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Abstract

Aim: In Amazonia, 227 of c. 16,000 tree species account for half the individual trees
(termed ‘hyperdominant’ species), and a disproportionate number of these spe-
cies are palms. Our objectives are to show how and whether palm abundance has
changed through the Holocene. Here, we reconstruct a detailed fire and vegetation
history from north-western Amazonia, with a focus on changes in palm abundances,
and compare our results with regional data.

Location: Amacayacu, Colombia.

Taxon: Amazonian palms.

Methods: We performed charcoal and phytolith analysis on soil cores, and obtained
ages of past fires using **C dating. We measured charcoal abundances and the rel-
ative abundances of phytoliths (silica-based microfossils) for all samples. We used
these data to reconstruct changes in fire and vegetation, and compared these data
with the species composition of palms in the modern forest.

Results: Seven **C dates from charcoal in three cores provided fire ages ranging from
1630 to 2450 calibrated years before present. Charcoal was absent from one-third
of the cores. Palm phytoliths from genera such as Iriartea, Socratea, and Astrocaryum
have increased through time, while genera such as Euterpe, Hyospathe, and Oenocarpus
have remained relatively stable and similar to modern levels. Overall, palm abun-
dances were negatively correlated with charcoal measurements. Decorated sphere
phytoliths, produced from unknown arboreal taxa were positively correlated with
charcoal presence and abundance.

Main conclusions: Palms have increased at Amacayacu and other forest plots through
time, but the increases are largest in north-western Amazonia. The presence of fire,
however, dampens the increase in palms through time. When compared with recon-
structions from other Amazon regions, our results suggest that increases in palm
abundances in the late Holocene occurred both in the presence and absence of direct
pre-Columbian human influence, and that response was strongest in north-western

Amazonia when human influence was minimal.
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provided the original work is properly cited.
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1 | INTRODUCTION

The Amazonian rainforest (~6—mi||ion—km2) hosts the largest and most
diverse tropical rainforest in the world, and provides global ecosys-
tem services, such as carbon sequestration and water cycling (Myers,
Mittermeier, Mittermeier, Fonseca, & Kent, 2000; Slik et al., 2015).
There is an estimate of ~16,000 tree species >10 cm diameter at breast
height (dbh) in Amazonia, and 227 of these species, termed hyperdom-
inants, compose 50% of the individual trees in the forest (ter Steege
et al., 2013). Many hypotheses have been put forward to explain pat-
terns of forest composition in tropical forests, including abiotic and
biotic regulation (Clark, Palmer, & Clark, 1999; Tuomisto, Ruokolainen,
& Yli-Halla, 2003; Wright, 2005), neutral dynamics (Hubbell, 2001),
and climatic refugia (Haffer, 1969; though see Colinvaux et al., 1996). A
recent hypothesis is that the pre-Columbian inhabitants of Amazonia
have played a large role in shaping modern forest composition
throughout the Basin (Levis et al., 2017; McMichael, Matthews-Bird,
Farfan-Rios, & Feeley, 2017). Humans have been present in Amazonia
during the entire Holocene (Lombardo, Denier, May, Rodrigues, & Veit,
2013; Roosevelt et al., 1996), and they have been cultivating maize in
some regions since at least 6500 cal yr sp (Brugger et al., 2016; Bush et
al., 2016; Bush, Piperno, & Colinvaux, 1989).

One of the main ways that the pre-Columbian inhabitants of
Amazonia affected the forests was through the use of fire (e.g.
Bush, Silman, McMichael, & Saatchi, 2008). Fire rarely occurs in the
aseasonal forests of the Amazon without a human ignition source
(Bush et al., 2008; Malhi et al., 2008), and many rainforest trees
lack fire adaptation (Uhl & Kauffman, 1990). A single fire can cause
40% species turnover in Amazonian forests, and repeated burns can
cause 100% species turnover (Barlow & Peres, 2008). Charcoal that
has resulted from past fires is commonly found in Amazonian soils
(Hammond, ter Steege, & Borg, 2006; McMichael, Piperno, et al.,
2012; Piperno & Becker, 1996; Saldarriaga & West, 1986; Sanford,
Saldarriaga, Clark, Uhl, & Herrera, 1985; Santos et al., 2000), and
most dates from these analyses indicate that fire events increased
in frequency over the last 2,500 years (McMichael & Bush, 2019).

Based in part on modern indigenous forest usage, it is postulated
that pre-Columbian people in Amazonia also domesticated a large
number of plant species, and planted, protected, and transported
numerous other useful plants, resulting in significantly altered for-
est composition that are still visible today (Junqueira, Shepard,
& Clement, 2010; Levis et al., 2018; Thomas, Alcazar Caicedo,
McMichael, Corvera, & Loo, 2015). Palms are one of the most eco-
nomically important plant groups in Amazonia (Clement et al., 2015),
and are also disproportionately abundant components of the 227
hyperdominant tree species (ter Steege et al., 2013). Pollen and phy-
tolith analyses have shown that pre-Columbian people increased

palm densities at many known archaeological sites (Maezumi et al.,
2018; McMichael et al., 2015; Watling et al., 2017). Increases in palm
taxa through time, however, may also occur without human pro-
motion. Iriartea deltoidea is the fifth commonest tree in Amazonia
(a hyperdominant species), and several western Amazonian pollen
records have documented its increase in abundance over the last
8,000 years (Bush & McMichael, 2016). An initial increase in Iriartea
occurred ca. 6,500 years ago, but pollen percentages reached their
highest levels over the last 3,000 years, particularly in areas contain-
ing little to no evidence of human activity (Bush & McMichael, 2016).

The 1,170 forest plots that are used to assess Amazonian biodiver-
sity (ter Steege et al., 2013), and the subset of several hundred that are
censused repeatedly and used to measure carbon dynamics (Fauset
et al., 2015; Johnson et al., 2016), are disproportionately located in
areas with high densities of archaeological sites (McMichael et al.,
2017). Thus it is likely that past human activity has affected the long-
term ecology in many of the studied forest plots. There are very few
data, however, from directly within the forest plots to link forest com-
position with past human activity (McMichael, Piperno, et al., 2012;
McMichael et al., 2015; Piperno & Becker, 1996; Piperno, McMichael,
& Bush, 2019). The existing data are from plots in the central or south-
western parts of the Amazon (Figure 1). Recent data from a Peruvian
forest plot and two other regions of western Amazonia indicate that
in terra firme and fluvial forests in those portions of Amazonia, prehis-
toric populations did not enrich and influence the abundance of two
important palm genera, Oenocarpus and Euterpe, both hyperdominant
species today (Piperno et al., 2019). There are currently no data, how-
ever, on the past fire or vegetation history from forest plots in north-
western Amazonia (Figure 1), the wettest and most diverse area of the
basin (Gentry, 1988a, 1988b; ter Steege et al., 2006).

Here, wereconstruct the spatial and temporal patterns of past fire
and vegetation change, with a focus on palms, from the Amacayacu
forest plot (Colombia) in north-western Amazonia (Figure 1). We
determine the timings of the most recent fires, the extent of past
fire and vegetation change within the forest plot, and whether the
observed vegetation changes were related to past fires. We contrast
our results from Amacayacu with existing data on fire and vegeta-
tion history from other western Amazonian sites (Figure 1), and place
our results in the context of modern hyperdominance patterns and

carbon storage potential.

2 | MATERIALS AND METHODS

2.1 | Site description and field sampling

Amacayacu National Natural Park (S 3°48'32.76", W 70°16’' 4.079")
is located in the most southern part of Colombia (Figure 1) and
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consists of both terra firme and seasonally inundated tropical forests.
Amacayacu National Park receives c. 3,200 mm of rain per year, with
a dry season of less than 100 mm of precipitation per month from
June to September. The mean temperature is 25.8°C and does not
change significantly throughout the year (Rudas Lleras, Prieto Cruz,
Taylor, & Ortiz, 2005). Fire is not a natural component in this region
(Bush et al., 2008), and is known to have been absent from the plot
for at least 12 years (A. Duque, personal observation).

The 25-ha Amacayacu Forest Dynamics Plot (hereafter
Amacayacu) (-3.8091, -70.2678) was established in 2007 as part
of the Center for Tropical Forest Science—Forest Global Earth
Observatory (Anderson-Teixeira et al., 2015). The Amacayacu plot
was established on a transitional area between low dissected ter-
tiary plains of the Pebas formation (Hoorn, 1994) and waterlogged
soils on low terraces of the former alluvial plain. The plot is lo-
cated c. 1.5 km north of the Amazon River, ranges between 88.5
and 110.9 metres above sea level, and includes a depression that
remains swampy in a small portion of the plot for a few months, but
not in every year. The swampy area is seasonally flooded due to the
interaction of poor drainage of soils at the bottom part of internal
valleys, the drainage of streamlets during the wet season, and the
high seasonal level of the Amazon River's water table (Zuleta et al.,
2018). The 25-ha plot has been divided in three main topographic
habitats: ridges, slopes, and valleys, which represent 25.1%, 30.7%,
and 44.2% of the total area, respectively (Zuleta, Duque, Cardenas,
Muller-Landau, & Davies, 2017).

