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ARTICLE INFO ABSTRACT

Handling Editor: Dr P Rioual Competing hypotheses exist regarding the relative importance of flood events, droughts, and human activity in

shaping northwest Amazonian vegetation within the last 2000 years. We hypothesize that drier conditions were

Keywords: more favorable for human occupation in these ever-wet forests, and we present a high-resolution multiproxy

Ama'zon'1a paleoecological record of the last two millennia from a currently uninhabited lake, Zancudococha, in north-

S}ﬂnvatwn western Ecuador. Pollen, phytoliths, charcoal, XRF, and loss-on-ignition data were analyzed to reconstruct the
1re

relative roles of climatic changes and human activity in shaping local vegetation. Humans were probably already
influencing this system at the onset of our study period. By modeling past forest cover changes using pollen
percentages, we showed that land-use intensity was highest between c. 470 and 1360 CE. Overall, drier con-
ditions were more likely to have supported maize cultivation over the last 2000 years than wet ones, and this was
especially clear during the Medieval Climate Anomaly (c. 900-1250 CE). An abandonment phase occurred be-
tween 1360 and c. 1630 CE, when all signs of human activity disappeared from the record and forest cover
increased. The lake was later reoccupied, and there were small-scale clearances during the Jesuit (1680-1890
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CE) and Rubber Boom (1890-1925 CE) times, with near modern abandonment occurring c. 1925 CE.

1. Introduction

In Amazonia, the Holocene was marked by precipitation changes
(Azevedo et al., 2019; Smith and Mayle, 2018) that were perhaps
overshadowed by the effects of human occupation (Levis et al., 2017).
Since their arrival c. 13,000 years ago (Roosevelt et al., 1996), humans
have been altering plant composition and landscapes in Amazonian
forests. Plant domestication, cultivation, and the introduction of crops
from other regions, e.g., Zea mays, occurred in the
early-to-mid-Holocene (i.e., between 10,000 and 6000 years ago). Other
signatures of humans modifying landscapes were the formation of
Amazonian Dark Earths (ADEs) (Glaser and Birk, 2012; Glaser and
Woods, 2004; Neves and Petersen, 2006) and the construction of geo-
glyphs, raised fields, roadways, and homesites (Heckenberger and
Neves, 2009; Parssinen et al., 2020; Rostain et al., 2024; Watling et al.,
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2018).

Much of the archaeological data that underlies the population
growth estimates comes from the highlands and drier regions of South
America (Goldberg et al., 2016). In these settings, the onset of cooler,
wetter conditions in the Late Holocene (i.e., post-4500 cal yr BP) coin-
cided with a surge in human population growth and a proliferation of
sites showing signs of human occupation (Goldberg et al., 2016).
Cultivation promoted settlement, which allowed populations to increase
in size and prompted a phase of exponential population growth between
5000 and 2000 years ago (Arroyo-Kalin and Riris, 2021; Goldberg et al.,
2016).

Archaeological and paleoecological data suggest a significant cul-
tural change took place between c. 950 and 1300 CE. Archaeological
surveys revealed increased frequencies of cranial damage (Arkush and
Tung, 2013) and the deployment of defensive structures (Neves, 2009)
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in central Amazonia. In the Andes, valleys were abandoned in favor of
more defensible ridgetop positions (Arkush and Tung, 2013). Paleo-
ecological data from the Amazonian lowlands suggested widespread
forest recovery, interpreted as an indicator of humans abandoning
lakeside settings between c. 950 and 1350 CE (Bush et al., 2021).
Collectively, the archaeological and paleoecological data suggest a
population decline occurred centuries before European arrival
(Arroyo-Kalin and Riris, 2021; Bush et al., 2021; Riris, 2019). Whether
climate change played a significant role in triggering such social discord
or whether these transitions were solely due to cultural dynamics is
debated (Binford et al., 1997; Erickson, 1999).

It is clear from recent studies in both the lowlands and the eastern
flank of the Andes that habitation at almost all sites with well-dated
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human occupation records was multiphasic (Rostain, 2012; Sales
et al., 2024). In many instances, centuries of occupation were followed
by centuries of abandonment prior to re-occupation (Akesson et al.,
2021). Settlements were not uniformly distributed but often concen-
trated along river channels, especially those with high sandy bluffs
(Denevan, 1996), as opposed to swampy floodplains. Rivers provided
food, trade routes, and mobility (Smith, 1999). The ecological impact of
settlements (burning, altered forest composition, and defaunation) was
probably most intense within 1 km of the homesite but may have
dissipated within 3-10 km (Levis et al., 2017; Peres et al., 2006; Wit-
teveen et al., 2024b). Because rivers afforded communication with other
groups, they were generally preferred settlement sites in times of peace
but were much less attractive during civil turmoil.

