raises rea-
sonable doubts about its assignment to a Guarani occupa-
tion or the possibility of sample contamination. Cases like
this underscore the importance of rigorous validation of
chronological determination, especially when they serve as
key chronological benchmarks (see Supplementary Text for
further examples). Samples of uncertain origin or question-
able quality were also excluded prior to generating the spa-
tiotemporal distribution model presented here, ensuring that
the database was not adjusted ad hoc to fit any pre-existing
model (see Supplementary Text for more details).

@ Springer

Results
The earliest sites and the initial colonization area

The new Guarani chronological database presented in
Table 1 (Sect. "Materials and methods") includes 313 ages,
with four standing out due to their early range (160-650
CE). Two of the earliest ages (#1 and #2 in Table 1) are
TL-based. The first corresponds to the Ragil site, dated
to 1668 + 170 years BP (TL 168-508 CE). Unfortunately,
this highly impacted site has only a single TL age with
an uncertainty of approximately 10%, indicating low reli-
ability. Its most recent calibrated range extends to ~ 500
CE, aligning with more reliable determinations from the
area (see below). While this data requires confirmation,
we provisionally consider it here.

The second early age corresponds to a TL determination
of 15194200 years BP (288-688 CE) from the Jodo Batista
site (without a laboratory code). This determination also has
high uncertainty, extending its range up to~ 700 CE. Since
regional data support the presence of Guarani occupations
after 500 CE, we will initially consider it; however, more
rigorous and higher-quality analyses are needed to fully con-
firm this early occupation of the site.

The other two early ages correspond to radiocarbon deter-
mination obtained from the Lagoa Seca and Borevi sites,
ranging from 343 to 650 CE, with the most probable chrono-
logical range between 361—602 CE (93.8%), and 410—650
CE (94.3%) respectively (midpoint ~ 500 CE) (Fig. 4). These
four early data reflect a weak archaeological signal of the
initial Guarani occupation of the upper basin, close to the tri-
state border with Mato Grosso do Sul State and the Republic
of Paraguay (Fig. 5), which we will use as a reference point
to calculate expansion rates (Sect. "Migration rates"). The
Guarani record in these early sites seems to appear with all
its typical characteristics already fully formed. There is no
clear evidence in the local record suggesting a prior stage
of development for these contexts. Instead, an allochtho-
nous origin appears more likely, considering the record from
southwestern Amazonia and linguistic data (Sects. "Intro-
duction" and "The dispersal of the Tupi-Guarani").

General trends of the Guarani expansion

The distribution of all Guarani ages listed in Table 1
(Sect. "Materials and methods") exhibits a north-to-south
dispersal pattern, grouped into three major chronological
phases (Fig. 6). The first phase corresponds to what appears
to be the initial colonization, which began around ~ 500+ 100
CE in the upper La Plata basin, including the states of Mato
Grosso do Sul, Sdo Paulo, and Parana.
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Fig.4 Chronological ranges of QxCal v4 4.4 Brook Ramaay (2021).£5 Aimosoheric data from Hogg ot al (2020)
the four earliest ages. TL ages
are shown in red, and '*C ages C_Date Ragil
in green
C_Date Joao Batista
R_Date Lagoa Seca
R_Date Borevi 1
P P OSSN S S | Ak P . |
1000 500 1BCE/1CE 501 1001 1501

Fig.5 Distribution of the
earliest Guarani sites in red dots
detected in the La Plata basin
(sites #1 to #4 from Table 1).
The white triangle marks the
center of minimum distance
among them (based on www.
geomidpoint.com)
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Following the first step, Fig. 6 shows a second geo-
chronological phase beginning from around ~ 800 = 100
CE, based on the earliest available ages for the states of
Santa Catarina and Rio Grande do Sul, towards the south
and southeast of the previous step I. This development
also aligns with a slight increment in the number of sites,
potentially indicating a new phase in the colonization pro-
cess (Sect. "Cluster analysis"). In this second block, the
province of Misiones is included, though it has only a few
radiocarbon dates (Table 1), with the oldest ones aligning
with the start of this phase. However, since the Lagoa Seca
and Borevi sites, which are assigned to the first block are
located near its border, additional sampling could eventu-
ally lead to Misiones being included in the first phase.

