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Over 450 pre-Columbian (pre-AD 1492) geometric ditched enclo-
sures (“geoglyphs”) occupy ~13,000 km? of Acre state, Brazil, rep-
resenting a key discovery of Amazonian archaeology. These huge
earthworks were concealed for centuries under terra firme (upland
interfluvial) rainforest, directly challenging the “pristine” status of
this ecosystem and its perceived vulnerability to human impacts.
We reconstruct the environmental context of geoglyph construc-
tion and the nature, extent, and legacy of associated human im-
pacts. We show that bamboo forest dominated the region for
>6,000 y and that only small, temporary clearings were made to
build the geoglyphs; however, construction occurred within an-
thropogenic forest that had been actively managed for millennia.
In the absence of widespread deforestation, exploitation of forest
products shaped a largely forested landscape that survived intact
until the late 20th century.

Amazonian archaeology | Amazonian rainforest | paleoecology |
pre-Columbian land use

he notion of Amazonia as a pristine wilderness has now been

overturned by increasing evidence for large, diverse, and
socially complex pre-Columbian societies in many regions of the
basin. The discovery of numerous, vast terra preta (anthropogenic
dark earth) sites bordering the floodplains of major rivers, and
extensive earthwork complexes in the seasonally flooded sa-
vannas of the Llanos de Mojos (northeast Bolivia), Marajo
Island (northeast Brazil), and coastal French Guiana, are seen to
represent examples of major human impacts carried out in these
environments (1-10).

However, major disagreement still resides in whether in-
terfluvial forests, which represent over 90% of Amazonian eco-
systems, were settings of limited, temporary human impacts (11—
13), or were instead extensively transformed by humans over the
course of millennia (14-16). A paucity of paleoecological studies
conducted in interfluvial areas has been responsible for the po-
larization of this debate, which encompasses different hypotheti-
cal estimates of precontact population size and carrying capacity
in the interfluves (17), and the relative importance of different
land use strategies in the past. The extent of ancient forest
burning is particularly contested, because some have proposed
that pre-Columbian deforestation was on a large enough scale to
have influenced the carbon cycle and global climate (18, 19),
whereas others argue that large-scale slash-and-burn agriculture is
a largely postcontact phenomenon (20). Modern indigenous
groups often subject slash-and-burn plots for crop cultivation to
long fallow periods, during which useful plants, including many
tree species, continue to be encouraged and managed in different
stages of succession within a mosaic-type landscape (21, 22). Also
known as “agroforestry,” this type of land use is thought to have
been common in pre-Columbian times, but its detection in the
paleoecological record is often problematic (15) and studies based
on modern distributions of useful species lack demonstrable time
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depth of forest modifications (23). Terrestrial paleoecology
programs are essential for a better understanding of these issues,
which have strong implications for the resilience of Amazonian
forests to human impact and, subsequently, their future conser-
vation (24-26).

With ditches up to 11 m wide, 4 m deep, and 100-300 m in
diameter, and with some sites having up to six enclosures, the
geoglyphs of western Amazonia rival the most impressive ex-
amples of pre-Columbian monumental architecture anywhere in
the Americas (27). Excavations of the geoglyphs have shown that
they were built and used sporadically as ceremonial and public
gathering sites between 2000 and 650 calibrated years before
present (BP), but that some may have been constructed as early
as 3500-3000 BP (28-30). Evidence for their ceremonial func-
tion is based on an almost complete absence of cultural material
found within the enclosed areas, which suggests they were kept
ritually “clean,” alongside their highly formalized architectural
forms (mainly circles and squares)—features that distinguish the
geoglyphs from similar ditched enclosures in northeast Bolivia
(5, 31). Surprisingly, little is known about who the geoglyph
builders were and how and where they lived, as contemporary
settlement sites have not yet been found in the region. It is
thought that the geoglyph builders were a complex network of
local, relatively autonomous groups connected by a shared and
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highly developed ideological system (32). Although some have
proposed a connection between the geoglyphs and Arawak-
speaking societies (33), the ceramics uncovered from these sites
defy a close connection with Saladoid—Barrancoid styles nor-
mally associated with this language family, and instead present a
complex mixture of distinct local traditions (34). Furthermore, it
is likely that the geoglyphs were used and reused by different
culture groups throughout their life spans (29).

