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ARTICLE INFO ABSTRACT

Article history: Here we present high-resolution 8§80 records obtained from speleothems collected in the eastern
Received 14 February 2017 Bolivian Andes. The stable isotope records are related to the regional- to large-scale atmospheric
iece"’e‘é ‘;4?‘“5,?(12;‘;? 7 April 2018 circulation over South America and allow interpreting changes in 880 during the last 1400 yr as a
ceepte Aprt function of changes in precipitation regimes over the southern tropical Andes. Two distinct phases with
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more negative §'°0 values, interpreted as periods of increased convective activity over the eastern

Editor: H. Stoll Andean Cordillera in Bolivia are observed concomitantly with periods of global climate anomalies
Keywords: during the last millennium, such as the Medieval Climate Anomaly (MCA) and the Little Ice Age
speleothems (LIA) respectively. Changes in the Bolivian §'80 record during the LIA are apparently related to a
stable isotopes southward displacement of the Intertropical Convergence Zone (ITCZ), which acts as a main moisture
MCA driver to intensify convection over the tropical continent. During the MCA, however, the increased
Il;lAl' . convective activity observed in the Bolivian record is likely the result of a different mechanism, which
ollvia

implies moisture sourced mainly from the southern tropical Atlantic. This interpretation is consistent
with paleoclimate records further to the north in the tropical Andes that show progressively drier
conditions during this time period, indicating a more northerly position of the ITCZ. The transition
period between the MCA and the LIA shows a slight tendency toward increased 8§80 values, indicating
weakened convective activity. Our results also reveal a non-stationary anti-phased behavior between the
5180 reconstructions from Bolivia and northeastern Brazil that confirms a continental-scale east-west
teleconnection across South America during the LIA.

South American Monsoon

© 2018 Elsevier B.V. All rights reserved.

1. Introduction to the Medieval Climate Anomaly (MCA, ~900-1100 CE.) and
the Little Ice Age (LIA, ~1500-1850 C.E.) (e.g. Bird et al.,, 2011;

Several studies have revealed that important changes occurred Kanner et al., 2013; Novello et al., 2012, 2016; Vuille et al., 2012;

in the mean state of the South American Monsoon System (SAMS)  Apaéstegui et al., 2014). Reconstructions based on oxygen isotopes
during the last millennium, including the period corresponding  (5180) from lacustrine sediments, speleothems and ice core records
document that the MCA was characterized by higher values of

5180, suggesting a weakened SAMS in the Andes. In contrast, the

* Corresponding author. LIA shows opposite conditions with lower §'80 values that sug-
E-mail address: japaestegui@gmail.com (J. Apaéstegui). gest a period of increased SAMS activity (Reuter et al., 2009;
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Fig. 1. Geopotential height (contours, in geopotential meters - gpm) and total wind at 850 hPa from ERA-40 for the 1975-2002 period and mean daily rainfall (shading)
from CMAP data for the 1979-2002 period. Panel (a) shows DJF season; (b) JJA season. Limits of the Amazon and La Plata basins are shown. The numbers in the Figure
indicate locations of SESA - SACZ areas and proxy records in South America: (1) Palestina cave record (Apaéstegui et al., 2014); (2) Pumacocha lake record (Bird et al., 2011);
(3) Huagapo cave record (Kanner et al., 2013); (4) Quelccaya Ice Cap (Thompson et al., 2013); (5) DV2 cave record (Novello et al., 2012); (6) Cristal cave record (Vuille et al.,
2012); (7) Titanium record from Cariaco Basin (Haug et al., 2001); (8) Bolivian record (this study). (9) Pau d’Alho Cave record (Novello et al., 2016); (10) GeoB 13813-4 record
(Perez et al., 2016); Panel (c) shows the location of the Umajalanta-Chiflonkhakha cave system. (d) Monthly mean precipitation recorded at the Torotoro meteorological

station (1999-2004).

Bird et al., 2011; Kanner et al., 2013; Vuille et al., 2012; Apaéstegui
et al., 2014). These changes in SAMS intensity were associated with
displacements of the Intertropical Convergence Zone (ITCZ) to the
south during the LIA and to the north during the MCA (Haug et al.,
2001).

The regional coherence among isotopic records from the trop-
ical Andes during the LIA indicates a large-scale intensification of
the SAMS at that time. During the MCA, however, the magnitude
of the isotopic excursion appears to be dependent on latitude with
a stronger isotopic signal at lower latitudes (<10°S). This north-
south gradient seen in the isotopic records during the MCA has
been attributed to changes in the winter contribution to total an-
nual precipitation (Apaéstegui et al., 2014). Nevertheless, there is
a need for additional paleoclimate reconstructions from the tail
end of the SAMS in the southern tropical Andes to compare with
more northern records, in particular during the MCA. The lack of
records to adequately reconstruct the regional climate response
to the radiative forcing anomalies during the LIA and MCA (Bird
et al., 2011; Novello et al., 2016) has complicated advancing our
understanding of the underlying dynamical mechanisms involved
in changing the tropical South American rainfall patterns and the
SASM mean state. In order to better document how external forc-
ing affected the SAMS variability and to understand the underlying
mechanisms, it is necessary to develop a denser network of proxy
records.