Finally, around ~ 1300 + 100 CE, a third geo-chrono-
logical phase emerges, covering the southern territories
including Corrientes, Uruguay and Buenos Aires, as
depicted in Fig. 6 (Uruguay and Entre Rios are included
in Buenos Aires block). This new step also coincides

T T
wToW 200w

chronologically with a significant rise in the number of
sites across all regions, a trend we will delve into in sub-
sequent sections.

Within this final block is included the age #63 (Table 1)
corresponding to the Arroyo Fredes site (1229-1423 CE,
midpoint 1326 CE). This age presents the older Guarani site
in the Parana Delta, which is the southern extreme of the
Guarani expansion.”> Multiple elements make this radiocar-
bon age robust, such as being obtained from an individual
buried in a Guarani site, within a Guarani urn, and yielding
typical isotopic values of a Guarani diet. The dated bone
had a suitable collagen yield for AMS radiocarbon dating
(> 1%) without evidence of diagenesis (C/N atomic ratio
2.9; Loponte 2020; Loponte and Acosta 2003). Additionally,

2 Although some maps of the Guarani dispersal show areas further
south of the Parana Delta, these sites do not correspond to Guarani
settlements, but rather reflect the spread of Guarani pottery in hunter-
gatherer contexts.
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this site is located 370 km downstream along the Uruguay
River from the Guarani site Isla de Arriba—Aruera (data
#47, Table 1), dated to 1028-1381 CE (midpoint 1205 CE),
whose chronological range is slightly older and consistent
with the expansion along the Uruguay River. While Isla de
Arriba—Aruera also has previous occupations of hunter-
gatherers, this age was obtained from an individual buried
in a Guarani urn whose 8'°C value indicates consistent con-
sumption of maize, in line with the Guarani diet (Bracco
et al. 2000).

The three main steps or geo-chronological phases
detected in this section, based on the oldest ages for each
area, are a coarse-grained first approximation to the spatio-
chronological distribution that, as we will see next, corre-
lates adequately with the groups derived from clustering.

Cluster analysis

The Silhouette Coefficient Analysis (SCA), as expected,
provides the most conservative grouping of the calibrated
age ranges, showing only two groups or major clusters. The
first one includes ages from #1 to #52 from Table 1, coarsely
ranging between ~500 and ~ 1300 CE. This time block
roughly identifies the oldest occupations in the areas cov-
ered by blocks I and II, as outlined in the previous section.
The second SCA cluster includes all ages after ~ 1300
CE, coinciding with the beginning of the third block identi-
fied in Fig. 6. The resulting Average Silhouette Width is high
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(~ 0.65), demonstrating well-defined clusters (Fig. 7, left
graph). This result is significant not only because it marks
a crucial moment in the Guarani expansion process around
1300 CE, which separates these two major clusters (to be
analyzed in more detail later), but also because it supports
the geo-chronological block analysis from the previous sec-
tion, grouping the first two geo-chronological blocks within
Cluster 1 and the last block within Cluster 2.

Due to its nature, the Silhouette Coefficient Analysis pro-
vides more synthetic results, which, although significantly
reducing statistical noise, is less appealing in archaeological
terms. Therefore, we analyzed the calibrated series (upper and
lower age limits from Table 1) using Principal Component
Analysis (PCA), which allows us to observe variances across
two axes and potentially detect smaller clusters not identified
by the SCA. In fact, the PCA further subdivides each of the
two main clusters previously identified into two subgroups,
resulting in four minor clusters depicted in Fig. 7 (right graph).

The first PCA cluster encompasses ages #1 to #4 from
Table 1 corresponding to the earliest chronological ranges
previously isolated in Sect. "The earliest sites and the initial
colonization area", which seem to reflect the initial coloniza-
tion process. Cluster 2 spans from age #5 to #52, coincid-
ing with the upper boundary of the first major SCA cluster,
around 1300 CE. Following the results along the two PCA
axes, a third and fourth cluster can be identified between ages
#53 to #268 (Cluster 3), and between #269 to #313 (Cluster 4)
(Fig. 7, right graph). Cluster 3 begins with age #53 (Table 1),
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Fig.7 Silhouette Coefficient Analysis (SCA) (left graph) and Principal Component Analysis (PCA) (right graph) based on the calibrated ranges

of the ages from Table 1

which has an initial point near 1300 CE. The calibrated upper
limit of this set of ages reaches ~ 1650 CE (up to age #268),
making it reasonable to establish a boundary for this cluster
around 1600 CE. Cluster 4 begins around 1600 CE, covering
ages #269 to #313, which correspond to the most recent ages
within the entire Guaran{ dataset (Fig. 7, right graph).

