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Abstract Recent “once-in-a-century” Amazonian droughts highlight the impacts of drought and climate
change on this region'’s vegetation, carbon storage, water cycling, biodiversity, land use, and economy.
The latest climate model simulations suggest this region will experience worsening future drought. However,
the instrumental record is too short to quantify the range of background drought variability, or to evaluate
extended drought risk in climate models. To overcome these limitations, we generated a new, highly
resolved lake record of hydroclimatic variability within the western Amazon Basin. We find that Amazonia has
regularly experienced multi-year droughts over the last millennium. Our results indicate that current climate
model simulations likely underestimate the background risk of multi-year Amazonian drought. These find-
ings illustrate that the future sustainability of the Amazonian forest and its many services may require
management strategies that consider the likelihood of multi-year droughts superimposed on a continued
warming trend.

Plain Language Summary The Amazon basin recently experienced multiple “once-in-a-century”
droughts that impacted the region’s water cycle, economy, vegetation, and carbon storage. However, the
instrumental record in this region tends to be too short to determine if these droughts are abnormal in a
long-term context. Paleoclimate data can extend drought records that help water and land managers plan for
these events in the face of climate change. To provide additional information about pre-instrumental
drought, here we present results from a new paleoclimate lake record based on sediments we recovered
from Lake Limon in the Peruvian Amazon. We find that concentrations of elements in the Lake Limén sedi-
ment cores are likely recording past changes in rainfall variability. We use this elemental variability to gen-
erate a new, millennial-length record of drought for the western Amazon. We show that this region has
experienced multi-year droughts at least twice a century over the last ~1,400 years. The frequency and
severity of these paleoclimate-inferred droughts may exceed most climate model and instrumental-era
drought risk estimates. Our findings illustrate that the future sustainability of the Amazonian forest and its
many ecosystem services may require management strategies that consider the likelihood of multi-year
droughts in addition to continued warming.

1. Introduction

The Amazonian rainforest is a biodiversity hotspot (Mittermeier et al., 1998) and a potential tipping element
of the Earth system that provides critical ecosystem services both locally and globally (Lenton et al., 2008;
Malhi et al., 2008). Ecosystems within the Amazon basin provide habitat for up to a quarter of the world’s ter-
restrial species (Dirzo & Raven, 2003), and Amazonian plants and soils hold the equivalent of approximately
half of the carbon contained in the pre-industrial global atmosphere (Gloor et al., 2012; Malhi et al., 2008).
Furthermore, evapotranspiration in this region helps drive regional and global atmospheric circulation
(Malhi et al., 2008).

The future composition of the Amazonian rainforest, and thus its ability to provide these ecosystem services,
depends on land use and the background climate (Malhi et al., 2009; Nepstad et al., 1994). The prospect of
large-scale Amazonian forest dieback, in which rangeland or savanna replaces forest, has focused attention
on the importance of long-term drought in Amazonia (Cox et al., 2004; Lewis et al,, 2011; Malhi et al,
2009). Although the Amazonian forest persisted during moderate drought in the recent past (Bush et al.,
2016), it is uncertain if future climate change and other anthropogenic stressors will trigger rapid forest
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dieback in this ‘climate change hotspot’ (Davidson et al., 2012; Diffenbaugh & Giordi 2012). Decreased
seasonal precipitation and warming are already contributing to drought and vegetation stress in this
region (Dai, 2013; Jimenez-Munoz et al., 2016; Lewis et al, 2011; Saatchi et al., 2013). Although future
warming will lead to evaporation increases (Dai, 2013), the duration of precipitation extremes com-
bined with this warming will likely drive a large portion of ecosystem stress, and thus control much
of this region’s carbon storage (Phillips et al., 2009; Tian et al., 1998). Reduced rainfall alone can
increase the risk of fire and forest dieback, which can in turn lead to drought intensification, self-
amplified forest loss, and possibly a deforestation-induced tipping point (Boers et al., 2017; Brando
et al,, 2014; Zemp et al,, 2017).

Given the possibility that future extreme drought events could destabilize parts of the Amazonian forest
(Zemp et al., 2017), it is critical to understand the future range of drought this vegetation might have to
endure. Instrumental and satellite-based climate records for Amazonia only span the last few decades, high-
lighting the need for high-resolution paleoclimate records to extend our knowledge of past climate further
back in time. To overcome this limitation, we have generated a ~1,400-year paleohydrological record using

sediments from a rare lowland lake in western Amazonia.
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Figure 1. Maps showing regional climatology and paleoclimate record loca-
tions, local topography, and Lake Limén bathymetry. (a) Map of satellite-era
September to March South American GPCP v2.3 precipitation (Adler et al.,
2003) and paleoclimate record locations (citations and other record infor-
mation in Table 1). Red line outlines Amazon River drainage basin and filled
red square indicates Lake Limén location. (b) Contour map of basin around
Lake Limén. (c) Bathymetric map (blue shading) of Lake Limén with red
circles marking coring locations.

