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Abstract
The effects of rising greenhouse gas concentrations on precipitation and vegetation in the
Amazon Basin is a topic of significant interest for both the public and scientific communities.
Under future climate change the Amazon region is projected to warm several degrees by 2100,
but model projections of precipitation change remain uncertain. Without reliable projections of
future precipitation, it will be difficult to estimate how vegetation will be impacted by climate
change. To help understand the full range of natural hydroclimatic variability in the Peruvian
Amazon, as well as the large-scale controls on this variability, we produced a multi-centennial
multi-indicator record of hydroclimatic variability for the region using sediments from a small
lake. Employing both elemental abundances inferred from scanning micro-X-ray fluorescence
(µ-XRF) techniques, and grain size measurements, we show that the full range of regional
hydroclimatic variability includes regular (i.e., about one per century in the last ca. 1500 years)
droughts. Furthermore, our results suggest that tropical North Atlantic sea surface temperature
(SST) variability has been the main influence driving changes in precipitation on decadal to
centennial timescales, with warmer SSTs associated with reduced precipitation over the Amazon
region. A warmer North Atlantic Ocean (NATL) displaces the Intertropical Convergence Zone
(ITCZ) further north, leading to convergence north of the equator and subsidence over the
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Amazon. The opposite occurs when the NATL is anomalously cool. Eastern Tropical Pacific
SST variability may have also played a lesser, but still important role on climate in this region.
Continued warming of surface air temperatures in the Amazon and SSTs in the tropical NATL
could favor more severe drought in the western Amazon Basin in the future, but in any case,
severe drought should be considered a real threat for the region until proven otherwise.

Introduction
The Amazon Basin is consistently an area of interest when discussing future climate
change, as the full effects of increasing greenhouse gas emissions in this region are still
unknown, but are potentially significant for the carbon cycle, biodiversity, and regional
populations. Temperature is expected to rise 2-4°C over the 21st century, but precipitation
projections are not as well constrained, especially for the western Amazon, with some models
showing an increase in the frequency and severity of drought events, and others showing an
increase in precipitation or no change at all [Christensen et al., 2007; Malhi et al., 2008; Betts et
al., 2004, 2008]. Recent studies seek to determine the effects of these future changes on
Amazonian vegetation by studying recent droughts and the resultant vegetation changes [Saleska
et al., 2007; Lewis et al., 2011; Phillips et al., 2009]. The potential conversion of forest to
savannah has large implications for both the carbon cycle and biodiversity in this biologically
diverse region [Betts et al., 2004, 2008]. However, without accurate predictions of future
precipitation, it is difficult to forecast just how vegetation will change in the future. In addition, it
is critical to know the full range of climate variability that the Amazon ecosystems have endured
prior to the rise of anthropogenic climate change.
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Tropical SST, both in the Eastern Pacific and NATL oceans, affects rainfall over the
Amazon Basin and has been shown to cause extreme drought in this region, with warm SST
resulting in reduced precipitation (when the NATL is warm, the ITCZ is displaced northward
leading to convergence north of the equator, and subsidence over the Amazon) [Yoon and Zeng,
2010; Grimm and Zilli, 2009; Li et al. 2006; Harris et al., 2008, Lewis et al., 2011]. The future
effects of increasing Pacific SST on the El Niño/Southern Oscillation (ENSO) are still debated,
and increasing Atlantic SST would likely result in drought in the Amazon [Meehl et al., 2007;
Yoon and Zeng, 2010]. In order to understand how climate change-induced SST increases might
affect precipitation in the future, we must first understand how tropical SSTs have influenced
rainfall in the past.
Paleoclimate studies have proven useful in the search to understand tropical Pacific and
Atlantic SST variability, as well as long-term climate variability over the Amazon Basin, on
decadal and longer time scales. Reuter et al. [2009] used oxygen isotopes from a Peruvian
speleothem to show that prior to the 20th century, rainfall in northern South America was
correlated with tropical Atlantic SST variability. However, this relationship breaks down in the
20th century, which they attributed to a strengthened ENSO influence. Past Pacific SST
variability has similarly been inferred from regional climate changes recorded in oxygen isotopes
from multiple ice cores in Peru and Bolivia [Thompson et al., 1984; Bradley et al., 2003;
Henderson et al., 1999]. Also using ice core oxygen isotope records, Thompson et al. [1995]
demonstrated that strong warming dominated the Amazon over the last two centuries.
Unfortunately, the interpretation of oxygen isotope variations found from tropical ice cores is
only recently beginning to be understood [Hoffmann, 2003; Vuille and Werner, 2005]. Other
records from this region that record past climate variability have been collected from Lake
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Titicaca, located on the Altiplano, and the Cariaco Basin located offshore of Venezuela [Baker et
al., 2001; Haug et al., 2001; Black et al., 2007]. However, reconstructions from Lake Titicaca
are low-resolution, and Cariaco Basin proxy records are more influenced by climate variability in
northern South America rather than the Amazon Basin. Thus, high-resolution records from the
Amazon Basin itself are needed.
Here we use lake sediments from north-central Peru, on the western edge of the Amazon
Basin at 600m elevation, to reconstruct precipitation over the past ~1500 years. We show that
rainfall over this period appears to be strongly linked to tropical NATL SST on decadal to
centennial timescales. Tropical Pacific SST appears to have also played a smaller, but still
important, role in driving climate in this region. It also appears that the western Amazon has
been affected by multiple droughts over pre-industrial time.