Hierarchical Cluster Analysis (HCA) notably increases
the number of groups (Fig. 8). Meanwhile the minor group-
ings are statistical artifacts with little interest for our analy-
ses, those with a higher hierarchy largely respect in general
terms the two previous analyses. In fact, the HCA identifies
Cluster 1 (from #1 to #9), reflecting the initial colonization
phase from approximately 500 to 800 CE. Meanwhile, Clus-
ter 2 (a+Db) represents a subsequent expansion phase from
approximately 800 to 1300 CE. Cluster 3 begins at around
age #53, spanning from 1300 CE to #252, roughly 1600 CE.
Finally, Cluster 4 comprises samples > #253, from approxi-
mately 1600 CE onward (Fig. 8). Despite the stratigraphic
constraints and the wide dispersion of several radiocarbon
and TL ages, the dendrogram's cophenetic correlation of
0.77 indicates a high level (>0.8) of agreement, reflecting
reasonable fidelity to the available data.

The results obtained in the previous analyses show that the
Guarani record has an internal chronological structure which
can be divided into four main clusters, identified through both
PCA and HCA, which in turn follow the outcomes derived
from SCA and in agreement with the territorial expansion
noted in the geo-chronological blocks of Fig. 6.

The summary of these results is as follows: Cluster 1 or
Phase I is located in the upper Parana basin (Fig. 9, left
map), spanning from~500 to~800 CE representing the
initial colonization stage (from the beginning of the step I,

Fig. 6). Cluster 2 or Phase II extends from ~ 800 to~ 1300 CE
(Fig. 9, right map), reflecting a slight increase in the number
of sites compared to the previous cluster and significant ter-
ritorial expansion, as illustrated at the beginning of step Il in
Fig. 6, and the site dispersion in Fig. 9 (right map). During
this phase, the Atlantic coast was reached around 1000 CE,
and the middle section of the Uruguay River a few centuries
later, towards the end of this phase. If this were the case,
the Guarani favored an expansion towards the east rather
than the south at that latitude, probably because the Central
Depression of Rio Grande do Sul, which ultimately reaches
the Atlantic coast, was a wide tropical rainforest similar to
that of the upper basin, while to the south, along the coasts
of the middle and lower Uruguay River, this tropical forest
formation disappears, giving way to a depleted subtropical
riparian forest compared to the previous one.

The archaeological record of this phase does not indi-
cate a saturation of the landscapes, but rather a strategy of
discontinuous occupation of the space, likely involving a
limited or moderate process of splitting major villages in
each newly colonized territory. However, this new dispersion
still does not reach the maximum expansion observed in the
Cluster 3 or Phase III, occurring between ~ 1300 and 1600
CE, roughly corresponding to the third block in Fig. 6, with
a site dispersion as depicted in Fig. 10 (left map). During
this period, the Guarani record demonstrates its widest ter-
ritorial coverage, detected as far as the Paran4 Delta and Rio
de la Plata ~ 1300 CE. This phase also reveals a significant
increase in the number of inhabited sites, which appears to
correspond to notable population growth, probably result-
ing in the saturation of space in different areas (Fig. 10 left
map; Supplementary Fig. 1; see also Sect. "Discussion").
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Fig. 10 Distribution of Guarani dated sites included in Phase III (left) and Phase IV (right)

The results of the SPD (see below) suggest that this pro-
cess was preceded by a slight rise occurring around 100 or
150 years earlier, starting ~ 1250 CE (Fig. 11).

Finally, Cluster 4 or Phase IV represents the most recent
phase, corresponding to historical times and associated with
a period of resilience during the early European expansion.
The sites from this phase are concentrated in regions that
remained outside European control during the early colonial
period (e.g., the upper Uruguay River valley, the Upper Par-
ana, and parts of northern Rio Grande do Sul) (Fig. 9, right
map). In contrast, Guaranf sites either disappear or signifi-
cantly diminish in areas under European control, such as the
Parana Delta near Buenos Aires, which became a colonial
administrative center around 1580 CE, or along the southern
Atlantic coast of Brazil, which was colonized by European
empires beginning in the sixteenth century. While it is pos-
sible that this distribution may be partially influenced by the
intensity of archaeological investigations, this does not seem
to be the case for areas like the Parana Delta or parts of Rio
Grande do Sul, including the Atlantic coast, where extensive
surveys have been conducted. It is also important to high-
light that the clustering analyses not only align with each
other but also corroborate a straightforward visual inspection
of the data (Figs. 9 — 11; Supplementary Fig. 1).

