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Summary

¢ Here, we developed and applied models to quantitatively reconstruct forest cover and bio-
mass changes at three lakes in northwestern Amazonia over the past > 1500 yr.

e We used remotely sensed data and a modern dataset of 50 Amazonian lakes to develop
generalized linear models that predict aboveground biomass, using phytolith morphotypes
and forest cover as predictor variables. Also, we applied a published beta regression model to
predict forest cover within 200 m of each lake, using Poaceae phytoliths. Charcoal and maize
phytoliths were analysed to identify past land use.

e Results showed forest cover and biomass changes at our study sites ranged between
48-84% and 142-438 Mg ha™", respectively. Human occupation was discontinuous, with
major changes in forest cover and biomass coinciding with periods of land use. Forest cover
and biomass decreased notably after fire (at all sites) or cultivation events (Lakes Zancudoco-
cha, Kumpak?). The timing and ecological impact of past land use were spatially and tempo-
rally variable.

o Our results suggest past human impact was small-scaled and heterogenous in northwestern

Amazonia, with a significant impact of fire on forest cover and biomass changes.

Introduction

Amazonia is the largest remaining rainforest in the world and
stores ¢. 90 PgC in above- and belowground biomass (Malhi
et al., 2006; Saatchi et al., 2011; Nobre et al., 2021). The large
size (¢. 6 million km?) and extent of these forests impact the glo-
bal carbon cycle. Tree turnover increases Amazonian biomass
with ¢. 0.6 MgC ha™' yr™", and rates are especially high in the
hyperdiverse forests of northwestern Amazonia (Baker
et al., 2004). Deforestation rates and forest fires have recently
increased carbon emissions in Amazonia to 0.44 £
0.10 PgC yr' in 2019 and 0.52 £ 0.10 PgC yr ' in 2020,
contributing to increasing atmospheric CO, levels that could
turn Amazonia into a net carbon source (Gatti et /., 2021).
Disturbances in tropical forests, such as logging or fire, are fol-
lowed by successional and recovery phases that significantly affect
both carbon storage and carbon uptake (sequestration) rates
(Rappaport ez al., 2018; Bauters ez al., 2019; Walker ez al., 2020;
Gatti et al., 2021; Rodrigues ez al., 2022). Succession and recov-
ery processes involve changes in forest structure (e.g. biomass),
species composition (including patterns of dominance, relative
abundance, and richness), and functionality (e.g. traits) (Chaz-
don et al, 2007; Magnuszewski ez al, 2015; Ghazoul &
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Chazdon, 2017). Biomass recovery can be rapid (within
60-100 yr), supporting litter productivity, decomposition, and
nutrient cycling (Poorter ez al., 2016, 2021). During early phases
of succession, pioneer species (with a low-wood density) colonize
open spaces, and are eventually replaced by shade-tolerant species
(with higher wood density) in 2050 yr (Norden ez al., 2015;
Poorter et al, 2016, 2021; Longworth & Williamson, 2019;
Rozendaal ez al., 2019). Species composition, however, can take
> 100 yr to recover (Chazdon, 2003) because Amazonian trees
can live for 200 yr (Hartshorn, 1978; Chambers et al., 1998).
Thus, the entirety of recovery and successional processes exceed
the timespan of most modern ecological observations (Gaui
et al., 2019; Poorter et al., 2021; Chazdon et al., 2023).

Given the longevity of successional processes (Poorter
et al., 2021), and that people have been occupying Amazonia for
millennia, it is possible that some Amazonian forests are still
recovering from past disturbance events, such as fire or forest
openings (McMichael ez al., 2017). Indeed, through the use of
fire, people have been influencing Amazonian ecosystems for the
entirety of the Holocene, and opening the forests to cultivate
crops for at least 6000 yr (Bush ez al, 1989; Roosevelt, 1999,
2013; Clement et al, 2015; Lombardo ez al., 2020). After Eur-

opean colonization, Indigenous populations may have collapsed
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by ¢. 90-95% due to diseases, warfare, and slavery in what is
known as the ‘Great Dying’ (Cook, 1998; Denevan, 2014). It is
hypothesized that large areas that were deforested during the pre-
contact period were abandoned and began regrowing after the
Great Dying. Forest recovery is hypothesized to be so extensive
that it decreased global CO, concentrations in what is known as
the ‘Orbis Spike’ between 1610 and 1750 CE (Dull ez 2/, 20105
Koch et al., 2019). Bush er 2/ (2021), however, showed that
widespread reforestation (based on pollen records) following dis-
turbance events occurred in Amazonia between 300 and 600 yr
before European colonization (¢. 950-1400 CE), likely altering
biomass and carbon dynamics. This pattern was described using
pollen percentages derived from lake sediment records but did
not include quantitative reconstructions of changes in forest
cover or biomass (Bush ez 2/, 2021).

Northwestern Amazonia has some of the highest biomass and
biodiversity of the Amazon Basin (Ter Steege ez al., 2000, 2003;
Bass et al., 2010). The human history of the region is heteroge-
neous. Large-scale settlements have been found at the base of the
Andes (Rostain ez al., 2024) and smaller-scale archaeological sites
have been found in the northwestern Amazonian lowlands (Evans
& Meggers, 1968; Salazar, 1998a, 1998b, 2008; Rostain, 1999,
2012; McEwan, 2001; Oliver, 2008; Riris & Arroyo-Kalin, 2019;
Pazmifo et al., 2021). Palaeoecological surveys from soils and
lake sediments show a wide range of past human land use in the
region, with some sites containing little to no sign of past human
activity and others containing almost continuous maize agricul-
ture for at least 6000 yr (Bush er al, 1989; McMichael
et al, 2012b, 2015; Heijink er al, 2020, 2023; Akesson
et al., 2021, 2023; Piperno et al., 2021, 2024). Two temporally
continuous, high-resolution vegetation reconstructions (with
samples analysed every 2-51 yr) from lake sediment records lying
< 25 km apart in the Ecuadorian Amazon have shown contrast-
ing human histories in the last ¢. 2200 yr (Akesson er al, 2021,
2023). At lake Kumpak?®, people practiced slash-and-mulch culti-
vation from ¢. 200 BCE to 520 CE and slash-and-burn cultiva-
tion from ¢. 700 to 1270 CE, while (continuous) slash-and-burn
cultivation of maize has occurred at Lake Ayauchi since ¢
4000 BCE (Bush er al, 1989; Fig. 1). Both records show an
increase in the amount of arboreal pollen ¢. 500 and 1260 CE,
corresponding with phases of abandonment (Kumpak®) and
changes in land use practices (Ayauch').

