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Abstract: Phytolith analysis is a well-established archaeobotanical tool, having provided impor-
tant insights into pre-Columbian crop cultivation and domestication across Amazonia through the
Holocene. Yet, its use as a palaeoecological tool is in its infancy in Amazonia and its effectiveness for
reconstructing pre-Columbian land-use beyond archaeological sites (i.e., ‘off-site’) has so far received
little critical attention. This paper examines both new and previously published soil phytolith data
from SW Amazonia to assess the robustness of this proxy for reconstructing pre-Columbian land-use.
We conducted the study via off-site soil pits radiating 7.5 km beyond a geoglyph in Acre state, Brazil,
and 50 km beyond a ring-ditch in northern Bolivia, spanning the expected gradients in historical
land-use intensity. We found that the spatio-temporal patterns in palm phytolith data across our
soil-pit transects support the hypothesis that pre-Columbian peoples enriched their forests with
palms over several millennia, although phytoliths are limited in their ability to capture small-scale
crop cultivation and deforestation. Despite these drawbacks, we conclude that off-site soil phytolith
analysis can provide novel insights into pre-Columbian land use, provided it is effectively integrated
with other land-use (e.g., charcoal) and archaeological data.

Keywords: phytoliths; Amazonia; Holocene; pre-Columbian; palaeoecology

1. Introduction

There is a long-standing controversy over the degree to which different pre-Columbian
(pre-AD1492) human societies across Amazonia, over the past several millennia, trans-
formed their rainforest environments from pristine wilderness into domesticated land-
scapes, through forest clearance, use of fire, and agro-forestry [1–5]. Palaeoecology has
the potential to help resolve this debate by providing empirical evidence for vegetation
history, especially when closely integrated with archaeology [6,7]. The most common
palaeoecological technique is fossil pollen and charcoal analysis of radiocarbon-dated
lake/bog sediments, which has provided new insights into the scale of deforestation, use of
fire, type of farming/forest management practices, and crop domestication/cultivation in

Quaternary 2023, 6, 33. https://doi.org/10.3390/quat6020033 https://www.mdpi.com/journal/quaternary

https://doi.org/10.3390/quat6020033
https://doi.org/10.3390/quat6020033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/quaternary
https://www.mdpi.com
https://orcid.org/0000-0002-1728-0913
https://orcid.org/0000-0002-6631-7962
https://orcid.org/0000-0002-8993-6168
https://orcid.org/0000-0002-0388-8530
https://doi.org/10.3390/quat6020033
https://www.mdpi.com/journal/quaternary
https://www.mdpi.com/article/10.3390/quat6020033?type=check_update&version=1


Quaternary 2023, 6, 33 2 of 24

different parts of Amazonia. For example, pollen and charcoal analyses of sediment cores
from small lakes in close proximity to archaeological sites have revealed: two millennia
of agro-forestry near Santarem, Brazil [8]; crop cultivation and fire use and suppression
associated with raised-field agriculture in Amazon savannas [9,10]; and maize cultivation
and only small-scale deforestation in Bolivia [11,12]. Sediment cores from tight clusters of
small lakes have shown that pre-Columbian rainforest disturbance (burning and maize
cultivation) was often highly localised [13], whilst the most recent basin-wide synthesis of
lake pollen records [14] shows that the geographic scale and temporal pattern of deforesta-
tion, and subsequent reforestation following societal collapse, was highly heterogeneous
across Amazonia, and largely preceded European Contact.

However, despite the important advances in understanding provided by these studies,
fossil pollen analysis has significant challenges and drawbacks as a palaeoecological tool
for Amazonia. The biggest limitation is that pollen is only preserved well in low-oxygen
environments, such as lakes or bogs. Because Amazonia is a fluvially dominated landscape,
the vast majority of lakes are riverine oxbows, most of which are too young (<500 years)
to examine pre-Columbian land use. Of those rare oxbows which do pre-date European
Contact, few are conveniently located close to archaeological human settlements, where
signatures of human land use are expected to be strongest. Even for those few lakes or
bogs close to archaeological sites, the much larger catchment area for pollen (especially
for key wind-dispersed taxa such as most of the Moraceae, >25 km2) [15–18] than for
plant macro-remains such as seeds and fruits from archaeological (i.e., ‘on-site’) contexts,
means that this mis-match in spatial resolution renders integration between pollen-based
palaeoecological data with archaeological data problematic. Furthermore, pollen records
from oxbows inevitably provide land-use histories highly skewed toward pre-Columbian
settlements near rivers and reveal little or nothing about land use in the interfluves, where
major earthworks (e.g., >400 geoglyphs in eastern Acre state alone) have been discovered
in recent years [19,20], challenging the old fluvial vs. interfluvial model of pre-Columbian
settlement patterns [21–23].

These major drawbacks of lake-based pollen analysis as an effective tool for inves-
tigating pre-Columbian Amazonian land use have led to increasing attention paid to
alternative palaeo-vegetation proxies in recent years, in particular soil phytolith analysis.
Phytoliths are microscopic silica bodies found in plant tissue and have long been used as
an archaeobotanical tool (alongside plant macro-remains) elsewhere in the Americas [24]
to provide information on diet, crop cultivation/domestication, and plant processing, but
have only recently been applied to Amazonia, whether for ‘on-site’ archaeobotanical stud-
ies of diet/crop cultivation [25,26] or ‘off-site’ palaeoecological reconstruction [20,27–29].
(Note: Throughout this paper we use ‘on-site’ vs. ‘off-site’ to refer to relative proximity
to sites of archaeological excavation; e.g., human habitation centre, artificial earthwork,
ADE.) Phytoliths offer two key advantages over pollen as a palaeo-vegetation proxy with
respect to the spatial resolution and taxonomic resolution of key herbaceous land-use
indicator taxa. Firstly, unlike pollen, phytoliths preserve well in soils, which means that
the choice of sample site is almost limitless. Secondly, unlike pollen, which is dispersed
well beyond the parent plant, phytoliths are deposited in situ in the soil where the parent
plant grew, following death and decomposition of its vegetal matter. Consequently, soil
phytolith analysis offers the potential for palaeoecological reconstructions at far higher
spatial resolution than is possible with lake/bog-based pollen analysis. However, the
potential biasing of soil phytolith records by internal soil factors, such as dissolution caused
by soil pH [30–33], differential translocation due to differences in soil particle size [34,35],
and post-depositional mixing [36], must be accounted for to ensure the palaeoecological
interpretations are robust [37].

The second advantage of phytolith analysis over pollen analysis is its greater taxo-
nomic resolution of herbaceous taxa, some of which are important land-use indicators. For
example, Heliconia is a key indicator of forest disturbance (i.e., clearings), which is easily
identifiable by its phytoliths, but undetectable in pollen records [38–40]. Grasses (Poaceae)
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and sedges (Cyperaceae) can only be identified to the family level by their pollen but can
be identified to the sub-family and sometimes genus levels by their phytoliths [38,41–43].
Most importantly, with respect to land-use reconstruction, cultigens such as squash (Cucur-
bita spp.), arrowroot (Maranta arundinacea), leren (Calathea spp.), and rice (Oryza spp.) are
readily identifiable by their phytoliths [25,44,45] but are absent or rare in pollen records.

