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ABSTRACT

Past human influence from the pre-Columbian and colonial periods may have played a role in shaping modern Amazonian
vegetation. Here, we assessed past human activities and vegetation change from a well-studied research station in the Peruvian
Amazon using charcoal and phytoliths recovered from soil cores. The moderate seasonality has contributed to its high diver-
sity, while its remoteness has generally led to assumptions of minimal past land modification by humans. We asked: (i) Is there
evidence of past human influence, including cultivation, forest opening, or plant enrichment/depletion, in the forests around
Cocha Cashu Biological Station? and (ii) was there a consistent increase in palm phytolith abundances through time as has been
documented in the aseasonal forests of northwestern Amazonia? Only 38 (14%) of the 279 samples analyzed contained charcoal,
highlighting the rarity of past fire at Cocha Cashu. The two charcoal fragments large enough for 4C dating had ages of 570-670
and 1350-1520 calibrated years before present. No cultivar phytoliths were found. Spheroid echinate phytoliths, produced by the
palm genera Attalea, and Oenocarpus, and Euterpe, were more abundant in past samples than in modern samples. There was no
increase in palm phytolith abundances from the bottom to top of the core, contrasting with recent findings from northwestern
Amazonia. Our results support ideas that Cocha Cashu is composed of old growth forests and suggest that gradients of past
human activities exist on local and regional scales in western Amazonia.

RESUMEN

La estructura de la vegetacién contempordnea de la Amazonia pudo haber sido influenciada por la intervencién humana durante
los periodos precolombino y colonial. En este estudio, evaluamos las actividades humanas pasadas y los cambios en la vegetacion
en una estacion de investigacion bien estudiada en la Amazonia peruana, utilizando carbén y fitolitos recuperados de nucleos
de suelo. La alta diversidad de la regién es atribuible a la moderada estacionalidad de la regién, mientras que su proximidad ge-
ografica remota comtinmente ha sugerido una minima alteracion del paisaje por parte de los seres humanos en épocas pasadas.
Nos planteamos las siguientes preguntas: (i) jexisten evidencias de influencia humana pasada, incluyendo cultivo, apertura del
bosque o enriquecimiento/reduccion de plantas en los bosques alrededor de la Estacion Biologica Cocha Cashu? y (ii) ;hubo un
aumento consistente en las abundancias de fitolitos de palma a lo largo del tiempo, como se ha documentado en los bosques
no estacionales del noroeste de la Amazonia? Solo 38 (14%) de las 279 muestras analizadas contenian carbdn, lo que resalta la
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rareza de incendios pasados en Cocha Cashu. Los dos fragmentos de carbdn lo suficientemente grandes para dataciéon por 14C
tenian edades de 570-670 y 1350-1520 afos calibrados antes del presente. No se encontraron fitolitos caracteristicos de los cul-
tivos. Los fitolitos esferoidales equinados, producidos por los géneros de palmas Attalea, Oenocarpus y Euterpe, presentaron una

mayor abundancia en las muestras antiguas en comparacién con las muestras contemporaneas. No se observo un incremento

en la abundancia de fitolitos de palma desde el fondo hasta la parte superior del ntcleo, en contraste con hallazgos recientes en

el noroeste de la Amazonia. Nuestros resultados respaldan la idea de que Cocha Cashu estd compuesta por bosques maduros y

sugieren la existencia de gradientes de actividades humanas pasadas a escalas locales y regionales en la Amazonia occidental.

1 | Introduction

The c. 6 million km? of Amazonian rainforests hold immense
biological and cultural diversity while playing a large role in vital
ecosystem services, such as global carbon and hydrological cy-
cling (e.g., Grace 2004; Houghton et al. 2009; Mitchard 2018).
The composition of Amazonian forest assemblages has been
shaped by multiple abiotic factors (e.g., soils, climate, geology,
hydrology), dynamic processes (e.g., the migration of rivers), and
biotic factors (e.g., species interactions, density dependence, and
disease) (e.g., Connell 1978; Wright 2002; ter Steege et al. 2006;
Hoorn et al. 2010) leading both to exceptional tree diversity per
unit area and the success of hyperdominant species (Ter Steege
et al. 2003, 2006, 2013). A further factor potentially shaping these
forests is that humans have occupied Amazonia since at least the
start of the Holocene c. 12,000years ago (Roosevelt et al. 1996;
Lombardo et al. 2020). It is likely that in some cases, past human
activities have left ecological legacies that continue to influence
modern patterns of Amazonian plant species richness and rela-
tive abundance (e.g., Clement et al. 2015; Levis et al. 2017).