Lake sediments can provide high-resolution archives that can be used
to study catchment-scale to regional-scale environmental change over
a range of time periods, from seasons to millennia (Cohen, 2003;
Davies et al.,, 2015). Specifically, paleoclimate lake records have been
used to reconstruct pre-instrumental hydroclimatic variability in var-
ious regions around the world. For example, Shanahan et al. (2009)
reconstructed past drought variability in West Africa using oxygen iso-
topes and high-resolution *-x-ray fluorescence (*-XRF) scans of lami-
nated sediments from Lake Bosumtwi. In the Americas, Bird et al.
(2011) used oxygen isotopes from Laguna Pumacocha sediments in
the Central Peruvian Andes to reconstruct past South American mon-
soon variability. Similarly, Haberzettl et al. (2005) reconstructed past
climate variability in southern Argentina, and Metcalfe et al. (2010)
inferred past changes in the northern Mexican monsoon from XRF
scans of sediments.

We expand on recent decades of high-resolution *-XRF research (review by
Davies et al.,, 2015) to develop a highly resolved record of hydroclimatic
variability in western Amazonia. We compare our paleohydrological record
to a variety of paleoclimate records from tropical South America and to
background drought risk in transient climate simulations driven by full nat-
ural and anthropogenic forcings (Schmidt et al., 2012) to better quantify
the range of drought variability and evaluate extended drought risk in
climate models.

2. Materials and Methods
2.1. Core Retrieval and Study Area

Lake Limén (6°43'S, 76°14'W; 600 m above sea level) is located in
north-central Peru at the base of the eastern flank of the Andes
Mountains on the western edge of the Amazon Basin (Figure 1a).
Lake Limén (~535 m in length, ~80 m in width, ~13.6 m in depth) lies
in a small, crescent-shaped basin with one small, hypersaline stream
entering and exiting the lake (Figure 1b). The clay-rich hillsides sur-
rounding the lake primarily consist of highly eroded sedimentary
rocks. Anoxic waters below ~5 m depth inhibit bioturbation of lake-
bottom sediments and help to preserve finely laminated sediments
(supporting information Figure S1).
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In 2009, we retrieved three piston cores (denoted LP-1 to LP-3), 4-5 m in sediment length from Lake
Limén at a water depth of ~13 m (Figure 1c). We also retrieved six gravity cores (denoted LU-1 to LU-
6) taken from within 50 m of the piston cores that captured the mud-water interface with minimal mix-
ing. We extruded the top portion of each core at 2.5 mm increments to prevent mixing during transport.
For this study, we produced a composite of LP-3 (4.8 m long) and LU-5 (1.2 m long taken at 12.2 m depth;
Figure 1¢) by correlating the two cores where they overlap using both lithologic and chemical tie points
(supporting information Figure S1). Here we have chosen to only analyze Lake Limén data preceding
1972 CE because the extruded sediments at the top of the core were too flocculent to conduct similar
analyses to the lower sediments.

2.2, Dating of Sediments and Age Model

We constructed an age model for the Lake Limén cores using 21 radiocarbon (**C) dates on terrestrial plant
material and 12 2'°Pb measurements on the uppermost sediment in the gravity core (supporting information
Table S1 and Figure 2). We excluded three '*C dates because there was too little carbon to obtain an accurate
date. We also excluded two dates taken on leaves that resulted in outliers implying the leaves were perhaps
re-deposited from shallow areas of the lake (supporting information Table S1).

Pretreatment for radiocarbon samples was performed using the standard acid-base-acid procedure of HCI
and NaOH to remove any carbonates and humic acids (Hedges et al.,, 1989). The samples were then com-
busted at the University of Arizona Accelerator Mass Spectrometry (AMS) facility. Twelve additional samples,
taken at 20 mm intervals from the top of the gravity core (including extruded sediment), were sent to The
Florida Institute of Paleoenvironmental Research (FLIPER) laboratory at The University of Florida for 2'°Pb
and '¥’Cs activity measurement. 2'°Pb ages were calculated using the constant rate of supply model
(Appleby, 2002; Appleby & Oldfield, 1983). Measured 137Cs values were extremely low and were thus not
included in the age model.

The age model was constructed using a non-Bayesian, ‘classical’ age-depth model program known as clam
(Blaauw, 2010). This software first calibrates "*C dates using the SHCal04 calibration dataset, then produces
a "best fit” age model using a LOESS smooth curve function through both 2'°Pb and "*C dates (McCormac
et al, 2004). After all age reversals were removed, over 1,000 iterations remained to produce the final age
model (Figure 2).

2.3. Elemental Analysis

We sampled the Lake Limén sediment using well-established *-x-ray fluorescence (*-XRF) methods (e.g.,
Boening et al,, 2007; Moreno et al, 2007; Niemann et al,, 2009; Shanahan et al., 2008, 2009). We took
thin-sections from both gravity and piston cores then performed acetone exchanges to remove water in
the sediment. We embedded the sediment in resin using standard procedures to reduce noise due to water
formation and surface roughness during *-XRF measurements (Pike & Kemp, 1996). We measured the
elemental abundances of 10 elements (Al, Si, S, K, Ca, Ti, Mn, Fe, Rb, and Sr) using an EDAX Eagle Ill tabletop
scanning *-XRF analyzer at the University of Arizona (Shanahan et al., 2008).