The current understanding of climate variability in South Amer-
ica is growing rapidly as discussed in several recent reviews
(e.g. Zhou and Lau, 1998; Vera et al, 2006; Garreaud et al.,
2009; Marengo et al., 2012). The atmospheric dynamics associated
with occurrence of extreme precipitation events in the southwest-
ern Amazon basin and especially over Bolivia were discussed in
Espinoza et al. (2014). These events are associated with intense
flooding over the southwestern Amazon, while at the same time
dry conditions persist in southeastern Brazil, which, in some in-
stances, have led to profound crises in water supply for agricul-

ture, energy production and lack of drinking water and sanita-
tion for the population of the largest cities in Brazil (Coelho et
al., 2015). This out of phase relationship between extreme pre-
cipitation over the western Amazon and drought over southeast-
ern Brazil has been systematically analyzed for the last three
decades by Cavalcanti et al. (2016). Documenting and understand-
ing continental-scale rainfall teleconnections for longer timescales
(e.g. over the last millennium), would go a long way in analyzing
the proxy network over the South American monsoon region in a
dynamically more meaningful and plausible way.

In order to document past precipitation changes along the east-
ern slope of the southern tropical Andes, we developed stable
isotope time series (8'%0) from Bolivian speleothems (65.77°W;
18.12°S, 2650 m.as.l.; Fig. 1a). Our site represents the first
speleothem record published from Bolivia and it is also the south-
ernmost isotopic record from the tropical Andes. Indeed, it allows
exploration of atmospheric teleconnections when compared and
synthesized with other regional records in South America. The
eastern Bolivian Andes are subject to extreme precipitation sea-
sonality as they are located at the most distal site influenced by
the SAMS, where precipitation occurs almost exclusively during the
mature phase of the summer monsoon season in November-March
(NDJFM; Garreaud et al., 2003).

2. Climatic conditions along the eastern slopes of the southern
tropical Andes

The Umajalanta-Chiflonkhakha cave system (65.77 W; 18.12°S;
2650 m.a.s.l.) (Fig. 1c) represents the largest cave system in the
Bolivian territory and one of the few locations with occurrence of
suitable speleothems for paleoclimate reconstruction. These caves
are formed in the cretaceous limestone bank of the “Miraflores”
formation located in the Torotoro National Park in the Depart-
ment of Potosi; a rare example of karst terrain in Bolivia. It is
known as the Umajalanta-Chiflonkhakha karst system, extending
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underground over an area of several kilometers (Guyot and Soares,
1997). In addition, the Miraflores formation is better known as a
source of Cretaceous fossils, including the stromatolite beds much
used for lapidary slabs, cubes, eggs and spheres.

Precipitation over the eastern Andes of Bolivia is characterized
by a strong spatial gradient, with dry conditions over the highlands
(300 mm/yr) and extremely wet conditions (7000 mm/yr) along
the eastern flank of the cordillera (e.g. Vuille and Keimig, 2004;
Garreaud et al., 2009; Espinoza et al., 2015). The region is fur-
ther characterized by a strong precipitation seasonality, remain-
ing extremely dry during most of the year except for austral
summer (November to March) when intense convective storms
bring significant precipitation (Vuille, 1999; Vuille et al., 2000;
Garreaud et al., 2003) which corresponds to ~85% of total annual
rainfall (Fig. 1a, b, d). The three months with peak river runoff
(JFM) contribute 75% of the annual discharge and deliver up to
90% of the annual sediment transport in the Caine River, which
drains the Torotoro basin (Guyot et al., 1994). Seasonal rainfall is
the result of the destabilization of the local boundary layer by the
intense surface heating and the establishment of upper-level east-
erly winds (200 hPa) that favor the transport of moist air from
the interior of the continent (Vuille, 1999; Garreaud et al., 2003;
Falvey and Garreaud, 2005). These upper-air easterlies are the re-
sult of the strengthening of the Bolivian High, an upper-level high
pressure cell that develops over the central Andes in response
to the latent heat release during monsoon-related convection and
condensation over the Amazon Basin (Lenters and Cook, 1997;
Marengo et al., 2012).