A 82V 75°W

L0°

-5°S

Zancudococha

70°W

N 1- Santa Cecilia

A 2- Agrio

3- Limoncocha
4- Ahangucocha

@ Lakes
m Paleoclimatic
records

Aguarico (white water)

0°34'30"

Zancudococha (black water)

0°35'42"

Fig. 1. Map of the area of study. A): our study site Zancudococha (literally Zancudo = mosquito, cocha = lake) and other sites mentioned in the text. B). Google Earth
image of Lake Zancudococha, Aguarico River, and surrounding landscape. C). Bathymetry data (modified from Lyons-Weiler, 1992) of Lake Zancudococha showing
coring site (white star) and two terra firme locations adjacent to the lake (potential homesites) are indicated by yellow stars. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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The most notable departure from this general trend was the warmth
of the Medieval Climate Anomaly (MCA; c. 900-1250 CE). High-latitude
warming during the MCA (Haug et al., 2001) renewed the northward
migration of the Intertropical Convergence Zone (ITCZ), prompting
heterogeneous climatic responses across the Amazon Basin. Paleocli-
matic records from Peru implied drier conditions with decreased South
American Summer Monsoon (SASM) activity for the Early-MCA
(950-1100 CE) followed by wetter conditions in the Late-MCA
(1100-1250 CE)(Apaéstegui et al., 2014; Bird et al., 2011). An oppo-
site scenario was observed in paleoclimatic records from eastern
Amazon, consistent with the east-west dipole described by Cruz et al.
(2009). In Amazon East, a wetter Early-MCA (950-1100 CE) gave way to
a drier Late-MCA (1100-1250 CE) (Azevedo et al., 2019; Wang et al.,
2017). The nearest highly resolved paleoclimatic record to Zancudo-
cocha was the Papallacta sediment core of Ledru et al. (2013), which
essentially replicated the findings of the MCA having an early/wet to
late/dry transition.

The first exploratory coring of lakes in the Ecuadorean Amazon
revealed an unexpected clay layer in four lakes along the Napo River:
Anangucocha, Santa Cecilia, Lago Agrio, and Limoncocha (Fig. 1). In
each case, the clays were probably deposited during the interval
750-1250 CE (Colinvaux, 1987; Colinvaux et al., 1988; Frost, 1988).
These clay deposits were associated with strong upward trends in the
fossil pollen of Cecropia (a pioneer tree) during the event and Iriartea (a
canopy palm) immediately afterwards. At the time, these clays were
interpreted to indicate a very wet episode that caused whitewater rivers
to rise and inundate the lake sites, thereby depositing clays (Colinvaux
et al., 1988). However, with the benefit of hindsight, human influences
were probably far more pervasive than thought likely in the 1980s, and
so we entertain the competing idea that the clays resulted from defor-
estation and erosion as many other systems have shown increased
erosion associated with cultivation (Akesson etal., 2021; Akesson et al.,
2023; Bush et al., 2017).

The decline of Indigenous populations in South America following
European contact, has been referred to as the "Great Dying" (Cook, 1998;
Dobyns, 1966, 1993). Waves of disease, enslavement, warfare, and
displacement have been blamed for a 90-95 % decline in New World
populations within a century of European arrival (Berlinguer, 1992;
Cook, 1998; Crosby, 1976; Dobyns, 1966, 1993; Nunn and Qian, 2010).
Suggestions of a 90-95 % decrease were largely based on data from the
Caribbean Islands and Central America (Cook, 1993; Dobyns, 1993).
Despite the apparent atrocities imposed on the Indigenous population by
Europeans, however, evidence for a similarly-sized population decline in
Amazonia is scant. During and following the Great Dying, European
colonization included the establishment of many Jesuit missions in
northwestern Amazonia (Reeve, 1994). A subsequent surge of immi-
gration fueled by the promise of rubber extraction (i.e., the Rubber
Boom from 1850 to 1920 CE) is estimated to have quadrupled the
human population of Amazonia in a few decades (Weinstein, 1983).
During this time, fresh pressure for timber and forest products caused a
new wave of disturbance aided by steel and machinery. The Amazonian
monopoly on rubber was broken in the1920s, leading to a regional
economic collapse. The industrialized human impacts on Amazonian
systems are likely to be quite different than those practiced by
pre-Columbian Indigenous communities (Nascimento et al., 2024).

The alteration of Amazonian landscapes by human activity can be
tracked in paleoecological records using a variety of proxies. Because
natural fire rarely occurs in humid rainforests, the regular occurrence of
charcoal in most Amazonian lake sediments or soils becomes a proxy for
human presence (Bush et al., 2008; Gosling et al., 2021); even though an
absence of charcoal does not indicate an absence of humans (Iriarte
etal., 2012). Crop pollen and the proportion of early pioneer species and
grasses to mature forest species in fossil pollen records provide addi-
tional insights into human occupational histories and ecological impacts
(Akesson et al., 2021, 2023; Bush and Colinvaux, 1988; Bush et al.,
1989; Liu and Colinvaux, 1988). Phytoliths, which are silica microfossils
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derived from decaying plants, are a strong complement for pollen and
are particularly sensitive to the detection of human activities.

(McMichael et al., 2023). Recently, models have been developed to
reconstruct local forest cover and biomass changes using Poaceae pollen
and phytoliths (Blaus et al., 2023a; Witteveen et al., 2024a). Soil erosion
that may correlate with deforestation can be identified in the changing
chemistry of lake sediments, while the fossil of microalgae like diatoms
may signal the eutrophication of an oligotrophic lake. The chemistry of
the lake sediments also provides valuable information on flood and
drought events (Davies et al., 2015). Using these proxies from Lake
Zancudococha in the Ecuadorian Amazon, we address the following
questions: To what extent and when was forest cover around Zancudo-
cocha altered by human occupation in the last 2000 years? How did
flood and drought events, and particularly the MCA, influence human
activity? If abandonment and forest regrowth were evident, when did it
occur?