We used rotated empirical orthogonal functions (EOF, also known as principal components analysis, or
PCA; e.g., North et al., 1982) to determine the primary modes of variability in 10 elemental time series
(Balascio et al., 2011; Shala et al., 2014). We removed the linear trend and normalized all elemental time
series before conducting EOF analysis (supporting information Figure S2). To normalize the elemental
time series prior to EOF analysis, we compared two methods and found minimal changes in our results:
(1) remove the mean and divide by the standard deviation (‘’z-score’), (2) employ a modified inverse
Rosenblatt transform to ‘gaussianize’ the data (Van Albada & Robinson, 2007). When we compared Lake
Limoén principal component one (PC1) to other time series (Table 1), we binned the data due to age
model uncertainty and accounted for the associated reduced degrees of freedom in our
significance testing.

Many lake sediment XRF studies use elemental ratios to infer past environmental variability (e.g., Davies et al.,
2015), but ‘single element’ XRF studies, in which elemental ratios are not employed, are also common (e.g.,
Balascio & Bradley, 2012; Finkenbinder et al., 2014; Matthews-Bird et al., 2017; Shanahan et al., 2009;). In this
analysis, we use single-element counts (not elemental ratios) to calculate PC1. In Lake Limén, PC1 is strongly
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Figure 2. Lake Limon stratigraphy and age model, including radiocarbon and 210py, ages. “Best fit” age model produced in

clam with a 2-0 age envelope. Dates in blue were used to create the final age model. Dates in tan were excluded due to

small size. Dates in green were considered outliers and thus excluded. Dates in dark gray were taken on bulk sediment and
210 ]

were thus excluded. Inset shows " “Pb dates with 1-o error bars.

driven by Ti, which is generally interpreted to be a proxy for runoff and erosion (allochthonous input).
Previous XRF-based studies of lake sediments have found that single-element Ti abundance is associated
with catchment runoff (Balascio and Bradley, 2012; Haberzettl et al., 2005; Matthews-Bird et al., 2017;
Metcalfe et al., 2010).

2.4. Charcoal Analysis

Sediment subsamples of 0.5cm® were removed for charcoal analyses at 5cm depth intervals (77 samples
spanning ~560-1972 CE). Samples for charcoal analysis were gently disaggregated in 10% KOH then sieved
at 60 and 180 pum. The retained fraction was placed in a petri dish and the charcoal particles were identified

Table 1
Data Sources, Locations, Temporal Coverage, and Relationships With Lake Limén Principal Components 1 and 2

Source/ Correlation: Correlation:  Lat Lon Altitude Time (CE)
Data Citation PC1 PC2 (°N) (°E) (m) Start:End
Trop. N Atlantic NOAAERSSTv4 —0.59 0.31 6:22 —80:—30 Sea Surface 1854:2014
Nifno3.4 NOAAERSSTv4 —0.15 —0.25 —5:5 —170:—120 Sea Surface 1854:2014
Local Precipitation GPCCv7 0.65 0.37 —8—-7 —77.-75 ~600 1901:2014
Rio Negro Flow HidroWeb/Manaus 0.13 —0.08 —3.13 —60.01 ~10 1902:2015
N. Atl. SST Recons. Gray et al. —0.21 —0.27 0:70 N/A N/A 1567:1990
Palestina 5' 20 Apaestegui et al. 0.12 0.06 —5.92 —77.35 870 421:1928
Cascayunga "% Reuter et al. 0.26 0.07 —6.07 —77.18 900 1088:1907
Sauce Redness Bush et al. —0.14 —0.26 —6.71 —76.23 600 —3054:1999
Limén Elemental *-XRF This study N/A N/A —6.71 —76.23 600 564:1972
Cariaco SST Black et al. 0.13 0.23 10.76 —64.70 —450 1221:1990
Cariaco %Ti Haug et al. 0.19 0.12 10.70 —65.16 —893 —12327:1840
Pumacocha §'80 Bird et al. —0.01 —0.15 —1071 —76.06 4300 —277:2007
Huagapo 3'% Kanner et al. 0.08 —0.15 —1127 —7579 3850 559:2000
Tree 5'%0 (Bolivia) Brienen et al. —042 —-0.06 —-1140 —68.72 240 1901:2001
Quelccaya 5'20 Thompson et al. 0.06 009  —1393 —7083 5670 226:2009
Diva de Maura3'20  Novello et al. —0.17 016  —1237 —4157 680 —815:1911
Tree §'20 (Peru) Ballantyne et al. —0.04 022  —1260 —69.20 265 1820:2004
Pau d’Alho 5'%0 Novello et al. 0.07 0.1 —15.21 —56.81 540 492:1860
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and quantified under a stereomicroscope (Clark & Royal; 1996). All charcoal values are reported as counts of
charcoal fragments per 1cm?. Charcoal data are shown here in 40-year bins to account for any possible age
model uncertainty between sediment cores.

2.5. Power Spectra Estimation in Paleoclimate and Climate Model Data

We could not directly compare the time evolution of Coupled Model Intercomparison Project Phase 5 (CMIP5)
and paleoclimate time series due to the uncertainties associated with external forcing, unknown initial con-
ditions, and the independent evolution of internal variability. Instead we compared simulated and observed
records in the frequency domain. We used previously established methods (Ault et al., 2013) to calculate and
analyze the variance spectra of precipitation from CMIP5 Last Millennium (‘past1000’) (Schmidt et al., 2012)
and CMIP5 pre-industrial control model simulations (Taylor et al., 2012), as well as multiple hydroclimate-
sensitive paleoclimate records from around tropical South America (Table 1). We used the Lomb-Scargle
method (Lomb, 1975; Scargle, 1982) to estimate the power spectra in both paleoclimate as well as climate
model data; this technique is often employed with unevenly sampled paleoclimate data. We normalized all
time series by removing the mean and dividing by the standard deviation of the full time series (‘z-score’)
before performing spectral analysis. We limited our analysis to paleoclimate and model data for the time
period 850-1850 CE to exclude any significant influences of anthropogenic climate change. We calculated
climate model precipitation spectra from model grid boxes closest to Lake Limdn in western Amazonia
(8°S-5°S, 77°W-73°W) and also for the Amazon Basin (12°S-3°N, 72°W-48°W) to test if simulated precipitation
variability was sensitive to its proximity to the Amazon-Andes transition zone.