A study linking modern forest characteristics and modern pol-
len assemblages from lake sediments showed that the proportion
of Poaceae (grass) pollen grains reflected forest cover in a ¢. 1 km
radius of the lake (Blaus ez al, 2023), whereas in the Bolivian
savannah they could reflect a source area of up to 40 km (Whit-
ney et al., 2019). Phytoliths, microscopic silica particles inside
the vegetative and reproductive tissues of plants (Piperno, 2006),
provide a more local signal of vegetation change (Piperno, 2006;
Crifo & Stromberg, 2021). The morphology of phytoliths differ
among Poaceae subfamilies, palm genera and arboreal taxa
(Morcote-Rios ez al., 2015, 2016; Huisman ez al., 2018; Piperno
& McMichael, 2020, 2023; Witteveen et al., 2022). Past human
activities are well detected by phyrtoliths, such as forest opening
and maize cultivadon (Iriarte, 2003; Piperno, 2006). Also,
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phytoliths have been used to quantitatively reconstruct past vege-
tation changes, climatic conditions, and forest cover changes
(Barboni et al., 1999; Bremond et al, 2005; Lu et al., 2006,
2007; Aleman et al., 2012; An et al., 2015; Testé et al., 2020;
Witteveen ez al., 2024). Recently, beta regression models have
been developed that use Poaceae phytolith percentages (propor-
tions) to reconstruct forest cover changes within a 200 m radius
around Amazonian lakes (Witteveen ez al., 2024).

Here, we generated a model that predicts aboveground bio-
mass (AGB) based on remotely sensed data (Avitabile
et al., 2016) using modern phytolith assemblages from 50 Ama-
zonian lakes (Witteveen et al., 2024). Next, we used this calibra-
tion model and a beta regression model (Witteveen ez al., 2024)
to predict past forest cover and AGB changes through time using
Poaceae phytoliths. We also used charcoal and phytolith data to
quantify fire occurrences and recurrence, and the timing of culti-
vation to determine the extent to which these past human activ-
ities affected forest cover and biomass around three lakes in
northwestern Amazonia that were occupied during the precontact
period. Our quantitative reconstructions provide insight into the
extent of historical forest openings and carbon dynamics, the suc-
cessional state of modern forests in our study region.

Materials and Methods

Site description

Lakes Anangucocha (0°31 28 ”S, 76°26 '14 ”"W; 222 m asl) and
Zancudococha (0°35754"S, 75°29'02"W; 186 m asl) are
located in northeastern Ecuador and Lake Kumpak®
(2°50711 78S, 77°57 '41 "W; 333 m asl) is located in southeast-
ern Ecuador (Fig. 1). All sites lie in lowland Amazonian rainfor-
ests and are characterized climatically by mean annual
temperatures ranging between 24°C and 26°C. These are ever
wet forests that receive an average of 2000-3000 mm of precipi-
tation per year and lack a well-defined dry season.

Lake Afangucocha is a blackwater system of ¢ 0.16 km? in
the Yasuni National Park. The area is largely forested with an
estimated biomass of 423 Mg ha™! (within 1 km; Avitabile
et al., 2016) and 97% forest cover (within 200 m; Witteveen
et al., 2024). The southern and western shores are surrounded by
terra firme forests, while the eastern shore consists of igapo for-
ests, and a floating herbaceous swamp of 1 km? lies along the
northern shore of the lake (Fig. 1). An ecolodge construction in
2003 CE has resulted in a clearance of ¢. 0.01 km?. Lake Zancu-
dococha is a blackwater system of ¢. 6.2 km” in the The Cuya-
beno Wildlife Reserve. The area is largely forested with an
estimated biomass of 296 Mg ha™! (within 1 km; Avitabile
et al., 2016) and 89% forest cover (within 200 m; Witteveen
et al., 2024). The western and eastern shores are surrounded by
terra firme forests, while the southern shore consists of Montri-
chardia arborescens swamp and igapo forests (Fig. 1). The con-
struction of an ecolodge at Lake Zancudococha was started
(perhaps in 2014 CE) but it was never completed, and the pro-
ject was abandoned by the time of sampling in 2019 CE. The
area is currently uninhabited. No excavations have been

© 2024 The Author(s).
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> > 4000
around Lakes Anangucocha, Zancudococha and

Kumpak?, and the black lines represent the ¢

200 m and 1 km buffers that were used in the O Lakes

quantitative estimations of forest cover and O Study sites

biomass.

conducted at Lakes Anangucocha and Zancudococha, but archae-
ological surveys along the Napo River suggests four periods of
human occupation may have occurred in the region ¢. 50 BCE
(Yasuni), ¢. 500 CE (Tivacundo), between 1200 and 1500 CE
(Napo) and after 1500 CE (Cotacocha) (Evans & Meg-
gers, 1968). Lake Kumpak® is a whitewater system of
0.1385 km? in the province of Morona-Santiago, with an esti-
mated biomass of 304 Mg ha™' (within 1 km; Avitabile
et al., 2016) and 88% forest cover (within 200 m; Witteveen
et al., 2024). The area is currently inhabited by Indigenous com-
munities of the Shuar Nation. The surrounding landscape con-
sists of cultivated land, pastures, secondary forests, and fallowed
land (that together comprise ¢. 0.06 km?). The remaining area
consists of a closed canopy forest (Junk, 1970; Brandbyge &
Azanza, 1982). Archaeological excavations have not been per-
formed, but Indigenous People have inhabited the lake sporadi-
cally for over 2000 yr (Akesson et al., 2021).