Consequently, on-site soil phytolith analyses have yielded important new discoveries
about pre-Columbian land use and plant domestication across Amazonia in recent years; e.g.,
multi-millennial histories of agro-forestry upon anthropogenic soils (Amazon Dark Earths,
ADEs) in eastern Amazonia [8,26,46] and early Holocene centres of squash and manioc
domestication associated with anthropic forest islands in southwestern Amazonia [47].

However, drawing inferences of spatio-temporal patterns of pre-Columbian for-
est management and disturbance (e.g., agro-forestry, forest clearance), based on phy-
tolith records from off-site soil profiles/pits beyond archaeological sites [26–29], is less
straightforward and open to question due to uncertainty over: (a) scale of deforestation,
(b) differentiation between ‘natural’ forest vs. ‘cultural/domesticated’ forest, (c) evidence
for crop cultivation and anthropogenic burning, and (d) the influence of soil mixing and
post-depositional processes upon the stratigraphic integrity and temporal resolution of
phytolith records. However, unlike pollen analysis, the limitations of which are well under-
stood and have been documented over many years [48–51], the reliability of off-site soil
phytolith analysis as a palaeo-vegetation proxy for Amazonia has received scant attention.

2. Aims and Approach

This paper seeks to evaluate off-site soil phytolith analysis as an effective palaeoeco-
logical tool for reconstructing Amazonian pre-Columbian land use in rainforest ecosystems.
Our overarching aim is to determine the extent to which off-site soil phytolith analysis can
reveal spatial and temporal gradients in different types of pre-Columbian land use: forest
clearance, forest management, fire, and crop cultivation. We carried this out by reference to
two study areas in SW Amazonia:

1. The ring-ditch region of northern Bolivia, for which we present new data.
2. The geoglyph region of eastern Acre state, Brazil, where we examine previously

published phytolith data [20].

3. Methods
3.1. Study Areas
3.1.1. Ring Ditches of Northern Bolivia

The Riberalta region of northern Bolivia (Figure 1) has a mean annual precipitation of
1500–2400 mm, with a 2–3-month dry season [52,53], and is dominated by humid evergreen
rainforest [54]. The latter comprises over 800 tree species, with Burseraceae, Fabaceae,
Moraceae, and Arecaceae being the most abundant arboreal families [55]. Soils in this region
are sandy clay ferrasols which are strongly weathered, acidic, and have low agricultural
potential [56]. More fertile fluvisols are found along the region’s major rivers—the Beni and
Madre de Dios. Several pre-Columbian ‘ring ditch’ earthworks have been identified atop
bluffs of the Beni and Madre de Dios rivers, near the town of Riberalta [57]. The large size of
these earthworks and the results of preliminary archaeological excavations have identified
large, semi-sedentary populations inhabiting these river bluffs. The largest of these ring
ditches, covering 125 ha of bluff along the Beni River, is located at the village of Tumichucua,
ca. 18 km upstream of the town Riberalta. This pre-Columbian ring-ditch was occupied ca.
2200–1550 cal yr BP [58]. Phytolith residue analysis of ceramics excavated from Tumichucua
and other ring ditches in the Riberalta region provides evidence for consumption and
processing of palms and other cultigens (maize and squash), demonstrating that the ring-
ditch builders cultivated crops and managed nearby forests [59]. Similar ring ditches
have been discovered elsewhere in northern Bolivia [60] and much of Brazilian southern
Amazonia [61]. Although the functional variation of these sites is still being studied, historic
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accounts from the Baures region, Llanos de Moxos, suggest that many were enclosed by
palisades, serving a defensive function [4].
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Figure 1. Location maps. (A) Location of Riberalta region in northern Bolivia and the geoglyph
region of eastern Acre, Brazil (Inset). (B) Location of study sites in relation to modern vegetation
and earthwork distribution (geoglyphs and ring-ditches). (1) Location of the Acre soil profiles.
(1A) Location of the FC1 soil profile in relation to the Fazenda Colorada geoglyph. (1B) Location of
the JS1 soil profile in relation to the Jaco Sa geoglyph. (2) Location of the Tumichucua and El Tigre
soil profiles. (2A) Locations of the Tumichucua and Tajibos soil profiles in relation to the Tumichucua
ring-ditch. Earthwork locations from De Souza et al. [54] and location of Acre soil profiles from
Watling et al. [20].

3.1.2. Geoglyphs of Eastern Acre, Brazil

The greatest known concentration of pre-Columbian geometric ditched earthworks
(>400) lies to the north of Bolivia in eastern Acre, Brazil (Figure 1), where they are referred to
as ‘geoglyphs’, constructed between ca. 2000–650 cal yr BP [62,63]. These Acre earthworks
comprise a greater diversity of geometric shapes than the simple ring-ditch structures of
northern Bolivia. Furthermore, unlike the Bolivian ring ditches near Riberalta, most of
the Acre geoglyphs are located on interfluves, close to streams but far away from major
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rivers, and archaeological evidence of occupation is scarce, leading to the suggestion that
they may have served a ceremonial, rather than settlement, function [64]. In contrast to
northern Bolivia, extensive areas of rainforest of eastern Acre are dominated by bamboo
(Guadua spp.), which may have proven easier to clear for geoglyph construction [20,64].
Soils in this region are sandy clay acrisols, which like ferrasols, are weathered and acidic
with low agricultural potential, but differ in terms of other morphological, mineralogical,
and chemical factors [56]. As with Riberalta, the more fertile fluvisols are found only along
the region’s major rivers—the Purus, Juruá, and Acre.

3.2. Site Selection Strategy and Sampling Design

In the eastern Acre study area, Watling et al. [20] dug a 7.5 km transect consisting of
five soil pits (each 1.5 m deep), with an on-site pit dug in the centre of the 100 m diameter
‘Jaco Sa’ geoglyph (67◦29′51.39′′ W, 9◦57′38.96′′ S) and four off-site pits dug along a linear
transect, progressively further away at 0.5, 1.5, 3.5, and 7.5 km. An additional profile was
excavated 10 km away from ‘Jaco Sa’ within the ‘Fazenda Colorada’ geoglyph to serve as a
comparison. This sampling design sought to quantify the spatial scale of forest clearance
associated with geoglyph construction.