2.6. Drought Assessment

CMIP5 simulated precipitation drought lengths were calculated from model grid boxes closest to Lake Limén
in western Amazonia (8°S-5°S, 77°W-73°W). Lake Limén-inferred droughts were calculated over 850-1850 CE
to overlap with model data. Droughts were defined as a unique instance when the 5-year running mean of
the time series crossed the threshold one standard deviation (-1¢) or two standard deviations (-20) below
the long-term mean (850-1850 CE).

3. Data
3.1. Gridded Instrumental-Based Data

We compared 1°x1° resolution gridded GPCCv7 precipitation over tropical South America to NOAA ERSSTv4
tropical North Atlantic and tropical Pacific sea-surface temperatures (SST) to study the drivers of interannual
hydroclimatic variability during the time period 1901-2014 CE (Huang et al.,, 2015; Schneider et al., 2014)
(Figure 3). We also compared Lake Limén principal component data to gridded GPCCv7 precipitation
(~1901-1972 CE overlap) and NOAA ERSSTv4 SST (~1854-1972 CE overlap) data. We show the climatological

a b) NINO3.4 SST 1
= <5 . 7.
g St
8°N . x(\"" :
. s ‘t@g 0.5
o 0 1= b
© O o
-§ 8°s
@©
| 1695 -0.5
84°W 72°W 60°W 48°W 36°W 84°W 72°W 60°W 48°W 36°W
Longitude Longitude

Figure 3. Correlation between sea-surface temperature and September-March interannual precipitation 1901-2014 CE.
(a) Tropical North Atlantic (NAtl) SST and September-March precipitation and (b) Nifo3.4 SST and September-March
precipitation 1901-2014CE. Red box marks location of Lake Limdn, red line outlines the Amazon River drainage basin, and
black dots indicate correlations at the 95% significance level. All correlations calculated using 5-year bins to match with
proxy-observation correlation analysis.
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Table 2

Principal Components and Elemental Constituent Correlations

mean satellite-era September to March South American precipitation from the GPCP v2.3 dataset in Figure 1a
(Adler et al., 2003).

3.2. Climate Model Data

We estimated drought frequency and duration as well as power spectra from CMIP5 pre-industrial control
and Last Millennium climate model output (Schmidt et al., 2012; Taylor et al.,, 2012). We conducted our ana-
lysis on all CMIP5 models with at least 500 years of data that did not show a global mean temperature trend of
greater than 1°C/millennium in the control run (Npast1000=10, Ncontrol=28).

3.3. Paleoclimate and River Gauge Data

We also compared our Lake Limon time series to a variety of tropical South American paleoclimate data and
one Amazonian river gauge station. Table 1 includes data types, citation information, locations, correlations
with Lake Limén principal components, and time span of these records. We included all tropical South
American hydroclimate-sensitive paleoclimate data (at sub-decadal resolution) available on the NOAA
Paleoclimate website at the time of analysis. All correlation coefficients were calculated using 5-year bins
except Cariaco SST and Ti, which were binned into 10-year bins. Correlation coefficients at the 95% confi-
dence interval are shown in bold italics and coefficients at the 90% confidence interval are shown in bold
(Table 1). Effective sample sizes were used to account for autocorrelation. Locations of South American paleo-
climate records are shown in Figure 1a.

4, Results and Discussion

4.1. Local Climate

Although evapotranspiration within the Amazonian basin can drive much of the local hydrological cycle and
atmospheric circulation, tropical SSTs, both in the tropical Pacific and North Atlantic Oceans, affect
Amazonian precipitation on seasonal and longer timescales (Figure 3) (e.g., Espinoza et al., 2016; Marengo
and Espinoza, 2016). SST anomalies in both ocean basins have helped cause seasonal drought in parts of
Amazonia during the instrumental era (Marengo & Espinoza, 2016). Tropical North Atlantic SST has a strong
influence on rainfall across southern and western Amazonia (Lewis et al.,, 2011; Marengo & Espinoza, 2016;
Yoon & Zeng, 2010). Warmer waters north of the equator in the tropical Atlantic draw the rainfall belt north-
ward, leading to convergence north of the equator and subsidence over southern and western Amazonia
(Cox et al., 2008). Eastern tropical Pacific SST has a stronger impact on precipitation in northern, central,
and eastern Amazonia (Jimenez-Munoz et al.,, 2016; Ronchail et al., 2002). Here we are specifically interested
in the oceanic drivers of interannual rainfall anomalies; our analysis of SSTs and GPCCv7 precipitation data
suggests that tropical North Atlantic SSTs appear to drive much of the rainfall near Lake Limén (Figure 3).
On multi-year timescales, the tropical Pacific shows a weak and geographically inconsistent relationship with
rainfall in Peruvian Amazonia (Figure 3b).

