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More than 10,000 pre-Columbian earthworks are still
hidden throughout Amazonia

Vinicius Peripato et al.

Indigenous societies are known to have occupied the Amazon basin for more than 12,000 years,

but the scale of their influence on Amazonian forests remains uncertain. We report the discovery, using
LIDAR (light detection and ranging) information from across the basin, of 24 previously undetected
pre-Columbian earthworks beneath the forest canopy. Modeled distribution and abundance of large-scale
archaeological sites across Amazonia suggest that between 10,272 and 23,648 sites remain to be
discovered and that most will be found in the southwest. We also identified 53 domesticated tree species
significantly associated with earthwork occurrence probability, likely suggesting past management
practices. Closed-canopy forests across Amazonia are likely to contain thousands of undiscovered
archaeological sites around which pre-Columbian societies actively modified forests, a discovery

that opens opportunities for better understanding the magnitude of ancient human influence on

Amazonia and its current state.

uring the pre-Columbian era, Amazonia

was home to dense and complex socie-

ties throughout its vast forested area

spanning 6.7 million km? (7). These an-

cient Indigenous societies had profound
knowledge of earthmoving, riverine dynamics,
soil enrichment, and plant and animal ecology,
which allowed them to create domesticated
landscapes that were more productive for hu-
mans (2-4). With earthmoving techniques, In-
digenous peoples created a wide variety of
earthworks (i.e., ring ditches, geoglyphs, ponds,
and wells), mostly between 1500 and 500 years
before present, with social, ceremonial, and
defensive functions (5). Around these earth-
works, they also managed hundreds of tree
species, some of which show evidence of do-
mestication (6-9), and effected long-lasting
changes in forest composition (10-13). The
scale and intensity of that landscape trans-
formation remain unknown, in part because
there has never been a comprehensive in-
ventory of pre-Columbian sites across the
basin.

Domesticated landscapes in Amazonia have
mostly been discovered by means of evidence
from on-the-ground surveys (5, 14). Earthworks
can be detected by orbital optical satellites with
very high spatial resolution (75), but that tech-
nique is mostly suitable for deforested areas (16).
Airborne light detection and ranging (LIDAR)
data—a remote sensing technique that can map
microtopography beneath the forest canopy—
has substantially changed our understanding
of the magnitude of pre-Columbian urbanism
in Mesoamerica (17, 18) and South America
(19). Over the past decade, the use of LIDAR
data has revealed the complexity of Mayan
civilization by indicating a regionally inte-
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grated urban-rural community network in
Mesoamerica (I7). More recently, LIDAR en-
abled the detailed mapping of two monumen-
tal pre-Columbian settlements in an intensively
domesticated landscape hidden under forest in
southwestern Amazonia (19). Although Meso-
american archaeological sites feature very
different types of structures—stone construction
as opposed to the use of earth, as in Amazonia—

e Earthworks (937)

% New discoveries (24)
e Other archaeological sites
C3Amazonian regions

our spatial understanding of archaeolog....-
sites in forested landscapes by enabling the
visualization of ancient large-scale earthworks
(18, 19) beneath the forest canopy. Because de-
forestation in Amazonia has removed about
17% of the natural vegetation cover to date
(20), LIDAR has the potential to reveal many
more discoveries in the remaining 83% of the
basin that is opaque to other remote sensing
approaches.

Here, we report a large number of previous-
ly undocumented pre-Columbian earthworks
with geometrically patterned enclosures in an
Amazon-wide LIDAR dataset covering 0.08%
of the basin (21). We combine these newly dis-
covered sites with a comprehensive dataset
of existing archaeological sites (ring ditches,
geoglyphs, ponds, and wells) to model areas
likely to harbor as yet undetected earthworks
hidden beneath remote forest landscapes. On
the basis of our predictive model, we estimate
the number of undocumented earthworks and
identify domesticated tree species associated
with earthwork presence.