We adopted a similar sampling strategy for the Riberalta study area, using a se-
ries of three soil pits—an on-site pit dug within the Tumichucua ring ditch (66◦9′38.2′′ W,
11◦8′50.2′′ S) and two off-site pits dug 1 km away (at ‘Los Tajibos’ 66◦9′24.7′′ W, 11◦9′19.9′′ S)
and 50 km away in the rainforest interfluve (a 1-hectare ecological plot, ‘El Tigre’ 65◦43′12′′W,
10◦58′12′′ S) (Figure 1). Tumichucua and Tajibos are both within a modern indigenous
territory, where slash-and-burn agriculture is practiced today. The interfluvial ‘El Tigre’
plot is located 20 km east of the Beni River and 8 km west of the Yata river and is part of an
Amazon-wide network of 1 ha ecological plots (RAINFOR) [65,66]; it shows no obvious
sign of human land use. These three Bolivian plots were chosen for study because they
provided an opportunity to test whether phytolith analysis can capture significant spa-
tial gradients in the magnitude of anthropogenic impacts upon rainforest (e.g., clearance,
burning, agro-forestry), not only today, but in pre-Columbian times. Although we ac-
knowledge that archaeological investigations have not yet been undertaken in the vicinity
of the ‘El Tigre’ plot, or along the Yata river to the east, our underlying assumption is
that pre-Columbian human impacts would have been significantly greater at the riverine
Tumichucua occupation centre than at the ‘El Tigre’ interfluve because greater population
density would be expected for the former compared with the latter (due to labour for
ring-ditch construction and easier access to valuable river resources—i.e., drinking water,
fish protein, ease of travel via canoe).

We restricted the focus of this paper to Riberalta and eastern Acre because they
employ a common sample design and field- and lab-based methodology, enabling direct
comparison of data.

3.3. Field and Laboratory Methods

Field and lab methods for the Acre geoglyph study are described in Watling et al. [20].
Similar methods were undertaken for the Riberalta ring-ditch study area as follows:

Soil pits, measuring 1 × 2 m in area, were dug to 1 m depth. Soil samples were
collected from the pit profile at consecutive 5 cm intervals and shipped to the University
of Reading for cold storage. Phytolith analysis was undertaken at 5–10 cm resolution,
following the wet oxidation method [38], with 15 soil samples per profile analysed from
Tumichucua and Tajibos and 14 soil samples analysed from El Tigre. Samples were divided
into ‘A’ silt (<50 µm) and ‘C’ sand (>50 µm) fractions. For the silt fraction, phytoliths
were examined at 500×magnification. A minimum of 200 phytoliths were counted, and
the rest of the slide was scanned to identify other diagnostic types. For the sand fraction,
the entire slide was scanned at 200×magnification and all diagnostic phytoliths counted.
Identifications were made using published atlases [38,40,67–70], as well as the phytolith
reference collection at the University of Reading Tropical Palaeoecology Laboratory. To
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assist interpretation of the phytolith data, macroscopic charcoal was analysed to reconstruct
fire history The latter was based on 3 cm3 soil samples taken at 5 cm increments, using
a modified macroscopic sieving method with >250 µm and 125–250 µm size classes to
distinguish between local versus extra-local charcoal sources, respectively [20,71,72].

Macroscopic charcoal particles greater than 0.5 cm in size were collected for radiocar-
bon dating (Table 1) as follows: as the pit was dug, the 2 m2 surface area was levelled and
cleaned at 10 cm depth intervals; macroscopic charcoal particles were collected across this
2 m2 area and pooled together into a single sample to obtain a mean age for a given horizon.
By pooling charcoal particles in this way, rather than dating individual charcoal particles,
the likelihood of age inversions due to anomalously young or old individual particles (e.g.,
due to bioturbation) is likely to be reduced. Four AMS dates per soil pit were obtained and
calibrated to 2σ accuracy using the IntCal 13 calibration curve [73,74].

Table 1. Radiocarbon dates from the Riberalta region soil pits.

Site Publication
Code

Sample Depth
(cm) Sample Type

Conventional
Radiocarbon

Age
(a BP ± 2 σ)

Calibrated Age
(cal. a BP ± 2 σ)

Average
(cal. a BP ± 2 σ)

Tumichucua

UCIAMS-223844 20 charcoal n/a n/a n/a
SUERC-88899 30 charcoal 1846 ± 37 1876–1702 1790
SUERC-88906 50 charcoal 490 ± 37 623–493 560
SUERC-88907 90 charcoal 5546 ± 37 6403–6289 6350

Los Tajibos

SUERC-88908 30 charcoal n/a n/a n/a
SUERC-88909 40 charcoal 1513 ± 35 1523–1327 1430
SUERC-88910 55 charcoal 2847 ± 37 3068–2861 2960
SUERC-88911 80 charcoal 6160 ± 38 7165–6951 7060

El Tigre

SUERC-88887 20 charcoal 209 ± 37 311 310
SUERC-88888 50 charcoal 1942 ± 37 1988–1820 1900
SUERC-88889 70 charcoal 5975 ± 38 6925–6693 6810
SUERC-88890 100 charcoal 6920 ± 39 7838–7675 7760

Factors which can potentially bias soil profile phytolith assemblages include soil
pH, which affects phytolith dissolution, and soil particle size, which can make phytolith
translocation more or less likely [30,34,75]. Both of these factors were therefore measured in
the present study. pH was measured using a calibrated pH meter on samples taken at 10 cm
intervals. Soil particle size was measured at 5 cm intervals using a Mastersizer 3000 laser
diffraction analyser. The volume-based percentages produced by laser diffraction were
converted to mass-based percentages using a calibration model [76] since laser diffraction
underestimates the proportion of clay particles [77].

Carbon, nitrogen, and exchangeable cations were extracted at 10 cm intervals through
each soil profile to analyse soil nutrient availability. These available nutrients indicate the
agricultural potential of the soil and may thus provide further insights into pre-Columbian
land use. Carbon and nitrogen were measured using a Delta V IRMS at 5 cm increments
and expressed as % dry weight of soil. Exchangeable cations were determined using the
standard ammonium acetate leaching procedure [78] at 10 cm resolution and expressed as
cmolc/kg soil. The major nutrients Ca, Mg, K, and Na were measured, but Al could not be
measured due to logistical constraints.

To improve understanding of the relationship between soil phytolith assemblages
and parent vegetation, and thus the ability of this proxy to record pre-Columbian forest
use and human impacts, the soil-surface phytolith assemblage of the ‘El Tigre’ 1 ha ev-
ergreen rainforest RAINFOR plot was compared with its floristic inventory, where every
stem > 10 cm d.b.h. (diameter at breast height) was recorded (Table 2).
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Table 2. Comparison of the phytolith soil-surface assemblage with the floristic inventory from the El
Tigre rainforest plot, illustrating the limitations of phytoliths in capturing the floristic composition of
woody dicotyledons. Of all the vascular plants > 10 cm d.b.h. (diameter at breast height) recorded
in the floristic inventory, the only taxon identifiable to family level in the soil-surface phytolith
assemblage is Arecaceae. Furthermore, although Phenakospermum guyannense (an arborescent herb
which is an early successional disturbance indicator) is identifiable by its phytoliths, it is absent from
the soil-surface phytolith assemblage despite comprising 8% of the stems in the floristic inventory.
Absence of such taxa from the phytolith record therefore does not signify their absence from the
parent vegetation.