All woody plants with a dbh 21 cm at the 25-ha Amacayacu
forest plot were tallied, mapped and identified. The plot harbors
around 1,200 tree species, which makes of it one of the most di-
verse places on Earth (Duque et al., 2017). Eschweilera coriacea,
Eschweilera itayensis, Eschweilera rufifolia, Otoba glycicarpa, Guarea
pubescens and Rinorea lindeniana are important species in terms
of basal area and abundance within the plot (Ellison et al., 2019).
Soils in Amacayacu are acid (pH = 3.9 = 0.1), with low contents

of phosphorous (p = 8.9 + 0.1), and low total exchangeable bases
(TEB = 1.2 +0.5) (Zuleta et al., 2018). No known archeological sites
are found within 50 km of Amacayacu. The nearest recorded ar-
chaeological site is Igarapé Takana, which is 51 km away and has *C
dates c. 1230 cal yr Bp (Morcote-Rios, Raz, Giraldo-Canas, Franky,
& Ledn Sicard, 2013). The first European voyage down the Amazon
River by Francisco Carvajal in 1541, however, describes the chief-
dom of Aparia-the-Greater (Medina, 1934). This site is c. 20-30 km
upriver from the forest plot location. Amacayacu National Park is
currently inhabited by the Tikuna indigenous community and the
forest plot is within walking distance of the Amazon River.

In January 2018, 12 soil cores were collected around the perim-
eter of the 25-ha forest plot. For each core, soils were collected at
10 cm intervals to a total depth of 80 cm or groundwater level. All of
the cores were analyzed for charcoal (fire history) (N = 96 samples),
and 10 of the cores were analyzed for phytoliths (vegetation history)
(N = 80). Within a 5-m radius of each core site, we also collected
7-10 pinch samples from the soil surface. The pinch samples were
combined into one surface sample per core site (N = 10), and used to

reflect the modern vegetation.

2.2 | Laboratory analysis

Charcoal analysis was performed on 20-50 mg of soil for all soil core
samples (N = 96). Samples were boiled for 15 min in 3% H,0, (hydro-
gen peroxide) followed by rinsing and sieving of the remaining mate-
rial at 500 pm. Charcoal fragments were identified using an Axiophot
Stereo microscope, and photographed using a Fuji camera. Image J
software was used to calculate the surface area of each charcoal
fragment in each samples (Abramoff, Magalhaes, & Ram, 2004). We
then converted the surface area (mm?2/ml°) of each fragment to vol-
ume (mm®/ml®) using Weng's (2005) equation, and derived the vol-
ume of charcoal per cubic centimeter of soil by dividing by the initial
volume of the sample.
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Phytoliths were prepared in using standard laboratory tech-
niques (Piperno, 2006), using 1 cm?® of soil. We added 56,000
microspheres to each sample at the onset of processing to cal-
culate phytolith concentration in the soils. We used H,0,, HCI,
and KMnO, to remove carbonates, organic material, and humic
acids. Bromoform (CHBR;) with a specific gravity of 2.3 g/cm?®
was added to the remaining sediment to separate the phytoliths
and microspheres from the remaining soil material. We used
Naphrax to mount the phytoliths on microscope slides. All phy-
toliths were identified using a Zeiss Axio Scope.Al microscope
with a 1,000x magnification in oil using differential interference
contrast. Slides were counted until 200 arboreal phytoliths and
a total of 300 phytoliths was reached (Aleman, Canal-Subitani,
Favier, & Bremond, 2014). Counts ranged from 300 to 567 for
all samples. We used Piperno (2006) for identification of grass
and arboreal phytoliths. For each palm species occurring in
Amacayacu, we identified the phytolith morphotypes they
produce using recently published reference guides (Huisman,
Raczka, & McMichael, 2018; Morcote-Rios, Bernal, & Raz, 2016)
and the phytolith reference collection at the University of

Amsterdam.

2.3 | Data analysis

We dated all charcoal fragments >1 mm?®. The charcoal fragments
were submitted to DirectAMS (Seattle, WA, USA) for radiocarbon
dating. The ‘Bchron’ package (Parnell, 2016) for R (R Development
Core Team, 2013) was used to calibrate the radiocarbon dates using
the SHCal13 calibration curve (Hogg et al., 2013), and to generate
cumulative probabilities of fire events. We discuss our results in the
context of **C dated charcoal fragments documented in other forest
plots (Los Amigos and Cocha Cashu in Peru, and Manaus in Brazil)
(McMichael, Piperno, et al., 2012; McMichael et al., 2015; Piperno &
Becker, 1996; Figure 1).

Charcoal ages do not necessarily correspond with ages of phy-
toliths at the same depth intervals. It is not possible to date a single
or a few phytoliths representing a discrete moment of time as it is
with charcoal. A **C phytolith age represents the mean age of all the
phytoliths present in a particular soil assemblage and will contain a
mixture of somewhat younger and older phytoliths. Therefore, it is
often unrealistic to expect close dating conformity between char-
coal and phytoliths from the same levels. However, direct dating
of phytoliths from terrestrial soil cores such as those from other
Amazonian regions indicate phytolith records span at least the past
several thousand years with the oldest phytoliths usually found
at the deepest depths (e.g. Piperno, McMichael, & Bush, 2015;
Piperno et al., 2019).

For charcoal metrics, we calculated the total charcoal abundance
per core, and the total charcoal abundance per depth interval (across
the plot), though we make no assumptions that charcoal fragments
found at a given depth interval are of equivalent age across the plot.
For each core, we also calculated the proportion of depth intervals
containing charcoal.
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For phytoliths, we calculated the relative percentage of all phyto-
lith types found within each sample at Amacayacu, and determined
the phytolith morphologies for each of the palm species >1cm dbh
occurring in the Amacayacu forest plot. We performed detrended
correspondence analysis to look for patterns of vegetation (dis)sim-
ilarity within and between depth intervals and cores. We also cal-
culated the trends (% in uppermost sample—% in basal sample) and
magnitude of change (maximum %—minimum %) of palm and arbo-
real phytolith types within each core (McMichael et al., 2015). We
determined whether the trend and magnitude of change metrics for
the phytolith types were associated with the charcoal metrics using
Spearman rank correlation tests.

We also discussed the phytolith metrics in the context of those
reported from the Los Amigos, Cocha Cashu, and Manaus forest
plots (McMichael, Piperno, et al., 2012; McMichael et al., 2015;
Piperno & Becker, 1996; Figure 1). The phytoliths from previously
studied forest plots were analyzed before the characterization of
specific palm morphotypes, thus we only discussed regional com-

parisons at the level of total palms (Arecaceae).

3 | RESULTS

3.1 | Fire history

Only seven charcoal fragments found at Amacayacu were large
enough for **C AMS dating, and these originated from three of the
12 soil cores (Table 1). The dated charcoal fragments indicated that
fires occurred from 1630 to 1710 cal yr sp (calibrated years before
present) at the AMA 6 site, at 1850 cal yr sp at the AMA 10 site, and
at c. 2450 cal yr Bp at the AMA 15 site (Table 1, Figure 2).

Charcoal fragments were found in 8 out of 12 cores and 24 out
of 95 samples (Figure 2, Table S1). Abundances of charcoal within
the samples ranged from O to 18.60 mm? charcoal per cm® soil. No
core contained charcoal in all depth intervals, and very little char-
coal was present at depths greater than 60 cm (Figure 2c). Charcoal
was most abundant between depths of 10 and 40 cm (Figure 2c).
Cores 15 and 6 contained most of the charcoal found within the

plot, and Core 10 also had a piece large enough for **C AMS dating

TABLE 1 Calibrated ages of **C dates obtained from soil

cores within the Amacayacu, Colombia forest plot. The dates
corresponding to the highest probability were chosen as the most
likely calibrated age

14C age (yr Bp Calibrated age

Core Depth (cm) +SD) (cal yr Bp)
AMA 6 0-10 1792 +£ 32 1630
AMA 6 10-20 1833+ 24 1710
AMA 6 20-30 1773 £ 27 1660
AMA 6 30-40 1825 + 27 1710
AMA 10 40-50 1925 + 28 1830
AMA 15 50-60 2467 + 27 2460
AMA 15 50-60 2470 + 27 2440
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(Figure 2, Table S1). Another five cores contained trace amounts of
charcoal, where even the combined volume of charcoal for a given
depth interval was too small for **C AMS dating (Figure 2, Table S1).
Four of the 12 cores lacked any charcoal in any of the depth inter-
vals (Figure 2, Table S1).