Mean monthly temperatures near Lake Limén exhibit a limited annual
range of ~2°C, and annual precipitation has a bimodal distribution that
closely follows the seasonal migration of the tropical rainfall belt and
the South American Monsoon System (SAMS) (Correa-Metrio et al.,

Element PC1 (40%) PC2 (28%) PC3 (16%) 2010). Precipitation is highest in austral spring to fall, when surface
Al 0.92 033 _0.50 heatm'g is stro'ngest' over northern 'PEI”U and the surround{ng reglon.
Si 0.28 0.12 —0.92 In spring, precipitation over Lake Limén peaks as the tropical rainfall
S 0.10 —0.95 0.05 belt migrates to the south over northern Peru, and precipitation peaks
K 0.54 —0.12 —0.81 again in austral fall as the rainfall belt migrates back over the region
Ca L —lile —0.02 from the south to north (Vera et al., 2006; Zhou & Lau, 1998).

Ti 0.92 —-0.27 —-0.23

Mn —0.11 —0.42 0.00 4.2. Lake Limon Elemental Variability

Fe 0.68 —0.85 0.03

Rb 0.92 —0.34 —0.21 We conducted rotated EOF analysis to determine the primary modes
Sr 0.03 —0.26 0.36 of sediment elemental variability (Table 2 and supporting information

Note. Significant correlations between elements and principal components
shown in bold font. Percent variance explained by each principal component
shown in parentheses.

Figure S2). We find that Principal Component 1 (PC1) explains the
most variance (40%) and is positively correlated with the abundance
of the terrestrial elements Al, K, Ti, Fe and Rb, and negatively
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Figure 4. Correlations between Lake Limon PC1 and observations of precipi-
tation and sea-surface temperatures. (a) Correlation coefficient between
Lake Limén PC1 and September-March GPCCv7 (Schneider et al., 2014) pre-
cipitation (5-year bins). (b) Correlation coefficient between Lake Limén PC1
and annual mean NOAA ERSSTv4 (Huang et al., 2015) sea-surface tempera-
tures (5-year bins). Stippling in both panels marks regions with significant
correlations (p < 0.05). Correlations calculated during the time periods 1901-
1972 CE (GPCCv7) and 1854-1972 CE (ERSSTv4). Red square in South America
indicates the location of Lake Limoén. Red line (a) outlines the Amazon drai-
nage basin, and red box (b) outlines tropical North Atlantic region used for
correlation with Lake Limén PC1. Scatter plot (c) shows the relationship
between the 5-year binned Lake Limén PC1 and 5-year binned GPCCv7
precipitation anomalies (see Table 1 for region used to make GPCCv7 preci-
pitation time series).

correlated with Ca abundance (Table 2). Positive values reflect strong
inputs of terrestrial elements (e.g., Ti) and low abundances of Ca (e.g.,
Balascio & Bradley, 2012; Finkenbinder et al., 2014; Matthews-Bird et al.,
2017). PC1 is correlated with instrumenal SST and precipitation variability
(Figure 4). Although PC2 is weakly correlated with instrumental records,
the relationships are non-significant, so we do not further discuss them
here (Table 1).

Elevated abundances of terrestrial elements, such as those driving PC1,
can indicate lower lake level (through an increase in the amount of erod-
ible material as the shoreline approached the lake center during periods
of low water level), or increased transport (via runoff). The steep bathy-
metric profile of Lake Limén suggests that lower lake levels would not sig-
nificantly impact grain size in the center of the lake because changes in
lake level would not considerably change the distance from the shoreline
to the center of the lake (Figure 1c). The closest shorelines to the coring
locations are located above the steepest portions of the lake bottom, sup-
porting our assertion that lake level changes would not appreciably
change the proximity of the coring location to the nearest shoreline
(Figure 1c). Furthermore, low-resolution grainsize analysis on the most
recent ~600 years of sediment shows little to no relationship with PC1,
suggesting that increased grainsize from shifting shoreline location did
not consistently play a role in driving PC1 variability (supporting informa-
tion Figure S3). We have estimated lake volume changes and associated
shoreline changes with sequential Tm volume losses and find that each
1m loss of lake depth would change lake volume ~8-10% (supporting
information Table S2), and a lake volume loss of ~25% would not appreci-
ably shift the shorelines closest to the coring locations (supporting infor-
mation Figure S4).

CaCO3 normally precipitates under drier conditions; increased Ca drives PC1
in the opposite direction as the terrestrial elements, indicating that PC1 is
recording increased transport (wetter) versus higher CaCOs (drier) conditions
in the basin around Lake Limén (Cohen, 2003). We do not think this lake sys-
tem is calcium starved because of the relatively high Ca concentration in the
water column (supporting information Table S3). X-ray diffraction (XRD) ana-
lysis of the upper sediments in the core suggests that calcite is the dominant
Ca-containing mineral present in the sediments, supporting our interpreta-
tion of the Ca signal in the sediments (supporting information Table S4).
We thus have confidence that the PC1 signal is primarily a relative wet/dry
(precipitation) signal.