As archaeological evidence points to interfluvial populations
in Acre on such an impressive scale, understanding the nature
and extent of the landscape transformations that they carried out
is vital to how we perceive Amazonian forests in the present and
conserve them in the future. Crucially, if the region’s forests were
intensively cleared for geoglyph construction and use, this might
imply that terra firme forests are more resilient to human impacts
than previously thought.

Paleolimnology is unsuited to tackle these questions. Most
geoglyphs are situated away from lakes, which generally occupy
abandoned river channels too young to capture the full temporal
span of pre-Columbian occupation. Instead, we applied phytolith,
charcoal, and stable carbon isotope analyses to radiocarbon-dated
soil profiles at two excavated and dated geoglyph sites: Jaco Sa
(JS) (9°57'38.96"S, 67°29'51.39"W) and Fazenda Colorada (FC)
(9°52'35.53"S, 67°32'4.59"W) (Fig. 1; SI Text, Site Descriptions) to
reconstruct vegetation and land use before, during, and after
geoglyph construction (SI Text, Terrestrial Paleoecology Methods).

We aimed to answer the following questions: (i) What was the
regional vegetation when the geoglyphs were constructed? To-
day, the region is dominated by bamboo (Guadua sp.) forests
(Fig. 1B), which cover roughly 161,500 km~ of southwest Ama-
zonia (35). Was bamboo forest also dominant before the geo-
glyphs, as some have suggested (36-38)? Or did people exploit
and maintain a more open landscape afforded by dryer climatic
conditions of the mid-Holocene (8000-4000 BP) (39), as recently
found to be the case for pre-Columbian earthworks <1,000 y old
in the forest-savanna ecotone of northeast Bolivia (26, 40)? (ii)
What was the extent of environmental impact associated with
geoglyph construction? If the study area was forested, was clear-
ance effected on a local (i.e., site-level) or regional (i.e., more than
several kilometers) scale, and how long were openings main-
tained? (iii) How was the landscape transformed for subsistence
purposes (e.g., through burning or agroforestry)? (iv) What hap-
pened to the vegetation once the geoglyphs were abandoned? Did
previously cleared areas undergo forest regeneration?

Study Area

The study area is characterized by seasonal precipitation (average,
1,944 mm/y), the majority of which falls between October and
April (41). The eastern part of the state where the geoglyphs are
located can experience severe drought during its 4- to 5-mo dry
season and has been subject to several recent wildfires, partly
exacerbated by the loss of roughly 50% of the region’s forest to
cattle ranching since the 1970s (42). The local vegetation is
dominated by bamboo forest with patches of palm forest, grading
into dense humid evergreen forest closer to the southern border
with Bolivia (43) (Fig. 14). Soils of the region are sandy clay
acrisols, a relatively fertile type of ultisol that still has low agri-
cultural potential (44). More fertile alluvial soils are found only
along the region’s three major rivers—the Purus, Jurud, and Acre.

Typical of most geoglyphs, JS and FC are situated on topo-
graphical high points (191 and 196 m above sea level), within a
landscape of gently rolling hills belonging to the Solimdes geo-
logical formation. We excavated five soil profiles (JS1-JS5)
along a linear transect starting at the center of the JS geoglyph
(JS1) and at distances of 0.5, 1.5, 3.5, and 7.5 km (JS5) away from
the site (Fig. 1C). This sample design allowed quantification of the
spatial scale of environmental impact associated with geoglyph
construction and use, ranging from highly localized (<0.5-km radius)
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to regional (>7.5-km radius). An additional soil profile was placed
inside the FC geoglyph, situated 10 km away from JS, to compare
the context of earthwork construction at that site. All of the soil
profiles were located within pasture dominated by nonnative grasses
and palm trees (mostly Attalea sp., Mauritia flexuosa, and Euterpe
precatoria), except for JS4, which lay within bamboo forest.