Study Site
Lake Limón (6˚43’S, 76˚14’W) is located in north-central Peru at the base of the eastern
flank of the Andes Mountains (Fig. 1). It lies at 600m in elevation on the western edge of the
Amazon Basin and is a relatively small, crescent-shaped basin (~535m in length and ~80m in
width). The lake has one small, hypersaline inlet and one outlet, and at its maximum depth of
13.6m it reaches salinity levels of 70‰. The lake is located within a salt dome, and thus the
hypersalinity is most likely due to natural seepage of NaCl. Mineral composition of the sediment
is mostly quartz, but also contains calcite and muscovite. Lake Limón is anoxic below ~5m,
inhibiting bioturbation and favoring the preservation of local climate signals.
Mean monthly temperatures near Lake Limón exhibit a limited annual range of ~2ºC, and
annual precipitation has a bimodal distribution that closely follows the seasonal migration of the
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ITCZ and the South American Monsoon System (SAMS) (Fig. 1) [Correa-Metrio et al., 2010].
Precipitation is highest during austral spring, in September and October, when surface heating is
strongest over northern Peru. This corresponds to the onset of the wet season over South
America and the start of the SAMS. The region of highest precipitation then migrates southeast
to the subtropics, where it remains for the duration of the summer, reducing precipitation over
northwestern South America. In austral fall, precipitation over Lake Limón is again high as the
ITCZ migrates back into the northern hemisphere and the SAMS decays, passing over northern
Peru [Vera et al., 2006; Zhou and Lau, 1998, 2001].
Eastern tropical Pacific and Atlantic SST play a major role in driving precipitation on
interannual to decadal time scales over the Amazon through their influence on the location of the
ITCZ and the trade winds (Fig. 2). Warm tropical NATL SST results in reduced precipitation
over the Amazon. The warmer waters north of the equator displace the ITCZ northward leading
to convergence north of the equator and subsidence over the Amazon region. Conversely, when
tropical NATL SSTs are anomalously cool, the ITCZ is shifted southward, resulting in enhanced
moisture over Amazonia. Precipitation over most of the Amazon reacts similarly to changes in
eastern tropical Pacific SST, particularly during ENSO events. During an El Niño event, rainfall
is typically reduced over the Amazon as a whole, and conversely, precipitation is typically
enhanced during a La Niña event [Marengo and Hastenrath, 1993; Yoon and Zeng, 2010; Grimm
and Zilli, 2009; Paegle and Mo, 2002]. However, our lake location, at the base of the Andes
Mountains on the very western edge of the Amazon, responds to tropical ENSO in a slightly
different manner than the rest of the Amazon Basin. El Niño events have been shown to result in
slightly higher annual precipitation near Lake Limón, with La Niña events resulting in slightly
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lower annual precipitation. However, during La Niña events, there is anomalously high rainfall
during the month of May [Correa-Metrio et al., 2010].