Amazonia has a long and complex human history that is hetero-
geneous across space and time. In the pre-Columbian period (be-
fore European arrival), Indigenous people burned forests, cleared
land, grew crops, cultivated trees and other plants, and harvested
plants and animals from the forests (Iriarte 2024 and references
within). Lakes lying close to rivers were especially appealing
as settlement sites, and many provide paleoecological records
showing long histories of occupation (Bush, Silman, De Toledo,
et al. 2007; Maezumi et al. 2018; Akesson et al. 2023). Following
European arrival, many Indigenous people died (due to disease
and murder) or were enslaved by colonists (e.g., Dobyns 1966;
Denevan 2014; Nascimento et al. 2024 and references within). In
the colonial period, Indigenous people were often marginalized
and land use by colonists was intensified with the introduction
of metal tools and mechanization (Weinstein 1983; Hecht 2013).
While aspects of past land use during the last several hundred
years may have shifted species composition and successional
trajectories of plant communities, (Chazdon 2003; Watling
et al. 2017; McMichael 2021; Zuquim et al. 2023; Witteveen
et al. 2024), many uncertainties exist as to the persistent influ-
ence on modern forests. For example, the duration of those lega-
cies, and whether the presence or abundance of “useful species”
that are hyperdominants, for example, Iriartea deltoidea, is indic-
ative of past forest manipulation, remain unknown.

Much of what is known about the patterns, processes, and eco-
system dynamics in Amazonia comes from forest inventory plots
(hereafter forest plots) and plot networks (e.g., Phillips et al. 1994;
Malhi et al. 2002; ter Steege et al. 2013; Anderson-Teixeira

et al. 2015; ForestPlots.net et al. 2021). Standardized tree or plant
measurements are collected in these forest plots, and in some
cases, repeated measurements (i.e., every few years) collected
over the last decades are used to assess forest dynamics. The
data amassed through the plot networks have provided a deeper
understanding of variations in patterns and processes at local,
regional, landscape, continental, and global scales (Anderson-
Teixeira et al. 2015; ForestPlots.net et al. 2021). Plot network
data span mostly the past few decades, but tropical trees can
live hundreds of years (Hartshorn 1978; Chambers et al. 1998),
and successional processes can take centuries (Chazdon 2003).
Thus, forest dynamics cannot be fully measured in a single
human lifespan, and other investigative tools are necessary for
assessing long-term forest change. To understand ecosystem dy-
namics, knowing the successional state of forest is crucial; to
understand the successional state of the forest, paleoecological
approaches are needed (McMichael 2021).

Using paleoecological reconstructions from soils within forest
plots allow past events and changes to be included in the assess-
ment of drivers of modern forest dynamics (e.g., McMichael,
Bush, et al. 2017; Feldpausch et al. 2022). Charcoal fragments
collected from soils in the forest plots can be dated to estimate a
time since last fire (Heijink et al. 2022, 2024). Phytoliths, which
are silica microfossils produced by many tropical plants that get
deposited into soils when plants die and decay, can also be used
to reconstruct aspects of past vegetation change (Piperno and
Becker 1996; Piperno 2006; McMichael, Piperno, et al. 2012;
Watling et al. 2017; Iriarte et al. 2020). Differences in phyto-
lith assemblages can be used to infer forest type and land use
in southwestern Amazonia (Watling et al. 2015, 2016, 2018).
Phytoliths are especially sensitive to detecting cultivation of var-
ious Amazonian crops, including maize, manioc, and squashes,
forest openings, and changes in palm abundances in lowland
Amazonian rainforests (Piperno 2006; McMichael, Piperno,
et al. 2012; Watling et al. 2015, 2016, 2018; Witteveen et al. 2023).

Phytoliths analyzed from the soils under forest plots in northwest
Amazonia and in the Amacayacu forest plot in the Colombian
Amazon (Figure 1) have repeatedly shown a late Holocene in-
crease in palm phytolith abundances, particularly those pro-
duced by Iriartea deltoidea and Socratea exhorriza (Heijink
et al. 2020, 2022, 2024). These increases occur even in the ab-
sence of other signals of human activity, and may have been fa-
cilitated by the wetter conditions of the late Holocene (the last
4000years) (Bush and McMichael 2016). Outside of the wettest
parts of northwestern Amazonia, phytolith data are sparser,
and increases in the abundances of palm phytoliths are less
pronounced. Fossil phytolith studies in soils from the Medio
Putumayo Algodon and Tapiche Blanco regions of northern Peru
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(Figure 1) did not show increases in palm phytolith abundances
(Piperno et al. 2021, 2024). The Los Amigos Biological Research
Station in the Peruvian Amazon, which has two forest inventory
plots and a known history of occupation based on abundant pot
sherds found on site, contains evidence of intermittent forest
burning from 4000 to 1000years ago (McMichael, Correa Metrio,
et al. 2012). No maize phytoliths were found, but phytolith as-
semblages indicated local forest opening and potential palm
enrichment of Oenocarpus or Euterpe at Los Amigos occurred
over the last c. 3000-4000years (McMichael, Correa Metrio,
et al. 2012; Piperno et al. 2024).