Results and Discussion

Exploiting Bamboo Forest. Basal dates from the soil profiles range
from 6500 BP (JS5) to 4500 BP (JS3) (Table S1). Phytolith as-
semblages dominated by bamboo bulliform phytoliths in the sand
fraction (SI Methods) and >15% bamboo short cells in the silt
fraction (Fig. 2; SI Methods, Phytolith Methods), demonstrate that
the bamboo forest ecosystem that exists in the region today was
present throughout the past ~6,000 y. These data provide com-
pelling empirical evidence that the dominance of bamboo in this
region is not a legacy of pre-Columbian human impact but is
instead a natural phenomenon reflecting the distinctive climate
and topography of the region. They also demonstrate the resil-
ience of this forest ecosystem to the drier-than-present climatic
conditions of the mid-Holocene (~6000 BP), a period exempli-
fied by a major lowstand of Lake Titicaca (45) and a shift from
forest to savanna in northeast Bolivia and neighboring Rondonia
state, Brazil (46-48) (Fig. 14, a, b, and ¢).

The phytolith assemblages continue to record bamboo forest
in the late Holocene (after ~4000 BP), during which increases in
smaller (125-250 pm) charcoal particles demonstrate intensifi-
cation of forest clearance and/or management by humans.
Wetter-than-previous climatic conditions characterized the late
Holocene (39), which would have made the vegetation less
naturally flammable, whereas archaeological dates attest to
people in the landscape from at least 4400 BP (28); thus, we can
be confident that fire activity in these levels was human—rather
than naturally—driven. It is likely that these cultures took ad-
vantage of the bamboo life cycle to facilitate deforestation (36),
as Guadua bamboo undergoes periodic mass die-offs every 27—
28 y across areas averaging 330 km?® (35). The resulting dead
vegetation is flammable in the dry season, which favors clearance
using fire, rather than laborious tree felling with stone axes. The
recovery of maize (Zea mays) and squash (Cucurbita sp.) phy-
toliths at the Tequinho and JK geoglyph sites (49) (SI Text, JK
Phytoliths) suggests that clearance was related to agricultural
practices, as well as the creation of dwelling spaces.

Geoglyph Construction. Surprisingly, despite the relative ease
with which bamboo forest could be cleared, we found no evi-
dence that sizeable clearings were created for any significant
length of time (i.e., over multidecadal to centennial timescales)
for geoglyph construction and use. Charcoal peaks at FC1 (45-50
cm) and JS1 (30-35 cm), with 26 date ranges (respectively, 1385—
1530 BP from charcoal and 2158-2333 BP from associated soil
humin) that agree with archaeological dates for site construction,
represent initial earthwork building at both locations; however,
true grass (nonbamboo) phytoliths remain below 10%, as op-
posed to ~40-60%, which would be expected if open, herbaceous
vegetation was subsequently maintained (50). Furthermore, 8'*C
values of soil organic matter (SOM) at JS1 (30-25 cm) remain
between —23%o0 and —24%o, attesting to the persistence of
predominantly C3 (closed-canopy) vegetation during this time.
Given that peak values of 20% for grass phytoliths and —19.7%o
for 8'°C in surface samples (0-5 cm) represent 40-y post-
deforestation, we deduce that the vegetation was never kept
completely open for this length of time in the pre-Columbian
era. This finding is consistent with archaeological evidence that
the geoglyphs were used on a sporadic basis rather than con-
tinually inhabited (28, 29). Furthermore, the absence of a char-
coal peak or abrupt vegetation change 500 m away (JS2) implies
that forest clearance for geoglyph construction was highly
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Fig. 1. Location maps. (A) Location of eastern Acre (/nset) and paleoecological studies that document a savanna-rainforest transition in the mid-Holocene:
(a) soil profiles between Porto Velho and Humaita (stable carbon isotopes), (b) Lagunas Oricore and Granja (pollen), and (c) Lagunas Bella Vista and Chaplin
(pollen). (B) Geoglyph distributions in relation to modern vegetation and location of FC and JS sites (/nset). (C) Locations of soil profiles in this study. From the
JS geoglyph (0 km), profile distances along the transect are as follows: JS2 = 0.5 km, JS3 = 1.5 km, JS4 = 3.5 km, and JS5 = 7.5 km. (D and E) Aerial photos of
the FC (D) and JS (E) geoglyphs. Black arrows show the locations of profiles FC1 and JS1.