4.3. Instrumental Record Comparison

Direct comparison of PC1 with gridded instrumental climate observations
confirms that the Lake Limén elemental proxy record is sensitive to hydro-
climatic variability. Lake Limén PC1 is significantly correlated with wet-
season GPCCv7 precipitation (Schneider et al., 2014) (September-March,
r=0.65 p<0.02, 72-year overlap; 5-year bins account for proxy age-
model uncertainty) in western Amazonia (Figures 4a and 5a). However,

precipitation in the Amazon Basin is spatially heterogeneous and observations of precipitation tend to be
relatively short and sparse. Additionally, there are no instrumental rainfall records near Lake Limén before

~1950 CE.

Due to the lack of consistent rainfall data, we also compared the Lake Limén PC1 directly to SST anomalies,
which play a role in driving hydroclimatic variability in Amazonia (e.g., Espinoza et al., 2011, 2016; Li et al,,
2011; Marengo & Espinoza, 2016). We find a weak, non-significant relationship among Lake Limén principal
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Figure 5. Lake Limon first principal component of elemental variation, Lake Limén charcoal count, tropical Atlantic SST,
and local wet-season precipitation. (a) First principal component of Lake Limén hydroclimatic variability, plotted in black
(5-year bins), tropical North Atlantic SST plotted in red (6-22°N and 80-15°W, 5-year bins), and wet-season precipitation
plotted in blue (8°-7°S, 77°-76°E, 5-year bins, September-March, dashed line indicates poor data coverage before 1950 CE).
Correlation coefficients between Lake Limén and 5-year bins of each time series shown above associated time series. (b)
First principal component of Lake Limén hydroclimatic variability, plotted in black as a 5-year moving average, ~564 to
1972 CE. Long-term mean shown as dotted line at zero. Dark and light shaded boxes outline one and two standard
deviations above and below the mean. Vertical shaded gray lines show dry periods below one standard deviation, vertical
shaded brown lines show dry periods below two standard deviations, and vertical blue shaded lines show wet periods
above one standard deviation in western Amazonia. Arrows indicate major elemental contributions to Lake Limén principal
component. Lake Limon principal component and instrumental observations shown as 5-year bins to account for lake age
model uncertainty. Charcoal concentration data (blue vertical bars; see Materials and Methods) shown in 40-year bins to
account for age uncertainty associated with cross-core correlation within Lake Limén.

components and tropical Pacific SST on interannual timescales (5°S-5°N and 170-120°W; 119-year overlap; 5-
year bins; Table 1). We also compare Lake Limén PC1 with tropical North Atlantic SST data (5-22°N and 80-
30°W; 119-year overlap; 5-year bins); the tropical North Atlantic is closely related to anomalous migration
of the tropical rainfall belt in the American Tropics and associated droughts in Amazonia (Espinoza et al.,
2011; Fernandes et al., 2015; Yoon & Zeng, 2010). The Lake Limén PC1 time series is significantly correlated
with tropical North Atlantic SSTs (r=—0.59, p < 0.01; Figures 4b and 5a). Significant spatial correlation during
the instrumental era between tropical North Atlantic SSTs and gridded station-based rainfall data in the
Peruvian Amazon confirms that tropical SSTs in this region have been a recent driver of southern and western
Amazonian hydrologic variability on interannual to decadal timescales (Fig. 3a; Fernandes et al., 2015). This
tropical North Atlantic SST-Peruvian Amazon precipitation relationship remains robust during the more
recent satellite era as well (not shown). Thus, multiple lines of evidence (modern North Atlantic-western
Amazonia rainfall teleconnection pattern, the relationship between PC1 and tropical North Atlantic SST,
and the relationship between PC1 and observed western/southern Amazonian precipitation) suggest that
Lake Limodn provides a useful proxy record of past hydroclimatic variability in western Amazonia.
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4.4. Drought Analysis

Based on the evidence outlined above, we use our ~1,400 year Lake Limén record of elemental abun-
dance to study pre-instrumental hydroclimatic variability. We identify 31 dry periods in which elemen-
tal abundance, which we interpret as a proxy for western Amazonian precipitation, was at least one
standard deviation below the mean and 15 periods in which it was at least two standard deviations
below the mean (Figure 5). These inferred droughts range in estimated length from 1 to 24 years with
a mean of 7 years (Figure 6). We also find 26 pluvials in which precipitation was at least one standard
deviation above the mean; the longest wet period may have lasted as long as ~80 years (~1290-
1370 CE).

These results should be considered with two important caveats. Although a comparison between Lake Limén
PC1 and local precipitation (5-year bins) indicates these time series are well-correlated, their distributions are
not identical, suggesting there may be a large amount of noise in the PC1 hydroclimatic signal (Figure 4c).
Therefore, a 1-sigma departure from the mean in Lake Limén PC1 likely does not indicate that local precipita-
tion has experienced a 1-sigma ‘drought’, but rather a relative dry period. Additionally, the Amazon-Andes
transition zone in western Amazonia experiences highly heterogeneous rainfall (e.g., Espinoza et al., 2015),
and the region showing a significant relationship between local GPCCv7 precipitation and Lake Limén PC1
(Figure 4a) is confined to a small area within Peru, so these results should be extrapolated cautiously beyond
the Peruvian Amazon.