Archaeological discoveries beneath the canopy

Scanning 5315 km? of LIDAR data originally
obtained for estimating aboveground biomass
throughout the Amazonian forest (22) revealed

Fig. 1. Geographical distribution of known and newly discovered pre-Columbian geometric earth-
works in Amazonia. (A) Map of previously reported and newly discovered earthworks (purple circles and
yellow stars, respectively) reported in this study across six Amazonian regions: central Amazonia (CA),
eastern Amazonia (EA), Guiana Shield (GS), northwestern Amazonia (NwA), southern Amazonia (SA),
and southwestern Amazonia (SwA). (B) Newly discovered earthworks in SA. (C to F) Newly discovered
earthworks in SwA. (G to I) Newly discovered earthworks in GS. (J and K) Newly discovered earthworks

in CA. Scale bars, 100 m.
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24 unreported earthworks in southern, south-
western, central, and northern (the Guiana
Shield) Amazonia (Fig. 1A) (21). We detected a
fortified village in southern Amazonia (Fig. 1B),
defensive and ceremonial sites in southwestern
Amazonia (Fig. 1, C to F), crowned mountains
and megalithic structures in the Guiana Shield
(Fig. 1, G to I), and riverine sites on floodplains
in central Amazonia (Fig. 1, J and K).

In southern Amazonia, we found an ancient
plaza town located in the Upper Xingu Basin
(Fig. 1B). This region is known to have sup-
ported dense populations in the past, distrib-
uted throughout plaza villages interconnected
by road networks and surrounded by domes-
ticated landscapes with a diverse array of ter-
restrial and aquatic resources (10, 23). It is also
clear that the earthworks in this region extend
beyond the sampled area of the 200-m-wide
LIDAR transect, restraining their full iden-
tification. The layout of these earthworks is
similar to that of other fortified villages doc-
umented in this region, which supports the idea
that these structures were built before European
contact (10, 15, 24,).

In southwestern Amazonia, we found a com-
bination of rectangular and circular features,
known as geoglyphs, without detectable in-
terconnecting roads occurring on flat terrain
close to water bodies (Fig. 1, C to F). Docu-
mented defensive and ceremonial earthworks
in this region were built around two millennia
ago and are dispersed across the well-drained
plateaus of the tributaries of the Purus and
Madeira rivers (25).

In the Guiana Shield, we detected a combi-
nation of rectangular and circular features on
plateaus near water bodies (Fig. 1, G to I). The
region holds different types of earthworks with
different usages: permanent settlements within
crowned mountains in French Guiana (26) and
ceremonial sites featuring megalithic struc-
tures arranged in circular clusters found along
the coast of Amapa, Brazil (27).

In the floodplains of central Amazonia, a
hotspot of pre-Columbian riverine settlements
(3, 23, 28), we identified two other earthworks
(Fig. 1, J and K). We considered these sites to
be anthropogenic because of their straight
edges, although the geometry of these sites is
distinct from that of the earthworks found in
upland forests. Constant sedimentary deposi-
tion over the centuries, through periodic floods,
may have buried smaller features, preserving
only the observed structures, which elsewhere
have been associated with pre-Columbian fish-
eries management (29).

Modeling basin-wide distribution of earthworks

By extrapolating the density of earthworks ob-
served in our LIDAR data (0.0062 earthworks/
km?) to the extent of Amazonia (6.7 million km?),
we calculated that >41,000 earthworks may
occur throughout the forest. However, given
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that our LIDAR data covered only 0.08% of the
total area of Amazonia and that earth-building
societies were not evenly distributed across the
basin (15, 30), more-rigorous methods were
needed to estimate how many other as yet un-
documented pre-Columbian earthworks might
occur and where. To answer these questions,
we used newly developed Bayesian statistical
techniques and an inhomogeneous Poisson
process (IPP) model (31), with an intensity func-
tion using intensity covariates and thinned by
observability covariates (32). Recently, the use
of other machine learning techniques such as
random forests have become popular for spe-
cies distribution models (SDMs). There is still

some uncertainty about this use (33), and the
implementation of random forests to IPPs is
still not available, but it might be a welcome
addition to the toolkit of SDM analysis.