Methods
Field Methods:
We retrieved 3 piston cores (LP-1, LP-2, and LP-3), 4-5m in length, from multiple drives
near the center of Lake Limón at a water depth of 13m. We also retrieved 6 gravity cores (LU-1,
LU-2, LU-3, LU-4, LU-5, and LU-6), taken from within 50m of the piston cores, in order to
capture the sediment-water interface. Each core was taken from between 12 and 13.5m depth and
captured the mud-water interface with minimal mixing. We extruded the top portion of each core
at 0.25cm increments in order to prevent mixing during transport. For this study, we produced a
composite of LP-3 (4.8m long) and LU-5 (1.2m long taken at 12.2m depth) by correlating the
two cores where they overlap using both lithologic and chemical tie points.

Age Model:
To construct an age model, 21 radiocarbon dates were obtained from terrestrial material
found in both gravity and piston cores, and 12 210Pb measurements were acquired from the
uppermost sediment in the gravity core (Table 1). We correlated the cores and built a master
chronology using both lithologic and chemical tie points. To determine if there is a reservoir
effect in the lake, we sampled modern unsubmerged terrestrial vegetation and modern
submerged aquatic macrophyte samples for 14C. Both samples reflected the presence of bombproduced radiocarbon, and the fraction modern carbon (F14C) values fall within error of each
other (1.016 ± 0.012, 1.033 ± 0.011, respectively) [Hua and Barbetti, 2004; McCormac et al.,
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2004]. We therefore determined that there is no reservoir effect in this lake. We excluded three
14

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 most likely washed in
years after deposition on the catchment floor.
Pretreatment for radiocarbon samples was performed using the standard acid-base-acid
procedure of HCl and NaOH to remove any carbonates and humic acids [Hedges et al., 1989].
The samples were then combusted at the University of Arizona Accelerator Mass Spectrometry
(AMS) facility. Twelve additional samples, taken at 2cm 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 210Pb and 137Cs activity
measurement. 210Pb ages were calculated using the constant rate of supply model [Appleby and
Oldfield, 1983; Appleby, 2001]. 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 14C dates using the
SHCal04 calibration dataset, then produces a “best fit” age model using a LOESS smooth curve
function through both 210Pb and 14C dates [McCormac et al., 2004]. After all age reversals were
removed, over 1000 iterations remained to produce the final age model (Fig. 3).

µ-XRF and Grain Size Procedures:
To sample the sediment for µ-XRF analysis, we took thin-sections from both gravity and
piston cores. We then performed acetone exchanges to remove water in the sediment. In order to
reduce noise due to water formation and surface roughness during µ-XRF measurements, we
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embedded the sediment in resin using standard procedures as described in Pike and Kemp
[1996]. We measured the elemental abundances of 11 elements (Al, Si, S, Cl, K, Ca, Ti, Mn, Fe,
Rb, and Sr) using an EDAX Eagle III tabletop scanning µ-XRF analyzer at the University of
Arizona. Machine specifics can be found in Shanahan et al. [2008].
Grain size samples were taken from the gravity core (including surface sediment extruded
in the field) at contiguous 0.5cm intervals and pretreated using a modified technique from D.
Rodbell (http://www1.union.edu/rodbelld/grainsizeprep.htm). To extract any carbonates we
added a 15% HCl solution. H2O2 is the standard protocol for removing any organic material,
however, to save time we first treated the samples for 3 days with bleach (6% NaClO) which has
also been shown to remove organics [Gaffey and Bronnimann, 1993]. We then used a 30% H2O2
solution to remove any remaining organics. Finally, we used a 1M NaOH solution to remove any
biogenic silica, and added a dispersant (NaPO3)6 to prevent aggregation of clay-sized particles.
Between each step we rinsed, centrifuged, and decanted all samples three times. Samples were
then measured using a University of Arizona Malvern Mastersizer 2000 laser-diffraction particle
size analyzer together with a Hydro 2000S sample dispersion accessory. We measured each
sample 5 times at 3500 rpm and 50% sonication for 1 minute prior to and during measurement,
and then averaged the results.