Furthermore, the Lake Limén sediment record is not annually resolved (e.g., by annual varves), but sediment
accumulation rates appear to have changed slowly over the last 1,400 years (Figure 2). Our estimates of
drought duration are based on these slowly changing mean rates. This approach may underestimate drought
durations in western Amazonia given the likelihood that sedimentation slowed during dry periods due to
decreased terrigenous element input offset by modest increases in more evaporitic elements (e.g., Ca).
Similarly, our record may overestimate the duration of pluvial periods due to higher sediment accumulation
rates during wet periods.
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Figure 6. Lake Limoén PC1 and simulated western Amazonian drought distributions over the last millennium. (a) CMIP5 pre-
cipitation drought distribution 1o below 850-1850 CE mean. (b) Lake Limén PC1 drought distribution 1o below mean. (c)
CMIP5 precipitation drought distribution 26 below mean. (d) Lake Limén PC1 drought distribution 2o below mean
(Methods). Individual CMIP5 model minimum and maximum number of drought events shown with vertical lines in (a)
and (c).
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Power
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4.5. Charcoal, Human Occupation, and Drought

Occupation of this basin by humans would have been limited by the saline lake water, but a long history of
occupation at neighboring Laguna Sauce, about 2 km to the east (Bush et al.,, 2016), would have ensured
some human influence on the catchment. The presence of charcoal in Lake Limén sediments, almost cer-
tainly attributable to human activity, supports our interpretation of PC1 (Figure 5b). Until ~1500 CE, the catch-
ment likely experienced fire followed by erosional events (wet periods) that washed both sediment and
charcoal into the lake, causing a peak in both PC1 and charcoal count (e.g., Colombaroli & Gavin, 2010).
Elevated charcoal counts during the 14t century confirm that the region experienced extensive erosion dur-
ing this extended pluvial. Following this wet event, there are fewer charcoal peaks, suggesting a lack of sig-
nificant human impact in the catchment after ~1500 CE, a finding corroborated by charcoal and pollen counts
in Laguna Sauce (Bush et al., 2016) and a possible regional collapse of local indigenous cultures following
European contact. Although the presence of charcoal during certain time periods tends to coincide with data
from Laguna Sauce, the interpretation of the charcoal results from Lake Limén have certain limitations. For
example, the presence of charcoal is often interpreted as an indicator of fire and/or human occupation. It
is possible that humans intermittently occupied the basin around Lake Limon, creating periods of intermit-
tent charcoal production relatively unrelated to pluvial activity. However, the saline inlet to the lake suggests
that the lake water would have remained relatively salty (and thus likely unusable as a drinking water or irri-
gation water source), even during relatively wet intervals.

4.6. Comparing Paleo-Inferred and Simulated Hydroclimatic Variability

The latest CMIP5 model projections indicate that much of Amazonia will experience a trend of decreasing
precipitation over the 21°' century, and decreased soil moisture as temperatures continue to increase
(Christensen et al., 2013; Diffenbaugh & Giorgi, 2012; Jimenez-Munoz et al., 2016). The potential for future
multi-year drought in the region is particularly troubling in context of the warming and drying trend that
is leading to increasingly hot and severe drought in the region (Jimenez-Munoz et al., 2016). However, many
CMIP5 models show a dry bias over Amazonia (e.g., Yin et al, 2013). Furthermore, previous studies have
shown that many CMIP5 models underestimate decadal to centennial hydroclimatic variability in many

regions of the globe, and these models may underestimate the risk

of severe drought in Amazonia (e.g. Ault et al., 2012, 2014). Here, we

..... Timon PCT test this hypothesis with our new 1,400-year Lake Limén record
e South American Paleo Mean . . ) - .
GMIES LM Multt Model Meen (Figure 7) and with other hydroclimate-sensitive records from tropical
R e CMIP5 PIC Multi-Model Mean . .
CMIP5 PIC Individual Models South America (Figure 1a and Table 1).

Whereas Lake Limén PC1 hydroclimatic variance increases from inter-
annual to centennial timescales, CMIP5 precipitation variance is more
uniform across timescales (e.g., Parsons et al., 2017), indicating that
these models simulate less low-frequency variability in western
Amazonia than we observe in our record (Figures 6 and 7). This mis-
match cannot be explained by a problem with model resolution at
the Amazon-Andes transition zone (e.g., Guimberteau et al., 2013;
Yin et al., 2013) because we find similarly ‘white’ simulated precipita-
tion spectra across much of tropical South America in most CMIP5
models (supporting information Figure S5) (Parsons et al., 2017).
These results suggest that CMIP5 models may underestimate the risk
of decadal and longer droughts, and generally underestimate past

10 2 .1
10 10

Frequency (1/Year)

Figure 7. Lake Limén PC1, Amazonian paleoclimate mean, and CMIP5 precipita-
tion power spectra. The Lake Limén PC1 spectrum is shown in black, the
Amazonian paleoclimate spectral mean is shown in green, and the CMIP5 power
spectra are shown in gray (control simulations) and red (transiently forced Last
Millennium simulations). All spectral estimates plotted in evenly spaced frequency
bins (spaced at equal 0.2 log intervals). Individual power spectra of Amazonian
paleoclimate records shown in supporting information Figure S6.

large-scale shifts in precipitation over South America that have been
inferred from the paleoclimate record (e.g., Rojas et al., 2016).