Here, we assess the past fire and vegetation change at the Cocha
Cashu Biological Station (hereafter CCBS) in the Peruvian
Amazon, which has been a major hub of tropical forest research
since its establishment c. 1970 (Gentry 1990). Using previously
published charcoal data (McMichael, Correa Metrio, et al. 2015)
and new data on phytolith assemblages analyzed from soil cores
collected in and around the forest plots at CCBS, we ask: (i)
Whether there is evidence of past human influence, including
cultivation, forest opening, or palm enrichment in the forests
around CCBS? and (ii) was there a relatively consistent and recent
increase in the abundances of several palm phytolith morphotypes
(including those produced by Iriartea deltoidea) as has been docu-
mented in the aseasonal forests of northwestern Amazonia?

2 | Methods
2.1 | Site Description and Sample Collection
The Cocha Cashu Biological Station (CCBS) (11°52" S, 71°21

W, c. 345m above sea level) is composed of c. 10 ha in the low-
land floodplain and terra firme forests in Manu National Park

a) regional overview
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(Figure 1). Terra firme forests, some dominated by the arbo-
real bamboo species Guadua angustifolia, are located within
5km of the station (Figure 1). The area around CCBS re-
ceives c. 2500 mm of rain per year, with most falling between
October and May. Surveys conducted around CCBS have doc-
umented over 1215 tree species (Foster 1990a, 1990b; Gentry
and Terborgh 1990; Pitman et al. 1999; Silman et al. 2003) and
over 150 mammal species (Janson and Emmons 1990; Pacheco
et al. 1993).

In 2010, we collected soil cores from nine sites in and around
the MNU 05 and MNU 06 forest plots at CCBS. The sites were
grouped by color on Figure 1 so that the blues are geographically
closest to each other, as are the oranges, purples, and greens.
At each of the nine sites (Figure 1), we collected 4-5 soil cores
randomly located within a 50m radius of each other with a 10-
cm diameter soil auger. Each core was collected in 10cm depth
intervals to a total depth of 80cm. Two fragments of charcoal
of sufficient size for '*C dating were recovered from the sam-
ples (McMichael et al. 2015). Two cores at CCBS, one from
Site 8 (alluvial forest) and one from Site 9 (bamboo-dominated
terra firme forest), were previously analyzed for phytoliths
(McMichael et al. 2013).

This study added the phytolith analysis of seven additional soil
cores located at Cocha Cashu (Figure 1), and reanalyzed the Site
8 and Site 9 cores with the more precise taxonomic resolution
of phytolith analysis that has been developed in the last decade
(Morcote-Rios et al. 2015, 2016; Huisman et al. 2018; Witteveen
et al. 2022). In total, phytolith assemblages from 65 samples from
nine cores were quantified. For a regional analysis of fire ages, we
obtained additional *C AMS radiocarbon dates from soil cores col-
lected from forests around Puerto Maldonado, which lies c. 250 km
downriver from Cocha Cashu (Figure 1). The dates represented

{ b) Cocha Cashu Biological Station (CC)

@9

FIGURE 1 | (a) Map showing Cocha Cashu Biological Station (CC, white square) in relation to other sites mentioned in the text (gray circles):
NW, Northwestern Amazonia (Heijink et al. 2024); AY, Lake Ayauchi (McMichael, Bush, et al. 2012); MPA, Medio Putumayo Algodon (Piperno
et al. 2021); IQ, Iquitos-Nauta (McMichael, Piperno, et al. 2012; Piperno et al. 2024); AM, Amacayacu (Heijink et al. 2020); TB, Tapiche Blanco
(Piperno et al. 2024); GP, Lakes Gentry and Parker (Bush et al. 2007; McMichael, Bush, et al. 2012); LA, Los Amigos (McMichael, Piperno, et al. 2012;
Piperno et al. 2024). 1¥C AMS dates were also obtained from soil cores between the cities of Puerto Maldonado (PM) and Rio Acre (RA) (Table 1). Gray
triangles represent the geoglyph-rich region in southwestern Amazonia (Watling et al. 2017, 2018). (b) Map of the nine sites where soil cores were

collected and analyzed for charcoal and phytoliths around the Cocha Cashu Biological Research Station in Peru.
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discreet fire events as age-depth models cannot be constructed in
soils due to bioturbation and overturning. We also compared the
Cocha Cashu data with previously published data from the nearby
Los Amigos Research Station (c. 160km downriver) (McMichael,
Piperno, et al. 2012; Piperno et al. 2024) and Lakes Gentry and
Parker (c. 260km to the east of Cocha Cashu) (Bush, Silman,
De Toledo, et al. 2007; McMichael, Bush, et al. 2012) (Figure 1).
Patterns in charcoal and phytoliths from the soil cores around
Cocha Cashu and Los Amigos were also compared with modern
vegetation survey data, specifically the palm composition, col-
lected at the forest plots within the station.