Results and Discussion
We used both elemental abundances and grain size to determine hydroclimate variability
at Lake Limón (Fig. 4). Elemental abundances can trace changes in lake levels, transport energy,
and water chemistry within the lake [e.g., Shanahan et al., 2008; Niemann et al., 2009; Böning et
al., 2007; Moreno et al., 2007]. The profiles of all elements are shown in Appendix A. To
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determine which elements explain the majority of the variability, we performed principal
components analysis (PCA) on the annualized elemental correlation matrix. The first 3 principal
components together explain 79.3% of the variance, but only the first two exhibit correlations
with climate and are discussed here. The first principal component explains 38% of the variance
and is positively correlated with the abundance of the terrestrial elements Al, K, Ti, Fe and Rb,
and negatively correlated with Ca abundance. Thus, positive values indicate more terrestrial
elements and less Ca, and negative values indicate more Ca and less terrestrial elements. The
second principal component explains 24% of the variance and is positively correlated with Si,
and inversely correlated with S, Ca, Mn, Fe, and Sr abundances. The loadings of each element on
the first 3 PCs are shown in Appendix B. Both principal components vary significantly on
decadal and centennial timescales, but also include periods of interannual extremes as well.
We also use grain size as an independent indicator of Lake Limón’s hydroclimatic
variability. Changes in grain size can indicate changes in transport energy and lake level within
the watershed. Thus, we attempted to provide an independent test of our interpretation of the
XRF data by sampling the surface core (LU-5) for grain size. Clay size particles (<3.9µm) were
absent throughout the sampled period and are therefore not shown. Nearly all of the particles are
silt sized (3.9-62.5µm) for the majority of the core. However there are four periods in which the
percentage of sand sized (>62.5µm) particles increases to at least 20%, and at times as much as
50%.
Terrestrial elements, such as those driving PC1, can indicate lower lake level (through an
increase in the amount of erodible material due to increased catchment size), or increased
transport (via runoff). CaCO3 normally precipitates under drier conditions, and since it drives
PC1 in the opposite direction as the terrestrial elements, this would indicate that PC1 is recording
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increased transport as opposed to lower lake level [Cohen, 2003]. We thus interpret this signal to
be related to precipitation. Normally we would use instrumental records of precipitation to
confirm this hypothesis. However, precipitation records from this region are sparse and only
overlap with elemental data for at most 20 years; and although our proxy data are relatively highresolution, they are not annual. Fortunately, Yoon and Zeng [2010], among others, have shown
that both the tropical Pacific and NATL oceans play a major role in precipitation over this region
[Grimm and Zilli, 2009; Paegle and Mo, 2002]. When we compare PC1 to SST data (NCDC v3b
ERSST reconstruction obtained from the KMNI Climate Explorer) over the instrumental period,
we find that it correlates significantly with the core NATL source region (6-22ºN and 80-15ºW)
described by Yoon and Zeng [2010] (r = -0.63, p < 0.05; Table 2; Fig. 5). This supports our
interpretation that PC1 reflects precipitation, and shows that it is controlled, at least in part, by
tropical NATL SST, with warm SST resulting in less precipitation and cool SST resulting in
more precipitation.
Based on the modern NATL-Amazon teleconnection pattern and the relationship between
PC1 and tropical NATL SST, we use our 1500 year record of elemental abundance to infer past
precipitation anomalies. We identify positive rainfall anomalies from 564 to ~570 AD, ~650 to
700 AD, and ~1280 to 1365 AD, as well as multiple periods in which precipitation is well below