The aforementioned statistical analysis was
based on the records of 937 known earthworks
complemented by our discoveries (24 earth-
works), with three bioclimatic, three edaphic,
and three topographic variables as intensity
covariates. More than 40 variables were con-
sidered in the model (table S1), and the se-
lected ones (nine variables) cover gradients of
temperature, precipitation, soil structure and
fertility, topography, water-table depth, and
distance to water bodies (2I). Observability
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Fig. 2. Probability model of pre-Columbian earthworks across Amazonia. (A) Predicted probability of
earthwork presence for 1-km? cells across six Amazonian regions using an inhomogeneous Poisson process
predictive model: central Amazonia (CA), eastern Amazonia (EA), Guiana Shield (GS), northwestern Amazonia
(NwA), southern Amazonia (SA), and southwestern Amazonia (SwA). Areas not modeled (NA) are greyed
out. (B) Predictive probability function for the number of as yet undetected earthworks; the dark area
under the curve represents the credibility interval (Cl) of the probabilities associated with each number.
(C) Boxplot of the estimated relative contribution of each covariate; the yellow diamond indicates the mean
value. SCC, soil cation concentration; TPI, terrain position index; HAND, height above the nearest drainage.
(D) Individual predicted probability of earthwork presence against intensity covariates. For projected areas
across each Amazonian region on different probability thresholds, see table S2, and for the IPP model

on continuous values, see fig. S1.
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Fig. 3. Significant relationships between the occurrence and abundance of domesticated tree species
and the modeled distribution of earthworks in Amazonia. Point estimates and confidence intervals of
species significantly associated with predicted probability of earthwork presence, with an overall significance level
of 5%. Positive species are more likely to occur and be abundant where predicted probability of earthwork
presence is high, whereas negative species are less likely to occur and be abundant there.

covariates were used to describe the dataset
sample preference by indicating the most fa-
vorable location for sample acquisition (32).
The effect of sample selection bias was individ-
ually weighted for each sample (21).

Our model predicts the number of as yet
undiscovered pre-Columbian structures at be-
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tween 10,272 and 23,648, with 95% probabil-
ity, giving an average of 16,187 sites (Fig. 2B).
These estimates suggest that the earthworks
already documented in the Amazon to date
account for a mere 4 to 9% of the total, and
that 91 to 96% of Amazonian earthworks re-
main undiscovered.

6 October 2023

This predictive model indicated that earth-
works are likely concentrated in southwestern
Amazonia (Fig. 2A) and corroborated previous
studies that found this region to be a hotspot
of earth-building societies (13, 15, 34). In addi-
tion, nearly all the highest-probability cells (=25%
predicted probability) occur in a 94,713-km>
rectangle that overlays a substantial portion of
the Brazilian state of Acre. Indeed, southwest-
ern Amazonia contains the earliest plant cul-
tivation and domestication (9, 35), the oldest
anthropogenic soils (35), low-density urban-
ism (79), and now a much higher density of
earthworks. The underlying spatial data dis-
tribution may offer valuable information about
pre-Columbian practices before European con-
tact (36).

Our analysis also suggests that pre-Columbian
societies engaged in earthwork construction
in all other regions, covering a broader area
than previously thought. However, earthworks
are heterogeneously distributed across Ama-
zonian regions. Almost 80% of the basin has
a 0 to 1% predicted probability of earthwork
presence for 1-km? cells. These low-probability
areas are mostly located in northwestern, north-
ern, and central Amazonia, whereas higher-
probability areas (=25% predicted probability,
covering 1.41% of the basin) are located in
southwestern Amazonia. Earth-building soci-
eties were very common in some parts of the
basin, but they may not have occupied all of
Amazonia (6, 15, 30, 37). Other types of domes-
ticated landscapes, such as Amazonian dark
earths, are widespread [see maps in (37-39)]
in regions (e.g., central Amazonia) where the
earthworks analyzed in our study (ring ditches,
geoglyphs, ponds, and wells) are not commonly
found. Given the diversity of pre-Columbian
societies and their land-use practices over
12,000 years of ancient Amazonian history,
forests were likely modified at varying inten-
sities by different Indigenous populations
through time (7, 38).