Taxa Present in Both
Phytolith Surface

Sample and Inventory

% of Phytoliths
in Surface

Sample

% of Stems in
Plot

(dbh > 10 cm)

Taxa with Known/Potentially Diagnostic
Phytoliths Present in Inventory but Not
Present in the Phytolith Surface Sample

(dbh > 10 cm)

% of Stems in
Plot

(dbh > 10 cm)

Arecaceae 38 40

Arecaceae: 10

- Euterpeae (2 spp.) 9

- Astrocaryum (1 sp.) 0.1

- Attaleinae (1 sp.) 0.1
Annonaceae (5 spp.) 2

Phenakospermum guyannense 8

Total: 20

4. Results
4.1. Study Area 1—Ring Ditches of Riberalta Region, Northern Bolivia (Figures 2–4)

Radiocarbon dates for each of the three Riberalta soil profiles are shown in Table 1 below.

4.1.1. Tumichucua Ring-Ditch

The basal date shows that the 1 m soil profile spans the last 6000 years, consistent with
previously published records from tropical South America [20,79–82], although anoma-
lously young ages at 20 cm (modern) and 50 cm (560 cal yr BP) preclude establishment of an
accurate age–depth model (Table 1). Raw phytolith counts are shown in the Supplementary
Materials. Most of the profile is dominated by arboreal phytoliths (40–70%). Palm phytolith
abundance fluctuates considerably through the profile, ranging from 10–60%. Bamboo
fluctuates between 5 and 10% through most of the profile, but reaches 10–20% toward
the base. Grass abundance fluctuates between 5 and 20%. Discoloured phytoliths [83],
which are black- and brown-coloured phytoliths potentially discoloured by burning [84],
are present throughout the record, fluctuating between 5 and 50%. Synchronous peaks in
Poaceae (20%) and discoloured phytoliths (50%) occur at 40–45 cm depth. Palm abundance
then increases to 50% in the subsequent phytolith sample (30–35 cm). Macroscopic charcoal
is also present throughout, with a 4-fold increase in concentrations between 15 cm and
the surface. There is a marked change in soil properties through the profile—the lower
two thirds (100–35 cm) dominated by clay and silt, and the upper third (35–0 cm) domi-
nated by silt and sand. The pH at Tumichucua (average pH 5) is slightly less acidic than at
the other two sites and becomes slightly more acidic from 60–65 cm downwards (pH 4).
Tumichucua is enriched in the available nutrients (C, N, Ca, Mg, and Na) relative to the
other profiles, with particularly high levels of C (40% dry weight) and Ca (13 cmolc/kg)
in the surface sample. K is the only nutrient which is lower compared to the other sites
(0.2 cmolc).
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4.1.2. Los Tajibos (1 km from Ring Ditch)

The four AMS dates show a good age–depth relationship (notwithstanding the modern
age at 30 cm) and show that this 1 m soil profile spans at least the last 7000 years (Table 1).
Raw phytolith counts are shown in the Supplementary Materials. Arboreal phytoliths
dominate the entire profile (40–90%), with a large peak in discoloured arboreal phytoliths
(40%) at 45–50 cm. Palm phytoliths are present throughout, but more abundant in the top
half of the profile (30–60%) than the bottom half (10–30%). Grass and bamboo fluctuate
around 5–10% and <5%, respectively, through most of the profile, with peaks of 40% and
10% at 45–50 cm, synchronous with the peak in discoloured phytoliths. As with Tumichu-
cua, palm then increases in the above horizon (40–45 cm) to 60%. Macroscopic charcoal is
present throughout the profile and shows a similar 4-fold increase in concentration between
15 cm and the surface, although charcoal concentrations overall are roughly half those
of Tumichucua. In contrast to Tumichucua, soil properties at Tajibos are largely uniform
throughout the profile (60% silt and ca. 30% sand), except for an isolated peak in clay (20%)
at 90–95 cm. The pH at Tajibos is acidic (average pH 4) and remains stable throughout
the profile. All available nutrients are significantly lower compared to Tumichucua. The
surface sample peak in Na (2.5 cmolc/kg) is the highest among the exchangeable cations
for the site.

4.1.3. El Tigre (50 km from Tumichucua)

The four AMS dates show a good age–depth relationship for this profile, the base of
which dates to ca. 7760 cal yr BP. Raw phytolith counts are shown in the Supplementary
Materials. Arboreal taxa comprise 40 to 60% of the phytolith assemblages throughout the
profile. Palms increase gradually from 20% at the base to ca. 60% at 25–30 cm. Poaceae
is present throughout, fluctuating around 5% or less, while bamboo is negligible through
most of the profile, except for small peaks of 5% toward the top and bottom. Discoloured
phytoliths are largely absent, except for peaks of burnt palm (10%) and arboreal taxa
(20%) at the base (90–100 cm). However, macroscopic charcoal is present throughout, at
comparable concentrations to the other two sites through most of the profile but without
the large peak in the uppermost 15 cm. This site shows a similar change in soil properties
to Tumichucua (i.e., up-profile change from clay/silt to silt/sand), although this transition
occurs deeper in the profile at El Tigre (65–75 cm). pH at El Tigre is acidic (average pH 3),
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but slightly less so in the lower profile (pH 4). Nutrient availability is low throughout the
profile. Carbon and nitrogen values are comparable with those of Tumichucua but without
the corresponding surface sample peaks. The exchangeable cations are even lower than
those at Tajibos (ranging from 0.9 cmolc/kg for Ca and 0.01 cmolc/kg for K).

4.2. Study Area 2—Geoglyphs of Eastern Acre, Brazil (Figure 5)

Full details of the phytolith and charcoal data from the 7.5 km transect of five soil pits
extending from the ‘Jaco Sa’ geoglyph are presented in Watling et al. [20]. We reproduce
the results in Figure 5 and summarise the key patterns and trends below:
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As with the Bolivian study area, basal horizons for the five soil pits date to the middle
Holocene, ranging from 4500 to 6500 cal yr BP. Phytolith assemblages are dominated by
arboreal taxa, although at somewhat lower abundance (20–60%) than at the Bolivian sites
due to the greater abundance of bamboo in the rainforests of eastern Acre. Bamboo occurs
throughout all the profiles, varying from 10 to 40%, but with no consistent spatio-temporal
pattern along the transect: relatively constant at 0 and 3.5 km; decreasing abundance in the
upper half of the profile at 0.5 km, and increasing abundance in the upper half of the profile
at 1.5 and 7.5 km. Grasses (non-bamboo) are consistently low throughout the profiles of
all five pits (<5–10%), notwithstanding 20% peaks in surface samples at 1.5 and 7.5 km.
Palms are present throughout all profiles, typically ranging from 10–40%, but show a clear
spatio-temporal pattern, with trends of increasing palm percentages (from <20 to >40%) in
the upper halves of the profiles within 0.5 km of the geoglyph, contrasting with uniform
lower abundance of palms (10–20%) at the three pits beyond 0.5 km of the geoglyph. The
palm peaks (50%) at 0 and 0.5 km roughly correlate with geoglyph archaeological dates
in the region. Charcoal is present through all profiles, although in significantly lower
concentrations than at the Bolivian sites. Sharp peaks in charcoal occur in the uppermost
15 cm of all 4 off-site profiles (0.5–7.5 km), in common with the Tumichucua and Tajibos
Bolivian records, but no such peak occurs at the on-site (0 km) ‘Jaco Sa’ profile, in contrast
with the Tumichucua ring-ditch profile.
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5. Discussion
5.1. Scale of Deforestation