Age-depth modelling

To predict changes through time for Lakes Afiangucocha, Zancu-
dococha and Kumpak®, age-depth modelling and radiocarbon
dating were used to build a chronology. For each lake, bulk sedi-
ment and macrofossils were selected for '“C AMS radiocarbon
dating and sent to DirectAMS (Seatle, Washington, DC, USA)
and NOSAMS (Woods Hole, MA, USA). Twelve charcoal frag-
ments were radiocarbon dated for Lake Anangucocha, ten
fragments for Zancudococha and 15 fragments for lake Kumpak®
(Akesson et al, 2021). The radiocarbon dates of Lakes
Anangucocha and Zancudococha were calibrated using the
Intcal2020 calibration curve (Reimer et 4l., 2020), and dates of
Lake Kumpak® (Akesson e /., 2021) were previously calibrated
with Intcal13 (Reimer et a/, 2013). All the '“C dates were used

© 2024 The Author(s).
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to construct Bayesian age-depth models with the ‘bacon’ function
from the RBACON package in RStudio (Blaauw & Christen, 2013).

Phytolith analysis

To gather proportions of Poaceae phytoliths and the presence of
cultivars in the cores from each lake, phytolith samples were pre-
pared from 115 samples from Lakes Afangucocha (7 = 62) and
Zancudocha (7 = 53). Poaceae and maize phytoliths for Lake
Kumpak® (n=131) were previously published (Akesson
et al., 2021). Four phytolith samples were collected from the top
26 cm of Lake Anangucocha, which were pootly preserved, and
for depths 32-265 cm phytolith samples were collected every
4-10 cm. Lake Zancudocha was sampled every 14 cm in the top
20 cm (which were pootly preserved) and every 1-2 cm for depths
20-68 cm. Lake Kumpak® was sampled every 5 cm for
depths 0-530 cm and every 10-20 cm for depths 530-760 cm
(Akesson et al., 2021). Phytolith samples were prepared according
to standard laboratory procedures (Piperno, 2006; Witteveen
et al., 2023). For each sample, 1 cm’ of sediment and 56 000
microspheres were suspended in 33% H,0O,, which was boiled
four times to remove organic material. 10% HCI was added after
the third round of boiling and K,;MnOy after the fourth round of
boiling. Next, clay was removed by decanting the samples until
clear. Phytoliths were extracted from the sediment using Bromo-
form (specific gravity of 2.3) and mounted on slides using Naph-
rax. Phytolith slides for Lakes Afiangucocha and Zancudococha
were counted untl a sum of 300 total phytoliths were reached
using a Zeiss Axioscope 5 at 63x magnification. For Lake
Kumpak?®, up to 200 morphotypes were counted with a Zeiss Axio-
scope at 400x, 630x and 1000x magnification (Akesson
et al., 2021). Poaceae phytoliths were classified using the latest
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literature and nomenclature (Piperno, 2006; Morcote-Rios
et al., 2015; International Committee for Phytolith Taxonomy
(ICPT) et al, 2019).

Charcoal analysis

A total of 334 samples were analysed according to standard meth-
odology (Whitlock & Larsen, 2002; Correa-Metrio ez al., 2012;
McMichael et al., 2012b) to identify and quantify charcoal from
Lakes Anangucocha (7 = 265) and Zancudococha (# = 67), at
every 1 cm. For each sample, 1 or 0.5 cm® of sediment was
soaked in ¢ 15 ml of 3% H,O, and boiled for 20 min before
gently washing and sieving (160 pm) samples to isolate charcoal
fragments. Charcoal fragments were identified using an Axiophot
Stereoscope and photographed using a Fuji camera. Charcoal
samples from Lake Kumpak® (7 = 515, every 1 cm) were pre-
viously published (Akesson ez al., 2021), prepared according to
similar methodology and examined under an Olympus stereo-
scope. The surface area (mm?) of each microcharcoal particle was
measured for each sample using IMAGE] software, and volume
(cm® mm™>) was calculated using these measurements (Abram-
off et al.,, 2004; Weng, 2005). Charcoal volume data were stan-
dardized using proportional relative scaling (McMichael
et al., 2021) so that direct comparisons could be made between
lakes. This scaling method works well when comparing sites in
rainforest settings, where fires are rare or absent, and assessing the
absence of fire is important (McMichael ez al., 2021).

Data analysis and model description

We used a published beta regression model to predict the propor-
tion of forest cover through time (e.g. the last 1500 yr) at Lakes
Anangucocha and Zancudococha, and compared our results with
published forest cover estimates at Lake Kumpak® (Witteveen
et al., 2024). This model was built using a modern calibration
dataset of 50 Amazonian lakes, their proportion of Poaceae phy-
toliths, and their estimated proportion of forest cover within
200 m of each lake (Witteveen ez al., 2024). Forest cover was cal-
culated using the Global Forest Change v.1.8 database (Hansen
et al, 2013). For more details on this model, see Witteveen
et al. (2024). The proportion of Poaceae phytoliths found in the
samples from Lakes Anangucocha and Zancudococha were used
in the beta regression models to predict localized forest cover
changes around the lakes (i.e. within a 200 m radius) through
time. The beta regression model was run using the ‘betareg’ func-
tion from the BETAREG package (Cribari-Neto & Zeileis, 2010).
We predicted the 0.25%, 0.5" and 0.75™ quantile of forest cover
for each lake using the ‘predict’ function from the analogue pack-
age (Simpson, 2007).

The same published modern calibration dataset (Witteveen
et al., 2024) was used to assess which phytolith groups would be
suitable to predict aboveground biomass (AGB) within 1 km of a
given lake, using generalized linear models (GLM) with a gamma
family and log link. AGB estimates had a spatial resolution of
1 km (Avitabile et /., 2016) and were derived for the 50 Amazo-

nian lakes from the modern calibration dataset (Witteveen
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et al., 2024) using the ‘extract function’ from the raster package,
with the bilinear option, which gives an average of all grid cells
(within 1 km of each lake). Models were run using the ‘glm’
function from the stats package (R Core Team, 2018). The pro-
portion of various arboreal, palm, and grass phytoliths were
assessed as predictor variables, along with the estimated propor-
tion of forested pixels within 200 m of each lake (Witteveen
et al., 2024), and AGB estimates (Avitabile ez /., 2016) were the
response variable. The openness index (Witteveen ez al., 2023),
known as the D/P index or the ratio of tree to grass phytoliths
(Alexandre ez al., 1997), was also used as a predictor variable.
The performance of each model was assessed by comparing AIC
values, the amount of deviance explained, null deviance and the
significance of the predictor variables. A likelihood ratio test (Li
& Babu, 2019) was performed to assess the significance of the
differences between the null deviance and residual deviance for
each model (while considering the degrees of freedom).