3.2 | Modern palms and phytoliths

Palms comprised 3.6% (5,137) of the 143,835 stems >1 cm dbh in
the 25 ha Amacayacu forest plot, and 9.2% of the 14,714 stems
that are >10 cm dbh. There were 16 identified palm species from 11
genera occurring within the plot (Table 2), of which 14 species are
useful to humans, and six are hyperdominant (Clement et al., 2015;
Henderson, Galeano-Garces, & Bernal, 1997). Astrocaryum, Bactris,
Euterpe, Geonoma, Hyospathe, Iriartea, Oenocarpus, and Socratea
were the most common palm genera in the plot (Table 2). Of those,
Astrocaryum, Euterpe, Iriartea, and Socratea all have species that are
hyperdominant (sensu ter Steege et al., 2013; Table 2). Oenocarpus
minor was well-represented in the plot but is neither hyperdominant
nor useful to people, though Oenocarpus bataua, an economically im-
portant species, is not abundant (Table 2).

The soil surface samples contained 12 phytolith morphotypes
known to be produced by the palm species found in the plot (Table

density

S2), and two morphotypes that have not been identified (star palm
and ‘other’ palm, Figures S2 and S3). Astrocaryum, Bactris, Geonoma,
Iriartea, and Socratea were the most common genera in the plot that
produce conical palm phytoliths (Table 2 and Table S2). These genera
accounted for 60% of the total palm abundance in the plot. Euterpe,
Oenocarpus, and Hyospathe were the most common genera that pro-
duce globular echinate palm phytoliths (Tables 2 and Table S2), and
composed about 40% of the total palm individuals in the plot. Only
Euterpe precatoria produced globular granulate phytoliths, and only
Geonoma produced Conical Variant 4 phytoliths, making those mor-

photypes diagnostic to specific taxa.

3.3 | Vegetation change at Amacayacu

We identified 23 total phytolith morphotypes within the soil sam-
ples, including six arboreal, 14 palm, and four grass morphotypes.
No evidence of maize or squash cultivation was found in any of the
samples. Heliconia phytoliths, which also indicate an open canopy,
were absent in all samples. Samples were dominated by arboreal
morphotypes (78.3% + 12.7%), and only 8 of 91 samples contained
any grass phytoliths (Figure 3). When grass phytoliths occurred in a
sample, they never exceeded 1.3% of the total assemblage, indicat-

ing no significant forest clearing.



HEDINK ET AL.

TABLE 2 Palm species occurring in
the 25 ha Amacayacu research plot.
Columns indicate whether the species

is hyperdominant (HD) (ter Steege et

al., 2013) or reported as being useful to
people (X is from Clement et al., 2015,

X* is from Henderson et al., 2006). The
abundance of individuals >2 cm dbh
within the plot, the percentage of total
individuals within the plot >2 cm dbh, and
whether the species produces phytoliths
within the general conical or echinate
groups (see further details on phytolith
classifications in Table S2) are also shown

FIGURE 3 Stratigraphic diagram of
arboreal, palm, and grass phytoliths found
in the ten soil cores analyzed from the
Amacayacu forest plot in Colombia
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Species HD Useful Abundance Percent total Conical Echinate
Astrocaryum X X 590 0.410 X
ferrugineum
Attalea X X* 11 0.008
butyracea
Bactris concinna X* 3 0.002 X
Bactris maraja X* 865 0.601
Bactris 15 0.010 X
simplicifrons
Bactris unknown 68 0.047 X
sp
Chamaedorea X* 10 0.007 X
pinnatifrons
Desmoncus X* 1 0.001 X
giganteus
Euterpe X X* 540 0.375 X
precatoria
Geonoma X* 722 0.502 X
deversa
Geonoma X* 38 0.026 X
maxima
Geonoma stricta X* 41 0.029 X
Geonoma un- 92 0.064 X
known sp
Hyospathe X* 857 0.596 X
elegans
Iriartea deltoida X X* 452 0.314 X
Oenocarpus X* 4 0.003 X
bataua
Oenocarpus 521 0.362 X
minor
Socratea X X* 307 0.213 X
exorrhiza
Total 5,137 3.571
AMA11  AMA7 AMA1 AMAS8 AMA2 AMA4 AMA21 IAMA10 i AMA6 lAMA15
O -
5 "
101
151 *
201
251 *
E 301
L
£ 357 *
jo%
$ 40
45
50 1
551 +
60 1
65
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All 10 cores contained >75% rugose sphere (arboreal) phyto-
liths (Figure S4) at depths below 40 cm (Figure 3). These are pro-
duced in a limited number of woody species, including members of
Acanthaceae, Burseraceae, Chrysobalanceae, Euphorbiaceae, and
Moraceae. The Chrysobalanaceae produce by far more of these
types than other families, where they are found in small numbers in a
few species. Eight of the 12 cores analyzed for phytoliths contained
increased conical palm abundances in the upper 20 cm of soils com-
pared with lower depths (Figure 3). The globular echinate or other
non-conical phytoliths (‘other palms’ in Figure 3) do not increase
through time like the conical palm phytoliths. The detrended corre-
spondence analysis indicated that overall palm abundance and com-
position were the main drivers of variation among phytolith samples
in all cores (Figure S1). Samples in the upper depth intervals that had
higher palm abundances clustered on the positive end of DCA Axis
1, whereas samples deeper in the cores that had lower palm abun-
dances and higher percentages of arboreal taxa were clustered on
the negative end (Figure S1).

Eight of the 10 soil cores also showed increases in decorated
sphere phytoliths in the upper portions of the cores compared with
the deeper portions (Figure 3 and Figure S1). Decorated sphere phy-
toliths are a type of arboreal taxa (Figure S5), and indicated a change
in the composition of trees towards the present. Samples with high
abundances of decorated spheres trended towards the negative
end of DCA Axis 2, and those samples also had high abundances of
globular echinate variant 1 (GE var 1), conical with basal projections
(conical var 4), and large globular echinate with short projections (GE
var 4; Figure S1). Another forest phytolith type, Annonaceae, was
also found in samples with high palm abundances on the positive
side of DCA Axis 1. The Annonaceae were also on the positive side
of DCA Axis 2, and were associated with the conical palms, reniform
echinate palms, and several types of globular echinate palm phyto-
liths (Figure S1).

The within-core trend and magnitude of change metrics agreed
with the DCA. Trend values indicated that arboreal phytolith types
(rugose spheres) decreased through time, from 5% (AMA4) to 70%
(AMA10; Figure 4). Decorated spheres, however, increased towards
the modern time in nine out of 10 soil cores (Figure 3 and Figure
S1). Trend values of decorated spheres were almost twice as high in
AMA21, AMA10, AMA6, and AMA15 compared with the other cores
that contained little to no charcoal (Figure 4). Trend values also indi-
cated that palms producing globular echinate phytoliths and conical
phytoliths increased in frequency towards the present day in 9 out
of 10 soil cores. Trends seen in the conical palm phytoliths, however,
were of a larger magnitude than in the globular echinate phytoliths
(Figure 4).

The magnitude of change values for the soil cores collected at
Amacayacu were also large, and because grasses never exceeded
1.3% of the assemblage, shifts occurred basically between arbo-
real and palm taxa. Magnitude of change values for rugose spheres
ranged from 40% to 70% (Figure 4b). The values for decorated
spheres were >25% in cores AMA4, AMA21, AMA10, AMAG,
and AMA15, and were <17% in all other cores that contained less

charcoal. The magnitude of change values for the globular echinate
and conical palm phytoliths ranged from 10% to 60% (Figure 4). The
magnitude of change values, like the trend of change values, were
higher in the conical palm phytoliths compared with the globular
echinate palm phytoliths.

The Spearman Rank correlation tests indicated that the trend val-
ues for conical phytoliths and globular echinate phytoliths were not
associated with charcoal abundances or with the proportion of sam-
ples per core containing charcoal (Table 3). The trend values for dec-
orated spheres (Figure 4 and Figure S5), which reflect arboreal taxa,
were significantly and positively correlated with charcoal abundance
and the number of samples per core containing charcoal (Table 3).
The magnitude of change values were also significantly and nega-
tively correlated for decorated spheres and all (total) palms, though

significance was not seen in the individual palm groups (Table 3).

4 | DISCUSSION

4.1 | The history of Amacayacu

We made every attempt to date the most recent fire possible at
Amacayacu, and we dated every fragment of charcoal recovered
that was large enough for **C AMS analysis. Our data suggest
that the Amacayacu forest plot has not burned since 1630 cal yr
8P (Table 1). The fires from 1630 to 1710 cal yr sp did not spread
through the entire plot, and earlier fires at 1830 cal yr Bp and
2450 cal yr Bp were also localized across the plot (Figure 2). We do
not infer any age-depth relationships for charcoal; however, several
patterns are evident in our dataset. The most recent fires of 1630-
1710 cal yr BP were recorded from site AMA6. Evidence of these
fires was consistent in the upper 40 cm of soils (Table 1), indicating
differential percolation rates through the upper soil layers. Dated
charcoal fragments from deeper layers of soils (i.e. 40-60 cm) were
consistently older and stratigraphically intact (Table 1). Although
the stratigraphy of soils is always coarser than lake sediments, we
do not believe bioturbation was problematic in our assessments
because of arrangement of charcoal dates (Table 1), and distinct
changes of phytolith assemblages noted between depth intervals
of the soil cores (Figure 3).