Precipitation over the southwestern Amazon Basin, including
the eastern slopes of the Bolivian Andes, occurs in association
with low-level (1000-850 hPa) moisture transport from the trop-
ics, but is also related to active and break phases of the South
Atlantic Convergence Zone (SACZ) and easterly moisture transport
over central South America, perhaps related to the influence of
the South American low level jet (Herdies et al., 2002). This inter-
play generates a precipitation dipole between southeastern South
America (SESA) and the SACZ region (Fig. 1a). Dry (wet) conditions
over the SACZ region occur when wet (dry) conditions prevail over
SESA and in the western Amazon and are related to the anoma-
lous moisture flux over the continent which is directed toward the
west (Andes) and south (SESA). The main moisture source for the
southern Amazon Basin is located over the tropical Atlantic, in-
cluding northern and southern sectors (Satyamurty et al., 2013).
Nevertheless, moderate to extreme events that are instrumental in
forming the precipitation dipole between SESA and the southwest-
ern Amazon (including the eastern Andean slopes of Bolivia) have
larger contribution from moisture transported from the South At-
lantic rather than from the tropical Atlantic (Espinoza et al., 2014;
Coelho et al., 2015; Cavalcanti et al., 2016).

There is a general agreement that a significant fraction of the
interannual variability in precipitation over the central Andes is
related to the El Nifio-Southern Oscillation (ENSO) phenomenon
(e.g. Lenters and Cook, 1999; Vuille, 1999; Vuille et al., 2000;
Garreaud and Aceituno, 2001; Garreaud et al.,, 2009). During El
Nifio (La Nifia) less (more) summer precipitation is observed in
the eastern Andes and the Altiplano due to weakened (enhanced)
upper-level easterly winds aloft, reducing (favoring) moisture in-
flux from the east. In addition, a recent study shows that the dom-
inant forcing associated with decadal-interdecadal rainfall variabil-
ity over the Andes-Amazon transition region appears to be related
to low-frequency SST variability of the central tropical Pacific and
200 hPa winds aloft (Segura et al., 2016).

The importance of the meridional SST gradient between the
tropical and subtropical South Atlantic as major driver of moisture
transport from the Atlantic toward the southwestern Amazon has
also been documented (Ronchail et al., 2005; Yoon and Zeng, 2010;

Lavado et al., 2012). For instance, during the summer of 2014, the
exceptionally warm subtropical Atlantic, aided by warm conditions
in the western Pacific/eastern Indian Ocean, triggered abundant
rainfall and flooding over the southwestern Amazon (Espinoza et
al.,, 2014). On decadal and longer timescales, there is a lack of stud-
ies documenting climate variability in the Andes, because of lim-
ited instrumental data. Nevertheless, paleoclimate reconstructions
all point to the Atlantic as playing an important role for modulat-
ing precipitation variability at decadal and multidecadal timescales
over the tropical Andes (Baker et al., 2005; Bird et al., 2011;
Vuille et al., 2012; Apaéstegui et al.,, 2014). The inter-hemispheric
SST gradient in the Atlantic regulates latitudinal shifts of the
ITCZ, which in turn determines moisture influx over tropical South
America at multiple time scales (Haug et al., 2001).

3. 180 variability in the Bolivian Andes

Isotopic variability in precipitation over the eastern central An-
des has been the subject of several recent studies. Local and re-
gional influences on isotope fractionation of precipitation in the
Bolivian Andes have been discussed and interpreted in order to
determine the climatic controls on the isotopic signature of pre-
cipitation (Vimeux et al,, 2005; Insel et al., 2013; Fiorella et al,,
2015). Local rainout is insufficient to explain isotopic variations at
seasonal timescales. Moreover, Amazon distillation of air masses
over the Amazon can explain up to 90% of §'80 and 8D variance
in rainfall along the Zongo Valley in Bolivia (Vimeux et al., 2005;
Vuille and Werner, 2005). An evaluation of the §'80 signature in
precipitation along the Andes based on a regional isotope model
(REMOiso) (Sturm et al., 2008) reveals that variability in oxygen
isotope ratios for the central eastern Andean region (10°S-30°S)
is governed by the amount effect and wind trajectories, which are
related to the easterly winds anomalies in the upper troposphere
modulated by the position of the Bolivian High (Insel et al., 2013).
Fiorella et al. (2015) revisited the climatic controls on oxygen iso-
topes in precipitation and confirmed that interannual variability in
5180 is tied to continental-scale climate dynamics and upwind pre-
cipitation anomalies, which appear to have a dominant effect on
the isotopic signal. In fact, interannual §'80 variability is largely
consistent with precipitation anomalies over major air sourcing re-
gions, supporting the idea that remote and upstream precipitation
amount anomalies are preserved in and provide a primary con-
trol on central Andes §'80 variability (Samuels-Crow et al., 2014;
Fiorella et al., 2015; Hurley et al., 2016).