2. Study area

Lake Zancudococha is one of the largest permanent lakes (c. 6.2 km?;
—0.599 S, —75.484 W; 185 m above sea level) in the Ecuadorean
Amazon (Fig. 1). In four visits between 1988, 2019, 2022 and 2024, we
observed this flat-bottomed blackwater lake to be c. 3-4 m deep. The
average annual temperature is 24 °C with an average yearly precipita-
tion of c. 3000 mm. Although the climate is essentially aseasonal, May to
September is a little warmer and drier than the rest of the year. The
vegetation around Zancudococha is a mosaic of flood forests flanking
rivers and lagoons, with terra firme forest on hilltops (Mestanza-Ramon
et al., 2020). The terra firme forest is rich in Fabaceae, Sapotaceae,
Annonaceae, Moraceae, Burseraceae, Chrysobalanaceae, Euphorbia-
ceae, Myrtaceae, and Myristicaceae (Valencia et al., 1994), while the
flooded areas are either whitewater (varzea) or black water (igapo)
forests. On each of the western and eastern shores of Zancudococha,
there is a patch of terra firme forest in what is otherwise a swampy igapo
shoreline in which we observed Montrichardia arborescens, grasses, and
some small trees, e.g., Mauritiella, Ficus, Cecropia, Coccoloba, Mauritia
flexuosa, Sloanea, Pachira, Bactris, and Inga (M. Bush pers. obs.).

The lake is currently uninhabited. The nearest village is located on
the main channel of the Aguarico River and is a relatively recently
established (post-1988) Kichwa community. More broadly, the Indige-
nous nations of this part of Amazonia include the Siona, Secoya, A’l
Cofan, Huarani, Kichwa, and Shuar (Mestanza-Ramon et al., 2020). The
A’I Cofan are believed to have lived in the Aguarico region before Eu-
ropean contact (Califano and Gonzalo, 1995). They speak A’ingae (also
known as Cofan or Kofan). Sionas and Secoyas are members of the lin-
guistic group Western Tucanoan and though occupying nearby areas in
modern times, have strongly divergent histories from the Cofan (Klein
and Stark, 1985).

2.1. Prior scientific study

In 1988, a coring party led by Paul Colinvaux, which included Mark
B. Bush (MBB), raised a series of cores from the lake. The fossil pollen
analysis performed by James Lyons-Weiler produced an unpublished MS
thesis (Lyons-Weiler, 1992), but was hampered by the poor pollen
reference collections available at the time and a weak chronology.
Nevertheless, a c. 7000-year history of continuous forest cover with no
major periods of forest opening was inferred. Cultivation was not
identified there, but extended pollen counts to search for crop pollen
were not performed. A study of seven soil cores from the terra firme area
by Heijink et al. (2024) did not discover maize phytoliths but did pro-
duce three dated charcoal fragments, one of which was modern, while
the other two were dated at c. 860 + 50 and 820 + 45 CE.
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3. Methods

In 2019, three overlapping sediment cores of 69 cm, 120 cm, and
125.5 cm were recovered from Zancudococha in 3 m of water from a raft
of rubber boats using a Colinvaux-Vohnout piston corer and a Universal
piston corer. The coring location was deliberately chosen to be sensitive
to any changes in the terra firme forest on the eastern shore. When
aligned stratigraphically, the total core length was 181.5 cm of sedi-
ment. The sediment cores were sent to the Florida Institute of Tech-
nology, where they were stored at 4 °C. The top 20 cm of the Universal
core was sectioned in the field and sent to the University of Amsterdam.
These sediments were analyzed for their 21°Pb content using a Broad
Energy Ge Gamma Detector at the University of Utrecht. Five 1*C bulk
Accelerator Mass Spectrometry (AMS) dates were measured at Direc-
tAMS and calibrated using IntCal20 for the Northern Hemisphere
(Reimer et al., 2020) to generate an age-depth model in R with the
package "rbacon" (Blaauw and Christen, 2011). The depth of 0 cm was
constrained to reflect 2019, the year the sediment was cored.