2.2 | Laboratory and Data Analyses

Charcoal was analyzed from all samples (N=279) in the 37 soil
cores collected across the nine sites, and the number of samples
per site analyzed ranged from 21 to 48. Approximated 20 g of soil
from each sample was used for charcoal analysis (calculations
of charcoal volume standardize all final measurements to a per
cm? unit). Soils were: (1) deflocculated in Alconox detergent, (2)
shaken for 24h, and (3) rinsed and sieved at 500 um. For each
sample, charcoal was visually identified, and the charcoal frag-
ments were photographed using a Zeiss Stemi 2000-C stereo-
scope. Total charcoal surface area (mm?) was calculated for each
sample using ImagelJ software (Schneider et al. 2012), and sur-
face area measurements were converted to volumetric measure-
ments (mm?) (Weng 2005). The volumetric measurements were
divided by the starting volume of soil, standardizing each sample
to a mm? charcoal per cm? soil measurement. The only two frag-
ments found within the 279 samples that had sufficient weight
for radiocarbon dating (0.001g) were submitted to NOSAMS
Laboratory to obtain ages of past fire events. Three fragments
of charcoal found in additional soil cores collected from around
the city of Puerto Maldonado (Figure 1) were also submitted to
NOSAMS Laboratory to obtain #C ages of past fire events.

Phytoliths were extracted from ca. 3cm? of soils (N =65 sam-
ples). The samples were prepared using standard laboratory
procedures that include deflocculation for removal of clays,
organic material removal with 35% H,0,, carbonates with 10%

HCI, and humic acids with KMnO, (Piperno 2006). Samples
were washed through nested 250um and 53 um sieves, and
phytoliths were recovered using zinc bromide for heavy lig-
uid flotation at specific gravity of 2.4 g/cm3. Phytolith assem-
blages were mounted in Permount. Phytoliths were identified
using reference material from University of Amsterdam or
published reference material (Piperno 2006; Morcote-Rios
et al. 2015, 2016; International Committee for Phytolith
Taxonomy 2019; Witteveen et al. 2022). Phytolith morpho-
types were counted using a Zeiss AxioScope.Al with a DIC
filter at 630X magnification. For each sample, we counted a
minimum of 200 arboreal phytoliths or a total of 600 if the
arboreal counts did not reach 200 (Aleman et al. 2013, 2014;
Witteveen et al. 2023, 2024).

The percentage of each phytolith morphotype for each sam-
ple was calculated, and these percentages were used in the
data analysis. Stratigraphic diagrams of the phytolith abun-
dances per core were generated based off these percentage
data to identify patterns in change through time across cores.
Detrended correspondence analysis (DCA) was used to as-
sess similarity and dissimilarity in phytolith assemblages
within and between the soil cores. We compared our results
at Cocha Cashu with previously published data from the Los
Amigos Biological Research Station (located 160 km downri-
ver) (McMichael, Piperno, et al. 2012; Piperno et al. 2024), pre-
viously published data from the Madre de Dios region (Bush
et al. 2007; McMichael, Bush, et al. 2012), and other sites pub-
lished in western Amazonia (Heijink et al. 2020, 2022, 2024;
Piperno et al. 2021). All analyses were performed in RStudio
(R Development Core Team 2017) using the “vegan” (Oksanen
et al. 2010), “IntCal” (Blaauw 2021), ‘Bchron’ (Parnell 2016),
“tidypaleo” (Dunnington et al. 2022), and “tidyvers”
(Wickham et al. 2019) packages.

3 | Results

Charcoal volumes of the 279 samples ranged from 0.005 to
0.64mm?3/cm? of soil, and 241 of the 279 samples (86%) lacked
charcoal (Figure 2). Charcoal volumes reached 0.1 mm3/cm?

© ]
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Site Name 1 2 3 4
# cores 4 4 3 4
# samples 30 32 21 28

5 6 7 8 9
4 4 4 5 5
31 29 25 35 48

FIGURE2 | Charcoal abundances (mm?/cm?3)from soils collected around the Cocha Cashu Biological Research Station shown alongside numbers

of cores and samples per site.
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in seven of the nine cores that were also analyzed for phyto-
liths. Fragments of at least 1 mg were found in Sites 1 and 2.
The updated radiocarbon calibration (Reimer et al. 2020) on
the fragments of charcoal originally dated in 2010 (McMichael
et al. 2015) resulted in probable ages of 570-670calyear BP and
1350-1520calyear BP at the 1-sigma range (Table 1, Figure 2).
The calibrated ages on the samples collected around Puerto
Maldonado ranged from modern to 260 calyear BP (Table 1).