average, such as ~700 to 750 AD, ~925 AD, and ~1640 to 1660 AD. There is also a shift from
wetter to drier conditions starting at ~1350 AD. Grain size also shows a shift from coarser to
finer grains around the same time that PC1 shows a shift to drier conditions, implying that
precipitation is in fact decreasing during this time. However, % sand increases again at ~1735
AD and during the 20th century, which is not recorded in PC1. This may be explained by the fact
that during grain size pre-treatment we removed any biogenic Si and CaCO3 from the samples.
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However, both of these signals are still contained in the XRF record. In addition, since the lake is
strongly stratified, the changes in grain size may also be impacted by density currents. Therefore,
it may prove difficult to infer much from a comparison of our grain size record with the XRF
record.
Our record shows variable and unexpected correlations with paleoclimate records from
other sites in tropical South America. The %Ti record of runoff to Cariaco Basin follows a
similar pattern to PC1 on multi-decadal timescales with a 15-year bin correlation of 0.5 (p <
0.01; Table 2; Fig. 6) [Haug et al., 2001]. However, we would expect these sites to be negatively
correlated based on the interpretation of each record. A possible alternative hypothesis could be
that since the Ti input to Cariaco Basin is coming from northern South America, it is responding
in a similar manner as PC1 to tropical NATL SST. According to Yoon and Zeng [2010], tropical
NATL SST is negatively correlated with precipitation over almost all of South America north of
20°S. Thus, when the NATL is warm, precipitation is reduced over much of the region in which
the rivers carrying Ti to Cariaco Basin originate. Conversely, when the NATL is cool, increased
precipitation over northern South America would result in increased runoff from the rivers
carrying Ti to Cariaco Basin. This relationship is similar to the one between PC1 and tropical
NATL SST and could be the explanation for why we see a positive correlation between PC1 and
%Ti at Cariaco Basin.
Records of NATL SST also seem to follow PC1 on decadal timescales (Fig. 6). Gray et
al. [2004] reconstruct NATL (0-70°N) SST anomalies using tree-ring records from regions with
climates strongly linked to NATL SST anomalies. They show strong correlations with the
observed anomalies, especially on decadal timescales. They reconstruct the AMO (Atlantic
Multidecadal Oscillation) by simply using a 10 year running mean of the SST data, and find
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strong coherence with observed SST in a band from ~30-65 years. When we perform a 15 year
bin correlation analysis between the Gray et al. [2004] reconstruction and PC1, we find a
correlation of r = -0.35 (p < 0.07; Table 2; Fig. 6). However, other records, such as precipitation
from nearby Cascayunga cave and a Mg/Ca SST reconstruction from Cariaco Basin have much
weaker correlations with our record of terrestrial elements (Table 2; Fig. 6) [Reuter et al., 2009;
Black et al., 2007]. This suggests that the tropical NATL may not be the only influence on
precipitation at Lake Limón, and most likely these records as well.
In fact, it appears as though ENSO may also play a small role in climate at Lake Limón.
Since PC2 is driven negatively by Fe, Mn, and S, we thus interpret this to be a redox signal as
these elements are known to be associated with redox reactions that occur within the water
column [Cohen, 2003]. Over the instrumental period, PC2 correlates with the Niño3.4 region
(Table 2; Fig. 5). This implies that warmer equatorial Pacific SST results in fewer redox
elements since PC2 is negatively driven by these elements. In addition, S alone correlates even
more strongly with Niño3.4, with an r-value of -0.57. These results imply that ENSO plays an
additional role in climate at Lake Limón through the altering of redox reactions within the lake
itself.