Humans were the likely ignition source of the fires occurring
at Amacayacu. Fire rarely if ever occurs without a human ignition
source in the aseasonal forests of Amazonia (Bush et al., 2008;
Malhi et al., 2008), including areas such as Amacayacu (Figure 1).
Further, isotopic records from stalagmites indicate that the last
4,000 years, which encompasses the period of fires at Amacayacu,
was the wettest period of the Holocene in western Amazonia (van
Breukelen, Vonhof, Hellstrom, Wester, & Kroon, 2008). The fre-
quency of *C dated archaeological material from Amazonian Dark
Earths (Glaser & Birk, 2012; Glaser & Woods, 2004) and geoglyphs
(Parssinen, Ranzi, Saunaluoma, & Siiridinen, 2003; Ranzi, Feres, &
Brown, 2007; Schaan et al., 2012), and 14C dated soil charcoal frag-
ments, has increased since 2500 cal yr BP in Amazonia (McMichael
& Bush, 2019).
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Although the fire events likely originated from some type of
human source, there was no evidence of past agriculture or can-
opy openings in the Amacayacu forest plot. Grass phytoliths were
found in only four of eight soil cores despite counts of over 300
phytoliths per sample, and grass abundances never exceeded 1.3%
(Figure 3). These combined results indicated that the forest can-
opy was not opened during the fire events, or at all during the last
5,000-7,000 years of the Holocene, which is the time period usually
captured with phytoliths in Amazonian soil cores collected to 1 min
depth (McMichael, Piperno, et al., 2012; Piperno et al., 2015).

Even though the canopy at Amacayacu has not been opened on
significant spatial scales (i.e. >100s of meters) for the last several

thousand years, the composition of the forest has changed (Figures

charcoal (mm®cm?®)

3 and 4). The changes in forest composition happen in both the pres-
ence and absence of fire, but their trajectories of change differ. The
cores containing charcoal had larger increases in decorated sphere
phytoliths through time than those that lacked charcoal (Figures 3
and 4). Decorated sphere phytoliths have several types of surface
patterns (e.g. Figure S5), and our ongoing work is aiming to catego-
rize them into discrete types and link them with specific taxa. What
is known is that the decorated spheres are primarily produced by
arboreal taxa (D. R. Piperno, personal observation). The increases in
decorated spheres over the mid- to late-Holocene could thus be ei-
ther from compositional changes in the canopy or understory trees.

The soil cores that contained the largest increases in palm abun-

dances were the ones that lacked charcoal (Figures 2-4). These
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Proportion of samples with

TABLE 3 Spearman correlation
tests between charcoal metrics and

Charcoal abundance charcoal . . .
phytolith metrics measured in the ten
Rho S p Rho S p soil cores from Amacayacu forest plot.
Rho represents Spearman's rho and S
Trends of change represents the test statistic (sum of all
Decorated spheres 0.71 48.41 .02 0.70 49.63 .02 squared rank differences)
Echinate palms -0.48 24445 16 -0.49 245.76 15
Conical palms -0.49 246.51 15 -0.51 248.90 13
Total palms -0.49 246.51 15 -0.51 248.90 13
Magnitude of change
Decorated spheres 0.69 51.51 .03 0.75 41.24 .01
Echinate palms -0.52 250.64 A2 -0.58 260.44 .08
Conical palms -0.52 250.64 12 -0.55 255.20 .10
Total palms -0.65 272.30 .04 -0.71 282.47 .02

data suggest that genera producing conical phytoliths, such as
Astrocaryum, Bactris, Geonoma, Iriartea, and Socratea, have all in-
creased at Amacayacu during the Holocene in the absence of fire.
These data also corroborate previous findings from lake sediment
records that show Iriartea pollen increased in abundance over the
last 2,500 years, and did so with a greater magnitude when human
influence (i.e. fire or cultivation) was absent or minimal (Bush &
McMichael, 2016). The abundance of globular echinate palms in-
creased at eight of the ten soil cores, though had lower trend
and magnitude of change values than the conical palm phytoliths
(Figures 3 and 4). These data suggest that genera such as Euterpe,
Oenocarpus, and Hyospathe have been present in the Holocene
landscape around Amacayacu in similar abundances as they are
found today, though small increases in abundances were found in
cores AMA11, AMA7, and AMA1. Like the conical palm phytoliths,
the cores with increasing levels of globular echinate palms had little
to no charcoal (Figure 3), even though Spearman correlation tests
were non-significant (Table 3). Because the palms do not seem to
be associated with the fire events, and there is no other evidence
for canopy openings or cultivation of crops, it is unlikely that the
changes in palm abundances were a result of direct human activity at
Amacayacu. Therefore, as in other Amazonian regions studied using
improved palm identification criteria (Piperno et al., 2019), prehis-
toric human influences do not appear to have caused increases in
now-hyperdominant palm taxa such as Oenocarpus and Euterpe.

It is also interesting to note that the Annonaceae phytoliths oc-
curred in samples containing high abundances of conical palm phy-
toliths (Figure S1). Guatteria, Unonopsis, and Oxandra are the genera
of Annonaceae that produce the diagnostic phytoliths seen in our
samples (Piperno, 2006; Piperno et al., 2019). These genera rarely
contain species that are useful to people (sensu Clement et al., 2015;
Levis et al., 2017; Levis et al., 2018). The co-occurrence of these
Annonaceae phytoliths alongside the increasing palm phytoliths fur-
ther suggests that these changes in the forests at Amacayacu were
not a direct result of human action.

Hunting, which usually extends several kilometers away from an
occupation site (Peres, 2000; Peres, Emilio, Schietti, Desmouliére, &

Levi, 2016), affects the seed dispersal and predation of many palms
(Wright & Duber, 2001; Wright et al., 2000; Wyatt & Silman, 2004).
If seed dispersers are lost due to hunting pressure, then local palm
abundances may decrease. If seed predators are lost, palm abun-
dances may increase, despite the loss of seed dispersers (Wright &
Duber, 2001; Wright et al., 2000). For people living without guns,
which would have been the case in pre-Columbian times, the sphere
of influence for hunting can be 10-15 km (Bush et al., 2015; Peres,
2000). The nearest known archaeological site is Igarapé Takana
(Morcote-Rios et al., 2013), located 51 km from Amacayacu, outside
of the known sphere of influence. The forest plot, however, is lo-
cated only c. 1.5 km north of the main Amazon River channel. The
pre-Columbian chiefdom of Aparia-the-Great, which was described
in the earliest European account (Medina, 1934), likely lies some-
where between 20 and 30 km away from Amacayacu and was also
on the Amazon River channel. Thus, it may be possible that indirect
pre-Columbian human influence affected the palm abundances in

Amacayacu.

4.2 | Regional trends of fire and vegetation change
in western Amazonia

Besides Amacayacu, there are only three other records of fire
and vegetation history from within the western Amazonian for-
est plots that are used to estimate biodiversity and carbon stor-
age. The Los Amigos and Cocha Cashu forest plots are located
within 160 km of each other in south-western Amazonia, and
the Manaus forest plot (KM 41) is located in the central Amazon
north of the main river channel (Figure 1). All four plots show fire
activity primarily during the last 3,000 years (Figure 5), a period
of climatic wetness in western Amazonia (van Breukelen et al.,
2008). The timings of these past fire events across the four plots
are coincident with: (a) an increase in archaeological site density
across Amazonia (McMichael & Bush, 2019), (b) the trans-Amazon
transition to agriculture (Piperno, 2011), and (c) an increase in
archaeological site density across the entirety of South America
(Goldberg, Mychajliw, & Hadly, 2016). Thus it is likely that the fires
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(Figure 5; McMichael, Correa Metrio, & Bush, 2012; McMichael et
al., 2015; Piperno & Becker, 1996). The Amacayacu forest plot has

also experienced a longer fire-free interval than any of the other

Though the four plots differ in their time since the last fire
and their fire return interval (Figure 5), there are some similari-
ties in their vegetation histories. Phytolith data from all four plots
lack evidence of past maize, squash, or rice cultivation (McMichael
et al., 2015; Piperno & Becker, 1996). The phytolith assemblages
from Los Amigos and Manaus, however, which have more recent
and frequent fire, contain evidence of localized and short-lived
canopy openings that occurred in the past (McMichael, Piperno, et
al., 2012; Piperno & Becker, 1996). Amacayacu and Cocha Cashu

contain no evidence of past forest openings (Figure 3; McMichael

Increases in palm abundances through time (trend of change
values) were seen in all four plots, though to a much less degree at
Los Amigos (Figure 6). The trend of change values, and the over-
all fluctuations in palm abundance (magnitude of change values),
were significantly higher at Amacayacu compared with the other
forest plots, and nearly reached levels documented at an exca-
vated archaeological site in the Teotdnio region of Brazil (Figures
1 and 6). In contrast to Amacayacu, however, the Teotdnio site has
been occupied for 2,000 years, and contains evidence of pottery,
soil modifications, recurrent fires, maize cultivation, and palm cul-
tivation (Almeida & Neves, 2014; McMichael et al., 2015; Watling