We identified a total of 14 arboreal phytolith morphotypes, 23
palm phytolith morphotypes, 24 grass phytolith morphotypes,
2 Zingiberales morphotypes (including Heliconia), Cyperaceae,
and Asteraceae phytoliths. Arboreal phytolith percentages
ranged from 12%-93% of the overall assemblage. Palm phyto-
lith percentages ranged from 2%-72% of the overall assemblage,
and grass phytoliths ranged from 0%-60% of the overall assem-
blage (Figure 3). Percentages of Cyperaceae, Asteraceae, and
Zingiberales were <2% of the overall assemblage. No cultivars
were found in any sample.

There was high variability in the relative abundances of
phytolith morphotypes across the nine sites (Figure 3). The
four sites nearest the oxbow lake (Site 1-Site 4 on Figure 1)
showed contrasting patterns of phytolith assemblages. Sites 1
and 2 (blues, Figure 1), which contained charcoal, had higher
percentages of ornate arboreal (SPH_ORN) phytoliths and
spheroid echinate palm (SPH_ECH) phytoliths, and lower
percentages of grasses compared with Sites 3 and 4 (oranges,
Figure 1), which lacked charcoal (Figure 3). The four sites fur-
ther from the lake (Site 5—Site 8) contained less than 8% grass
phytoliths, and usually <8% conical palm (CON) phytoliths,
but varied in their abundances of spheroid echinate palms
(SPH_ECH), and morphotypes produced by arboreal taxa
(Figure 3). The bamboo-dominated forest (Site 9) contained
the highest percentages of grasses and lowest percentages of
arboreal phytoliths compared with all other sites. All cores
contained the presence of Zingiberales.

The detrended correspondence analysis (DCA) indicated that
the between-core differences in phytolith percentages were
usually larger than the within-core differences (Figure 4).
Sites 3, 4, and 9 (the bamboo-dominated site) fell on the posi-
tive side of DCA Axis 1. These sites had higher abundances of
grass (including bamboo) (RON, TEN_BOD, BIL, SAD_TALL)
and conical palm (CON) phytolith morphotypes (Figure 4).
All other sites were located on the negative side of DCA
Axis 1. DCA Axis 2 separated the sites that contained high

abundances of rugose phytoliths (SPH_RUG) (positive end of
Axis 2) from the sites that had higher abundances of ornate
arboreal (SPH_ORN) and spheroid echinate palm (SPH_ECH)
phytoliths (negative end of Axis 2). There were no consistent
trends with any phytolith morphotype increasing or decreas-
ing with depth.

4 | Discussion

Well preserved phytoliths were recovered from all soils sam-
pled at Cocha Cashu, yet only 38 of 279 samples contained
charcoal. Of those fragments, most were microscopic. Only
two fragments of charcoal recovered from Cocha Cashu were
large enough to be *C AMS dated (Table 1), and they doc-
umented past fires at c. 570-670 and 1350-1520 calyear BP.
These dates supported forest age estimates based on botanical
inventories behind the oxbow lake of >400years (Silman and
Krisel 2006). It is unlikely that more recent large-scale dis-
turbances (i.e., fire events) have occurred in the area around
Cocha Cashu based on the number of old growth species
and large-diameter individuals (Gentry 1988; Foster 1990b;
Terborgh 1990).

While past fires did occur at Cocha Cashu, they were not re-
current. The rarity of charcoal found at Cocha Cashu is almost
unparalleled in published studies from western Amazonia.
Charcoal abundances were lower, the proportions of samples
containing charcoal were lower, and given similar sampling
effort, fewer fragments of charcoal large enough to date using
14C AMS were found at Cocha Cashu than at other western
Amazonian sites (Figure 1) (McMichael, Piperno, et al. 2012;
McMichael, Bush, et al. 2012; McMichael et al. 2015; Heijink
et al. 2020, 2022, 2024; Piperno et al. 2021, 2024). Fire was also
less prevalent and recurrent at Cocha Cashu compared with
other locations in the Madre de Dios region of Peru (Figure 5).
Twenty *C AMS dates obtained from charcoal fragments an-
alyzed from 74 cores spanning 11 sites at the Los Amigos
Biological Research Station, which is c. 160km downriver from
Cocha Cashu (Figure 1), documented recurrent past fire events,
primarily between 4000 and 1000years ago (McMichael, Correa
Metrio, et al. 2012) (Figure 5). Twenty-one #C AMS dates ob-
tained from soils collected around Lakes Gentry and Parker,
which lie c¢. 50 km north of the modern city of Puerto Maldonado
(Figure 1), revealed a long human history spanning the last
9000years (Figure 5) (McMichael, Correa Metrio, et al. 2012).
Sediment cores from Lakes Gentry and Parker were analyzed

TABLE1 | Radiocarbon analysis (**C AMS) of two fragments of charcoal found in soil cores collected from the Cocha Cashu Biological Research
Station and three from around the city of Puerto Maldonado (Figure 1). ¥C ages were calibrated using the IntCal20 calibration curve (Reimer
et al. 2020). The age ranges represent 95% of the highest density of likely ages (Parnell 2016) in calibrated years before present (cal year BP).