The best model to predict AGB changes through time
included the proportion of Poaceae phytoliths and the estimated
proportion of forest cover within 200 m of each lake (based on
the beta regression model) as predictor variables. Therefore, to
calculate AGB through time for each lake, we (1) calculated the
proportion of Poaceae phytoliths for each lake and (2) used
the predicted proportion of forest cover within 200 m of each
lake (Anangucocha, Zancudococha or Kumpak®) (Witteveen
et al., 2024). We used the ‘predict.glm’ function from the ‘stats’
package to predict AGB changes through time for each lake,
using the ‘type = response’ and ‘se.fit = TRUE’ options to get
fitted values with SE as output. Standard errors were used to cal-
culate (upper and lower) 95% confidence intervals, which were
plotted along with mean AGB estimates.

For Lake Anangucocha, however, the proportion of Poaceae phy-
toliths was higher than expected for a rainforest setting because a
large proportion of swamp vegetation was present at the mouth of
the inflow stream (the water that feeds into the lake). To correct for
the in wash of grasses from the swamp, we applied a correction fac-
tor to the prediction for Lake Anangucocha. First, we calculated
the proportion of swamp currently within 200 m of lake
Anangucocha using polygons in Google Earth. Next, we multiplied
the Poaceae phytoliths with the proportion of swamp that is present
in the modern landscape. This ‘corrected’ Poaceae value was used to
predict forest cover and biomass changes through time for Lake
Anangucocha. Although this correction factor assumes one size for
the swamp lakeshore vegetation through time, applying this correc-
tion factor improved the model to predict realistic values of modern
forest cover and biomass estimates, without further assumptions.
Overall, the sensitivity of the results to this correction factor were
evaluated.

Results

Calibrating phytolith assemblages with biomass in the
modern environment

Our GLM models (with a gamma distribution and log link)
predict (Avitabile

were able to aboveground biomass
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Table 1 Deviance, nulldeviance, df, model coefficients and P-values for 18 GLM models used to predict aboveground biomass within 1 km of 50 H
Amazonian lakes using the proportion of phytoliths found in the surface samples of the lakes. Significant predictor variables are in bold. CON_FEW, conical gi
with few projections; SPH_ECH, spheroid echinate. 5
Model Variables df  Aic Deviance  Nulldeviance Coef P-value Hi
1 Forest cover (< 0.001) + Rugose (0.497325) + Ornate 7.0 530.8 14.0 39.8 3.0 0.001 ;%
(< 0.001) + CONICAL (0.625248) + SPHEROID (< 0.001) g

2 Forest cover (< 0.001) + Rugose (0.5063) + Ornate 7.0 533.1 14.7 39.8 3.1 0.001 z
(< 0.001) + CON_FEW (0.7734) + SPH_ECH (0.0011) ‘g

3 Forest cover (< 0.001) + Poaceae (0.00599) + Cyperaceae (0.12759) 5.0 5335 16.1 39.8 4.8 < 0.001 §
4 Forest cover (< 0.001) + Poaceae (< 0.001) 4.0 5347 171 39.8 4.7 < 0.001 %
5 Forest cover (< 0.001) + arboreal (< 0.001) + palms (0.000992) 5.0 535.8 16.8 39.8 2.7 < 0.001 B
6 Rugose (0.188406) + Ornate (< 0.001) + CON_FEW 6.0 552.7 22.8 39.8 3.2 0.009 3
(< 0.005) + SPH_ECH (< 0.05) %

7 Poaceae (< 0.001) 3.0 554.2 26.5 39.8 5.9 0.004 ;‘:
8 Arboreal (< 0.001) + Palms (< 0.001) 4.0 5575 27.2 39.8 3.0 0.013 c
9 Rugose (0.629648) + Ornate (< 0.005) 4.0 566.1 32.2 39.8 4.6 0.107 §
10 Arboreal (< 0.005) 3.0 568.0 34.8 39.8 4.4 0.172 §_
11 CONICAL (< 0.05) + SPHEROID (0.62762) 4.0 5721 36.2 39.8 4.9 0.448 %
12 Forest cover (< 0.001) + Rugose (0.111455) + Ornate (< 0.005) 5.0 539.8 18.3 39.8 3.8 0.001 g
13 Forest cover (< 0.001) + Arboreal (0.0192) 40 5456 21.4 39.8 3.6 0.001 ?i
14 Rugose (0.218362) + Ornate (< 0.001) + CONICAL 6.0 5494 21.3 39.8 3.1 0.005 =
(< 0.005) + SPHEROID (< 0.005) ‘g

15 Forest cover (< 0.001) + CONICAL (0.889) + SPHEROID (0.121) 5.0 550.4 22.7 39.8 3.7 0.004 =
16 Poaceae (< 0.001) + Cyperaceae (< 0.05) 4.0 550.9 23.8 39.8 5.9 0.003 “g’
1 Forest cover (< 0.001) + Rugose (0.497325) + Ornate 7.0 530.8 14.0 39.8 3.0 0.001 3
(< 0.001) + CONICAL (0.625248) + SPHEROID (< 0.001) %

2 Forest cover (< 0.001) + Rugose (0.5063) + Ornate 7.0 5331 14.7 39.8 3.1 0.001 é
(< 0.001) + CON_FEW (0.7734) + SPH_ECH (0.0011) g

3 Forest cover (< 0.001) + Poaceae (0.00599) + Cyperaceae (0.12759) 5.0 5335 16.1 39.8 4.8 < 0.001 Q
4 Forest cover (< 0.001) + Poaceae (< 0.001) 4.0 5347 171 39.8 4.7 < 0.001 E
5 Forest cover (< 0.001) + arboreal (< 0.001) + palms (0.000992) 5.0 535.8 16.8 39.8 2.7 < 0.001 g
6 Rugose (0.188406) + Ornate (< 0.001) + CON_FEW 6.0 552.7 22.8 39.8 3.2 0.009 2
(< 0.005) + SPH_ECH (< 0.05) o