4.3 | Therise of Amazonian palms
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FIGURE 5 Comparison of fire history based on dated **C charcoal
fragments from (a) Amacayacu, (b) Manaus, (c) Cocha Cashu, and (d)
Los Amigos forest plots in Amazonia. See Figure 1 for plot locations

documented at the four forest plots were of human origin. Over
the last 3,000 years, however, fire has occurred less frequently

at Amacayacu and Cocha Cashu than at Manaus and Los Amigos

(a) trend of change: palm phytoliths

The synthesized data across the four forest plots and the Teot6nio
archaeological site show an overall increase in palms through time
(Figure 6), but the mechanisms driving those increases vary be-
tween regions, and are not dependent on human intervention. At
Teotoénio, people cultivated palms. In places where past human in-
fluence is minimal, such as the forest plots, wetter conditions in
Amazonia during the last 4,000 years (van Breukelen et al., 2008)
would have also allowed palm genera such as Iriartea, Socratea,
Astrocaryum, Bactris, and Geonoma to increase their abundance

(Figures 3 and 4). The increases in palm abundances documented

(b) magnitude of change: palm phytoliths
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within the forest plots are highest in north-western Amazonia
compared with the south-western and central regions (Figures 1
and 6). This is the most aseasonal setting of all plots surveyed,
and has the lowest levels of fire. These patterns mirror the varia-
tion observed in Iriartea pollen records across western Amazonia
(Bush & McMichael, 2016), collectively suggesting that changes
in precipitation and seasonality have had marked effects on the
distribution and relative abundances of Amazonian palms in the
Holocene.

The palms are a major component of the modern hyperdomi-
nant species pool (ter Steege et al., 2013), meaning that they are
among the most abundant trees in the Amazonian forest. Palm per-
centages range from 1% to 25% of all stems >10 cm dbh from the
four forest plots where we have data on fire and vegetation histo-
ries (Amacayacu, Los Amigos, Cocha Cashu, and Manaus) (Lopez-
Gonzalez, Lewis, Burkitt, Baker, & Phillips, 2009; Lopez-Gonzalez,
Lewis, Burkitt, & Phillips, 2011). Palm percentages are lowest in
the Los Amigos plot (c. 1%), which has the most intensive and re-
current fire history. Palm percentages range from 10% to 25% in
the other three plots that have not experienced recent or recur-
rent fire events. Our results suggest that palms, which have been
present in Amazonian forests for millions of years (e.g. Couvreur
& Baker, 2013; Janssen & Bremer, 2004; Roncal et al., 2015), have
increased in relative abundances, including in sites that lack recent
or recurrent fire or evidence of past forest clearing (Figures 3, 4,
and 6). Though likely largely climate-driven, three of the four for-
est plots are located within a day's walk of a major river, it is pos-
sible that people increased palm abundances by dropping seeds
as they passed through. Regardless of the mechanisms driving the
‘rise of palms’ in the Holocene, the exact timings remain unknown,
though phytoliths found in the upper 1 m of soil usually date to the
mid- or late-Holocene, e.g. the last 6,000-5,000 years (Piperno
et al,, 2015, 2019). The rise of the palms in Amazonia also contin-
ues in the modern era. Astrocaryum has increased its range size
in a ‘colonization front’ in recent decades (Charles-Dominique et
al., 2003), though the mechanisms driving this expansion remain
unclear.

Amazonian forests contain up to 17% of all the carbon in the
terrestrial biosphere (Feldpausch et al., 2012; Zhao & Running,
2010). The rise of the palms seen in our datasets suggests that
this carbon storage potential may have changed over time. Palms
are one of the most abundant plant groups in Amazonia, yet their
contribution to aboveground biomass and primary productivity
in the modern system remain poorly understood (Goodman et
al., 2013). The long-term increases in palm abundances seen in
the phytolith records from the north-western Amazonian for-
ests at Amacayacu could reflect changes in carbon storage in
two ways. One possibility is that the canopy components of the
forests (both palms and arboreal taxa) have remained relatively
stable through time, and the palm phytolith increases represent
a change in the mid- to late-Holocene understory density. An al-
ternative, however, is that the relative abundances of larger can-
opy palms have significantly increased over the last few thousand

years while the abundances of arboreal taxa (large trees) have
decreased. Both of these scenarios suggest that carbon storage
potential has changed over the last few thousand years. Further
empirical data in both modern and past contexts are needed to
test these ideas and begin assessing long-term patterns of carbon
dynamics in Amazonian forests.

ACKNOWLEDGEMENTS

This work was funded by a Center for Tropical Forest Science-
ForestGEO grant #341243 to C.N.H.M., where D.R.P. and A.D.
are collaborators. This work was also the research by B.M.H.
in the Master's Program in Ecology & Evolution in the Institute
for Biodiversity and Ecosystem Dynamics at the University of
Amsterdam. We would like to thank Veerle Vink, Luisa Fernanda
Gomez Correa, Juan Pablo Henao Arrieta, Maria Alejandra Torres
Gomez, and Francisco Jordan from Comunidad Palmeras with
fieldwork assistance. We would also like to thank Gemma Koelmans
for charcoal identification, Annemarie Philip at the University of
Amsterdam for preparing phytolith samples, and Seringe Huisman for
providing phytolith photographs. Amacayacu plot was established
by the Parques Nacionales de Colombia, and we would especially
like to thank Eliana Martiinez and staff members of the Amacayacu
Natural National Park.

DATA AVAILABILITY STATEMENT

Upon publication all charcoal and phytolith data will be uploaded to
DataDryad.

Title: Holocene increases in palm abundances in north-western
Amazonia

DOI: https://doi.org/10.5061/dryad.2442n52

Journal: Journal of Biogeography

Journal manuscript number: JBI-19-0244.R2

ORCID

Britte M. Heijink
Crystal N. H. McMichael

https://orcid.org/0000-0001-7359-5023
https://orcid.org/0000-0002-1064-1499

REFERENCES

Abramoff, M. D., Magalhaes, P. J., & Ram, S. J. (2004). Image processing
with ImagelJ. Biophotonics International, 11, 36-42.

Aleman, J. C., Canal-Subitani, S., Favier, C., & Bremond, L. (2014).
Influence of the local environment on lacustrine sedimentary phyto-
lith records. Palaeogeography, Palaeoclimatology, Palaeoecology, 414,
273-283. https://doi.org/10.1016/j.palaeo0.2014.08.030

Almeida, F. O., & Neves, E. G. (2014). The Polychrome tradition at the
Upper Madeira River. In S. Rostain (Ed.), Antes de Orellana: Actas del
3rd Encuentro Internacional de Arqueologia Amazonica (pp. 175-182).
Quito, Ecuador: Instituto Francés de Estudios Andinos

Anderson-Teixeira, K. J., Davies, S. J., Bennett, A. C., Gonzalez-Akre, E.
B., Muller-Landau, H. C., Joseph Wright, S., ... Baltzer, J. L. (2015).


https://doi.org/10.5061/dryad.2442n52
https://orcid.org/0000-0001-7359-5023
https://orcid.org/0000-0001-7359-5023
https://orcid.org/0000-0002-1064-1499
https://orcid.org/0000-0002-1064-1499
https://doi.org/10.1016/j.palaeo.2014.08.030

HEDINK ET AL.

CTFS-Forest GEO: A worldwide network monitoring forests in an
era of global change. Global Change Biology, 21, 528-549. https://doi.
org/10.1111/gcb.12712

Barlow, J., & Peres, C. A. (2008). Fire-mediated dieback and composi-
tional cascade in an Amazonian forest. Philosophical Transactions of
the Royal Society B: Biological Sciences, 363, 1787-1794. https://doi.
org/10.1098/rstb.2007.0013

Brugger, S. O., Gobet, E., van Leeuwen, J. F., Ledru, M.-P., Colombaroli,
D., van der Knaap, W., ... Rodrigues, L. (2016). Long-term man-envi-
ronment interactions in the Bolivian Amazon: 8000 years of vege-
tation dynamics. Quaternary Science Reviews, 132, 114-128. https://
doi.org/10.1016/j.quascirev.2015.11.001

Bush, M., Correa-Metrio, A., McMichael, C., Sully, S., Shadik, C., Valencia,
B., ... Overpeck, J. (2016). A 6900-year history of landscape modifi-
cation by humans in lowland Amazonia. Quaternary Science Reviews,
141, 52-64. https://doi.org/10.1016/j.quascirev.2016.03.022

Bush, M. B., & McMichael, C. N. (2016). Holocene variability of an
Amazonian hyperdominant. Journal of Ecology, 104, 1370-1378.
https://doi.org/10.1111/1365-2745.12600

Bush, M. B., McMichael, C. H., Piperno, D. R., Silman, M. R., Barlow, J.
B., Peres, C. A., ... Palace, M. W. (2015). Anthropogenic influence on
Amazonian forests in prehistory: An ecological perspective. Journal
of Biogeography, 42, 2277-2288. https://doi.org/10.1111/jbi.12638

Bush, M. B., Piperno, D. R., & Colinvaux, P. A. (1989). A 6000 year history
of Amazonian maize cultivation. Nature, 340, 303-305. https://doi.
org/10.1038/340303a0

Bush, M. B., Silman, M. R., McMichael, C., & Saatchi, S. (2008). Fire, cli-
mate change and biodiversity in Amazonia: A Late-Holocene per-
spective. Philosophical Transactions of the Royal Society B: Biological
Sciences, 363, 1795-1802.