A critical pre-requisite to inferring pre-Columbian forest clearance from fossil phy-
tolith data is a sound understanding of modern vegetation–phytolith relationships in open-
versus closed-canopy ecosystems. The first such study in SW Amazonia was undertaken by
Dickau et al. [67], who examined soil-surface phytolith assemblages of surface soils from
1 ha (500 × 20 m) RAINFOR plots in rainforest and savanna ecosystems of Noel Kempff
Mercado National Park in NE Bolivia, where rainforests are broadly comparable to those of
our Riberalta study area, notwithstanding some floristic differences [85]. Despite consid-
erable intra-plot variation at some sites, they found that, overall, there was a statistically
robust difference in phytolith signatures between savanna versus rainforest ecosystems.
Savanna soils were characterised by >60% grass (excluding bamboo) and <40% arboreal
phytolith taxa, while rainforest soils were characterised by <10% grass and 60–70% arbo-
real phytolith taxa. These soil-surface savanna phytolith signatures therefore serve as the
best available analogue (albeit imperfect) for open, grass-dominated landscapes created
by deforestation.

5.1.1. Riberalta Study Area

Given the monumental size of the Tumichucua ring ditch, ca. 100 m diameter with
5 m deep ditches, one would expect that the immediate vicinity would have been deforested
to create the open ground needed for its construction and occupation. Grass phytoliths
remain <20% throughout the 6000 ring-ditch soil profile (Figures 2 and 3), well below the
60% signature characteristic of open ecosystems such as savanna [67]. We acknowledge,
however, that Poaceae percentages alone may not provide conclusive evidence for forest
clearance, given that only 7% Poaceae was recorded in archaeological swidden soils in the
lower Tapajos [86] and peaks of 20% Poaceae in the surface samples of the Acre soil pits
represented ca. 40 years of a completely deforested landscape (see next section). Forest
clearings are often dominated by a number of other herbaceous and shrubby species
unidentifiable by their phytoliths.

Heliconia phytoliths are scarce in the Tumichucua profile. This herb is typically abun-
dant in forest openings in Brazil, Panama, and Costa Rica, but only make up
<1 % of phytolith counts in these studies [40]. Moreover, a surface-soil phytolith study by
Watling et al. [83] of different forest types near the Upper Madeira river of SW Amazonia
found that herbaceous disturbance indicators, such as Heliconia and Phenakospermum, were
highly under-represented in phytolith assemblages compared with the parent vegetation
(corroborated by the soil-surface phytolith assemblage from the El Tigre plot, Table 2).
Phytolith abundances are normally highest and best preserved in the surface sample, so
the chances of these herbaceous taxa being represented lower down the soil profile, where
phytoliths are less abundant, is even more unlikely [87,88]. Watling et al. [83] hypothe-
sise that the time-averaging effect of bioturbation in soil profiles could dilute the signal
of disturbance taxa, potentially producing false-negative results. Therefore, although
high percentages of Heliconia phytoliths are consistent with forest clearance [40], one can-
not conclude that low phytolith percentages of this taxon necessarily signify a lack of
human disturbance [83,89,90].

Furthermore, it is important to note that abundance of Poaceae and Heliconia phytoliths
does not, by itself, necessarily signify anthropogenic forest clearance, as these taxa are
also prevalent in openings caused by natural disturbance. Only when considered in the
context of other human occupation or land-use indicators from the same soil profile (e.g.,
charcoal, phytoliths of cultigens) or neighbouring archaeological sites (dated cultural
horizons), can one infer whether peaks in these disturbance-indicator taxa likely reflect
anthropogenic forest clearance or natural disturbance. In the case of the Riberalta soil pits,
there is a clear spatial trend of higher grass phytolith and charcoal concentrations in the
Tumichucua archaeological site versus the El Tigre plot which aligns with the expected
pattern of land-use intensity. Meanwhile, peaks in Poaceae and the presence of Heliconia sp.
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around 40 cm depth at Tumichucua and Los Tabijos are strong indicators of disturbance
episodes, particularly when considered alongside concomitant trends in the palm and
arboreal phytolith curves.

5.1.2. Acre Study Area

Watling et al. [20] argued for a lack of significant deforestation based on the phytolith
profiles of the five soil pits radiating out from the ‘Jaco Sa’ geoglyph in eastern Acre state
(Figure 5) because grass (non-bamboo) phytolith percentages are consistently <5–10%. Peak
values of 20% grass in the 0–5 cm surface sample likely reflect a mixed forest/pasture
assemblage, as it encompasses deforestation and conversion to cattle pasture in the last
40 years. The dominance in all phytolith profiles of bamboo, palm, and other arboreal taxa
shows that closed-canopy rainforest, with varying proportions of palm and bamboo, has
occupied this area since the middle Holocene, an interpretation corroborated not only by
the aforementioned modern phytolith studies of Bolivia [67], but also similar soil-surface
studies by Watling et al. [70] across different forest types of the study area. As with the
Bolivian Tumichucua ring-ditch, it is surprising that the ‘Jaco Sa’ geoglyph profile (0 km)
similarly shows no phytolith evidence for open ground (i.e., high Poaceae (non-bamboo)
and Heliconia percentages), despite the vegetation clearance (whether bamboo or tree
removal) that must have been needed to construct this large earthwork, as marked by
a charcoal peak dated to 1385–1530 cal yr BP [20]. Although there is minimal ceramic
evidence for occupation of these geoglyphs, suggesting that they may have functioned as
ceremonial/religious centres rather than centres of occupation [63,91,92], one might expect
that the centre of this earthwork would have had more open ground than the off-site pits
several kilometres away, and yet proportions of Poaceae are consistently low through all pit
profiles along the transect and Heliconia is very rare. As with the series of Riberalta profiles,
the phytolith data from the Acre transect do not show forest replacement by savanna under
drier mid-Holocene climate conditions (i.e., toward the base of the profiles), although this
is perhaps less surprising given that this transect is further away (ca. 200 km) from the
nearest savanna ecotone.