Based on this evidence, we interpret §'80 in precipitation over
the eastern Andes of Bolivia as being mainly related to rainfall
intensity upstream during the austral summer SAMS season. The
modern annual mean precipitation-weighted value of §'80 for our
study region, based on spatially interpolated isotope observations
from the Global Network of Isotopes in Precipitation (GNIP), is
~—13.1%040.7 (95% confidence interval). Uncertainties and meth-
ods related to the spatial interpolation are provided in Bowen and
Revenaugh (2003) and the Online Isotopes Precipitation Calcula-
tor (http://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.
html). This annual mean value is the result of different moisture
sources that contribute to regional precipitation to varying degrees
on intraseasonal and interannual time scales. The cluster means
analyses for the back trajectory winds at the study region reveal
four principal moisture source regions (Fig. S1), with the principal
regions being located in the North and South Atlantic, respectively.
These moisture sources depend on the location and intensity of the
Bolivian High and related upstream precipitation anomalies during
the SAMS season (Fiorella et al., 2015).
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Fig. 2. a) Stable isotope (5'80) time series obtained from linear interpolation between dates for Boto3 (blue line), Boto7 (brown line), Boto10 (green line), and Boto1 (orange
line) respectively. U-Th dates and corresponding error bars are represented by blue, brown green and orange dots for Boto3, Boto7, Boto10 and Boto1 stalagmites, respectively.
b) Bolivia composite record reproduced by the ISCAM models after age modeling adjustments of each speleothem record in the composite record. (For interpretation of the

colors in the figure(s), the reader is referred to the web version of this article.)
4. Materials and methods

Four speleothems were collected in May 2010 from the Uma-
jalanta-Chiflonkhakha cave system, hereafter referred to as Botol,
Boto3, Boto7 and Boto10. Speleothem Boto1 is a 85.3 cm long sta-
lagmite deposited in the first chamber of the Chiflonkhakha cave,
at ~200 m from the entrance. Unfortunately the topmost inter-
val of the sample Botol presented high concentration of detrital
Th, which precluded a precise dating. Only the section of the sam-
ple, corresponding to the interval between 72 and 115 mm, was
considered for this study. Boto3 is a 7.5 cm tall stalagmite col-
lected at 300 m distance from the Chiflonkhakha cave entrance.
There is no evidence of recent carbonate deposition although the
sample surface was underneath active dripping at the time of col-
lection. Boto7 is a 13 cm tall stalagmite collected at 70 m distance
from where the Boto3 sample was taken (~370 m from the cave
entrance). The Boto10 stalagmite is 12 c¢cm tall and was collected
at 400 m distance from the Umajalanta cave entrance. All samples
were dated by U-Th method, using an inductively coupled plasma-
mass spectrometry (ICP-MS) technique (Cheng et al., 2013a) at the
University of Minnesota isotope laboratory. A preliminary chrono-
logical age model was developed for each speleothem by linear
interpolation of dated depths (Fig. S2).

Samples for oxygen isotope analysis were collected continu-
ously along the stalagmite growth axis at intervals varying from 0.1
to 1.5 mm. Sampling resolutions were calculated in dependence of
the sample growth rate with the intention of obtaining a time res-
olution equivalent to ~3 yr. Oxygen isotope measurements were
performed on a Delta Plus Advantage (Thermo Finnigan) mass
spectrometer in the “Laboratorio de Estudos Geodindmicos e Am-
bientais” at the University of Brasilia (UnB), Brazil. The standard
deviation for 580 analyses is 0.1%,. Oxygen isotope records are
reported relative to the Vienna PDB Standard.

A statistical approach to construct composite records (iscam,
Fohlmeister, 2012) was then applied to finalize the age models for
the individual records (Botol, Boto3, Boto7 and Boto10; Fig. 2a).
This age-depth modeling software uses a Monte-Carlo approach on
absolute age determinations to find the best correlation between
climate proxies of several signals reproducing adjacent archives

(Fig. 2b). Age uncertainties at 68%, 95% and 99% significance levels
are obtained from evaluation of a set of 2000 first order autore-
gressive processes (AR1) for each record, which have the same sta-
tistical characteristics as the individual records. This method allows
significantly reducing the age uncertainty within the overlapping
periods and it can be tested if the signal of interest is indeed
similar in all the records (Fohlmeister, 2012). The chronological
age-depth relationship in the overlapping parts of the individual
stalagmites was modified and improved according to the iscam re-
sults of the composite record (Table S1, Figs. S5, S6).