Charles-Dominique, P., Chave, J., Dubois, M. A., De Granville, J. J.,
Riera, B., & Vezzoli, C. (2003). Colonization front of the understo-
rey palm Astrocaryum sciophilum in a pristine rain forest of French
Guiana. Global Ecology and Biogeography, 12, 237-248. https://doi.
org/10.1046/j.1466-822X.2003.00020.x

Clark, D. B., Palmer, M. W., & Clark, D. A. (1999). Edaphic factors and the
landscape-scale distributions of tropical rain forest trees. Ecology, 80,
2662-2675. https://doi.org/10.1890/0012-9658(1999)080[2662:E-
FATLS]2.0.CO;2

Clement, C. R., Denevan, W. M., Heckenberger, M. J., Junqueira, A. B.,
Neves, E. G., Teixeira, W. G., & Woods, W. I. (2015). The domestication
of Amazonia before European conquest. Proceedings of the Royal Society
B, 282, 20150813. https://doi.org/10.1098/rspb.2015.0813

Colinvaux, P. A., Liu, K. B., De Oliveira, P. E., Bush, M. B., Miller, M. C.,
& Steinitz-Kannan, M. (1996). Temperature depression in the low-
land tropics in glacial times. Climate Change, 32, 19-33. https://doi.
org/10.1007/BF00141276

Couvreur, T. L., & Baker, W. J. (2013). Tropical rain forest evolu-
tion: Palms as a model group. BMC Biology, 11, 48. https://doi.
org/10.1186/1741-7007-11-48

Duque, A., Muller-Landau, H. C., Valencia, R., Cardenas, D., Davies, S.,
de Oliveira, A, ... Vicentini, A. (2017). Insights into regional patterns
of Amazonian forest structure, diversity, and dominance from three
large terra-firme forest dynamics plots. Biodiversity and Conservation,
26, 669-686. https://doi.org/10.1007/s10531-016-1265-9

Ellison, A. M., Buckley, H. L., Case, B. S., Cardenas, D., Duque, A. J., Lutz,
J. A, ... Zimmerman, J. K. (2019). Species diversity associated with
foundation species in temperate and tropical forests. Forests, 10,
128. https://doi.org/10.3390/f10020128

Fauset, S., Johnson, M. O., Gloor, M., Baker, T. R., Monteagudo, M.
A., Brienen, R. J. W,, ..Phillips, O. L. (2015). Hyperdominance in
Amazonian forest carbon cycling. Nature Communications, 6, 6857.
https://doi.org/10.1038/ncomms7857

Feldpausch, T. R, Lloyd, J., Lewis, S. L., Brienen, R. J., Gloor, M., Monteagudo
Mendoza, A., ... Affum-Baffoe, K. (2012). Tree height integrated into

709
EME -

pantropical forest biomass estimates. Biogeosciences, 3381-3403.
https:/doi.org/10.5194/bg-9-3381-2012

Gentry, A. H. (1988a). Tree species richness of upper Amazonian forests.
Proceedings of the National Academy of Sciences of the USA, 85, 156.
https://doi.org/10.1073/pnas.85.1.156

Gentry, A. H. (1988b). Changes in plant community diversity and
floristic composition on environmental and geographical gradi-
ents. Annals of the Missouri Botanical Garden, 75, 1-34. https://doi.
org/10.2307/2399464

Glaser, B., & Birk, J. J. (2012). State of the scientific knowledge on prop-
erties and genesis of Anthropogenic Dark Earths in Central Amazonia
(terra preta de indio). Geochimica Et Cosmochimica Acta, 82, 39-51.
https://doi.org/10.1016/j.gca.2010.11.029

Glaser, B., & Woods, W. |. (2004). Amazonian Dark Earths: Explorations in
Space and Time. Berlin: Springer-Verlag.

Goldberg, A., Mychajliw, A. M., & Hadly, E. A. (2016). Post-invasion de-
mography of prehistoric humans in South America. Nature, 532, 232-
235. https://doi.org/10.1038/naturel7176

Goodman, R. C,, Phillips, O. L., del Castillo Torres, D., Freitas, L., Cortese,
S.T.,Monteagudo, A., & Baker, T.R. (2013). Amazon palm biomass and
allometry. Forest Ecology and Management, 310, 994-1004. https://
doi.org/10.1016/j.foreco.2013.09.045

Haffer, J. (1969). Speciation in Amazonian forest birds. Science, 165, 131-
137. https://doi.org/10.1126/science.165.3889.131

Hammond, D. S., ter Steege, H., & van der Borg, K. (2006). Upland soil
charcoal in the wet tropical forests of Central Guyana. Biotropica, 39,
153-160. https://doi.org/10.1111/j.1744-7429.2006.00257.x

Henderson, A., Galeano-Garces, G., & Bernal, R. (1997). Field guide to the
palms of the Americas. Princeton, NJ: Princeton University Press.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005).
Very high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology, 25, 1965-1978. https://
doi.org/10.1002/joc.1276

Hogg, A. G., Hua, Q., Blackwell, P. G., Niu, M., Buck, C. E., Guilderson, T.
P., ... Reimer, R. W. (2013). SHCal13 Southern Hemisphere calibra-
tion, 0-50,000 years cal BP. Radiocarbon, 55, 1889-1903.

Hoorn, C. (1994). An environmental reconstruction of the palaeo-
Amazon river system (Middle-Late Miocene, NW Amazonia).
Palaeogeography, Palaeoclimatology, Palaeoecology, 112, 187-238.

Hubbell, S. P. (2001). The unified neutral theory of biodiversity and biogeog-
raphy. Princeton, NJ: Princeton University Press.

Huisman, S. N., Raczka, M. F., & McMichael, C. N. H. (2018). Palm phy-
toliths of mid-elevation Andean forests. Frontiers in Ecology and
Evolution, 6, 193.

Janssen, T., & Bremer, K. (2004). The age of major monocot groups in-
ferred from 800+ rbcL sequences. Botanical Journal of the Linnean
Society, 146, 385-398.

Johnson, M. O., Galbraith, D., Gloor, M., De Deurwaerder, H.,
Guimberteau, M., Rammig, A, ... Baker, T. R. (2016). Variation in stem
mortality rates determines patterns of above-ground biomass in
Amazonian forests: Implications for dynamic global vegetation mod-
els. Global Change Biology, 22, 3996-4013.

Junqueira, A. B., Shepard, G. H., & Clement, C. R. (2010). Secondary for-
ests on anthropogenic soils in Brazilian Amazonia conserve agrobio-
diversity. Biodiversity and Conservation, 19, 1933-1961.

Levis, C., Costa, F. R. C., Bongers, F., Pefa-Claros, M., Clement, C. R,,
Junqueira, A. B,, ... ter Steege, H. (2017). Persistent effects of pre-
Columbian plant domestication on Amazonian forest composition.
Science, 355, 925-931.

Levis, C., Flores, B. M., Moreira, P. A., Luize, B. G., Alves, R. P., Franco-
Moraes, J., ... Bongers, F. (2018). How people domesticated
Amazonian forests. Frontiers in Ecology and Evolution, 5, 171.

Lombardo, U., Denier, S., May, J.-H., Rodrigues, L., & Veit, H. (2013).
Human-environment interactions in pre-Columbian Amazonia: The case
of the Llanos de Moxos, Bolivia. Quaternary International, 312, 109-119.


https://doi.org/10.1111/gcb.12712
https://doi.org/10.1111/gcb.12712
https://doi.org/10.1098/rstb.2007.0013
https://doi.org/10.1098/rstb.2007.0013
https://doi.org/10.1016/j.quascirev.2015.11.001
https://doi.org/10.1016/j.quascirev.2015.11.001
https://doi.org/10.1016/j.quascirev.2016.03.022
https://doi.org/10.1111/1365-2745.12600
https://doi.org/10.1111/jbi.12638
https://doi.org/10.1038/340303a0
https://doi.org/10.1038/340303a0
https://doi.org/10.1046/j.1466-822X.2003.00020.x
https://doi.org/10.1046/j.1466-822X.2003.00020.x
https://doi.org/10.1890/0012-9658(1999)080%5B2662:EFATLS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B2662:EFATLS%5D2.0.CO;2
https://doi.org/10.1098/rspb.2015.0813
https://doi.org/10.1007/BF00141276
https://doi.org/10.1007/BF00141276
https://doi.org/10.1186/1741-7007-11-48
https://doi.org/10.1186/1741-7007-11-48
https://doi.org/10.1007/s10531-016-1265-9
https://doi.org/10.3390/f10020128
https://doi.org/10.1038/ncomms7857
https://doi.org/10.5194/bg-9-3381-2012
https://doi.org/10.1073/pnas.85.1.156
https://doi.org/10.2307/2399464
https://doi.org/10.2307/2399464
https://doi.org/10.1016/j.gca.2010.11.029
https://doi.org/10.1038/nature17176
https://doi.org/10.1016/j.foreco.2013.09.045
https://doi.org/10.1016/j.foreco.2013.09.045
https://doi.org/10.1126/science.165.3889.131
https://doi.org/10.1111/j.1744-7429.2006.00257.x
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276

HEDINK ET AL.