Forests modified by earth-building societies
are more likely to occur in locations with high
temperature and low precipitation during the
wettest and driest quarters (Fig. 2, C and D).
Areas with high soil content of clay and silt
and high cation concentrations also show high
probabilities of earthwork presence. In ad-
dition, earthworks tend to be located on pla-
teaus with deep water tables, yet close to water
bodies. This combination of environmental
conditions probably facilitated the construc-
tion of earthworks by offering periods with
less precipitation and higher temperature,
and soils with a better texture for earthmoving.
In addition, the presence of a drier season fa-
cilitates burning, which could help remove the
vegetation for building earth structures (72),
while higher soil cation concentrations could
attract settlements for the development of di-
versified food production systems with plants
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managed and domesticated to different de-
grees (15, 30).

As expected, observability covariates indi-
cate that previously reported earthworks are
mostly found near roads, which facilitate
field research (Fig. 2C). Tree cover, however,
has no effect on the current distribution of
earthworks. Thus, new earthworks can still be
found even in deforested areas. The use of con-
ventional very-high-resolution remote sensing
data, guided by the probability surfaces pro-
duced here (Fig. 2A), is likely to reveal more
previously undetected earthworks in both
closed-canopy and deforested areas of Ama-
zonia. In addition, the rise of machine learn-
ing techniques applied to archaeological site
detection may lead to rapid discovery of new
sites across deforested areas (40, 41).

In forested areas, LIDAR surveys guided by
our discoveries (e.g., full coverage of the Fig. 1B
site) and the probability surfaces in Fig. 2A are
promising tools for discovering new sites.
However, very-high-probability areas (=50%
predicted probability) cover 32,120 km?, for
which a complete LIDAR survey would require
six times more data than have been collected
to date in the Amazon. Thus, other approaches,
such as mapping the distribution and abun-
dance of domesticated species associated with
earthwork presence, may help locate new sites
within the Amazonian forest (42, 43).

Relationships with domesticated species

We analyzed the relationship between the re-
sponse (occurrence and abundance) of 79 do-
mesticated tree species identified across 1676
forest plots (6) and the predicted probability
of earthwork presence using generalized linear
models to test whether forests with a higher
probability of earthwork presence have a higher
frequency and abundance of domesticated
species (21). The occurrence and/or abundance
of 35 domesticated species increased with the
predicted probability of earthwork presence,
while those of 18 species decreased. In total,
the occurrence and/or abundance of 53 of the
79 domesticated species showed significant
association with the predictive model of earth-
work distribution (Fig. 3).

The species whose responses increased the
most significantly along with the probability of
earthwork occurrence are Bertholletia excelsa
(P < 0.001, B = 1.13), Hevea brasiliensis (P <
0.001, B = 0.65), and Brosimum alicastrum (P <
0.001, B = 1.36), on the basis of occurrence data,
and Astrocaryum murumuru (P < 0.00L, B =
0.71), Attalea phalerata (P < 0.001, B = 142), and
Theobroma cacao (P < 0.001, § = 143), on the
basis of abundance data (fig. S2). The species
whose responses decreased the most signifi-
cantly are Erisma japura (P < 0.001, § = -1.94),
on the basis of occurrence data, and E. japura
(P <0.001, B = -1.7) and Oenocarpus bataua (P <
0.001, B = -0.27), on the basis of abundance data

Peripato et al., Science 382, 103-109 (2023)