The composite record is evaluated by applying a Hubert seg-
mentation test in order to determine breaks in the data (Hubert et
al., 1989). The segmentation procedure is a sort of a stationarity-
test. Based on a study of the “break” observed in the isotope se-
ries, it is possible to determine whether or not a time series is
homogeneous (stationary) and, if not, determine as many homo-
geneous sub-series as possible. Spectral analysis techniques were
performed on annually interpolated time series and wavelet anal-
ysis was used to display the time-dependent changes in dominant
frequency bands in the §'80 time series (Torrence and Compo,
1998) (Fig. S7).

5. Results

Speleothem growth periods were determined based on 22 U/Th
dates with 2o -errors typically <1% (Table S5). The segment an-
alyzed from the Botol sample spans the period between ~1575
and 1716 CE. Sample Boto3 was formed during the period be-
tween ~844 and 1770 CE. (10 U/Th dates). There is no evidence
of long hiatuses according to the approximately uniform distri-
bution of U/Th dates, despite the visible discontinuities identi-
fied along its growth axis (Fig. S2). Nevertheless, the record is
well complemented by the segment of Boto7 between 2 and 40
mm, which grew during the period from ~1635 to 1859 CE. (4
U/Th dates), and Boto10, which covers the period from ~622 to
1346 CE. (6 U/Th dates) (Table S5). In general, combining the
four speleothems allows establishing a continuous record cover-
ing most of the last 1400 yr (Fig. 2, S7). Overlapping segments
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between samples further allow replicating information during sev-
eral growth periods.

The four speleothems co-vary and present a similar range of
8180 values during periods of overlap (Fig. 2a), which suggests that
common climatic factors govern their isotopic signal. Since there is
a good correspondence between §'80 values in all the samples,
a unique composite record was constructed using the iscam model
(Fohlmeister, 2012) and named Bolivian composite record. (Fig. 2b).
The combined stable isotope time series (8'80) is composed of
575 measurements and provides an average temporal resolution
of ~2 yr spanning most of the last 1400 yr.

The 80 record is dominated by variability at decadal and cen-
tennial timescales with a range in the order of ~3%¢ over the en-
tire record (Fig. S7). REDFIT (Schulz and Mudelsee, 2002) spectral
analyses show strong periodicities at 85, 50 and 30 yr exceeding
the 95% significance level (Fig. S7). The Hubert segmentation test
identifies seven break points in the time series that allow separa-
tion of eight intervals during the record (significant at p < 0.01,
Scheffé significance test, Hubert et al., 1989). During the period
~620 to 668 C.E. §'80 values are on the order of —10%, before
they rapidly switch to more enriched values during the period
~669-710 C.E. (—8.7%0). From ~711 to 734 C.E. the §'80 time
series experiences rapid change toward more negative values of
—10.6%o (average —9.86%). Between ~735 and 784 C.E. the 5180
values increase to —9.2%. The period between ~785 and 1049 C.E.
shows mean values of —10.1%0 with a peak value of —9.1%o cen-
tered at ~862 C.E. From ~1050 to 1292 CE. the §'80 time se-
ries reveals a slight trend toward more positive values (average
—9.4%0) with a muted amplitude on the order of ~1%c. The pe-
riod between ~1293 and 1532 C.E. maintains the positive trend
observed in the previous period showing average values of —9%.
Afterwards an abrupt shift of —1.7%c occurs, resulting in values of
—10.7%0 at ~1553 C.E. The most recent period after ~1553 C.E.
features high variability, with significant excursions in §'80 on the
order of ~—1%o (Figs. 2, S7a).

6. Discussion

Independent chronological measurements performed for the
Bolivian speleothems reveal that the samples grew over different
time intervals. However, samples are complementary and contain
overlapping periods that cover most of the last 1400 yr (Fig. 2).
It is important to note that even though samples have indepen-
dent chronological models, stable isotopes measured in the Boli-
vian speleothems co-vary and cover a similar range of 880 values.
8180 and 813, sampled along the growth axis (Fig. S3), are signifi-
cantly correlated in the Boto1, Boto3 and Boto10 samples (r = 0.55;
0.50 and 0.55, p < 0.01, respectively) while low correlation ex-
ists in Boto7 (r = 0.23, p < 0.05). Although these results suggest
that the isotope fractionation between drip water and calcite dur-
ing speleothem formation may not be in isotopic equilibrium, it is
unlikely that kinetic fractionation effects could disrupt the link be-
tween §'80 and precipitation variability. In fact the variations in
8180 are first and foremost related to climatic variability as indi-
cated by very good replication of the §180 signal amongst different
speleothem samples. Indeed, a dominant kinetic fractionation pro-
cess is site specific and tends to produce heterogeneous variations
in coeval isotope records (Hendy, 1971).