Previous distribution analyses do not consider the north-
ern and eastern regions of Paraguay and the lowlands of
Bolivia, where the Guarani record is poorly known. Some
early ages from this latter country obtained by Pérssinen
(2005) require a better description of the dated contexts
before being accepted. However, it is already perceived that
the lowlands of Bolivia and the neighborhood Brazilian
areas of southwest Amazonia can offer important clues to
understand the overall Guarani expansion process (see also
Sect. "The dispersal of the Tupi-Guarani").

Paleo demography

Various approaches have been used to estimate the demogra-
phy of past populations, ranging from simple distributions of
uncalibrated ages of sites to computational models, includ-
ing multiple proxy data (Ames 1991; Contreras and Mead-
ows 2014; Crema 2022; Crema and Bevan 2021a, b; Dren-
nan et al. 2015; French et al. 2021; Marchetti et al. 2023;
Rick 1987, among others). In most studies, the size and
number of sites per time period are central to interpretive
models of past demographic density. However, it is impor-
tant to note that Guarani sites cannot be detected through
aerial imagery or satellite monitoring techniques, as they
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Fig. 11 Left: SPD of the radiocarbon dates from Table 1 with cali-
brated upper ranges below 1800 CE. Right: SPD of all radiocarbon
dates included in Table 1 with calibrated upper ranges below 1800
CE, incorporating Bayesian averages for ages from the same site
with overlapping chronological ranges. The scale is normalized. Both

lack visible surface structures. This limitation means they
can only be identified through field surveys.

Another crucial aspect to consider is that most studies on
Guarani sites do not report their size, making it impossible
to evaluate whether there was a trend toward clustering or
population dispersion over time, or whether the number of
individuals per site changed. Additionally, the potential par-
tial overlap of sites with different chronologies introduces
distortions when interpreting site size in relation to demo-
graphic fluctuations.

While some studies have explored stylistic differences in
specific Guarani assemblages within certain regions, there is
currently no comprehensive database that reliably correlates
ceramic stylistic or typological variations with chronology.
As aresult, sites must be dated individually to establish their
antiquity, limiting demographic pulse estimates to those sites
with chronological determination based on TL or radiocarbon
dating.

Regarding other proxy data in the archaeological litera-
ture, paleoclimatic fluctuations are also commonly used as
sources of information to estimate paleodemographic param-
eters (e.g., Riede 2009; Kelly et al. 2013; Stiner and Kuhn
2006). However, the La Plata basin still lacks a detailed pale-
oclimatic record to evaluate Guarani expansion, although
this relationship has been explored in some specific areas
(e.g., Iriarte et al. 2017; Loponte et al. 2024a, b).

Given these limitations, the most reliable and effective
method currently available to analyze demographic changes
related to Guarani expansion relies on chronology and
the spatial distribution of sites. To assess this, we gener-
ated Summed Probability Distribution (SPD) graphs that
include all radiocarbon determinations from Guaranf sites
with calibrated ranges up to 1800 CE. To prevent over-
sampling bias, we also created a second SPD graph that
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graphs were generated using Python with the libraries matplotlib
(Hunter 2007) and scipy (Virtanen et al. 2020). The smoothed curve
was generated using a Gaussian filter (6=10). The ages of the inflec-
tion points were calculated based on the second derivative

applies Bayesian averaging to dates originating from the
same sites with overlapping calibrated ranges (Fig. 11). In
both analyses, the results are consistent, showing that the
Guarani record between ~ 500 CE and ~ 1200 CE appears
as a weak archaeological signal, with a gradual increase,
followed by exponential growth starting from 1250-1300
CE, and a sharp decline after 1600 CE. These results sug-
gest small founder populations in the various areas colo-
nized throughout the basin and the Atlantic slope, with
low demographic levels until ~1250 CE. This would be
reflected in large, unpopulated intermediate areas between
different Guarani colonized territories. A significant change
occurs after 1300 CE and continues until 1600 CE, marked
by a notable increase in both the number of sites and the
areas occupied, likely driven by a Guarani demographic
peak during this period.