5.2. Forest Management—Palm Enrichment

Palms (Arecaceae) are readily identifiable by their phytoliths and are especially use-
ful for indigenous peoples—for edible fruits, dyes, drugs, beverages, building material,
etc.—and their greater abundance and diversity near sites of present and past human
occupation is likely testament to forest management over many years [93–96]. How-
ever, whilst there are numerous other arboreal taxa with economically important species
(e.g., Bertholletia excelsa, Pouteria caimito, and Bixa orellana) [94], they are unfortunately
indistinguishable from each other and other dicotyledonous tree taxa by their phytoliths
(Tables 2 and 3). Consequently, any phytolith evidence for pre-Columbian enrichment
of forests with useful tree species generally comes from palms alone. Given the great
number of palm species in Amazonia, and their ecological diversity, attributing changes
in Arecaceae phytolith abundance—whether across space or time—to human influence,
rather than natural ecological factors, is speculative at best, and must therefore be consid-
ered in the spatial context of known archaeological sites. If an abundance of Arecaceae in
soil phytolith records does constitute a signature of pre-Columbian forest management,
one should find a clear spatio-temporal pattern, whereby: a) palm percentages increase
through the late Holocene as human population (i.e., land use) increases, with peak abun-
dance roughly correlative with the chronology of ring-ditch/geoglyph occupation (ca.
2000–650 cal yr BP) [20,62,63], when use of the site is likely to have been highest; and b)
palm abundance decreases with increasing distance from archaeological sites of human
occupation, concordant with decreasing population density and land-use intensity. This
spatio-temporal relationship holds true for the Acre geoglyph transect (Figure 5); i.e., palm
percentages are highest within 0.5 km of the geoglyph, where peak abundance (ca. 40%)
is roughly co-eval with geoglyph construction and occupation, and consistently lower
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beyond 0.5 km, fluctuating around 10–20% through the profiles. This positive relationship
between palm abundance and pre-Columbian population density bolsters soil auger-based
studies by McMichael et al. [29] and floristic studies by Levis et al. [94,97] elsewhere in
Amazonia. These data thus lend further support to the hypothesis that pre-Columbian
peoples created cultural/domesticated forests via management of economically important
palm species [20,94,95,98].

Table 3. List of useful taxa which have some level of domestication, and are present in the El Tigre
plot, but which lack diagnostic phytoliths at any taxonomic level beyond “arboreal indeterminate”,
from Levis et al. [94].

Species Economic spp. Stems% Total Stems%

Pseudolmedia laevis (Moraceae) 25 7
Socratea exorrhiza (Arecaceae) 3 1

Micropholis guyanensis (Sapotaceae) 1 0.3
Helicostylis tomentosa (Moraceae) 1 0.1

Bertholletia excelsa (Lecythidaceae) 1 0.1
Pourouma minor (Urticaceae) 1 0.1

Brosimum lactescens (Moraceae) 13 3
Brosimum guianense (Moraceae) 2 0.5

Leonia glycycarpa (Violaceae) 8 2
Virola calophylla (Myristicaceae) 2 0.5

Conceveiba guianensis (Euphorbiaceae) 1 0.2
Aspidosperma excelsum (Apocynaceae) 1 0.2

Iryanthera laevis (Myristicaceae) 3 1
Laetia procera (Salicaceae) 0.5 0.1

Total: 62.5 16

The temporal trends in palm phytolith percentages at the Riberalta plots are similar to
those of Acre; i.e., the top third/half of the three soil profiles have generally higher palm
phytolith percentages than the lower half, consistent with increasing human population
through the late Holocene. At Tumichucua and Tajibos, the aforementioned peaks in
Poaceae, Bambusoideae, and discoloured phytoliths, alongside the presence of Heliconia
at ca. 40–45 cm and 45–50 cm, respectively, mark the horizons at which palm abundances
increase significantly from 10 to 50/60%. These changes in phytolith assemblages likely
reflect an increase in forest management, whereby economically useful palms were encour-
aged to grow at the expense of other less useful taxa [95]. No such disturbance event is
recorded at the El Tigre interfluvial site.

On the other hand, palm phytolith abundance in our three Riberalta plots show a quite
different spatial pattern in palm phytolith abundance from that of the Acre transect, since
palm phytolith percentages are highest at the interfluvial ‘El Tigre’ rainforest site, rather than
the fluvial Tumichucua ring-ditch site, contradicting the hypothesis that palm abundance is
proportional to human population/land-use intensity, i.e., proximity to archaeological sites
(Figures 2 and 3). These results highlight that natural factors, such as edaphic conditions,
hydrology, and natural disturbance, are also important drivers of palm abundance over large
spatial scales. It is also conceivable, however, that the palm phytolith records of the three
Riberalta soil profiles may yet reflect pre-Columbian land use. Firstly, although unoccupied
today, in the absence of any archaeological surveys in the vicinity of the El Tigre plot, we
cannot be certain that our assumption of lower pre-Columbian land use at this site compared
with the Tumichucua and Tajibos plots is correct. El Tigre lies 10 km to the west of the
archaeologically unexplored River Yata. Although only a minor river, future archaeological
excavations may reveal that this river was a significant site of pre-Columbian occupation,
given that it is bracketed by the archaeologically rich Beni and Mamore rivers to the west
and east, respectively. As it lies only 10 km to the west of River Yata, it is possible that the
zone of pre-Columbian forest management extended to the interfluvial forests around El
Tigre. Secondly, although normally attributed to secondary succession following recent
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deforestation [99,100], it is possible that the large expanses of nearby cusi (Attalea speciosa)
palm forests (not identifiable to species level by its phytoliths), located only ca. 10 km north
of El Tigre (Figure 1), are a legacy of pre-Columbian land use and may have a late Holocene
history of periodic range expansion into the El Tigre region. Another issue which may
complicate the interpretation of inter-plot differences in palm phytolith abundance between
Tumichucua, Tajibos, and El Tigre is potential differences in the proportions of other plant
species in these plots that do not produce diagnostic phytoliths, which will influence palm
phytolith abundance when expressed as relative percentages.