Lab ID Site Core Depth (cm) 14C age Std dev Calyear BP

0S-87720 Cocha Cashu 1 C 70-80 675 30 569-672

0S-87694 Cocha Cashu 2 B 40-50 1540 25 1355-1515

0S-72526 Madre de Dios NT 009 53 Modern >75

OS- 72687 Rio Acre E 034 33 Modern >75

0S-72527 Rio Acre E 034 80 125 30 25-260
50f11
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presence of Heliconia. Charcoal presence is shown as black dots.

o
Site 1 Palms Arboreal
® Site 2 SPH_RUG Disturb. Grasses
_ || © Site3 ELL_RUG
g'te 4 Asteraceae
ite 5
. DEC_RUG
Site 6 A CON_ECH
o - Site 7 RON
N i CON_FEW
< Site 8
S : SOHAEGH TEN_BOD
a Site 9 FREECH O -SAD_TALL
- SPH_SYM
I 7| SPH_PSI SPH_ORN
depth (cm)|| charcoal
o SPH_TUB ® 0-10 ® 0
(. = 10-20
A >20 ‘ 1
I T
-2 0 2
DCA1
FIGURE 4 | Detrended correspondence analysis (DCA) of phytolith

assemblages from 65 samples taken from 9 soil cores collected at the
Cocha Cashu Biological Station in the Peruvian Amazon. Samples are
color coded by site, symbols represent the sample depths, and the sym-
bol size represents the presence (or absence) of charcoal in the sample.
The phytolith types (species in the ordination) are color coded by the
plant group that produces them.

for charcoal and pollen and show periods of high fire frequency
(Bush et al. 2007) (Figure 5). Lake Gentry also contained ev-
idence of intermittent maize and/or manioc cultivation from
3700 to 500calyear BP.

To the north and east of the regions around Lakes Gentry
and Parker also lie regions containing hundreds of geoglyphs
(Figure 1) scattered across the landscape (Ranzi et al. 2007;
Saunaluoma and Schaan 2012; Peripato et al. 2023). Geoglyphs
are geometrically shaped earthworks that are several hundred
meters in diameter and that were constructed usually 2000 and
500years ago (Schaan et al. 2012; Watling et al. 2017). Many geo-
glyphs in the Acre region north and east of Puerto Maldonado
are located in forests that have been bamboo dominated for
over 6000years (Watling et al. 2017). Phytolith analyses showed
that geoglyphs were built in small forest openings usually be-
tween 2000 and 500years ago, and that forests that were actively
managed and enriched with palms (Watling et al. 2015, 2017).
The period of peak geoglyph construction is coincident with
the main periods of human activity documented in the Puerto
Maldonado region (Figure 5).

The fires occurring around Cocha Cashu were probably
caused by people (McMichael, Correa Metrio, et al. 2012).
Lightning-induced fires rarely ignite and spread in the wet
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FIGURE 5 | Regional fire history in the Madre de Dios region of
Peru. (a) Calibrated age ranges for the two charcoal fragments obtained
from soil at Cocha Cashu (red and blue vertical bars) in comparison
with density curves of calibrated *C ages from charcoal fragments
retrieved from soil surveys at Los Amigos Biological Research Station
(N=20) and the forests surrounding Lakes Gentry and Parker (N=21)
(McMichael, Correa Metrio, et al. 2012); (b, ¢) Fire (bars) and maize
cultivation (dots) histories from the Lakes Gentry and Parker sediment
cores (Bush et al. 2007).

forests of western Amazonia (Bush et al. 2008), and the precip-
itation levels in western Amazonia have remained relatively
constant (and high) over the late Holocene (last 4000years)
(van Breukelen et al. 2008; Bird et al. 2011). The human con-
tribution to Amazonian fire regimes was evidenced through
basin-wide increasing fire frequency during the wetter peri-
ods of the late Holocene compared with drier periods of the
early- and mid-Holocene (De Souza et al. 2019; McMichael
and Bush 2019; Riris and Arroyo-Kalin 2019; Arroyo-Kalin
and Riris 2021).

No evidence of maize cultivation was found at Cocha Cashu, but
the forests were potentially altered during the past fire events.
Site 1, where the fire event that occurred 600years ago was doc-
umented (Table 1), contained changes in the phytolith assem-
blages in the upper 30cm of soils. Rondels (produced by grasses
indicative of forest opening, RON), ornate arboreal (SPH_ORN),
and conical palm (CON) morphotypes (produced by Iriartea del-
toidea, Astrocaryum murumuru, and Astrocaryum macrocalyx
at Cocha Cashu) increased in abundance toward the top of the
soil core (Figure 3). Spheroid rugose (SPH_RUG) arboreal phy-
toliths and spheroid echinate (SPH_ECH) palm phytoliths de-
creased in these depths. Attalea cephalotes was the only species
of palm recorded at Cocha Cashu (Terborgh and Foster 1996)
that produced spheroid echinate phytoliths.