Discussion

The antiquity of Guarani colonization in the upper
basin

Taking into account the results described above, the most
solid evidence of the earliest Guarani colonization emerges
around the year 500+ 100 CE in the upper La Plata Basin
(~ 1500 cal BP). This antiquity is slightly more recent (up
to 500 years) than what was postulated in other studies
(e.g., Bonomo et al. 2015; Brochado 1984; Gregorio de
Souza and Riris 2021; Lépez Mazz and Lépez Cabral 2020;
Noelli 1999-2000; Noelli and Corréa 2016; Scatamacchia
1990). The differences with previous models that analyzed
the Guarani expansion primarily stem from the exclusion of
certain chronological determinations that do not correspond
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to Guarani sites or archaeological layers, as well as dates that
behave as extreme outliers or lack adequate analytical quality
to be used as key dates, which compromise the reliability
of the chronological framework. By following best practices
in the management of chronological series observed in
archaeological literature, these exclusions ensure a somewhat
restricted but more robust analysis, allowing for the future
incorporation of new dates. Furthermore, the results obtained
align more closely with the chronology proposed by linguistic
models, although significant challenges remain in reconciling
both sources of information (see Sect. "The dispersal of the
Tupi-Guarani").

From the perspective of the archaeological record, at least
three aspects still seriously limit our understanding of the initial
phase of the expansion process. First, the uneven geographical
distribution of the available chronological record excludes large
areas, such as the Pantanal, the interior of Mato Grosso do Sul,
Paraguay, Bolivia, and Misiones Province. Second, as with any
probabilistic sampling, the current results are influenced by the
available sample sizes. Consequently, the possibility of slightly
earlier occupations in the basin cannot be entirely ruled out.
Third, the existence of sites corresponding to an initial explora-
tion phase—during which cognitive maps of the territories to
be colonized were outlined (Kelly 2003)—cannot be dismissed.
These early occupations, typically brief, are difficult to detect,
as they often result in shallow sites with scattered materials
or palimpsests mixed with later occupations, which should be
properly identified.

The initial colonization area

In Sect. "Results”", we emphasized that the earliest
Guarani dates (#1 to #4, Table 1) were detected around
the tri-border region depicted in Fig. 5. If slightly
more recent chronological ranges, such as up to #9 in
Table 1 (excluding #6, whose range requires validation)
are included, the average location remains consistent.
This suggests that this area could represent the initial
colonization sector along the upper Parand River.
Unfortunately, very little is known about the Guarani
archaeology of Paraguay and the interior of Mato Grosso
do Sul, including the Pantanal, where numerous undated
Guarani sites have been identified (e.g., Peixoto 1995),
which could significantly enhance our understanding of
the expansion process.

Another relevant aspect emerging from previous results
is that the earliest Guarani sites are arranged in a dispersed
pattern (Fig. 5), with their northern dispersion boundary
located near the Tieté and Paranapanema rivers, a region
previously identified as the northern limit of the dispersion
of these assemblages (e.g., Brochado 1984; Kashimoto and
Martins 2009; Corréa 2014).

Changes in the chronology of Guarani expansion

The results from Sect. "Results" revise the age and location
of the beginning of Guarani colonization in the basin, better
aligning with the linguistic data (Sect. "The dispersal of the
Tupi-Guarani"). They also redefine the timeline of Guarani
colonization in several areas. Among the most significant
changes is the reassessment of the northwest of Corrientes
province, previously thought to have been occupied by the
Guarani population around 200 CE (Bonomo et al. 2015). This
assumption was based on a single radiocarbon determination
that stands out as an isolated extreme outlier, as the remaining
22 dates for that region are approximately 1,000 years later (see
Supplementary Text). Consequently, the hypothesis of Guarani
colonization of this area around 200 CE cannot be sustained
without new evidence. Current reliable data indicate that this
area was colonized during Phase III, beginning~ 1300 CE
(Sect. "Results"). Given its proximity to Misiones province,
slightly earlier occupations toward the end of Phase II cannot
be ruled out and warrant future investigation.

The third major revision concerns the chronology of
Guarani occupation in Rio Grande do Sul. Previous models
(Bonomo et al. 2015; Noelli 1999-2000) proposed an early
occupation of the Central Depression (~274 CE) based on
a questionable determination from the RS-MJ-88 site (see
Supplementary Text 1). In contrast, the most reliable evi-
dence comes from the Capané 3 site, dated to~ 800 CE,
which aligns with the upper range (~ 700 CE) of the Albino
Mazzari site (Table 1, Sect. "Results"). Furthermore, this
range of ~700 to 800 CE matches the adjusted timeline for
the neighboring upper Uruguay River region (Sect. "The
earliest sites and the initial colonization area"), suggesting
a more or less simultaneous occupation of both areas at the
beginning of Phase II.