7 Poaceae (< 0.001) 3.0 554.2 26.5 39.8 5.9 0.004 )
8 Arboreal (< 0.001) + Palms (< 0.001) 4.0 5575 27.2 39.8 3.0 0.013 ,%
9 Rugose (0.629648) + Ornate (< 0.005) 4.0 566.1 32.2 39.8 4.6 0.107 %
10 Arboreal (< 0.005) 3.0 568.0 34.8 39.8 4.4 0.172 g
11 CONICAL (< 0.05) + SPHEROID (0.62762) 4.0 5721 36.2 39.8 49 0.448 g
12 Forest cover (< 0.001) + Rugose (0.111455) + Ornate (< 0.005) 5.0 539.8 18.3 39.8 3.8 0.001 é’
13 Forest cover (< 0.001) + Arboreal (0.0192) 4.0 5456 21.4 39.8 3.6 0.001 g
14 Forest cover (< 0.001) + Openness Index (0.0631) 4 546.9784 22.02415 39.81592 3.832829 0.00136 8
15 Rugose (0.218362) + Ornate (< 0.001) + CONICAL 6.0 5494 21.3 39.8 3.1 0.005 %
(< 0.005) + SPHEROID (< 0.005) z

16 Forest cover (< 0.001) + CONICAL (0.889) + SPHEROID (0.121) 5.0 550.4 22.7 39.8 3.7 0.004 g{
17 Poaceae (< 0.001) + Cyperaceae (< 0.05) 4.0 550.9 23.8 39.8 5.9 0.003 g
18 Openness Index (0.501) 3 574.83 39.637 39.816 5.173898 0.001 %
&

9

et al., .2016) Chan.ges within 1 km of Amazoman.lakes using Sediment cores from northwestern Amazonian lakes 2
phytolith proportions and forest cover proportions within H
200 m of Amazonian lakes (Witteveen ez al, 2024). Of the The 550-cm sediment core of Lake Anangucocha spanned from g
18 models that were ran; AIC values ranged from 531 to 572 ¢ 5480 BCE to 2019 CE, but this study analysed a shorter sec- B
(Table 1). Low P-values (< 0.05) of the likelihood ratio tests tion from ¢. 2060 BCE to 2019 CE (Fig. S2). All 12 radiocarbon &
indicate that most models were a significant improvement dates were accepted to generate the chronology (Tables S1-S3). S
compared to the null model (Table 1). Adding ‘estimated for- ~ The sediment was mainly composed of gyttja. The temporal reso- &
est cover’ as a predictor variable significantly improved the  lution of the phytolith samples ranged between 5 and 230 yr, 3
model and lowered AIC values. Various phytolith groups were with a mean of 68 yr. For Lake Zancudococha, the 182-cm sedi- §
included in our models, but only a subset (models 4, 5, 7, 8, = ment core spanned from 3310 BCE to 2010 CE, but this study %
17) contain predictor variables that were all significant and analysed a shorter section from 470 to 2010 CE (Fig. S3). Nine H
had a significant P-value (Table 1). Of those models, ‘forest radiocarbon dates were accepted to generate the chronology. The g
cover + Poaceae’ (Model 4) had the lowest AIC value and was age at 178.5 cm depth was rejected as an outlier (Table S2). %
used in further analyses (Fig. S1). The sediment was composed of grey and black gyttja. The é
3

© 2024 The Author(s). New Phytologist (2025) 245: 141-153 %
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temporal resolution of the phytolith samples ranged between 15
and 60 yr, with a mean of ¢. 29 yr. The age-depth model of Lake
Kumpak® was previously published (Akesson et al., 2021) and
contained 15 accepted radiocarbon dates for its chronology
(Fig. S4). Phytolith samples had a temporal resolution of
2-75 yr, with a mean of 19 yr between adjacent samples.

At Lake Anangucocha, Poaceae phytoliths increased from
< 1% to ¢ 30% ¢ 1800 BCE, after charcoal occurred c.
1860 BCE (Fig. 2). Maize phytoliths were identified once at
¢. 1330 BCE, and frequently between ¢. 250 BCE and 720 CE,
in the absence of charcoal or significant changes in Poaceae phyto-
liths. After ¢. 870 CE, when maize and charcoal were not identi-
fied (anymore), Poaceae phytoliths decreased from 50% to 14%.
Around 1090 CE, maize phytoliths were present and Poaceae
phytoliths increased to 30%. Poaceae phytoliths decreased to ¢
12% until maize and charcoal were present between 1310 and
1680 CE, and Poaceae phytoliths increased to 33%. After «

New Phytologist (2025) 245: 141-153
www.newphytologist.com

Fig. 2 Estimated biomass (Mg ha~") and forest
cover (%) changes through time (BCE to CE),
along with Poaceae percentages (orange),
charcoal (in scaled volumes) and maize presence
for Lakes Anangucocha, Zancudococha and
Kumpak?®. Black dots indicate a trace presence of
charcoal. For Lake Kumpak?, previously published
forest cover estimates within a 1 km buffer based
on Poaceae pollen are also shown (Blaus

etal., 2023). Grey areas indicate the confidence
intervals of the forest cover and biomass
predictions for the three lakes.

1850 CE, Poaceae phytoliths decreased to 18-22% and maize
phytoliths and charcoal were not identified. Compared to Lake
Kumpak®, maize occurred mostly in the absence of charcoal
(before European colonization). Maize phytoliths, however, were
identified between ¢. 190 and 360 CE and from ¢ 1010 to
1240 CE at Lake Kumpak® and was paired with increases in Poa-
ceae phytoliths (> 6%). At Lake Zancudococha, two periods of
high (> 15%) Poaceae abundance also occurred ¢. 470 CE and
between ¢. 950 and 1170 CE and coincided with maize phyto-
liths (Fig. 2). Charcoal occurred frequently at Lake Zancudoco-
cha, often > 10%, except for the period between ¢. 1380 and
1890 CE. By contrast, charcoal was rare at Lake Kumpak®
(before European colonization) and was only found ¢ 190 CE
and 1440 CE (< 1%). After European colonization, maize (c.
1890-1920 CE) and charcoal (¢. 1670-1940 and 2010 CE)
occurred at Lake Zancudococha. Likewise, maize and charcoal
were detected between ¢. 1970 and 1990 CE at Lake Kumpak®.