Fossil pollen analysis was conducted on 61 samples at ~3 cm in-
tervals. Samples were processed following standard techniques (Faegri
and Iversen, 1989), including the addition of exotic Lycopodium spores
(batch no. 280521291; 13,761 + 448) to calculate pollen concentrations
(Stockmarr, 1972). At least 300 terrestrial pollen grains were counted
per sample using a Zeiss Axio Imager.A2 at 650x and 1000x magnifi-
cation. Identifications of pollen were made using the Neotropical Pollen
Database of Bush and Weng (2007) and pollen catalogs (Colinvaux et al.,
1999; Lorente et al., 2017; Roubik and Moreno, 1991). Sums of total
mid-to-late successional, early successional, and herb taxa were calcu-
lated for analyses and interpretation (Supplementary data, Table S1).
After the pollen samples were counted, the remaining residues were
sieved at 55 pm, and the coarse fraction was analyzed at x400 for cul-
tivars, e.g., Zea mays (maize), [pomoea batatas (sweet potato), Gossypium
spp. (cotton), Cucurbita spp. (squash) and Manihot esculenta (cassava)
(Whitney et al., 2012). Four local zones were defined based on the
presence or absence of charcoal and crop pollen, with a subzone defined
by a major change in core chemistry. Pollen occurring at ! 5 % in any
sample was included in a Detrended Correspondence Analysis (DCA)
using the R package vegan (Oksanen et al., 2022) to assess (dis)simi-
larity between samples. Using pollen data, a beta regression model
(Cribari-Neto and Zeileis, 2010) was used to predict the proportion of
forest cover around Lake Zancudococha. Modern forest cover was esti-
mated using the Global Forest Change v1.8 database (Hansen et al.,
2013). For each of the 65 sites, forest cover was estimated at 1, 2, 10, 20,
and 40 km. The regression model was based on the pollen from 65
mud-water interface samples collected from Amazonian lakes (Blaus
et al.,, 2023b). The best fit to modern forest cover data came using
Poaceae pollen percentages as the primary predictor variable for forest
cover within 1 km of the shoreline.

Phytoliths were extracted from 53 subsamples of 1 cm® from the lake
sediments. Subsamples were collected at ~1.7 cm intervals, processed,
and isolated in the laboratory using standard methodologies (Piperno,
2006). At least 300 phytoliths were identified in each subsample
(Witteveen et al., 2025). Phytoliths were used to complement the pollen
data and were grouped into arboreal, palm, grass, and cultivar cate-
gories. The presence of maize phytoliths was compared directly with the
presence of maize pollen. Past forest cover estimates based on phytolith
data, were derived from the same beta regression model, but in this case,
it was based on phytoliths from 50 core-top samples from Amazonian
Lakes (Witteveen et al., 2024a) and modern associated forest cover.
Using buffers of 100, 200, 500, 1000, and 2000 m, Poaceae phytoliths
had their strongest predictive association with forest cover within 200 m
of the shoreline. The forest cover estimates from the pollen were used to
infer a more regional forest cover (within 1 km of the lake) (Blaus et al.,
2023a), whereas the forest cover estimates using phytoliths reflect local
deforestation occurring within 200 m of the lake edge (Witteveen et al.,
2024a). All statistical analyses were done in R 4.2.2
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(Development-Core-Team, 2011).

Subsamples of 1 cm® for microcharcoal analysis were taken contin-
uously in 1 em increments. Each subsample was sieved at 180 pm, the
charcoal fragments were identified, and their area was quantified under
a Zeiss Stemi 2000-C Stereo Microscope at 25x magnification using
ImageJ (Schneider et al., 2012). Each centimeter of our core (n = 181)
was also sampled for loss-on-ignition (LOI) to estimate the organic and
carbonate content of sediments (Heiri et al., 2001). X-ray fluorescence
(XRF) was conducted using an Avaatech XRF core scanner located in the
Rosenstiel School of Marine and Atmospheric Science (University of
Miami) to estimate the abundance of 30 elements. XRF measurements
were taken at 0.5 cm intervals with a 10-s dwell time for each sample run
at 10kV, and 15 s for each sample run at 15 kV (Richter et al., 2006). The
measurements of each element were converted to z-scores to facilitate
direct comparisons on the same scale. Cross-correlation analysis was
performed on XRF data to determine which elements should be selected
for use in this study. Because the top 20 cm of the core was unconsoli-
dated and sectioned into 1 cm slices in the field, LOI or XRF data for this
portion of the core were not conducted.

4. Results

Here, we report on the top 80 cm of a 181 c¢m long core. The chro-
nology of this section of the core was based on five 1*C accelerator mass
spectrometry (AMS) ages of bulk sediment (Table 1; Fig. 2) and 210py,
analysis of the top 20 cm. The dating revealed that the core spanned
2060 years, with an even rate of sedimentation (Table 1; Fig. 2). The
2109pb curve (Supplementary data, Fig. S1) showed a decline to back-
ground levels at 19 cm, which was taken to be c. 150 years before
present at 19 cm depth (Table 1). The sediments were composed of dark
gray or brown clays, with a transition to a very dark brown gyttja in the
upper 40 cm of the core.

The elements Titanium (Ti), Calcium (Ca), Sulfur(S), and the ratios
Iron/Manganese (Fe/Mn) and Rubidium/Strontium (Rb/Sr) are selected
as the ones that explained more variance in the data. The most signifi-
cant period of change in the elements occurred between 900 and 1250
CE. Ca values increased while Rb/Sr and C decreased substantially
(Fig. 3). Pollen was well preserved in the Zancudococha sediments, and
173 pollen types were identified from the samples (Supplementary data,
Fig. S2). Pollen concentrations ranged from 6900 to 224,800 grains per
cm® (Fig. 4). Moraceae/Urticaceae, Cecropia, Alchornea, and Poaceae
were the most abundant pollen types found in the record (Fig. 4).
Reconstruction of forest cover using pollen, which gave an estimate of
landscape use within a 1 km radius of the lake, provided values in the
range of 48-75 % before 1300 CE and generally above 80 % thereafter,
with the lowest values for forest cover occurring at 1280 CE with c. 48
%. Forest cover reconstructions using phytoliths, which estimated
landscape use within a 200 m radius of the lake, had their lowest value
occurring between 950 and 1170 CE, with a range of 47-63 % and a
mean of 55 % (Fig. 6). Four local stratigraphic zones were identified
based on changing patterns of charcoal and cultivar presence and
absence. One of these zones was subdivided into Zan-2a and Zan-2b
based on a marked change in elemental chemistry.