710 ournal o
= Lwicey-

Lopez-Gonzalez, G., Lewis, S. L., Burkitt, M., Baker, T. R., & Phillips, O. L.
(2009). ForestPlots.net Database. forestplots.net. Date of data ex-
traction: June 23, 2019.

Lopez-Gonzalez, G., Lewis, S. L., Burkitt, M., & Phillips, O. L. (2011).
ForestPlots. net: A web application and research tool to manage and
analyse tropical forest plot data. Journal of Vegetation Science, 22,
610-613. https://doi.org/10.1111/j.1654-1103.2011.01312.x

Maezumi, S. Y., Alves, D., Robinson, M., de Souza, J. G., Levis, C., Barnett,
R. L., ... Iriarte, J. (2018). The legacy of 4,500 years of polyculture
agroforestry in the eastern Amazon. Nature Plants, 4, 540.

Malhi, Y., Roberts, J. T,, Betts, R. A., Killeen, T. J., Li, W., & Nobre, C. A.
(2008). Climate change, deforestation, and the fate of the Amazon.
Science, 319, 169-172. https://doi.org/10.1126/science.1146961

McMichael, C. N., & Bush, M. B. (2019). Spatiotemporal patterns of pre-
Columbian peoplein Amazonia. Quaternary Research, 92,1-17. https://
doi.org/10.1017/qua.2018.152

McMichael, C. H., Correa Metrio, A., & Bush, M. B. (2012). Pre-Columbian
fire regimes in lowland tropical rainforests of southeastern Peru.
Palaeogeography, Palaeoclimatology, Palaeoecology, 342-343, 73-83.
https://doi.org/10.1016/j.palaeo.2012.05.004

McMichael, C. N., Matthews-Bird, F., Farfan-Rios, W., & Feeley, K. J.
(2017). Ancient human disturbances may be skewing our under-
standing of Amazonian forests. Proceedings of the National Academy
of Sciences of the USA, 114, 522-527. https://doi.org/10.1073/
pnas.1614577114

McMichael, C., Piperno, D. R., Bush, M. B,, Silman, M. R., Zimmerman,
A. R., Raczka, M. F,, & Lobato, L. C. (2012). Sparse pre-Columbian
human habitation in western Amazonia. Science, 336, 1429-1431.
https://doi.org/10.1126/science.1219982

McMichael, C., Piperno, D., Neves, E., Bush, M., Almeida, F., Mongel?,
G., & Eyjolfsdottir, M. B. (2015). Phytolith assemblages along a
gradient of ancient human disturbance in western Amazonia.
Frontiers in Ecology and Evolution, 3, 141. https://doi.org/10.3389/
fevo.2015.00141

Medina, J. (1934). The discovery of the Amazon according to the account of
Friar Caspar de Carvajal and other documents. New York, NY: American
Geographical Society.

Morcote-Rios, G., Bernal, R., & Raz, L. (2016). Phytoliths as a tool for
archaeobotanical, palaeobotanical and palaeoecological studies in
Amazonian palms. Botanical Journal of the Linnean Society, 182, 348-
360. https://doi.org/10.1111/b0j.12438

Morcote-Rios, G., Raz, L., Giraldo-Canas, D., Franky, C. E., & Ledn
Sicard, T. (2013). Terras Pretas de indio of the Caqueta-Japura
River (Colombian Amazonia). Tipiti: Journal of the Society for the
Anthropology of Lowland South. America, 11, 30-39.

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B,
& Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403, 853-858. https://doi.org/10.1038/35002501

Parnell, A. (2016). Bchron: Radiocarbon dating, age-depth modelling, rel-
ative sea level rate estimation, and non-parametric phase modelling.
R package version 4.1. 1; 2015.

Parssinen,M.,Ranzi,A., Saunaluoma, S., & Siiridinen, A. (2003). Geometrically
patterned ancient earthworks in the Rio Branco region of Acre, Brazil:
New evidence of ancient chiefdom formations in Amazonian interfluvial
terra firme environment. In M. Pérssinen & A. Korpisaari (Eds.), Western
Amazonia - Amazonia ocidental (pp. 97-133). Helsinki: Renvall Institute
for Area and Cultural Studies, University of Helsinki.

Peres, C. A. (2000). Effects of subsistence hunting on vertebrate com-
munity structure in Amazonian forests. Conservation Biology, 14,
240-253. https://doi.org/10.1046/j.1523-1739.2000.98485.x

Peres, C. A., Emilio, T., Schietti, J., Desmouliére, S. J., & Levi, T. (2016).
Dispersal limitation induces long-term biomass collapse in over-
hunted Amazonian forests. Proceedings of the National Academy
of Sciences of the USA, 113, 892-897. https://doi.org/10.1073/
pnas.1516525113

Piperno, D. R. (2006). Phytoliths: A comprehensive guide for archaeologists
and paleoecologists. Lanham, MD: Alta Mira Press.

Piperno, D. R. (2011). The origins of plant cultivation and domestication
in the New World tropics. Current Anthropology, 52, S453-S470.
https://doi.org/10.1086/659998

Piperno, D. R., & Becker, P. (1996). Vegetational history of a site in the
Central Amazon basin derived from phytolith and charcoal records
from natural soils. Quaternary Research, 45, 202-209. https://doi.
org/10.1006/qres.1996.0020

Piperno, D. R., McMichael, C., & Bush, M. B. (2015). Amazonia and the
Anthropocene: What was the spatial extent and intensity of human
landscape modification in the Amazon Basin at the end of prehistory?
The Holocene, 25, 1588-1597. https://doi.org/10.1177/0959683615
588374

Piperno, D. R., McMichael, C. N., & Bush, M. B. (2019). Finding forest
management in prehistoric Amazonia. Anthropocene, 26, 100211.
https://doi.org/10.1016/j.ancene.2019.100211

R Development Core Team (2013). R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing.

Ranzi, A., Feres, R., & Brown, F. (2007). Internet software programs aid
in search for Amazonian geoglyphs. Eos Transactions, 88, 226-229.
https://doi.org/10.1029/2007E0210003

Roncal, J., Couderc, M., Baby, P., Kahn, F., Millan, B., Meerow, A. W., &
Pintaud, J. C. (2015). Palm diversification in two geologically con-
trasting regions of western Amazonia. Journal of Biogeography, 42,
1503-1513. https://doi.org/10.1111/jbi.12518

Roosevelt, A. C., Lima da Costa, M., Lopes Machado, C., Michab, M.,
Mercier, N., Valladas, H., ... Schick, K. (1996). Paleoindian cave dwell-
ers in the Amazon: The peopling of the Americas. Science, 272, 373-
384. https://doi.org/10.1126/science.272.5260.373

Rudas Lleras, A. N., Prieto Cruz, A., Taylor, C. M., & Ortiz, R. (2005).
Flérula del Parque Nacional Natural Amacayacu. Amazonas, Colombia:
Facultad de Ciencias, Instituto de, Universidad Nacional de Colombia.