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.
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Estimating forest cover and biomass changes through time

Beta regression models predicted that forest cover within 200 m
of the lakes ranged from 48% to 84% over the last ¢ 1500 to
4000 yr (Fig. 2), while GLM models predicted AGB changes
ranging from 142 to 438 Mg ha™! within 1 km of the lakes dur-
ing the sample period. Overall, declines in forest cover and bio-
mass were consistently associated with maize cultivation or
charcoal evidence at all sites, but not all findings of maize and
charcoal resulted in reduced forest cover or biomass. During peri-
ods of land use (indicated by the presence of maize and charcoal),
AGB estimates ranged from 142 to 342 Mg ha™! (Lake Zancu-
dococha), 240-322 Mg ha™! (Lake Anangucocha) and 192—
411 Mg ha™!  (Lake Kumpak®). AGB ranged between
238-358 Mg ha™' (Lake Zancudococha), 233-423 (Lake
Anangucocha) and 256438 Mg ha™! (Lake Kumpak®) in sam-
ples without maize or charcoal.

Precontact: 2000 BCE to 470 CE

Between ¢. 2060 and 1880 BCE, forest cover and AGB around
Lake Anangucocha were highest, exceeding 82% and
400 Mg ha™', respectively. From ¢ 1840 to 1600 BCE, forest
cover and AGB around Lake Afiangucocha ranged between
67-79% and 252-366 Mg ha™", respectively, coinciding with the
first appearance of charcoal. Forest cover (> 69%) and ABG (c
290 Mg ha™ ") remained high within 200 m of the lake, with maize
present but no charcoal. Similarly, at Lake Kumpak®, forest cover
and AGB were also high (> 70% and 300 Mg ha™"), except
between ¢ 190 and 269 CE, when forest cover decreased to
59-71% and AGB to 192283 Mg ha™', coinciding with maize
cultivation and charcoal. Biomass returned to ‘predisturbance’ levels
within 80 yr, increasing from 292 to 389 Mg ha! ¢ 440 CE.

Precontact: 470 to 1500 CE

Between ¢. 470 and 600 CE, forest cover around Lake Zancudo-
cocha increased from 61% to 77%, and AGB rose from 212 to
342 Mg ha™?. Forest  cover (> 70%) and AGB
(> 300 Mg ha™") remained high at Lake Zancudococha until «.
950 CE, despite land use. At Lake Kumpak®, forest cover (.
80%) and AGB (> 362 Mg ha™!) were also high. At Lake
Anangucocha, however, forest cover decreased from 70% to 65%
and AGB from 292 to 232 Mg ha™! ¢. 870 CE (in the presence
of maize).

Around 950-1100 CE, forest cover and AGB were lower around
Lake Kumpak® (64-72% and 225-285 Mg ha™') and Lake Zan-
cudococha (48-62% and 142-215 Mg ha™'). The presence of
maize and charcoal suggest human land use. After abandonment,
AGB increased in 60 yr at Lake Zancudococha (155 to
271 Mgh™") and in 30yr at lake Kumpak® (267
to 388 Mg ha™'). By contrast, the largest increase in forest cover
(from 64% to 78%) and AGB (from 232 to 358 Mg ha ')
occurred at Lake Anangucocha ¢ 990 CE. AGB decreased to
300 Mg ha™" after maize was identified ¢. 1090 CE, then increased
in 92 yrto 373 Mg ha~' (and in 129 yr to 393 Mg ha™").

© 2024 The Author(s).
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Between ¢. 1350 and 1500 CE, forest cover and AGB at Lake
Anangucocha reached its lowest levels (65-68% and 232—
260 Mg ha™!, respectively), while maize and charcoal were pre-
sent. By contrast, forest cover and AGB remained high at Lake
Kumpak® (> 70% and > 360 Mg ha™', respectively). At
Lake Zancudococha, forest cover and AGB ranged between
65-73% and 240-305 Mg ha™' during this period.

Postcolonial period (after 1500 CE)

In the postcolonial period, forest cover was high at Lake
Kumpak® (c. 80%) and Lake Zancudococha (c. 70%, maximum
78% ¢ 1820 CE). AGB was highest (438 Mg ha™') at Lake
Kumpak® ¢ 1500 CE. By contrast, between 1500 and «
1680 CE, and forest cover ranged between 65% and 70% and
AGB between 237 and 280 Mg ha™! when cultivation occurred
at Lake Anangucocha between ¢. 1500 and 1680 CE. Forest
cover and AGB increased to 77% and 343 Mg ha ' (e
1950 CE) after abandonment (indicated by the cessation of
maize and charcoal). Around Lake Zancudococha, however, for-
est cover and AGB decreased to 58% and 196 Mg ha™! between
¢. 1880 and 1940 CE, when the land was used for agricultural
activities (indicated by maize and charcoal). Forest cover
remained ¢. 75% at Lake Kumpak® when maize and charcoal
indicate human land use between 1965 and 1990 CE, but AGB
decreased from > 360 Mg ha™! to ¢ 330 Mg ha™'. Modern
estimates of forest cover and AGB are 76% and 331 Mg ha™!
(Lake Anangucocha), 66% and 244 Mg ha™! (Lake Zancudoco-
cha), and 79% and 369 Mg ha™' (Lake Kumpak®).

Discussion

Here, we reconstructed the past fire history and periods of land
use (maize cultivation) for three lakes in northwestern Amazonia
spanning the last 4000-1500 yr. Using these data alongside
remotely sensed data we provide the first quantitative estimates of
past forest cover and biomass changes through time using phyto-
lith assemblages recovered from lake sediment cores. Results
show that forest cover and biomass generally decreased after the
onset of fire or cultivation events at Lakes Zancudococha and
Kumpak®, while forest cover and biomass at Lake Anangucocha
decreased after fire events (but not at the onset of cultivation
events). The timing of past fire and cultivation events were spa-
tially and temporally variable between the three sites, as were the
degree of forest openings associated with periods of land use.
Consistent with previous studies from northwestern Amazonia,
we found that human impacts were expressed heterogeneously
across landscape (McMichael er al, 2012a,b, 2015; Piperno
et al., 2017; Heijink ez al., 2020, 2023; Priimers ez al., 2022; Ros-
tain et al., 2024).