Local zone Zan-1, c. 70 BCE - 470 CE (80.5 cm-68 cm). This zone was
formed of gray gyttjas, and most elemental values were relatively con-
stant except for S, which had its highest values of the record in this zone
(Fig. 3). A single sample contained maize pollen, and Poaceae pollen
abundances ! 10 %. Zan-1 was otherwise characterized by forest pollen,
e.g., Alchornea, Acalypha, Iriartea, Mauritia, Sloanea, Mabea, Sapium, and
Urticaceae/Moraceae (Fig. 4). Total arboreal pollen was c. 80 % of the
sum, while early successional taxa were c. 30 %. Charcoal was absent. In
the DCA scatterplot of Axes 1 and 2 (Fig. 5), the sample scores for Zan-1
were all negative on Axis 1 and mostly negative on Axis 2. Forest cover
estimates based on pollen had a mean of 61 % (Fig. 6).

Local zone Zan-2, c. 470 CE - 1360 CE (68-37 cm). This zone was
subdivided based on major changes in sediment into Zan-2a, a dark gray
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Table 1
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210pp and'*C dates and calibrated ages for Zancudococha.'*C dates were calibrated using the IntCal20 Northern Hemisphere calibration curve (Reimer et al., 2020).
Median ages were rounded to the nearest 10 years. SD = standard deviation.

Median (min-max 2c) (cal BP) Median (min-max 2c) (CE)

150 1869

460 (330-500) 1490 (1620-1450)
670 (570-680) 1280 (1380-1270)
1240 (1180-1290) 710 (770-660)
1470 (1410-1530) 480 (540-420)
2060 (1950-2120) —110 (0 to —170)

Lab ID Depth (cm) Sample type Age + SD (**C)
#10pp 19 bulk 150
D-AMS -41730 30 bulk 381 +19
D-AMS -39982 40 bulk 715 £ 21
D-AMS -41731 58 bulk 1312 + 24
D-AMS -39983 68 bulk 1606 + 23
D-AMS -48931 80.5 bulk 2095 + 24
S
U
-
e
Ll
£
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(@)

Lithology Munsell color

[ |eyttia ovRr 22 I ovR 32
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Fig. 2. The modelled chronology of the sediments of Zancudococha, derived
from 2'°Pb and '“C ages entered into rBacon (Blaauw and Christen, 2011) using
the IntCal20 Northern Hemisphere calibration (Reimer et al., 2020). The li-
thology and Munsell colors for these sediments are also shown. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

gyttja that became paler near the top of the subzone, and then a quite
abrupt transition to a brown clay that characterized Zan-2b. In the
subzone, Zan-2a, Ti, and Fe/Mn showed slight increases, while S was less
abundant than in Zan-1, and other elements were largely unchanged. In
subzone Zan-2b, Ca showed a strong initial increase in abundance that
tapered back down, while an opposite pattern was evident in C and Rb/
Sr. This subzone was not strongly reflected in the charcoal or pollen.
Charcoal was found in 28 of 32 samples, maize pollen in 5 of 10 samples,
and maize phytoliths in 8 of 26 samples. Charcoal had an average influx
of 0.03 mm?/cm®. At 1060 CE, the lowest total arboreal pollen of the
entire core (c. 74 %) was recorded. The maturity of the forest was also

changing as early successional Alchornea became a more noticeable
component and mature igapo component Sloanea was absent from the
middle of this zone. Poaceae pollen attained its maximum abundance in
the core at c. 700 CE. The DCA did not provide a clean separation of
these subzones. Most samples in Zan-2a clustered at the positive end of
Axis 1 with samples from Zan-1 but had positive scores on Axis 2. The
subzone 2b samples generally had negative scores on both axes and were
more similar in composition to samples in Zan-3. Zan-2a forest cover
estimates based on pollen and phytoliths had an average of 60 % and 70
%, respectively, and at Zan-2b forest cover estimates based on pollen
and phytoliths had an average of 69 % and 60 %, respectively (Fig. 6).

Local zone Zan-3, c. 1360 CE - 1665 CE (37-25 cm). The sediments
were a dark brown gyttja. Ti and Ca were at very low levels, and Rb/Sr
and C had high abundances. Fe/Mn showed high variability with the
highest value of the core at the transition from Zan-2 to Zan-3 (Fig. 4).
Urticaceae/Moraceae, Pouteria, and Sloanea pollen increased abruptly in
abundance, whereas Poaceae fell to background levels (~2 %). No crop
microfossils were found (Fig. 4). Total arboreal pollen rose to c. 80-90
%, while early successional taxa were only c. 15 % of the sum (Fig. 3).
The DCA scores for this zone were mostly clustered with negative scores
on both Axes 1 and 2, and were similar in composition to samples from
Zan-2b (Fig. 5). Charcoal was absent from this zone. Forest cover esti-
mates based on pollen had an average of 81 %, and forest cover esti-
mates based on phytoliths had an average of 69 % (Fig. 6).