The fourth significant revision involves the antiquity of
the Guarani occupation in the upper valley of the Uruguay
River, previously proposed to have occurred after 1000
CE, later than the Central Depression of Rio Grande do
Sul (e.g., Bonomo et al. 2015: map 6). However, current
evidence shows Guarani occupations in the upper Uruguay
River region beginning between 773 and 888 CE (age #12,
Table 1), indicating an approximately contemporaneous
antiquity with the Guarani occupation of the Central Depres-
sion of Rio Grande do Sul.

Phases of the expansion and retraction

The small number of sites identified in Cluster C1 (Fig. 8)
or Phase I distributed according to Fig. 9 (left map) does
not indicate a sudden and massive population appearance in
the initial colonization area of the basin, but rather seems to
correspond to founder populations with low demographic
density, as evidenced by the SPD up until ~1250 CE, a range
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that includes subsequent Phase II. Although this later phase
shows a slight increase in the number of sites and territorial
coverage, the Guarani archaeological signal remains very
weak. Therefore, it is unlikely that Phases I and II repre-
sent spatial saturation through successive village division
and gradual occupation of adjacent areas, as suggested by
some traditional models of Guarani expansion. Instead,
these phases seem to reflect a discontinuous occupation of
the landscapes with low population density. Additionally,
these areas were already inhabited by pre-existing popula-
tions that coexisted with the early phases of Guarani expan-
sion, hindering or obstructing continuous occupation of the
space. To understand the expected archaeological record of a
phase of space saturation, we can briefly describe the ethno-
graphic panorama derived from chronicles about other Tupi
groups during the 16th and early seventeenth centuries in
the northeastern Atlantic Forest. These populations, with a
social and economic system equivalent to that of the Guarani
and within a similar environment, occupied territories with
villages separated by 8 to 20 km, housing between 560 and
1600 people. Within each territory, villages and small set-
tlements could relocate between 1.6 and 6.0 km due to soil
exhaustion or forest encroachment on cultivated plots. These
internal movements occurred on average every four years,
facilitating the opening of new cultivation areas (Barreto and
Drummond 2017). Abandoned areas within each territory
continued to be used for various purposes, including former
villages, before eventually being reoccupied. These prac-
tices generate an almost continuous record in the landscape,
which is not observed during Phases I and II (between ~ 500
and ~ 1300 CE) (Fig. 9, top maps) but becomes evident dur-
ing Phase III (Fig. 10, left map).

Taphonomic and other biases do not seem to significantly
affect the record during Phase I and II, as just a few centuries
later, during Phase III, the archaeological evidence is distrib-
uted continuously, at least in some intensively studied sec-
tors (Upper Parana, Upper Uruguay, Taquari basin and some
areas of the Atlantic coast) (Fig. 10, left map). Furthermore,
during Phases I and II, these territories were inhabited by
preexisting populations, which likely influenced a more or
less discontinuous occupation of space. These non-Guarani
populations also had a partially or completely overlapping
niche with the Guarani, as they were also forager-horticultur-
alists, making them absolute competitors. This does not rule
out the possibility that in some areas, Guarani populations
may have created initially saturated spaces during Phases I
and II.

Another ethnographic example can provide a conceptual
framework to approach the scheme that may have developed
during Phases I and II of the Guarani colonization of the
basin. The Tapirapé is a Tupian-speaking group that in the
seventeenth century moved from the lower Tocantins and
Xingu rivers to the Araguaia River, between the border
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of the states of Pard and Mato Grosso, in a movement of
displacement hundreds of kilometers. Although the reason
for this migration is not clear, these groups had already
cognitively constructed the map of the destination patch,
knowing what type of environment and what other groups
were in the destination area (Baldus 1970). The new villages
in the upper Araguaia were dispersed in the landscape, with
distances of up to 10 days' walks between them, passing
through well-established territories of groups of the
Macro-Jé language family that conditioned the location
of the Tapirapé villages. After some time, the Tapirapé
villages split due to population growth and soil fertility
decline. These new smaller settlements or even large villages
could relocate to nearby or very distant areas, depending
on multiple environmental and social factors (Baldus 1970;
Wagley 1988). This scheme, clearly, does not represent a
slow saturation of space through radial scheme to the large
villages and may reflect, to some extent, the process being
observed during Phases I and II of Guarani expansion in
the basin.