Conclusions
We present a high-resolution, multi-centennial record of hydroclimate from the central
Peruvian region of the Amazon Basin using lake sediment µ-XRF and grain size analyses. We
find that the first principal component of the XRF data, which explains 38% of the variance, is
positively correlated with multiple terrestrial elements, and negatively correlated with Ca. We
thus interpret this signal to be related to precipitation. Based on correlations with tropical NATL
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SST instrumental data and reconstructions we find that precipitation is largely influenced by
tropical NATL SST. When there are warm conditions in the tropical NATL, the ITCZ is shifted
northward, and less precipitation reaches the western Amazon. We also find that the tropical
equatorial Pacific may play a smaller, but significant role in the climate of this region through
the varying of redox reactions within the lake. With NATL SST projected to increase in the
future due to rising greenhouse gas emissions, and the uncertainty with regards to the effects on
the ENSO system, it is likely that the western Amazon Basin could see much drier conditions in
the future.
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Table 1. Lake Limón age model data, including radiocarbon and 210Pb ages.

Table 2. Correlation coefficients for Limón PC1, PC2 and the NATL ERSST, Niño 3.4, Reuter
et al., Gray et al., Black et al., and Haug et al. records. ERSST and ENSO indices, 1854-1972 (5
year running means). Reuter et al. (1088-1972), Gray et al. (1567-1972), Black et al. (12211972), and Haug et al. (564-1839), 15 year bins. Correlation coefficients at the 95% confidence
interval are shown in bold italics and coefficients at the 90% confidence interval are shown in
bold. Effective sample sizes (shown in parentheses) were used to account for autocorrelation.

21

Fig. 1. Map of South America and monthly precipitation for Saucé (closest station to Lake
Limón), 1964-1977. Red line is outline of the Amazon Basin. ITCZ position from Mayle et al.,
[2000].
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Fig. 2. Correlations between instrumental records of annual 1000mb precipitation (from the
GPCP v2.1 data set) [Adler et al., 2003] and tropical NATL SST anomalies (from the GISST and
NOAA O1 1x1 data sets, shown in panel A, for the region 5.5°N to 23.5°N, 15°W to 57.5°W)
[Enfield et al., 1999] and Niño 3.4 SST (from the CPC data set, shown in panel B) for the period
1979-2007. All data provided by, and correlations computed using the NOAA/OAR/ESRL PSD
in Boulder Colorado at their website (http://www.esrl.noaa.gov/psd/).
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Fig. 3. Limón age model, including radiocarbon and 210Pb ages. “Best fit” age model produced
in clam with a 2 sigma age envelope [Blaauw, 2010]. Dates in purple were used to create the
final age model. Dates in pink 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 were thus
excluded. Inset shows unsupported 210Pb activity with 1 sigma error bars.
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Fig. 4. Limón XRF principal components and grain size values. XRF data shown as 5-year
moving averages, 564 to 1972 AD. Grain size values shown as volume percent silt and sand,
564-2008. (A) PC1. (B) PC2. (C) PC3. (D) Percent silt. (E) Percent sand.
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Fig. 5. Maps showing the spatial correlation coefficients between SST (from the ERSST v3b
data set) and Limón PC1 (panel A) and PC2 (panel B) for the period 1854-1972 (5 year running
means). Warm colors indicate negative correlations, and cool colors indicate positive
correlations. Correlations are statistically significant at the 90% confidence interval and were
computed with the KMNI Climate Explorer.
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Fig. 6. Limón PC1 with climate reconstructions. (A) Cascayunga speleothem rainfall 18O
[Reuter et al., 2009]. (B) Cariaco Basin %Ti Record [Haug et al., 2001]. (C) Limón PC1. (D)
NATL SST tree-ring reconstruction [Gray et al. 2004]. (E) Cariaco Basin SST [Black et al.,
2001]. All data shown as 5-year moving averages. Note reversed axes on panels A, D, and E.
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Appendix A: XRF data. All data given in counts per second (cps) except for the elements
labeled as thousands of counts per second (Kcps). All data shown as 5-year moving averages.
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Appendix B: Elemental loadings on each principal component. Variance explained by each
principal component shown in parentheses.
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