Local zone Zan-4, c. 1665 CE - modern (25-0 cm). This zone was
formed of dark brown gyttja, which was unconsolidated above 20 cm.
Core chemistry was similar to the preceding zone apart from a brief
spike of C at c. 1840 CE (Fig. 3). Cecropia increased steadily, reaching its
maximum abundance in the modern samples, offsetting a slight decline
in Urticaceae/Moraceae and most other forest taxa. Consequently, while
the total arboreal pollen sum was c. 90 %, the middle-to-late succes-
sional taxa were only c. 65 % of the sum. Maize (phytoliths) returned to
the record, with the last one occurring at c. 1900 CE. Charcoal had an
average influx of 0.006 mm?/cm?, in much lower levels than the ones
found in Zan-2. The samples from this zone clustered as a distinct group
with negative values on Axis 1 and positive values on Axis 2 (Fig. 5).
Forest cover estimates based on pollen had an average of 81 %, and
forest cover estimates based on phytoliths had an average of 67 %
(Fig. 6).

5. Discussion

Here, we analyzed a high-resolution multiproxy palaeoecological
record of the last 2060 years at Lake Zancudococha in northwestern
Ecuador to assess how climatic changes and human activities have
shaped the vegetation. We found that Zancudococha has been occupied
by humans for almost all of the last 2000 years, with the oldest evidence
of crop pollen or phytoliths occurring in 170 CE. We also found that
maize cultivation was decoupled from widespread burning as the first
evidence of charcoal was not detected until c. 470 CE. Substantial
changes in sediment type and color were aligned with inferred climate-
human land use signals, with a clay-rich layer occurring at the same
period where charcoal and maize pollen were found in the highest fre-
quencies in the record. That considerable variation was found in the
pattern of both maize and charcoal, makes Zancudococha an interesting
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site to investigate the relationship between human activities and their
potential adaptation to climatic changes and flood/drought regimes in
northwestern Amazonia.

5.1. To what extent and when was forest cover around Zancudococha
altered by human occupation in the last 2000 years?

We found evidence of localized forest clearance around Zancudo-
cocha to support crop cultivation throughout much of the last 2000
years. There was only one period within this record that lacks any evi-
dence of human activity, and that was from c. 1360 CE until c. 1665 CE
(Fig. 4). During this time, forest pollen increased in abundance to (! 80
%), early successional taxa and Poaceae fell in abundance to c. 10 % and
1-2 % respectively, while neither crop pollen nor charcoal was recorded.
These values formed a baseline for pollen inputs under conditions of
minimal human impact against which periods of known occupation
were compared. Regression models developed using pollen percentages
estimate that ~18 % of the landscape within a 1 km radius of the lake
was opened during this period (Fig. 6). A similar metric derived from
phytoliths provided a more local estimate of forest clearance. The
phytolith-based regression model predicted very little (~30 %) clear-
ance within 200 m of the lake margin (Fig. 6).



B.T. Gomes et al. Quaternary Science Reviews 359 109387
& )
N & N
0,3\ N \\é‘ \\.@ ®\ \O
& R 4 &
Pollen - 1Tkm buffer Phytoliths - 200 m buffer 7’&63 @'5\ \{@ ,b<.° r;-é@
Poaceae % Poaceae % 2 & & & Q‘)@ q,z}e'
5000, 08 16.24% 0.1 2 3% B ‘o1 04 VNV -8.0 4.0
1800] |> % ' ' ; ‘ f 3 4
1600 |0 E ¢ : £ "
\ !
14004 | = 4 : %
—~ ~ < ’ s B3
o 1200] | o ‘x % 3 2b
< 1000 > . N = =
eool| ( c 5 F |5
s ) o . . 2 F 2a
600 4 = & il i 2
400 | J x = =
200 | AN ! = 1
£ - =
0] N ) § . =
EarlyMCA 40 60 80 100 10 30 50 70 90 2 3 165 9.0
Late MCA Forest cover % Forest cover % Z scores Wétter Dn?e r