Another important aspect to highlight from the results
obtained here concerns the year 1000 CE, which some pre-
vious models consider a pivotal moment marked by a sig-
nificant increase in the number of sites and territorial cover-
age. However, as we have observed, this is not the case. The
period around 1000 CE corresponds to a mid-phase of Phase
II, characterized by a modest rise in the number of sites and
moderate territorial expansion. In contrast, the most sig-
nificant territorial expansion and peak demographic growth
began around 1250-1300 CE, culminating between 1400
and 1600 CE (Sect. "Results").

Finally, Phase IV represents the end of this long sequence,
marked by an abrupt geographical retraction, indicative of a
resilience phase. One of the greatest challenges in analyzing
the chronology of this period is that most modern calibration
ranges of radiocarbon ages are excessively wide, as they fall
within successive plateaus and reversals in the calibration
curve (SHCal20) between ca. 1460-1640 CE and ca.> 1660
CE. This issue causes the calibrated ranges for this period—
critical for understanding social and political changes—to
be overly extended.

Another challenge in analyzing this later period arises
from radiocarbon ages that may reflect activities of early
Western settlers in previously abandoned Guarani villages.
These calibrated ranges extend from the 17th or 18th cen-
turies to the contemporary era. Consequently, the TL dat-
ing method presents a significant opportunity to study this
period, as it bypasses the issues associated with radiocarbon
calibration curves and directly determinate the age of the
vessels. On the other hand, the resilience phase outlined ear-
lier and depicted in Fig. 10 (right map) is undoubtedly more
complex. As we have seen, one of the major movements
of Guarani population appears to have been a retreat into
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territories beyond European control. However, both the his-
torical and material records indicate a new Guarani diaspora
extending beyond the dispersal shown in Fig. 10 (right map)
of this study. A significant portion of the Guarani popula-
tion was relocated to Jesuit Missions, where some cultural
traits persisted, albeit altered by the colonial process (e.g.,
Brochado 1984; Ocampo 2020, among others).

A smaller fraction of the Guarani population appears to
have dispersed into areas previously unoccupied by them, or
into marginal regions at the onset of European expansion,
leading to a complex process of ethnogenesis with other
human groups. This makes archaeological identification
particularly challenging. These movements may partially
explain the presence of isolated Guarani burials from his-
torical periods found at non-Guarani sites, where their pres-
ence is minimal and outside the typical lowland forest and
Atlantic coast regions. One such example is the Isla Larga
site (Cerrito San Miguel) in Uruguay (Cabrera et al. 2000,
2014). Additionally, another segment of the Guarani popula-
tion integrated into the rural and urban centers of the emerg-
ing colonial society, where certain cultural practices, such
as pottery production, persisted, albeit to varying degrees
and under the influence of European colonization. This is
evidenced by colonial sites where unmistakably Guarani

Fig. 12 Distribution of radiocar-
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ceramics have been identified in contexts dating up to the
eighteenth century (Zorzi and Agnolin 2013).

Figure 12 summarizes the distribution of '*C ages for the
complete Guarani sequence across the La Plata basin and the
Atlantic slope, alongside the proposed phases.

Migration rates

There are some previous approximations regarding Guarani
expansion rates. Rogge (2005) based on data from Rio Grande
do Sul, estimated a rate between 0.8 and 1 km/year akin to that
observed in non-canoe societies of the European Neolithic
(Rogge 2005: 201). At the Upper Uruguay River, a similar rate
was calculated by Gregorio de Souza et al. (2016). However, this
last result requires revision as for this calculation, the Beta code
118,377 age 900 +50 '“C BP was used as if it corresponded
to the Guarani site SC-U-71 (Sect. "Quality and assignation of
radiocarbon and TL ages").