(fig. S2). Although these highlighted species have
multiple uses (44), they have mainly been used
for their edible fruits and nuts in Amazonia,
with the exception of H. brasiliensis, which
has been used intensively for latex produc-
tion (data S1). Species that are more frequent
and abundant in forests with higher probability
of earthwork occurrence were probably fa-
vored by a combination of interacting past
Indigenous management practices and eco-
logical processes (6). These results confirm
previous archaeobotanical and ethnobotanical
data that have already shown that some spe-
cies (e.g., B. excelsa, Astrocaryum spp., and
Attalea spp.) are more abundant on and near
archaeological sites across Amazonia (8, 14, 36).
Species that are less frequent and abundant in
areas with a higher probability of earthwork
occurrence likely prefer habitats where earth-
works are usually not found, such as sandy soils
with lower fertility (7), or were disfavored by
past practices that might have had detrimen-
tal effects on some species (45).

Social-ecological implications

The massive extent of archaeological sites and
widespread human-modified forests across
Amazonia is critically important for establishing
an accurate understanding of interactions be-
tween human societies, Amazonian forests, and
Earth’s climate (37). Considering the widespread
extent of locations modified by pre-Columbian
management and cultivation practices, Amazonia
can be viewed as an ancient social-ecological sys-
tem, with long-term responses to climate change
(46), more similar to old secondary forests than
pristine climax ecosystems (10).

The discovery of earthworks hidden beneath
dense forest canopies also indicates that, given
sufficient time after these sites became depop-
ulated, forests regenerated over the centuries.
It is still unknown, however, the scale of struc-
tural and floristic differences between pristine
and domesticated forests across Amazonia. The
forest reclaimed the land, but this is not the
case for the Indigenous societies that managed
these forests and waterbodies and that created
these large structures. These archaeological leg-
acies can play a role in present-day debates
around Indigenous territorial rights. They serve
as tangible proof of an ancestor’s occupation,
way of life, and their relationship with the for-
est. Today, Indigenous peoples struggle to re-
cognize their right to land originally inhabited
by their ancestors, along with the protection
of their territories, languages, cultures, and heri-
tages. In addition to protecting the native peo-
ples that remain, the institution of Indigenous
lands also collaborates with forest conservation
in times of debates on climate change and the
search for solutions that minimize impacts on
the climate and promote carbon neutrality.

These human-modified landscapes harbor
an impressive archaeological heritage. Of the

6 October 2023

24 earthworks newly reported in our study,
50% are located in areas with some degree of
legal protection. When all 937 known earth-
works are considered, however, only 9% are
located inside Indigenous lands and protected
areas. To date, most pre-Columbian earth-
works have been discovered after deforesta-
tion. The highest density of known earthworks
in Amazonia is, therefore, outside protected
areas and mostly located in the region with
the highest historical and current rates of de-
forestation, called the “Arc of Deforestation.”
Protected areas and Indigenous territories can
act as barriers against illegal activities that
promote the degradation and destruction of
Amazonia’s natural and cultural heritage, but
their implementation and expansion depend
on strong government policies and law en-
forcement (47, 48).

Ironically, modern-day deforestation is re-
moving the very evidence of pre-Columbian
land-use strategies that were able to trans-
form the landscape without causing large-
scale deforestation (13). Today, Amazonia is
experiencing expansion of agriculture and
cattle ranching (49, 50), especially where earth-
works are concentrated in the southern and
southwestern regions, risking the destruction
of earthworks and fracturing and hampering
the identification of pre-Columbian occupation
sites that provide direct evidence of ancient
Indigenous territories. Our data on earthwork
probability, suitable environmental conditions,
and associated domesticated species should
narrow the search for Indigenous heritage
sites, enhanced by optical and LIDAR sensing
to identify, monitor, and help conserve archae-
ological features. Amazonian forests clearly
merit protection not only for their ecological
and environmental value but also for their
high archaeological, social, and biocultural
value, which can teach modern society how
to sustainably manage its natural resources.
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