localized. This suggests that the geoglyphs were not designed for Rather than being built within largely “untouched” bamboo forest,
intervisibility, but were instead hidden from view: an unexpected  our phytolith data suggest that the geoglyphs were constructed within
conclusion. anthropogenic forests that had already been fundamentally altered
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present, 2c accuracy) by depth for the six soil profiles. Shaded yellow bars delimit levels pertaining to geoglyph use. Geoglyph construction is represented at
FC1 (45-50 cm) and JS1 (30-35 cm) by dates that are in rough agreement with archaeological dates for these events (FC: 1925-1608 BP; JS: 1220-985 or 1405—
1300 BP). The abandonment of the geoglyph landscape (dated archaeologically to ~706-572 BP) is represented by '*C dates for palm phytolith decline at JS2
and JS4 (10-15 cm), which can be extrapolated to FC1 and JS1 where this phenomenon also occurred, but where the intrusion of older charcoal hindered
direct dating of these events (see S/ Text and S/ Methods for more information).

by human activities over thousands of years. At FC1 and JS1, pre-
geoglyph forest clearance events dated to ~3600 and ~4000 BP,
respectively, were followed by remarkably consistent increases in
palm taxa (+28% at FC1, +30% at JS1) that continued for ~3,000 y,
throughout the period of construction and use of the geoglyph sites.
The same trend is observed at JS2 (+25%) after a small charcoal
peak contemporary to that at JS1 (~4000 BP), whereas a rise in palm
abundance (+8%) at JS4 also follows increased fire activity
(~2600 BP), although the pattern is less pronounced than in the
other three profiles.

No natural explanation exists for this increase in palms, because
a wetter late Holocene climate (45) would have discouraged their
colonization as the canopy became denser. Instead, palm increase
correlates with an overall increase in human land use, docu-
mented by the charcoal data. Preliminary data gathered in 2011
from a soil profile within the JK geoglyph (SI Text, JK Phytoliths;
Fig. S1) further documented up to 90% palm phytoliths at 30-cm
depth, suggesting that many of Acre’s geoglyphs were constructed
within similar palm-rich forests. Because >450 geoglyph sites have
been discovered in eastern Acre, this implies anthropogenic forest
transformation over a large area of the interfluvial uplands.

The long-term concentration of palm species in the past was
likely both intentional and unintentional, given their high eco-
nomic importance for food and construction material (51, 52) and
the very long timescales over which they appear to have pro-
liferated. We suggest a positive-feedback mechanism for this trend,
whereby pre-Columbian groups initially cleared and occupied these
locations and manipulated forest composition (marked by the first
charcoal peaks), and the subsequent concentration of useful species
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later attracted other groups to the same locations, who in turn
encouraged them further.

Legacies of Anthropogenic Forests. What happened once the geo-
glyphs were abandoned ~650 BP? Toward the top of the profiles,
a sudden decrease in palm taxa [between —15% (JS4) and —25%
(JS1)] occurs at all four locations where they have proliferated.
Dated charcoal from these levels gave erroneous dates at FC1
and JS1 (SI Text, Age Inversions); however, concordant dates
from JS2 and JS4 (~600-670 BP) associate the beginning of the
palm decline with the period of geoglyph abandonment, sug-
gesting a link between these two phenomena.

Such a scenario finds support in studies of forest succession. In
the Amazonian ferra firme, palms are often the first trees to col-
onize forest clearings after herbs and lianas (53) but are eventually
outcompeted by slower-growing trees (54). If humans stopped
maintaining this artificial succession stage, palm communities
would eventually be replaced by other species. The sudden re-
surgence of palms observed in the 0- to 5-cm horizons is explicable
by the same mechanism, as modern deforestation has favored
their colonization by creating completely open landscapes.