If we consider the data presented in Table 1 of this study,
we can estimate the expansion rate from the upper basin,
taking the tri-state border of Mato Grosso do Sul, Parana,
and the Republic of Paraguay (see Sect. "The earliest sites
and the initial colonization area") as a starting point around
500 CE, and the earliest age from the Parana Delta, obtained

posRh d from Hoag 1(2020)

500

Modelled date (BC/AD)
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from the Arroyo Fredes site, with a midpoint of 1326 CE
(age #63 from Table 1). The spatiotemporal difference spans
1370 km of distance (according to the route represented in
Supplementary Fig. 2-A) covered over 826 calendar years,
resulting in an expansion rate of ~ 1.7 km per year. If we
consider the upper calibrated range of the Arroyo Fredes
age (1423 CE), the expansion rate is ~ 1.5 km per year.
A more cautious estimate can be made by considering this
same upper range of Arroyo Fredes and the oldest midpoint
from Table 1 of 330 CE, as we have already mentioned,
should be taken cautiously (see Sect. "The earliest sites and
the initial colonization area"). The expansion rate calculated
in this way yields an average of ~ 1.3 km per year.

The second rate can be estimated between the same
point in the upper basin and the headwaters of the Uruguay
River. Here, the earliest site and closest to its sources
corresponds to Antdnio Dilson Castro (age #12, Table 1),
dated to 1240+ 15 '“C BP, with a calibrated range of
773—888 CE, and 831 CE as midpoint (Table 1). The two
most likely paths to connect both points are depicted in
Supplementary Fig. 2-B. The distances of each one is~ 860
and ~ 750 km respectively. Taking an average of 800 km
of distance covered over a span of 331 years, results in a
rate of 2.4 km/year. If we consider the midpoint of age #1
from Table 1 (330 CE) with the necessary precautions,
the migration rate is substantially reduced to 1.6 km/year.

The third rate we estimate here is from the same initial
point in the upper basin to the Atlantic coast. The access
route is more complex to determine. The distribution of
the record and the ages suggest that the most probable
route was descending south the Parana River, reaching and
descending south again by the Uruguay River, and through
its left tributaries entering the Central Depression of the
state of Rio Grande do Sul, reaching the Atlantic coast
(Supplementary Fig. 2-C), where the Guarani record appears
ca. 1000 CE (see Sect. "Cluster analysis"). The distance thus
measured is ~ 1400 km, resulting in a rate of 2.8 km/year,
which is reduced to 2.1 km/year if age #1 is considered.

The overall results range from~ 1.3 to~2.8 km/year. This
variability, in addition to inherent methodological issues and the
fact that not all areas of Guarani expansion are interconnected
by waterways, is to be expected when populations expand
across diverse landscapes with varying degrees of resistance
to movement, including specific ecological differences,
topographic features, pre-existing populations, and other factors
(Bocquet-Appel et al. 2012). It should be noted, however, that
the rates obtained for areas connected by major rivers such as
the Parana and Uruguay are lower than those reported for other
migrations that relied on navigation devices (e.g., Fort 2022;
Wagley 1988). Improvements to the database will enable the
confrontation and refinement of these dispersion rates which
are a coarse-grained approximation.

@ Springer

Final remarks

The Guarani expansion from Amazonia to southeastern
South America stands out as one of the most remarkable
migrations documented for a canoe-based society in the
Americas. This expansion likely involved a combination of
long-distance migrations led by pioneer populations, leav-
ing uncolonized areas, along with medium to short-distance
movements. This diverse pattern of colonization carries sig-
nificant implications for Guarani archaeology, particularly
concerning metapopulation dynamics, cultural evolution,
innovation, and learning systems within Guarani society,
which extend the boundaries of research in exciting new
directions.

In this study, we have proposed different ways of group-
ing the data that we believe reflect some of the underly-
ing structures of the Guarani expansion. However, there
are several alternative approaches, each offering different
perspectives that will help enrich the discussion. We have
also highlighted the need to improve various aspects of
the databases and methodological issues related to Guar-
ani archaeology. This includes increasing sample sizes,
especially from underrepresented regions, validating dat-
ing methodologies, and obtaining accurate paleoclimatic
data directly relevant to the research. Addressing these
and other issues will ensure the continuous improvement
and expansion of the database. Although this study has
improved the database, it still contains data that require
ongoing and consistent scrutiny. Another crucial aspect
is fostering international cooperation, as demonstrated by
this study. The effective advancement of Guarani archae-
ology requires collaboration among researchers work-
ing in key active research areas, consistently generating
new field and laboratory data based on shared standards.
Finally, this study also aims to stimulate discussion, iden-
tify the strengths and weaknesses of our knowledge on the
analyzed topics, while addressing the numerous gaps for
a better understanding of Guarani archaeology, which is
undergoing an undeniable process of theoretical and meth-
odological growth, as well as an increase in the quantity of
ongoing research.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12520-024-02158-3.
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