“Arboreal” phytoliths are an array of characteristic, but mor-
phologically distinct phytoliths produced by a diversity of
Neotropical tree taxa. Included under the arboreal umbrella

are spheroidal types whose abundances changed independently
of one other, e.g., rugose (SPH_RUG), ornate (SPH_ORN), and
other psilate (SPH_PSI) arboreal phytoliths (Figure 3) and
in so doing drove a large amount of variation on DCA Axis 1
(Figure 4). Plant families that produce these arboreal phyto-
liths (Piperno and McMichael 2020, 2023) that are abundant at
Cocha Cashu include: Malvaceae (including Quararibea wittii,
Theobroma cacao, and Matisia cordata), Moraceae (including
Pseudolmedia laevis, Poulsenia armata, and Sorocea pileata),
and Annonaceae (including Oxandra acuminata, Malmea di-
clina, and Unonopsis floribunda) (Terborgh and Foster 1996).
The relative abundances of these arboreal and palm taxa (and
probably other nondetectable taxa) have shifted locally through
time but with no obvious spatial patterning at Cocha Cashu
(Figure 3).

Attalea cephalotes phytoliths (SPH_ECH) decreased toward the
top of the soil core at Sites 1, 2, 3, 5, and 7 alongside an increase
in an ornate arboreal phytolith type (Figure 3). The sites are all
located within few hundred meters of the MNU_05 forest plot at
Cocha Cashu, but site 7 lies within 100m. At MNU_05, A. cepha-
lotes represented 32 out of 142 (23%) palm individuals and of 1318
(2.4%) individual trees (Lopez-Gonzalez et al. 2009, 2011). Our
data suggested that A. cephalotes was more locally abundant in
the past than it is today and decreased in the presence of past fire
(Figure 3). The decreases in A. cephalotes may be linked to site
abandonment and the cessation of intentional propagation, as it
is commonly used for food by Indigenous tribes in northeastern
Peru (Pinedo-Vasquez et al. 1990). The decrease in abundances
can also be linked to potential depletion by human activity
(Clark et al. 1995). For example, the Machiguenga (sometimes
Matsigenka) Indigenous tribe in the Peruvian Amazon some-
times uses fronds from more than 300 trees for a single house
(Johnson 2003).

Iriartea deltoidea, Astrocaryum murumuru, and A. macrocalyx
are palm species that are common at Cocha Cashu (Terborgh
and Foster 1996) and produce the conical (CON) phytolith
morphotypes (Witteveen et al. 2022). I deltoidea is the fifth
most common tree in the Amazon (ter Steege et al. 2013) and
appears to have increased in abundance in the last 2000years
in some locations, particularly in northwestern Amazonia
(Bush and McMichael 2016; Heijink et al. 2022, 2024). Sites 3
and 4 at Cocha Cashu, located near the oxbow lake and forest
plot MNU_05 (Figure 1), are rich in conical palm phytoliths
(Figure 3). Plot MNU_05 contains 1318 individual trees of
which 142 are palms. The palms I. deltoidea and A. murumuru,
which produce conical phytoliths, comprise 110 of those 142
palms. Sites 3 and 4, however, have opposite trajectories of these
phytolith types through time. Conical phytoliths increase from
bottom to top in Site 4, while decreasing in abundance in Site
3 (Figure 3). Overall, however, the cores at Cocha Cashu have
low abundances of conical palm phytoliths that do not increase
in abundance toward the top of the core (Figure 3). The con-
sistent increase in Iriartea deltoidea noted in some locations of
northwestern Amazonia (Heijink et al. 2020, 2022, 2024) does
not appear to have happened at Cocha Cashu or consistently in
southwestern Amazonia (Piperno et al. 2021, 2024) (Figure 1).
Future work should be able to determine whether the difference
in the recent increases (or lack thereof) in the abundances of
certain palm genera between northwestern and southwestern
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Amazonia may be related to gradients in precipitation, season-
ality, soils, or other factors such as human activity (Zuquim
et al. 2023).

Though possible, we do not think the major patterns of phytolith
change are due to vertical mixing of the soil for three reasons.
First, sharp boundaries in increases or decreases in the abun-
dances of certain phytolith types are seen in the Cocha Cashu
dataset (Figure 3) and also in some of the sites in northwest-
ern Amazonia (Heijink et al. 2022, 2024). Note, however, that
we do not infer age-depth relationships in any soil core, and do
not want to overinterpret data by assuming stratigraphic intact-
ness of soils and sampling at depth intervals less than 10cm
(Hill et al. 2023). Secondly, the changes seen in the cores within
short geographic distances (i.e., the colored pairs of sites seen
in Figures 1-4) is relatively consistent between pairs, which
would not be expected with vertical mixing, which would vary
with site specific conditions. Thirdly, the directional trends of
change vary between morphotypes, and if mixing were occur-
ring, all morphotypes would be expected to change in the same
direction.