While the IPCC defines the MCA and LIA as periods that
span the time 950-1250 C.E. and 1450-1850 C.E. respectively
(Masson-Delmotte et al., 2013), the timing of these events is
quite variable in South American records. (e.g. Bird et al, 2011;
Kanner et al., 2013; Novello et al,, 2012, 2016; Vuille et al., 2012;
Apaéstegui et al.,, 2014). Based on the isotopic variations seen in
the Bolivian record, we here define the MCA and LIA as periods
that span the time intervals 900-1100 C.E. and 1500-1850 C.E.,

respectively. Both of these time periods fall within the bound-
aries as defined by the IPCC (Masson-Delmotte et al., 2013) based
on global records. We also analyze changes during the transition
period (1100-1500 C.E.) to characterize how climate transitioned
from MCA to LIA based on the observations from our proxy record
(Table S3).

The Bolivian record reveals both similarities and differences
when compared with other 880 reconstructions along the east-
ern Andes (Fig. 3). During the period between ~785 and 1049 C.E.,
corresponding to the MCA, the Bolivian record is characterized by
more negative §'80 values (Fig. 3e), in contrast to the northern An-
dean records that show positive 5180 anomalies related to a weak-
ened SAMS (Fig. 3a, b, ¢, d) (Bird et al., 2011; Vuille et al,, 2012;
Apaéstegui et al., 2014). In fact, the isotopic expression of the
MCA drought, seen in the northern tropical Andes, becomes pro-
gressively weaker the farther south the proxies are located, until
ultimately this dry excursion is no longer detectable in the Bo-
livian region. Hence, it appears that the MCA was anomalously
wet in Bolivia, at least in a regional context (Table S3, Fig. S8).
The more negative §'80 values during the LIA in our Bolivian
record, however, are consistent with other Andean records that
suggest increased SAMS activity at that time (Reuter et al., 2009;
Bird et al., 2011; Vuille et al., 2012; Kanner et al., 2013; Thompson
et al, 2013; Apaéstegui et al, 2014). The onset of the LIA pe-
riod, however, occurs around 180 yr later than in other Andean
records and is characterized by an abrupt change in the §180 val-
ues (~1.7%), not evident in any other record (Fig. 3e).

Lacustrine records from the Andean region, such as diatom as-
semblages in Lake Titicaca (Tapia et al., 2003) and isotope records
in Lake Umayo (Baker et al., 2005) reveal similar trends as the Bo-
livian composite record (Fig. 3g). Despite the lower resolution, the
Lake Umayo isotope record also shows lower §180 values between
~800 and 1000 C.E., which is interpreted as reflecting an intensi-
fication in the pluvial regime over the lake. Despite chronological
uncertainties, the increase in fresh water diatoms from Lake Tit-
icaca observed at around 1000 C.E. can be related to increased
precipitation as inferred from the Bolivian composite record dur-
ing the MCA (Fig. 3f). Nevertheless, lake records do not show a
contemporaneous period of increased precipitation during the LIA
as expected, but chronological uncertainties of these lacustrine
records are large.

In order to explain the observed differences in the Andean iso-
tope records during the MCA period, it is necessary to consider
the latitudinal location of the proxies analyzed and the changes in
the moisture source for the different regions. Low latitude records
(north of 10°S) receive a relatively high proportion or rainfall out-
side of the main wet season (Espinoza et al., 2009); hence their
isotopic signal could be more strongly biased by a varying contri-
bution of austral winter rainfall (Apaéstegui et al., 2014). On the
other hand, the Bolivian site receives precipitation almost exclu-
sively during the core monsoon season and changes in seasonality
are unlikely to have significantly affected this region over the past
millennium. Alternatively, the moisture source of the rainfall in the
Bolivian Andes may have changed during the MCA.

Paleo-precipitation reconstructions based on speleothem §'80
records from southeastern and central Brazil have shown evidence
for diminished precipitation during the MCA (Vuille et al., 2012;
Novello et al., 2016), (Fig. 4a, b). For the same period, humid
conditions have been reported from lake records in northeastern
Argentina (Piovano et al., 2009) and from fresh water diatoms, de-
posited offshore by sediments from the La Plata river (Perez et al.,
2016; Fig. 4d). These opposite conditions are consistent with the
notion of an active precipitation dipole between SACZ and SESA re-
gions during the MCA, likely extending northwestward toward the
Bolivian region (Fig. 4c). During the LIA, on the other hand, the
intensification of the SAMS is coherent among all records and con-
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firms the region-wide signal observed previously throughout the
tropical Andean region.