Saldarriaga, J. G., & West, D. C. (1986). Holocene fires in the north-
ern Amazon basin. Quaternary Research, 26, 358-366. https://doi.
org/10.1016/0033-5894(86)90095-5

Sanford, R. L., Saldarriaga, J., Clark, K. E., Uhl, C., & Herrera, R.
(1985). Amazon rain-forest fires. Science, 227, 53-55. https://doi.
org/10.1126/science.227.4682.53

Santos, G. M., Gomes, P. R. S., Anjos, R. M., Cordeiro, R. C., Turcq, B.
J., Sifeddine, A., ... Fifield, L. K. (2000). 4c AMS dating of fires in
the central Amazon rain forest. Nuclear Instruments and Methods in
Physics Research Section B, 172, 761-766. https://doi.org/10.1016/
S0168-583X(00)00234-2

Schaan, D., Parssinen, M., Saunaluoma, S., Ranzi, A., Bueno, M., &
Barbosa, A. (2012). New radiometric dates for pre-Columbian
(2000-700 BP) earthworks in western Amazonia, Brazil. Journal
of Field Archaeology, 37, 132-142. https://doi.org/10.1179/00934
69012Z.00000000012

Slik, J. F., Arroyo-Rodriguez, V., Aiba, S.-1., Alvarez-Loayza, P., Alves, L. F.,
Ashton, P, ... Van Den Berg, E. (2015). An estimate of the number of
tropical tree species. Proceedings of the National Academy of Sciences
of the USA, 112, 7472-7477. https://doi.org/10.1073/pnas.14231
47112

ter Steege, H., Pitman, N. C. A, Phillips, O. L., Chave, J., Sabatier, D.,
Duque, A, ... Vasquez, R. (2006). Continental-scale patterns of can-
opy tree composition and function across Amazonia. Nature, 443,
444-447. https://doi.org/10.1038/nature05134

ter Steege, H., Pitman, N. C. A., Sabatier, D., Baraloto, C., Saloméao,
R. P, Guevara, J. E., ... Silman, M. R. (2013). Hyperdominance in
the Amazonian tree flora. Science, 342, 1243092. https://doi.
org/10.1126/science.1243092

Thomas, E., Alcazar Caicedo, C., McMichael, C. H., Corvera, R., & Loo, J.
(2015). Uncovering spatial patterns in the natural and human history


http://forestplots.net
https://doi.org/10.1111/j.1654-1103.2011.01312.x
https://doi.org/10.1126/science.1146961
https://doi.org/10.1017/qua.2018.152
https://doi.org/10.1017/qua.2018.152
https://doi.org/10.1016/j.palaeo.2012.05.004
https://doi.org/10.1073/pnas.1614577114
https://doi.org/10.1073/pnas.1614577114
https://doi.org/10.1126/science.1219982
https://doi.org/10.3389/fevo.2015.00141
https://doi.org/10.3389/fevo.2015.00141
https://doi.org/10.1111/boj.12438
https://doi.org/10.1038/35002501
https://doi.org/10.1046/j.1523-1739.2000.98485.x
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1086/659998
https://doi.org/10.1006/qres.1996.0020
https://doi.org/10.1006/qres.1996.0020
https://doi.org/10.1177/0959683615588374
https://doi.org/10.1177/0959683615588374
https://doi.org/10.1016/j.ancene.2019.100211
https://doi.org/10.1029/2007EO210003
https://doi.org/10.1111/jbi.12518
https://doi.org/10.1126/science.272.5260.373
https://doi.org/10.1016/0033-5894(86)90095-5
https://doi.org/10.1016/0033-5894(86)90095-5
https://doi.org/10.1126/science.227.4682.53
https://doi.org/10.1126/science.227.4682.53
https://doi.org/10.1016/S0168-583X(00)00234-2
https://doi.org/10.1016/S0168-583X(00)00234-2
https://doi.org/10.1179/0093469012Z.00000000012
https://doi.org/10.1179/0093469012Z.00000000012
https://doi.org/10.1073/pnas.1423147112
https://doi.org/10.1073/pnas.1423147112
https://doi.org/10.1038/nature05134
https://doi.org/10.1126/science.1243092
https://doi.org/10.1126/science.1243092

HEDINK ET AL.

of Brazil nut (Bertholletia excelsa) across the Amazon Basin. Journal
of Biogeography, 42, 1367-1382.

Tuomisto, H., Ruokolainen, K., & Yli-Halla, M. (2003). Dispersal, environ-
ment, and floristic variation of Western Amazonian forests. Science,
299, 241-244. https://doi.org/10.1126/science.1078037

Uhl, C., & Kauffman, J. B. (1990). Deforestation, fire susceptibility, and
potential tree responses to fire in the eastern Amazon. Ecology, 71,
437-449. https://doi.org/10.2307/1940299

van Breukelen, M. R., Vonhof, H. B., Hellstrom, J. C., Wester, W. C.
G., & Kroon, D. (2008). Fossil dripwater in stalagmites reveals
Holocene temperature and rainfall variation in Amazonia. Earth and
Planetary Science Letters, 275, 54-60. https://doi.org/10.1016/j.
epsl.2008.07.060

Watling, J., Iriarte, J., Mayle, F. E., Schaan, D., Pessenda, L. C. R., Loader,
N. J, ... Ranzi, A. (2017). Impact of pre-Columbian “geoglyph” build-
ers on Amazonian forests. Proceedings of the National Academy
of Sciences of the USA, 114, 1868-1873. https://doi.org/10.1073/
pnas.1614359114

Watling, J., Shock, M. P., Mongelé, G. Z., Almeida, F. O., Kater, T., De
Oliveira, P. E., & Neves, E. G. (2018). Direct archaeological evidence
for Southwestern Amazonia as an early plant domestication and food
production centre. PloS ONE, 13, e0199868.

Weng, C. (2005). An improved method for quantifying sedimentary
charcoal via a volume proxy. The Holocene, 15, 298-301. https://doi.
org/10.1191/0959683605h1795rr

Wright, S. J. (2005). Tropical forests in a changing environment. Trends
in Ecology & Evolution, 20, 553-560. https://doi.org/10.1016/].
tree.2005.07.009

Wright, S. J., & Duber, H. C. (2001). Poachers and forest fragmentation
alter seed dispersal, seed survival, and seedling recruitment in the
Palm Attaleabutyraceae, withimplicationsfortropical tree diversity 1.
Biotropica, 33, 583-595. https://doi.org/10.1111/j.1744-7429.2001.
tb00217.x

Wright, S. J., Zeballos, H., Dominguez, |., Gallardo, M. M., Moreno, M. C.,
& Ibafez, R. (2000). Poachers alter mammal abundance, seed disper-
sal, and seed predation in a Neotropical forest. Conservation Biology,
14, 227-239. https://doi.org/10.1046/j.1523-1739.2000.98333.x

Wyatt, J. L., & Silman, M. R. (2004). Distance-dependence in two
Amazonian palms: Effects of spatial and temporal variation in
seed predator communities. Oecologia, 140, 26-35. https://doi.
org/10.1007/s00442-004-1554-y

Zhao, M., & Running, S. W. (2010). Drought-induced reduction in global
terrestrial net primary production from 2000 through 2009. Science,
329, 940-943. https://doi.org/10.1126/science.1192666

711
ENE e

Zuleta, D., Duque, A., Cardenas, D., Muller-Landau, H. C., & Davies, S.
J. (2017). Drought-induced mortality patterns and rapid biomass re-
covery in a terra firme forest in the Colombian Amazon. Ecology, 98,
2538-2546. https://doi.org/10.1002/ecy.1950

Zuleta, D., Russo, S. E., Barona, A., Barreto-Silva, J. S., Cardenas, D.,
Castaiio, N., ... Turner, B. L. (2018). Importance of topography
for tree species habitat distributions in a terra firme forest in the
Colombian Amazon. Plant and Soil, 1-17. https://doi.org/10.1007/
s11104-018-3878-0

BIOSKETCH

Britte M. Heijink is a MSc student in the Ecology & Evolution
Program in the Institute for Biodiversity and Ecosystem
Dynamics at the University of Amsterdam. Her primary re-
search interests are palaeoecology and tropical ecology, and
this work was part of an ongoing project to reconstruct fire
and vegetation histories within Amazonian forest plots led by
Crystal McMichael (CNHM).

Author contributions: C.N.H.M. conceived the ideas with D.R.P.
and A.D.; B.M.H. and C.N.H.M. collected the data; B.M.H. ana-
lysed the data; B.M.H. and C.N.H.M. led the writing with contri-
butions from all coauthors.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Heijink BM, McMichael CNH, Piperno
DR, Duivenvoorden JF, Cardenas D, Duque A. Holocene
increases in palm abundances in north-western Amazonia. J
Biogeogr. 2020;47:698-711. https://doi.org/10.1111/jbi.13721



https://doi.org/10.1126/science.1078037
https://doi.org/10.2307/1940299
https://doi.org/10.1016/j.epsl.2008.07.060
https://doi.org/10.1016/j.epsl.2008.07.060
https://doi.org/10.1073/pnas.1614359114
https://doi.org/10.1073/pnas.1614359114
https://doi.org/10.1191/0959683605hl795rr
https://doi.org/10.1191/0959683605hl795rr
https://doi.org/10.1016/j.tree.2005.07.009
https://doi.org/10.1016/j.tree.2005.07.009
https://doi.org/10.1111/j.1744-7429.2001.tb00217.x
https://doi.org/10.1111/j.1744-7429.2001.tb00217.x
https://doi.org/10.1046/j.1523-1739.2000.98333.x
https://doi.org/10.1007/s00442-004-1554-y
https://doi.org/10.1007/s00442-004-1554-y
https://doi.org/10.1126/science.1192666
https://doi.org/10.1002/ecy.1950
https://doi.org/10.1007/s11104-018-3878-0
https://doi.org/10.1007/s11104-018-3878-0
https://doi.org/10.1111/jbi.13721