Model performance

Biomass and forest cover predictions lay within plausible ranges
for Lakes Zancudococha and Kumpak®, but model estimates for
Afangucocha were too low. Therefore, a correction factor was

New Phytologist (2025) 245: 141-153
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created, to correct for the high abundances of Poaceae from the
swamp vegetation (Fig. S5; Table S4). The correction factor was
based on the modern vegetation and applied throughout the sedi-
ment record, but it is uncertain how the swamp has changed in
the last 4000 yr. We hypothesize, though, that swamp vegetation
formed at Lake Anangucocha ¢. 1840 BCE because after that
time Poaceae percentages were consistently higher than Lakes
Zancudococha and Kumpak® regardless of the presence of char-
coal or maize. Before 1840 BCE, Poaceae phytoliths were absent
from Lake Anangucocha and the correction factor had no influ-
ence on those forest cover and biomass estimates. Pollen analysis
that was performed at relatively low temporal resolution on a lake
sediment core in the 1980s from Lake Anangucocha also suggests
swamp vegetation was present after a founding palm swamp was
flooded as the lake became permanent (Frost, 1988).

Our modern biomass estimates are 23-25 Mg ha ' lower
(Lakes Afangucocha and Zancudococha) and 92 Mg ha™'
higher (Lake Kumpak®) than extracted values from the publicly
available biomass dataset based on remotely sensed data (Avita-
bile ez al., 2016). These results indicate that our model predic-
tions likely underestimated past values of forest cover and
biomass. These differences may be explained because of the lower
(1 km) resolution of the AGB dataset (Avitabile ez al., 2016) or
because grass phytoliths, from the lakeshore vegetation, are
known to be overrepresented in the phytolith assemblage (Ale-
man et al., 2014). Also, the forest cover estimates (that are an
underestimation) are used as input in the biomass model. Still,
the increases in biomass and forest cover at Lake Kumpak® coin-
cide with increased Moraceae and Urticaceae pollen, which gives
us confidence in the patterns of the model predictions (Akesson
et al., 2021).

Drivers of past changes in forest cover and biomass in
northwestern Amazonia

People were likely driving the changes in forest structure because
all decreases in forest cover and biomass at each site coincided
with periods of land use, while increases in forest cover and bio-
mass occurred during periods of abandonment at Lakes
Anangucocha and Kumpak®. At Lake Zancudococha, forest cover
and biomass increased while charcoal was still sporadically pre-
sent, but maize was not identified, which probably suggest forest
cover and biomass increased while the land was used at low inten-
sity. The presence of maize without charcoal (from fires), suggests
slash-and-mulch  agricultural practices occurred at Lake
Anangucocha (between 230 BCE and 720 CE), as also observed
at Lake Kumpak® ¢. 1000 CE. The slash-and-mulch practices at
Lake Anangucocha were small-scaled and had little impact on the
forest structure or biomass, perhaps because maize was cultivated
near the banks of the lake (Fig. 2). When fire was introduced and
used (slash-and-burn agriculture) at Lake Afangucocha «
1260 CE, forest cover and biomass significantly decreased
(Fig. 2). These data show that slash-and-burn agriculture had a
larger impact on forest opening and carbon dynamics than slash-
and-mulch practices. Other studies also show cultivation prac-
tices in northwestern Amazonia during the precontact period

New /’/{}'/(l//(@}l (2025) 245: 141-153
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occurred in highly forested settings and was not always paired
with fire (Bush et 4/, 2007a; McMichael et al., 2012b, 2015;
Piperno ez al., 2017, 2021, 2024; Heijink ez al., 2023). It is thus
likely that this form of low-level cultivation induced only minor
and ephemeral effects on carbon dynamics.

Charcoal and evidence of past forest burning (alongside maize
phytoliths) was more abundant at Lake Zancudococha from
c. 470 to 1360 CE compared with Lakes Anangucocha and
Kumpak®, suggesting slash-and-burn
occurred. These past fire events significantly impacted carbon
dynamics  through biomass burning and subsequent
carbon release, because Lake Zancudococha exhibited the largest
decreases in forest cover (48-79%) and biomass (142—
359 Mg ha ). During this period, forest cover and biomass at
Lakes Anangucocha and Kumpak® remained > 64% and
> 253 Mg ha™ !, respectively. The largest biomass decreases at
Lake Anangucocha (c. 1800 BCE and 1397 CE) and Lake
Kumpak® (¢. 100 CE) were also associated with burning events

agricultural activities

(high abundances of charcoal) (Fig. 2). Palacoecological records
suggest that past fires were less frequent in northwestern Amazo-
nia compared with other regions of the basin (Weng ez /., 2002;
Bush ez al., 2007a; Gosling ez al., 2021). When these events did
occur and changed carbon dynamics (e.g. Fig. 2), they likely also
significantly affected vegetation turnover and changes in forest
structure and composition because the forests are not evolutiona-
rily adapted to burning events (Uhl & Kauffman, 1990; Barlow
et al., 2003; Cochrane, 2003; Barlow & Peres, 2008; Gosling
et al., 2021).

The timing of changes in forest cover and biomass are similar
for Lakes Zancudococha and Kumpak®, where decreases occurred
at ¢. 470 CE and 1000 CE. These results contrast with Lake
Anangucocha, where forest cover (>72%) and biomass
(> 292 Mg ha™") are high at ¢ 470 and 1000 CE. Lakes
Afangucocha and Zancudococha are ¢. 100 km apart but the
phytolich analysis suggest a contrasting land use history.
Although pollen analysis should be conducted to obtain a regio-
nal picture of the human history, similar patterns of lakes that are
located near each other but showing contrasting human histories
can also be found in eastern and southwestern Amazonia, sug-
gesting relatively isolated or disconnected populations across
many regions of the basin (Bush er 4/, 1989, 2007b, 2008;
McMichael ez al., 2012a). For example, sharply contrasting his-
tories are found between lakes Lake Ayauch’ and Kumpak®
(Fig. 1). The history of Lake Ayauch' is characterized by a contin-
uous human occupation and slash-and-burn agricultural activities
for 6000 yr (Bush & Colinvaux, 1988; Akesson et al., 2023),
whereas Lake Kumpak®, only 25 km distant, has only intermit-
tent use. Collectively, these results demonstrate spatially hetero-
geneous and temporally discontinuous patterns of land use across
northwestern Amazonia (Bush ez 4/, 2007a,b, 2008, 2016;
McMichael et al, 2012a; McMichael & Bush, 2019).