Modern observations of western Amazon precipitation show
contrasting interannual evolution of wet day frequency (WDF) and
dry day frequency (DDF) in the northern and southern Amazon
basin (Espinoza et al., 2016). This feature reveals increased WDF
in the northern region since 1995 and contrasting increased DDF
in the southern region, including an increasing dry season length
in the southern Amazon basin (Fu et al., 2013), which implies
a trend to opposite conditions in the northern and southwest-
ern Amazon. Indeed, the concurrence of extreme precipitation
events over the western Amazon with droughts in southeastern
Brazil has been documented in the literature (Coelho et al., 2015;
Cavalcanti et al, 2016). This dipole pattern has been associ-
ated with anomalously warm conditions in the western tropical
Pacific-eastern Indian Ocean and an exceptionally warm subtrop-

(f) Lake Titicaca assemblage for fresh water (red) and benthic (green) diatoms; (g) Lake Umayo isotope record (Baker et al., 2005); Shaded

ical South Atlantic (Ronchail et al., 2005; Espinoza et al,,
Coelho et al., 2015; Cavalcanti et al., 2016).

There is evidence of higher temperatures in the Indo-Pacific re-
gion during the MCA, when compared to present-day (Oppo et
al., 2009, Fig. 4e), but to what extent this might have triggered
extratropical wave propagation influencing precipitation along the
eastern Bolivian Andes is not well investigated. Hurley et al. (2015)
recently documented a major role for extra-tropical Rossby waves
and cold air incursions in triggering major snowfall events during
austral summer in the eastern Andes of southern Peru. Another
potential source of moisture that might affect the Bolivian Andes-
Amazon transition, but not areas further north, is associated with
the tropical-subtropical South Atlantic SST gradient (Espinoza et
al,, 2014; Cavalcanti et al., 2016). Unfortunately, there is a lack of
proxy evidence documenting SST changes in the South Atlantic at
high resolution for the last millennium. Hence the role of this SST

2014,
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gradient in delivering moisture to the southernmost part of the
tropical Andes remains somewhat elusive on paleoclimatic time
scales and will require more attention in the future from both the
proxy and modeling community.

A comparison with other records of the SAMS, which are not
located in the Andean region, shows consistent features, which are
also observed in the Bolivian §'80 record. Most notably, the nega-
tive excursion during the LIA solidifies key elements that character-
ize a coherent history of the SAMS over the last millennium (Vuille
et al,, 2012). An important new aspect of our record is the anti-
phasing with the §'80 record from northeastern Brazil (Novello
et al, 2012) (Fig. 5b, c). The significant negative correlation be-
tween the two records interpolated to equivalent resolutions of 5,
10, 20, 30, 40 and 50 yr (—0.5 <r < —0.37, p < 0.001; Table S4,
Fig. S9) suggest that both areas of South America are influenced
by the SAMS, albeit with opposite hydro-climatologic results. Run-
ning average correlation using a 50-yr window between the Bolivia
composite and the DV2 record indicates a non-stationary relation-
ship (Fig. S10). The anti-phasing in precipitation between north-
eastern Brazil and most of the rest of tropical South America has
been observed and documented in modern climate (Sulca et al.,
2016), on centennial (Novello et al., 2012), as well as on orbital

time scales (Cruz et al., 2009; Cheng et al., 2013b). This precipi-
tation dipole results from enhanced monsoon activity and release
of latent heat during strong convective activity over the Amazon
and Congo basins, which in turn intensifies the Bolivian High-
Nordeste low system (Lenters and Cook, 1997; Chen et al., 1999;
Liu and Battisti, 2015). During periods of enhanced SAMS activity
the intensified convection and upward motion over the core mon-
soon region is balanced by increased upper-level convergence and
subsidence, which results in a deficit in summer precipitation over
northeastern Brazil (Novello et al., 2012). Our records from Bolivia
and NE Brazil confirm this anti-phased behavior between the two
sites throughout the LIA period.

Although an antiphased behavior in the isotopic signals be-
tween both regions persist during the MCA it is unlikely to be
related to the same mechanism, since the strength of the SAMS
was diminished during that period (Vuille et al., 2012). Instead,
the antiphased behavior is most probably the result of a north-
ward migration of the ITCZ which in turn diminished precipitation
in NE Brazil, reduced the monsoon strength over the northern and
central tropical Andes, while the Bolivian site at the southernmost
tail end of the monsoon region must have received more moisture
from a different source. This explanation is supported by atmo-
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spheric circulation patterns, which can be observed at present-day
(Coelho et al., 2015).

Several publications have related periods of SAMS intensifica-
tion to North Atlantic climate variations and the latitudinal posi-
tion of the ITCZ (Bird et al., 2011; Vuille et al., 2012; Apaéstegui
et al, 2014). It has been demonstrated that during the LIA the
ITCZ reached a more southerly position (Fig. 5a) (Haug et al.,
2001), which enhanced moisture influx into the SAMS region. This
mechanism has been invoked to explain the increased SAMS pre-
cipitation as inferred from a number of isotopic proxies in the
Andes (Reuter et al., 2009; Bird et al., 2011; Kanner et al., 2013;
Apaéstegui et al., 2014), southeastern Brazil (Vuille et al., 2012)
and the resulting drier than normal conditions over northeastern
Brazil (Novello et al.,, 2012).