Surface-soil phytolith assemblages, when integrated with floristic data from ecological
plots, can provide important insights into interpretation of fossil phytolith assemblages.
Modern phytolith–vegetation studies from NE Bolivia (Noel Kempff Mercado National Park,
NKMNP) [67] and eastern Acre [70] (Figure 6) are particularly pertinent. An interesting
feature of these two studies is the high intra-plot spatial variability in palm phytolith
percentages. For example, within a 1 ha plot of terra firme evergreen rainforest, soil-surface
palm phytolith percentages vary by as much as 20–50% (A-fraction) and 15–75% (C-fraction)
for NE Bolivia, and 15–60% (A-fraction) for eastern Acre. This intra-plot variability no doubt
reflects the varying proximity of the soil phytolith sample to palm trees through a given plot.
At first glance, these data might imply that fossil phytolith records from a single soil pit
merely capture local scale variability in the distribution of different plant taxa within a plot,
and thus capture too local a spatial scale to provide meaningful records of vegetation history.
However, such concerns are unwarranted given that much longer periods of phytolith
deposition and mixing in soils will create a time-averaging effect through the soil profile
and will smooth out this intra-plot spatial variability in phytolith assemblages [41,101].
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Figure 6. Percentage diagram of total A-fraction palm phytoliths from soil surface samples in different
forest community plots in and around Noel Kempff Mercado National Park, NE Bolivia (modified
from Dickau et al. [67]). X signifies <2%. TF: terra firme; SI: seasonally inundated. Plot names: CP,
Cerro Pelao; AC, Acuario; MV: Monte Verde; LO: Las Londras; CH: El Chore: Cusi: Attalea phalerata;
LF: Los Fierros. Samples collected within 1 ha plots (500 × 20 m) at 50 m intervals.
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Analyses of mean percentage phytolith data across 1 ha plots by Dickau et al. [67] and
Watling et al. [20] revealed that palms can be markedly over-represented in soil phytolith
assemblages relative to their abundance in the parent vegetation, giving a misleading
impression of their true abundance in vegetation histories. However, this is not the case
for El Tigre (Table 2), where the relative abundance of palms in the surface-soil phytolith
assemblage (38%) and the plot vegetation (40%) is similar. Modern phytolith studies
also reveal that variations in palm phytolith abundance between vegetation plots do
not necessarily reflect a corresponding change in palm tree abundance. For example, a
comparison between the soil phytolith data of Dickau et al. [67] and the floristic data for
the same 1 ha plots in NKMNP from Burn et al. [15] shows that the percentage of palm in
soil-surface phytolith assemblages of seasonally flooded rainforest plots (50–80%) is double
that of terra firme rainforest plots (30%), even though its abundance in the vegetation of the
former (1.6–4.2%) is lower than that of the latter (8.8–14.0%). These data highlight potential
uncertainties in drawing palaeoecological inferences from inter-plot spatial differences in
palm phytolith percentages, as discussed earlier with respect to El Tigre versus Tumichucua.

5.3. Crop Cultivation and Burning

Corroborative evidence for pre-Columbian forest enrichment with palm would come
from coincident peaks in charcoal and presence of cultigen phytoliths. Such evidence would
point to agro-forestry, whereby cultivation of annual/perennial cultigens is combined with
forest management (enrichment with palms and use of fire for opening forest canopies).
No cultigen phytoliths were found in any of the soil profiles of either the Acre or Riberalta
transect. However, absence of evidence is not necessarily evidence of absence. Both maize
(Zea mays) and squash (Cucurbita sp.) phytoliths were recovered from cultural horizons at
Tumichucua and the Acre geoglyphs [59], so the absence of cultigen phytoliths from our
soil-pit profiles does not conclusively show that cultigens were not grown in the vicinity.

This point is corroborated by McMichael et al. [28], who compared lake pollen data
with nearby soil phytolith data collected with soil augers to determine spatial scales of
pre-Columbian land use near lakes Ayauchi, Gentry, and Parker in western Amazonia.
Despite the presence of maize pollen in the sediment cores of each lake, maize phytoliths
were only recovered in trace amounts from 7 of the 94 soil augers collected. Likewise,
despite the presence of maize pollen in sediments from lakes El Cerrito and Frontera in
the Bolivian Llanos de Moxos, Whitney et al. [10] found only a single maize ‘leaf cross’
phytolith in a single sample in a soil profile dug within nearby pre-Columbian raised fields.
It is therefore clear that the scarcity of cultigen phytoliths in soil profiles is a significant
limitation for this proxy as an effective tool for capturing pre-Columbian crop cultivation.

Key uncertainties regarding cultigen phytolith taphonomy in soils need to be resolved.
For example, little is known about the minimum area or duration of cultivation required
for crop phytoliths to be visible in phytolith assemblages (using a minimum count of
200 phytoliths). Additionally, the extent to which one should even expect to find cultigen
phytoliths in off-site soil profiles is open to question, given that many of the most diagnostic
phytoliths from cultigens are restricted to the edible organs, such as maize cobs and squash
rinds, which would have been removed from the field to settlement areas for processing
and consumption.

With respect to charcoal, there is no correlation between palm phytolith abundance
and charcoal concentrations in any of the soil profiles (Figure 4). However, there is a clear
trend of increasing charcoal abundance from the El Tigre interfluve toward the Tumichucua
ring-ditch site on the river bluff. The latter implies that the charcoal profiles reflect pre-
Columbian anthropogenic burning and that fire must have been an important land-use
tool [8,94,102,103]. This inference is further strengthened by the gradient in surface-soil
charcoal between the three Riberalta soil pits, as Tumichucua and Tajibos are part of
the territory of an indigenous community today, while the El Tigre interfluvial site is
unoccupied. At both Tumichucua and nearby Tajibos, charcoal concentrations peak at
the soil surface, suggesting that the use of fire today, via slash-and-burn agriculture, is
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much greater than in pre-Columbian times. The latter is perhaps unsurprising, given that
large-scale slash-and-burn farming may have only become feasible with the introduction of
metal axes and machetes by Europeans [104].

Further evidence for land use within the ring-ditch comes from the geochemical
data. There is a higher availability of important soil nutrients (C, N, Ca, Na, and Mg) at
Tumichucua compared with Tajibos and El Tigre, which have low nutrient availability
levels comparable with those of other remote interfluvial ferrasols (Figure 2) [56]. Although
these soils are not Amazon Dark Earths (terra preta) [105,106], the association between
these elevated nutrient levels with a pre-Columbian settlement site raises the possibility
that they reflect a millennial-scale legacy of soil enrichment due to human activities.

5.4. Soil Properties, Temporal Resolution, and Phytolith Preservation and Translocation

A key challenge of soil-based phytolith studies as a tool for investigating pre-Columbian
land use is their limited temporal resolution. Numerous prior studies [29,80–82,107,108],
as well as the two sets of soil pits in this study (Table 1 and Figure 5), clearly show that soil
profiles in tropical South America broadly conform to an age-depth relationship, whereby
1 m depth is generally mid-Holocene in age. However, significant mixing of the soil pro-
file due to bioturbation [36] can compromise the robustness of age–depth relationships,
even when macroscopic charcoal particles from a given stratigraphic horizon are pooled
together into an aggregate sample for dating, as was performed for all soil pits in this
study. Consequently, age reversals are not uncommon. Relating down-profile changes
in phytolith assemblages and charcoal concentrations to changes in pre-Columbian land
use through time is therefore problematic, even at multi-centennial, and in some cases,
millennial-scale resolution. At best, the soil-pit phytolith records of Riberalta and Acre
reveal broad, multi-millennial-scale trends in forest management through the mid-to-late
Holocene, but, unlike lacustrine sequences, cannot offer the temporal resolution neces-
sary for robust correlations of such changes with individual cultural horizons identified
in archaeological excavations. Furthermore, this coarse temporal resolution means that
short-term (e.g., sub-centennial-scale), isolated, anthropogenic forest impacts, whether
deforestation, fire, or crop cultivation, are unlikely to be captured by soil-based phytolith
or charcoal analysis, although the cumulative, long-term effects of such impacts should no
doubt be apparent.