X Sample effort

Fig. 6. Estimated forest cover (%) within a 1 km buffer based on Poaceae pollen and within a 200 m buffer based on Poaceae phytoliths for Zancudococha (Witteveen
et al., 2025), along with Poaceae pollen and phytolith percentages, calcium z-scores, charcoal area (mm?2/cm®), and Zea mays pollen and phytolith presence. Early-
and Late- MCA are marked in red and blue bars, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Our data highlighted maize cultivation, although other crops, such as
manioc, squash, cotton, and sweet potato, may have been cultivated.
Despite our extended searches for their pollen, the only definite cultivar
we found was maize. Because many of the forests around the lake would
have been permanently (or at least semi-permanently) inundated, the
area where crops are likely to be grown was likely restricted to two
patches of terra firme around the lake (Fig. 1). Cultivation and defor-
estation were thus likely largely restricted to these areas. To see Poaceae
pollen at 10-20 % for much of the record, when the background amount
during a phase of apparent abandonment is c. 1-2 %, suggests that the
relatively small areas of terra firme forest were used extensively. At
Zancudococha, the only forest suitable for habitation and cultivation
were two relatively restricted areas of terra firme (Fig. 1), which
represent less than 25 % of the catchment. If this restricted area was the
source of the Poaceae pollen, we infer that it was almost all deforested
during the times of peak use. Another, complementary view of forest
cover came from phytolith data recovered from the same cores (Fig. 6).
The phytolith data represent the area with c. 200 m of the lake shoreline
(Witteveen et al., 2024a); thus, they provide a much more local record
and more information about changes in shoreline vegetation than the
pollen. The phytolith data show relatively little deforestation until c.
900 CE. These data suggest that the forest clearance was taking place on
the highest ground and not immediately adjacent to the lake. Thus, the
basal zone of this record from c. 70 BCE until 470 CE revealed evidence
of forest clearance set back from the lake, which might explain the low
occurrence of maize pollen, grains that are known to be poorly dispersed
(Lane et al., 2010; Raynor et al., 1972). The absence of charcoal would
have been consistent with slash-and-mulch cultivation as practiced by
modern Shuar people (Pohle and Reinhardt, 2004).

An abrupt change is evident after c. 470 CE when charcoal and maize
begin to occur regularly in the record. The estimated forest cover rea-
ches its nadir in the record of c. 48 % at c. 1280 CE (Fig. 6) and is
accompanied by an increase in early successional taxa of lowland forests
such as Melastomataceae/Combretaceae, Acalypha and Alchornea
(Fig. 4). Meanwhile, forest taxa such as Sloanea and Urticaceae/Mor-
aceae decline to their lowest abundances of the record. Beginning c.
1100 CE, the Axis 1 DCA scores indicate the beginning of a transition
from the most positive values to the most negative ones, a trend that
stabilizes around 1500 CE (Figs. 4 and 5). Coincident with this change in
forest composition is a slow but steady rise in the abundance of Urti-
caceae/Moraceae and a small but perhaps important increase in Iriartea,
the canopy palm. After occurring at c. 2-5 % in the older sections of this

record, Iriartea occurred at " 1 % of the pollen sum between 650 and
1160 CE before rebounding to c. 2-4 % for the remainder of the record.
The wood of Iriartea is valued for its use in construction (Ferreira et al.,
2019), and hence, it is seen to be negatively impacted during settlement
periods (Akesson et al., 2021) and only recovers when portions of the
forest are in successional recovery (Bush and McMichael, 2016).

The last phase of use from c. 1850 CE to modern times had relatively
low amounts of burning and no pollen of maize, although maize phy-
toliths were recovered in samples dating to c. 1885 to 1900 CE. Low
abundances of Poaceae pollen led to an estimate of high forest cover, but
the increased proportion of Cecropia (up to c. 22 %) suggested that small
areas of the forest were in early succession. In heavily disturbed settings,
Cecropia can be as much as 98 % of the pollen sum (Bush and Colinvaux,
1988); the 10-20 % observed here is consistent with small-scale dis-
turbances. Meanwhile, the estimate of forest cover based on phytoliths
suggested some deforestation along the shoreline, which is probably
where the Cecropia were growing. The 1988 expedition, accompanied by
Siona people, reported the forest to be intact, with no sign of human use
nor of recent human presence. The well-established channel of the
Zancudo stream was far more difficult to navigate in 1988 than in 2019,
as it was blocked by many fallen trees, and there was no channel through
the Montrichardia swamp into the lake itself (MBB pers. obs.). In short, in
1988, there was no sign of human use, and the area had not supported a
human population in living memory.

5.2. Did the MCA influence human activity?

Sedimentary changes coeval with the MCA (950-1250 CE) were
clearly evident in this record (Figs. 2 and 3), where the abrupt increase
in Ca and Si deposition, with a synchronous decrease in C and gross
morphological shift from gyttja to clay, were apparent. These changes
coincided with the more regular occurrence of Zea pollen and phytoliths
than at any other time in the record. Thus, the onset of subzone Zan-2b is
probably attributable to human adaptations to the dry conditions of the
early MCA (Fig. 6). Charcoal was less abundant than in the preceding
subzone but still occurred in most samples. These observations, espe-
cially the increase in clay content in Zancudococha sediments from 900
CE to 1200 CE, were similar to other records from northern Ecuador.
Clay layers that dated to c. 750-1250 CE from Anangucocha, Santa
Cecilia, Lago Agrio, and Limoncocha were suggested to represent a
protracted wet period (Colinvaux, 1987; Colinvaux et al., 1988; Frost,
1988). Although the clay-rich layer identified in Zancudococha occurred
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almost in the same time frame, we do not attribute it to a flood event.
Rather, we interpret the observed increase in clay deposition to repre-
sent the inwash of eroded soils from the terra firme portion of the basin.
From cave and lake isotopic data (Apaéstegui et al., 2014; Bird et al.,
2011), we now know that the MCA was not a sustained wet event but a
two-phase event with a drier early phase, the Early-MCA (950-1100
CE), and a somewhat wetter Late-MCA (c. 1100-1250 CE).