The distribution of modern settlement sites in Amazonia is
likely similar to the distribution of past settlement sites because
of preferences for accessible locations (e.g., on river bluffs that
are advantageous for defensive and connectivity purposes, or in
more seasonal open forests) (Denevan 1996; Barlow et al. 2012;
Bush et al. 2015; McMichael, Feeley, et al. 2017; McMichael,
Matthews-Bird, et al. 2017). The city of Puerto Maldonado is
the main occupation center (city) in the Madre de Dios today
(Figure 1). Puerto Maldonado (Peru) and the nearby city of Rio
Branco (Brazil) were founded in 1902 and 1882-1904, respec-
tively, during the Amazonian Rubber Boom (Figure 1). The #C
dates we obtained for charcoal in soil cores collected between
these two cities were modern or from the colonial period, indi-
cating recent fire events (Table 1).

Lakes Gentry and Parker, which lie c. 50km to the north of
Puerto Maldonado (Figure 1), have the longest occupation
history in the region (Figure 5) (Bush, Silman, De Toledo,
et al. 2007). Fire is present since lake formation around
8000years ago at Parker, and maize and manioc cultiva-
tion takes place intermittently at Lake Gentry from 3700
to 500calyear BP (Figure 5) (Bush, Silman, De Toledo,
et al. 2007). Further upriver, where there are no permanent
lakes, the forests of Los Amigos have been inhabited and
burned for 4000years, and palm enrichment may have taken
place locally, but there were no signals of large-scale forest
opening or cultivation (Piperno et al. 2024). Even further up-
river at Cocha Cashu, the human signal is lighter and does not
appear until later (c. 1400years ago) (Figure 5).

These results suggest that the Madre de Dios forests are in
various states of succession, and that ecological legacies may
be related to accessibility and the timing and intensity of past
human activities. The forests near Puerto Maldonado may have
cumulative legacy effects that have built up over millennia.
Los Amigos forests have signals of pre-Columbian legacy ef-
fects (e.g., the palm enrichment documented at one of the sites)
(Piperno et al. 2024), but also contain evidence of modern fire
(McMichael, Correa Metrio, et al. 2012). Cocha Cashu is the

most remote of the sampled locations in the Madre de Dios and
has always been considered one of the benchmark “old-growth”
forest sites in the Amazon. Our charcoal and phytolith data
show that Cocha Cashu has experienced less frequent fire or for-
est opening over the last several thousand years compared with
other sites in the region (Figure 1). Our data also show that the
nearby bamboo-dominated forests of southwestern Amazonia
(Site 9 and other sites in McMichael et al. 2013) have not existed
in the locations around Sites 1-8 (Figure 1). Though sites 3-4
have high amounts of grasses, the composition of grasses is dif-
ferent from the bamboo forest (Site 9, Figure 3). Sites 3-4 have
fewer Zingiberales phytoliths, and the tall saddle morphotypes
that are produced abundantly by Guadua species. The high
abundance of grass phytoliths at Sites 3-4 is instead explained
by their proximity to the oxbow lake (Figure 1). Our charcoal
and phytolith data also show that past human influences (and
thus ecological legacies) occurred along a gradient of local to re-
gional spatial scales.

Cocha Cashu and Los Amigos are two long-term research sites
in the Peruvian Amazon. Besides hosting hundreds of scientific
research projects and participating in educational activities for
local communities each year, the biodiversity and forest dynam-
ics data measured from long-term research sites are important
on global scales. Because Amazonia is the largest contiguous
rainforest on Earth, it plays a relatively large role in the global
carbon cycle. Measurements of tree growth, productivity, loss,
and mortality collected at long-term research sites are used as
inputs in global carbon models, and recent estimates show that
the strength of Amazonia as a large terrestrial carbon sink is
declining (Brienen et al. 2015).

Carbon uptake changes throughout succession, which occurs
on timescales of hundreds of years in the long-lived forests of
Amazonia (Chazdon 2003). Paleoecological research from long-
term forest plots in northwestern Amazonia show that some
forests have not burned for over a thousand years while other
have burned in the last 200years (Heijink et al. 2022, 2024). The
same heterogeneity exists in the southwestern Amazonian for-
ests. The Cocha Cashu data document limited past fire or dis-
turbance, although the forests are not unchanging through time.
The Los Amigos data document a longer human history with
more frequent burning and forest opening (McMichael, Piperno,
et al. 2012; Piperno et al. 2024). It is thus likely that as the for-
ests of Los Amigos age and mature, their carbon uptake rate will
slow down. The carbon uptake rate of Cocha Cashu is less likely
to change because it is older. Collectively, our data show that de-
termining the timing and type of past fires, cultivation, and for-
est opening deepens our understanding of forests' successional
state and can be used to improve predictions of future changes
in Amazonian carbon storage.
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