Instead of reverting back to a more “natural” state, however,
other evidence suggests that the species that outcompeted palms
after geoglyph abandonment were already managed alongside
them. A botanical inventory of a residual forest patch adjacent to
the JS2 profile found that 9 out of 10 of its most abundant
species are of current socioeconomic importance (SI Methods,
JS2 Forest Patch Methods; Table S2). However, several of these
species do not produce diagnostic phytoliths [e.g., Bertholettia
excelsa (Brazil nut)], or produce them rarely (e.g., Tetragastris
altissima). Furthermore, in a principal-components analysis, average
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surface-soil phytolith assemblages from this forest patch plotted
close to phytolith sample 20-25 cm in the JS2 profile (Fig. S2),
immediately below the peak in palm phytoliths, implying that leg-
acies of pre-Columbian agroforestry still exist today within Acre’s
remaining forests.

Implications

In contrast to studies that argue for either minimal (11, 12) or
widespread (15, 16) pre-Columbian impact on the Amazonian in-
terfluves, we suggest that, in Acre, geoglyph construction was not
associated with deforestation over large spatial and temporal scales
but instead with a long tradition of agroforestry and resource
management that altered the composition of native bamboo forest
over millennia.

Our findings challenge the hypothesis that reforestation after
the Columbian encounter led to a sequestration of CO, that
triggered the Little Ice Age global cooling event (18, 19). This
hypothesis was formerly criticized in light of findings that many
earthworks in northeast Bolivia were constructed in nonforested
landscapes (26), but our data indicate that, even in an archaeo-
logically rich area that remained forested during the mid- to late
Holocene, pre-Columbian deforestation was on a more localized
scale than previously thought. Despite the number and density of
geoglyphs, we did not find any pre-Columbian parallel for the
length and extent of modern-day forest clearance in Acre.

Our data also raise a methodological concern crucial to the
interpretation of terrestrial paleoecological data—namely, that
low soil charcoal frequencies do not necessarily correlate with
sparse pre-Columbian populations in Amazonia (11). There is
little question that the geoglyphs are a product of sizeable, so-
cially complex societies that once inhabited the region (27, 32),
so the absence of evidence of large-scale deforestation in our soil
profiles casts doubt over whether quantification of forest burning
should play such a central role in delimiting areas of high vs. low
populations, and minimal vs. widespread environmental impacts
associated with them.

In contrast, our study has provided empirical, paleoecological
evidence for the importance of forest management practices in the
pre-Columbian interfluves. The proliferation of palms and other
useful species over apparently millennial timescales suggests a
long history of forest manipulation before the JS and FC geo-
glyphs were even constructed, consistent with some arguments
that long-term accumulations of small-scale disturbances can
fundamentally alter species composition (15, 16).
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We did not detect anthropogenic forest in all profile loca-
tions but recognize that formations not rich in palms are cur-
rently very difficult to detect in the phytolith record. This point
is made clear by the species and phytolith data from the JS2
forest plot, which hint at the other species that were favored by
pre-Columbian populations (e.g., Brazil nut) that do not pro-
duce diagnostic phytoliths.

We have shown that at least some of Acre’s surviving forest
owes its composition to sustainable pre-Columbian forest man-
agement practices that, combined with short-term, localized de-
forestation, maintained a largely forested landscape until the mid-
20th century. The lack of a pre-Columbian analog for extensive
modern deforestation means that we should not assume forest
resilience to this type of land use, nor its recovery in the future.

Methods

Soil profiles were dug to 1.5-m depth and sampled in 5-cm increments for
paleoecological analyses. Chronologies were based upon four accelerator
mass spectrometry (AMS) dates per soil profile, the majority being de-
termined on bulk macroscopic (>125 um) charcoal (19 samples), and the
remainder on soil humin (6 samples) (Table S1). Due to the occurrence of age
inversions, the integrity of the proxy data was assessed based on interprofile
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surface) using standard procedures (58). Detailed information for the
methodologies used in this study is provided in S/ Methods.
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