During the MCA on the other hand, the general consensus
is that the Atlantic ITCZ remained in a more northerly position
(Fig. 5a) (Haug et al., 2001), which in turn diminished the moisture
transport to the Amazon basin, weakening the SAMS. Proxy records
from the northern tropical Andes are consistent with this hypoth-
esis as they generally show slightly increased 5180 values, sug-
gesting diminished SAMS activity at this time. Nevertheless, this
characteristic during the MCA becomes less evident in the more
southern records, suggesting that this reduced SAMS activity was
more prevalent over the northern Andes (Table S3, Fig. S8). Such
a scenario, however, fundamentally implies another pathway for
moisture being transported to the Andes through the southwestern
Amazon or through extratropical cold air incursions propagating
northward east of the Andes toward low latitudes and triggering
precipitation along their leading front (Hurley et al., 2015). Since
the anomalously northern position of the ITCZ precludes a signifi-
cant influence of the tropical North Atlantic as a major source for
enhanced moisture transport to the Bolivian Andes, the southern
tropical Atlantic was likely the main moisture source region, which
could have contributed to the enhanced precipitation at our site

during the MCA, with cold air incursions providing the dynamical
forcing to destabilize the boundary layer and inducing convection.

In order to clarify our findings, schematic scenarios based on
paleoclimate reconstructions for the MCA and the LIA periods are
presented (Fig. 6). Contrasting behavior in precipitation is high-
lighted in order to characterize the precipitation patterns in South
America during the MCA and LIA. During the MCA an increase in
precipitation is observed in the southern region of the tropical An-
des propagating southeast toward the La Plata basin, indicative of
increased precipitation in the SESA region (Boers et al., 2014). This
circulation pattern is also observed systematically on intraseasonal
to interannual timescales when increased precipitation events are
recorded in the western-southwestern Amazon (Espinoza et al.,
2014; Coelho et al., 2015; Cavalcanti et al., 2016) and could serve
as a plausible mechanism to explain changes in the SAMS over the
last millennium. During the LIA, however, the precipitation pattern
is clearly representing a regional intensification of the SAMS. The
proposed scenarios should be verified with model results and more
paleoclimate reconstructions in order to further clarify regional as-
pects of SAMS dynamics.

7. Conclusions

The Bolivian record reveals insightful new information regard-
ing changes in the SAMS during the last millennium, in particular
during the MCA period. The anomalously wet conditions during
the MCA as revealed in our Bolivian record are in contrast to
the drying observed in northern Andean records at that time. Ob-
served differences could be related to changing moisture source
contributions, as the ITCZ was likely located at a more northerly
position, allowing enhanced moisture influx to the eastern Bolivian
Andes from the South Atlantic region. The rainfall in the Bolivian
Andes is influenced by moisture influx from this Atlantic region
in the modern period (Ronchail et al., 2005), most likely forced
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Fig. 6. Schematic representation of precipitation patterns during the MCA and LIA based on paleoclimate reconstructions in South America.

by extratropical wave trains that originate over the Indo-Pacific,
and propagate northward east of the Andes toward lower lati-
tudes as cold air masses, producing extremely heavy rain events
along their leading edge (Espinoza et al., 2014; Coelho et al., 2015;
Hurely et al., 2015). This scenario is consistent with other pale-
oclimate reconstructions and models that show anomalous heat-
ing in the Indo-Pacific region during the MCA (Oppo et al., 2009;
Graham et al., 2010). The LIA on the other hand, is characterized
by increased SAMS activity in all records of the Andean region,
consistent with our Bolivian site.

The Bolivian record further documents teleconnections with
precipitation over northeastern Brazil during the last 1400 yr. Al-
though this opposite relationship in precipitation is non-stationary,
there is evidence for a significant teleconnection during the LIA
period, fueled by increased SAMS activity. The same precipitation
dipole can also be observed during the MCA, but it is not the re-
sult of a dynamic teleconnection between the two sites, as the
precipitation anomalies have distinctly different dynamic origins
over the two regions. Hence atmospheric teleconnections modu-
lating precipitation at both sites were non-stationary over the last
millennium and do not appear to respond linearly to ITCZ migra-
tion or changes in SAMS intensity.

Many aspects of the SAMS system and its variability over the
last millennium remain poorly understood, in particular related to
the role of the tropical South Atlantic. Sustained efforts are re-
quired to improve paleoclimate reconstructions from this region
in order to better comprehend its contribution to SAMS variability
on a range of time scales.
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