The early dry phase of the MCA appears to have prompted exploi-
tation of land near the lake margin at Zancudococha and probably at
other sites where the clays were deposited. Indeed, the Zanucdocoha
phytolith data for grass abundance, maize, and forest cover (Figs. 3 and
6) show an abrupt increase in grassy inputs in the early MCA. The pollen
data show an earlier loss of forest cover than captured by the phytoliths
and less evidence of an MCA influence. We reconcile these observations
through the different source areas for Amazonian pollen (primarily
within 1-2 km) and phytoliths (200 m) (Blaus et al., 2023a; Witteveen
et al., 2024a). The drying of the Early-MCA probably lowered lake
levels, allowing previously wet shorelines to become seasonally avail-
able for cultivation. These lands may have required little burning to
make them useable, hence there is not a spike in charcoal at this time.
Eroding Amazonian soils can have relatively high Ca concentrations
(Quesada et al., 2011). We interpret the input of clays as indicators of an
intensification of disturbance and erosion along the shoreline, inducing
the observed inwash of Ca (Fig. 4).

Overall, maize cultivation seems to have occurred during drier in-
tervals in the last 2000 years (Fig. 6). The occurrence of maize pollen
and phytoliths almost always occurred within markedly dry periods, and
there is an absence during wet events. The progression to a wetter
climate after c. 1100 CE induced changes in cultivational practices from
the lowlands of Peru to the mid-montane forests of Ecuador (Akcsson
et al., 2020; Bush et al., 2015; Sales et al., 2024). At Zancudococha,
maize cultivation continued throughout the MCA, but the last maize
pollen in this record is found at 1250 CE, although a maize phytolith was
found as late as 1350 CE. We suggest that the increase in clay input that
occurred in Zancudococha, Anangucocha, Santa Cecilia, Lago Agrio, and
Limoncocha ~700 to 1200 CE is consistent with an intensification of
land use and ensuing erosion rather than a period of unusual flooding.

5.3. If abandonment and forest regrowth were evident, when did it occur?

Prior studies have suggested two strongly contrasting scenarios for
changes in the Amazonian population. The most widely accepted view is
that the human population of Amazonia underwent a ’Great Dying’
(Koch et al., 2019): a sudden 90-95 % decline between c. 1550 and 1700
CE due to new diseases, slavery, and hardships attributable to European
arrival. An emerging view is that these populations may have been in a
protracted decline since c¢. 1100 CE (Bush et al., 2021). These two sce-
narios would leave quite different timestamps in the fossil pollen record.
Whenever the population decline occurred, it would be expected to be
followed by a marked uptick in forest cover as lands were abandoned
and left to enter secondary succession.

At Zancudococha, the disappearance of maize pollen from the record
at c. 1250 CE coincides with declining charcoal abundances. Phytoliths
of maize and charcoal disappeared completely at c. 1360 CE, consistent
with an ’early’ abandonment. Forest pollen abundances began to in-
crease as early as 1000 CE, with recovery reaching its maximum values
between 1470 and 1680 CE. A similar pattern was seen in the four lake
sequences described by Colinvaux et al. (1988) and Frost (1988). At
those sites, increases in Cecropia pollen during the clay event were
consistent with increased forest disturbance. Another indicator of
reduced human pressure on the land was the recovery of Iriartea, a
canopy palm valued for its timber and often depleted through use
(Akesson et al., 2021). Notably, as the clay period ended and human use
of the basins subsided, Iriartea returned to the settings described by
Colinvaux et al. (1988).

The period of the Great Dying was not marked in this core, and we
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saw no evidence supporting this as the defining period of human pop-
ulation change. We remain uncertain of the applicability of the Great
Dying to Amazonia and that populations may already have been sub-
stantially reduced from their peak at the time of European arrival
(contra Cook, 1998; Dobyns, 1993; Koch et al., 2019). The renewed
occupation that began c. 1665 CE was relatively small-scale and per-
sisted during both the Jesuit and the Rubber-Boom periods. The
different nature of this forest, i.e., the increase in the importance of
Cecropia, could have related to a particular kind of agricultural practice,
but equally, the data would be consistent with humans occupying the
terra firme on the other side of the lake and only occasionally exploiting
the terra firme close to our coring site. Regardless, this most recent use
left a lasting impression or legacy on forest composition that has
continued for an estimated 125 years since the last evidence of crop
cultivation.

6. Conclusions

Paleoecological analyses of Lake Zancudococha in the Ecuadorean
Amazon revealed a c. 2000-year history of land use and forest modifi-
cation. Management practices included both slash-and-mulch and slash-
and-burn in Pre-Columbian times as maize and probably other unde-
tected crops were cultivated. The period of maximum deforestation
within the basin was at about 670 CE, whereas deforestation on the lake
shore peaked about 1000 CE during the dry conditions of the early MCA.
The regrowth of forest and a lack of any signal of human activity be-
tween c. 1360 and 1665 CE was consistent with an ’early abandonment’
hypothesis. No evidence was found supporting a massive population
collapse following European arrival. Forest use in the last 200 years,
which was less intensive than that of Pre-Columbian times, produced a
novel balance of species that persists to this day. Here, relatively recent
use by Indigenous peoples provided legacy effects rather than the long
Pre-Columbian occupation.
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