After disturbances, biomass recovered in 14-80 yr at Lakes
Zancudococha and Kumpak® (Fig. 3), which corresponds with
modern studies suggesting the biomass of secondary forests can
recover with a median of 66 yr (Poorter et al., 2016, 2021). At
Lake Zancudococha, however, biomass recovery took much

© 2024 The Author(s).
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Fig. 3 Oxygen isotope records (blue) that reflect ©
drier and wetter conditions during the late
Holocene (van Breukelen et al., 2008; Bird 8
etal., 2011; Apaéstegui et al., 2014). These EN
climatic reconstructions are compared with
estimates of biomass (Mg ha™") and forest cover § | |
(%) changes through time (BCE to CE) for Lakes N P

ARnangucocha, Zancudococha and Kumpak?. The
climatic reconstructions are > 350 km from the
lake study sites (see Fig. 1). Grey areas indicate
the confidence intervals of the forest cover and
biomass predictions for the three lakes.

Drier period

longer during prolonged periods of low-level land use (e
90-130 yr). Also, biomass recovery at Lake Anangucocha took
longer (> 100 yr, Fig. 3), perhaps because forest openings were
small-scaled and biomass increases are fastest during early to
mid-succession after large forest clearings have occurred (Poorter
et al., 2016, 2021). These long recovery times also suggest that
biomass recovery to ‘predisturbance’ values may require centu-
ries. At Lake Kumpak®, biomass recovered in 80 yr after the culti-
vation and fire usage between 200 BCE and 520 CE, and in
30 yr after the period of cultivation without fire usage between
700 and 1200 CE (/o\kesson et al., 2021). By contrast, significant
increases in palm phytoliths at Lake Kumpak® ¢. 1440-1690 CE
occurred ¢ 170 yr after fire and cultivation ended (Akesson
et al., 2021). These results suggest that forest structure recovers
faster than species composition (Guariguata & Ostertag, 2001;
Norden ez al., 2015; Poorter et al., 2016, 2021). Future research
will determine whether similar patterns of compositional recov-
ery occurred at Lakes Anangucocha and Zancudococha.

The drier period ¢. 1000 CE co-occurred with decreased bio-
mass and forest cover estimates for all lakes (Fig. 3), suggesting
that drought may have impacted forest cover and biomass. Cli-
matic changes, however, were likely not the main driver of the
forest cover and biomass changes at our study sites, because
the lowest estimates of forest cover and biomass at all sites coin-
cided with burning events (Lakes Ahangucocha, Zancudocha)
and episodes of maize cultivation (Lakes Zancudococha,
Kumpak?®). Also, periods of forest disturbances and recovery did
not show regional coherence, nor did they occur simultaneously
with wetter or drier periods (Fig. 3). Thus, it is likely that past
human activities were the primary force driving the vegetation
changes. The drier period ¢. 1000 CE occurred amidst human
activity (maize, charcoal), making it impossible to separate the
impact of land use and climate change.

© 2024 The Author(s).
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Our reconstructions of forest cover showed that all sites

remained at least ¢ 48% forested (within 200 m) in the last
4000-1500 yr, and periods of low-forest cover and biomass were
not synchronous for all sites. Biomass estimates remained
> 233 Mg ha™' for Lake Afangucocha and fell below
<200 Mg ha™' once at Lake Kumpak®, highlighting the small
scale of past forest openings. These results agree with other stu-
dies in northwestern Amazonia (Evans & Meggers, 1968;
Salazar, 1998a,b, 2008; Rostain, 1999, 2012; McEwan, 2001;
Oliver, 2008; Riris & Arroyo-Kalin, 2019; Pazmino et al., 2021)
and suggest a much smaller human impact in the lowlands than
the base of the Andes, where large earthworks and road networks
were found (Rostain ez al., 2024).

We found no evidence of widespread deforestation before Eur-
opean colonization or reforestation after the Great Dying (Dull
et al., 2010; Koch et al., 2019; Bush ez 2/, 2021). Instead, our
results show reforestation occurred between ¢. 870 and 1200 CE,
which agrees with Bush ez /. (2021). In further support, a recent
study has shown that the ‘Orbis Spike’ may be an artefact, and
that CO, decreased gradually between 1516 and 1670 CE (King
et al., 2024). The varying periods of deforestation and reforesta-
tion across our sites agree with other studies and suggest human
impact in northwestern Amazonia were small-scaled and hetero-
genous (McMichael er al., 2012b, 2015; Piperno et al., 2017;
Gosling ez al, 2021; Nascimento ez al., 2022). Deforestation
practices may have been more impactful in other Amazonian
regions, where there is more evidence of large-scale
pre-Columbian settlements (Erickson, 2010; Rostain, 2012; Car-
son et al, 2014, 2016; Whitney et al, 2014; De Souza
et al., 2018; Maezumi et al, 2018, 2022; Prumers et al., 2022;
Piperno et al., 2024; Rostain et al., 2024). In the postcolonial
period, a fire event (Lake Kumpak®) or more frequent burning
events (Lake Anangucocha) are suggested by the presence or
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higher frequency of charcoal (while fire was rare before
1492 CE). It is, therefore, likely that disturbances from the post-
colonial period have significant impact on the forest composition
through fire activities (Gosling ez al., 2021).

The biomass and forest cover models we created provide
the first quantitative reconstructions of change through time
using phytoliths and allow testing hypotheses regarding the
degree of deforestation and reforestation before and after
European colonization (Dull ez af., 2010; Koch ez al., 2019).
Our results contribute to the broader understanding of how
human activities have influenced carbon dynamics in north-
western Amazonia over the past millennia, providing valuable
insights for ongoing conservation and management efforts.
We emphasize the spatial heterogeneity and relatively
small-scaled disturbances that have occurred in the last two
millennia at our study sites and highlight the significant
impact fire has had on changes in forest cover and biomass
in northwestern Amazonia. Applying our models to
high-resolution sediment records in other regions can further
document how ecological legacies from past human activities
have impacted Amazonian forest structure and carbon
dynamics.
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