The spectra calculated from other hydroclimate-sensitive paleocli-
mate records from near or within the Amazon Basin support our find-
ing that hydroclimatic variance increases with timescale (Figures 7
and supporting information Figure S6). Paleoclimate records in the
region all agree that hydroclimate varies more strongly over multi-
decadal to centennial scales than over interannual to decadal scales.
Although formation processes in certain paleoclimate records may
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Figure 8. Lake Limon PC1(black lines) and other tropical South American paleoclimate records (colored lines). (a) Palestina
speleothem 5'%0 (Apaestegui et al., 2014), (b) Laguna Sauce sediment redness (Bush et al., 2017), (c) Pau d’Alho spe-
leothem §'20 (Novello et al., 2016) (d) Cascayunga speleothem 5'% (Reuter et al., 2009), (e) Cariaco Basin %Ti record (Haug
etal, 2001), (f) NATL SST tree-ring reconstruction (Gray et al., 2004), and (g) Cariaco Basin Mg/Ca SST anomalies (Black et al.,
2007). Note reversed axes on panels d, f, and g.

smooth much of the sub-decadal hydroclimatic variability (Dee et al, 2017), these processes typically
decrease interannual variability and do not increase low-frequency variability, so the low-frequency variabil-
ity observed in these records may be a real part of the climate system.

Many hydroclimate-sensitive paleoclimate records around tropical South America tend to agree on periods of
multidecadal-centennial scale variability (e.g., Apaestegui et al., 2014; Bird et al., 2011; Vuille et al., 2012). For
example, multiple 380 records indicate the South American monsoon experienced changes during the so-
called ‘Medieval Climate Anomaly’ and ‘Little Ice Age,’ but the interannual-decadal details of these records
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often do not agree (e.g., Novello et al., 2016). Dating uncertainties and noise unrelated to regional climate
signals in paleoclimate data can limit interpretation of these records, and the Lake Limén record is no excep-
tion (Figure 8). For example, although the Brazilian Pau d’Alho cave 8'80 variability (Novello et al., 2016)
shows some general similarities to Lake Limén PC1 ~1200-1600 CE, this agreement does not continue
throughout the time overlap between the two records (Figure 8c). Similarly, the Cascayunga §'%0 (Reuter
etal, 2009), Cariaco basin (Haug et al, 2001), and Palestina cave 8'80 (Apaestequi et al.,, 2014) variability show
inconsistent similarities to Lake Limoén PC1 (Figure 8 and Table 1). Regardless of this disagreement, all of these
records show relatively ‘red’ spectra, suggesting that either background hydroclimatic variability in this
region is similarly ‘red’, all of these paleoclimate records are recording non-climatic red noise in different
ways, or we are misinterpreting the signals from these paleoclimate records (supporting information
Figure S6).

5. Conclusions

Our paleo-model comparison indicates that there is a low-frequency disagreement between simulated and
paleoclimate-inferred hydroclimatic variability around tropical South America. If we are correctly interpreting
the signals from these paleoclimate records, then the latest Earth system models used to estimate future
drought risk in Amazonia may underestimate the background risk of prolonged drought (see supporting infor-
mation Figure S7 for drought distributions of individual CMIP5 models). The Amazonian Lake Limén record
supports this finding, as do other paleoclimate records in South America (supporting information Figure S6)
and elsewhere (e.g., Ault et al., 2013). The latest Earth system models simulate a western Amazonian drought
approximately once per century in the last millennium (~850-1850 CE), but the Lake Limén record indicates
this region has experienced an average of at least two droughts per century over the same time period.
CMIP5 models show similar hydroclimatic variability across the entire Amazon basin (e.g., Parsons et al.,
2017), so this paleo-model mismatch likely cannot be explained by model resolution in the Amazon-Andes
transition zone. Moreover, the general pattern of increasing hydroclimatic variance with timescale observed
in paleoclimate records indicates that even longer multi-decadal droughts can occur, and that this possibility
should be taken into account in climate adaptation planning; this is also a hypothesis that needs to be tested
with annually-resolved hydroclimatic records that are even longer than our Lake Limén record. The Lake
Limén hydroclimate record provides resource managers with an extended observational basis for estimating
future risk of multi-year and longer drought; the updated drought risk estimate based on Lake Limén data is
greater than the risk inferred from the short instrumental records or the latest Earth system models.

Proponents of forest management strategies, such as REDD+, should take note that natural variability alone
can generate periods of below-average precipitation significantly longer than the seasonal droughts that
have occurred in the recent instrumental period. Even recent seasonal droughts have led to increased fire fre-
quency; in the Brazilian Amazon, 21°* century droughts have increased fire incidence and associated carbon
emissions, despite declines in deforestation rates (Aragdo et al., 2018). Although the forests persisted through
multiple inferred dry periods from the Lake Limén record over the last ~1,400 years, their resilience may be
undermined in the future by non-climatic stresses on the forest in addition to continued warming (Bush et al.,
2016; Gloor et al., 2015). For example, severe drought in Indonesia facilitates large fires and increased land use
(Field et al., 2009); similarly, the synergies of multi-year drought and associated increased forest flammability
combined with increased land use pressure, could exacerbate land conversion challenges in the Amazonian
forest. Thus, the threats to Amazonian biodiversity, carbon storage, water cycling, and other critical forest ser-
vices could be significantly larger than previously anticipated given the combination of multi-year drought
and warming.
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