In addition to physical mixing of the soil profile via bioturbation [36], other factors,
such as dissolution and translocation, may potentially compromise the stratigraphic reliabil-
ity and robustness of soil profile phytolith records. It has been argued by
Alexandre et al. [30] and Song et al. [109] that the soil phytolith pool has an average
age which can be markedly younger from that of the associated soil due to phytolith
dissolution, and that the turnover time of this labile phytolith pool can be as rapid as
400 years in the tropics, over which time up to 90% of the phytoliths may be recycled. This
implies that phytolith assemblages assumed to be several thousand years old, based on
the dated soil profile, may in fact be only several hundred years old [110]. However, these
findings are contentious, as several studies, based on radiocarbon dating of phytoliths, have
shown that phytolith assemblages do exhibit stratigraphically robust Holocene age–depth
relationships [34,111–115]. Nevertheless, there is strong evidence to show that the rate of
phytolith dissolution, and their return to the soil silica pool [37,115,116], is strongly depen-
dent upon soil pH, with minimum dissolution occurring at pH 3 and greatest dissolution
under alkaline conditions [38,75]. However, because all the soils in our two study areas are
acidic (pH 3–5), we can discount pH as a significant factor negatively impacting phytolith
preservation in our soil profiles.

Soil texture has also been identified as a potential influence upon the stratigraphic
integrity of phytolith assemblages, as differences in porosity between sandy versus clayey
soils have been shown to affect the rate of down-profile phytolith translocation, especially
for smaller phytoliths [30,35,88]. There are significant differences in soil texture among
some of our Bolivian soil pits (Figure 2), providing an opportunity to test whether this soil



Quaternary 2023, 6, 33 18 of 24

property influenced phytolith stratigraphy at our sites. For example, at Tumichucua, the soil
comprises a clay/silt mix below 30 cm and a sand/silt mix above 30 cm, while at Tajibos,
there is a uniform sand/silt mix throughout the profile. The fact that the phytolith profiles of
these neighbouring soil pits are broadly similar, despite their contrasting soil texture profiles,
indicates that stratigraphic changes in phytolith assemblages across our study areas likely
reflect real floristic changes in the parent vegetation, rather than differential down-profile
translocation of different phytolith taxa resulting from differences in soil porosity.

Other factors that may potentially influence soil phytolith profiles, which we have
not been able to test for, include phytolith morphotype, i.e., size, shape, and degree of
silicification [31,117], and soil moisture regime [32,118].

5.5. Recommendations for Future Work

Although some of the limitations of soil phytolith analysis are intractable (e.g., tempo-
ral resolution of age–depth relationships in soil profiles), we suggest several potentially
fruitful avenues toward addressing some of the other limitations:

1. Spatial resolution and sample density: A key limitation in our sampling design is the
small number of soil pits in our transects—constrained by the time and labour involved,
both in their excavation, especially in remote areas difficult to access, as well as the resulting
laboratory analyses. McMichael et al. [28,29] have adopted an alternative approach based
on soil augers, which have the clear advantage in speed of soil sample collection, enabling
far greater density of sampling sites than is possible with soil pits. However, augers cannot
provide samples with the same stratigraphic integrity as is possible with soil pits, limiting
their use for examining age–depth relationships. Mechanical percussion corers would
provide a rapid means of collecting stratigraphically intact soil cores, but the weight of the
coring equipment constrains site selection to those accessible by vehicle; a key limitation in
much of Amazonia. Perhaps a blended approach involving all three sampling techniques
may offer a useful way forward.

2. Taxonomic resolution: The inability to differentiate the phytoliths of different dicotyle-
donous arboreal taxa, even to family level, is a major limitation of this palaeoecological
proxy. As argued by Watling et al. [119] and Piperno and McMichael [120], there is therefore
a clear need to improve the modern phytolith reference collections of arboreal taxa as a
basis for refining their identification and potentially differentiating some key arboreal taxa,
at least to family level, and to test their preservation in soils. Furthermore, since these
analyses were carried out, there have been improvements in taxonomic identifications of
palm phytoliths below family level [69,83,120]. Knowing which taxa are represented in
different locations could facilitate interpretations regarding their abundance.

3. Modern phytolith–vegetation relationships: Significant progress has been made in the
last decade in characterising the modern (soil-surface) phytolith assemblages of different
types of tropical forest and savanna ecosystems in Amazonia [67,70,83]. However, there is
a need to extend these studies to more human-disturbed ecosystems under different types
of land use (e.g., polyculture, agro-forestry) in indigenous territories and areas around
communities of local people (e.g., caboclos and ribereños) to obtain more realistic modern
phytolith analogues of pre-Columbian land use.

4. Post-depositional factors: There is a need for further research to better elucidate the
extent to which phytolith assemblages in different types of Amazonian soils are altered by
post-depositional processes; in particular, the influence of particle size and bioturbation
upon down-profile translocation, and the robustness and representativeness of the stable
phytolith pool over time. Comparison of radiocarbon dates from phytoliths, macroscopic
charcoal, and the humic soil organic fraction from the same stratigraphic horizons should
help quantify the extent to which these translocation and dissolution processes distort
phytolith stratigraphies.
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6. Conclusions

Phytolith data from the Acre geoglyph transect reveal a clear spatio-temporal pattern
in the abundance of palm phytoliths, with palm abundance increasing through the mid-
late Holocene, and increasing toward the geoglyph. The latter demonstrates support for
Levis et al.’s [94] hypothesis that, in the modern flora, palm abundance and diversity is
positively related to proximity to archaeological sites, and thus a legacy of pre-Columbian
forest management. This hypothesis of increasing population density and land use through
the late Holocene driving an increase in proportion of palms in the vegetation is also
supported by temporal trends in the Bolivian soil phytolith data. However, the Bolivian
data call into question notions of a strict cause-and-effect relationship between palm
abundance and human land-use intensity.

Our analyses have highlighted some of the limitations of off-site soil phytolith analysis
as a palaeoecological tool for investigating pre-Columbian land use in Amazonia, particularly
with respect to taxonomic resolution and temporal resolution. However, when used in
combination with other land-use indicators (e.g., charcoal), and with appropriate site selection
(i.e., soil-pit transects radiating from archaeological sites), we have shown that they can
provide important insights into pre-Columbian forest management and land-use intensity.
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