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Abstract. To better characterize the climate variability of the a cold and dry phase between 1750 and 1800 AD associ-
last millennium in the high Andes, we analyzed the pollen ated with low ENSO variability and weak SASM activity
content of a 1150-yr-old sediment core collected in a bog lo-resulted in drying of the @ramo. The current warm period
cated at 3800 ma.s.l. in théam@mmo in the eastern Cordillera marks the beginning of a climate characterized by high con-
in Ecuador. An upslope convective index based on the ravective activity — the highest in the last millennium — and
tio between cloud transported pollen from the Andean for-weaker SASM activity modifying the water storage of the
est to the bog (T) and Poaceae pollen frequencies, related fgaramo. Our results show that tharamo is progressively
the edaphic moisture of theappmo (P), was defined. This losing its capacity for water storage and that the interdecadal
index was used to distinguish changes in the atmospheriwariability of both tropical Pacific and Atlantic SSTs matter
moisture from the soil moisture content of tharamo and  for Andean climate patterns, although many teleconnection
their associated patterns of interdecadal HidNiSouthern  mechanisms are still poorly understood.

Oscillation (ENSO) variability and South American sum-
mer monsoon (SASM) activity. Results show that between
850 and 1250 AD, the Medieval Climate Anomaly interval
was warm and moist with a high transported pollen/Poacead Introduction

pollen (T/P) index linked to high ENSO variability and weak

SASM activity. Between 1250 and 1550 AD, a dry climate The tropics are a major climate engine for the global water
prevailed, characterized by an abrupt decrease in the T/P ireycle. In the tropical Andes, climate variability is the result of
dex and therefore no upslope cloud convection, related t&omplex interactions between two main ocean—atmosphere
lower ENSO variability and with significant impact on the Systems over the tropical Pacific and Atlantic Oceans and
floristic composition of the @amo. During the Little Ice has submitted to strong fluctuations at interannual or decadal
Age, two phases were observed: first, a wet phase betweetfales (Garreaud et al., 2009).

1550 and 1750 AD linked to low ENSO variability in the Pa- The understanding of climatic changes during the last mil-
cific and warm south equatorial Atlantic sea surface temper/ennium is of considerable interest as it predates the post-

atures (SSTs) favored the return of a watgmo, and then industrial warming or current warm period (CWP) and puts
the measured changes in the interactions between oceans,
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atmosphere and biosphere of the last decades in a generbpical Pacific (Jomelli et al., 2009). Continuous terrestrial
longer-term context of climate variability. The recent in- records over the last millennium are still rare in the Andes.
crease in high-resolution proxy records shows that at leasin southern Peru, a pollen record confirmed the presence of
two major perturbations in global climate occurred during a sustained drought between 900 AD and the early 17th cen-
the last millennium. The first one, known as the Medieval tury (Chepstow-Lusty et al., 2009) that allowed the Incas to
Climate Anomaly (MCA), is well recognized in both hemi- expand their Andean territory due to their ability to use new
spheres — although with some differences in timing — be-drought-adapted agricultural practices up to high elevations
tween 900 AD and 1250 or 1400 AD, depending on location(Kuentz et al., 2012). Recently, tree-ring climate reconstruc-
(Mann et al., 2009; Diaz et al., 2011). The second one, thdions of the last 700 yr from the central Andes also revealed a
Little Ice Age (LIA), is characterized by global-scale glacier persistent drought from the 14th to the 16th century and a re-
advance — again with differences in timing of the maximum turn to wetter conditions at the beginning of the 17th century,
glacier expansion depending on the exact location — as highwhich was then again followed by another long-term drought
lighted for instance in the Andes, where a maximum advancg€Morales et al., 2012). ENSO variability was inferred to ex-
was recorded around 1630-1680AD in Bolivia and Peruplain these changes in moisture conditions on the Altiplano.
and around 1730 AD in Ecuador, Colombia and VenezuelaFurther north, in the central Peruvian Andes, an annually
(Jomelli et al., 2009). In the southern hemisphere tropicsresolved lake record covering the past 2300 yr showed the
however, most of the records cover only a short time inter-strong impact of the SASM on regional moisture, with hu-
val, which, combined with the lack of continuous records atmid conditions during the LIA and drought during the MCA
interannual to decadal resolution, so far prevented the examand the CWP (Bird et al., 2011).

ining of long-term climate variability (e.g., Neukom and Ger-  Here we present a high-resolution and continuous new
gis, 2011). This problem is particulary acute in regions suchpollen record that spans the last millennium. The Papallacta
as the tropical Andes where populations strongly depend omollen record is located in northern Ecuador near the city of
mountain water resources (Bradley et al., 2006). Papallacta in the eastern Cordillera (Fig. 1). Our aim is to

In northern Ecuador, recent measurements on a glacier oaxplore the relative importance of two dominant forcing sys-
the Antizana volcano established that Efib-Southern Os-  tems and their variability in the past: the SASM, because at
cillation (ENSO) is the main driver of the interannual mass Papallacta the seasonality is associated with the northward
balance variations of this glacier (Francou et al., 2004). How-march of convective activity during the demise phase of the
ever, to the north and south, in the Andes of Venezuela andBASM; and ENSO, since the interannual climate variability
the northeastern Peruvian foothills, past records suggest thas primarily driven by ENSO in this part of the high Andes.
tropical Atlantic SST anomalies and related South American
summer monsoon (SASM) activity is the major factor driv-
ing past changes in mean hydrologic conditions at these site8 Modern settings, regional climate and vegetation
(Polissar et al., 2006; Reuter et al., 2009).

Past changes in ENSO variability have been reconstructedlong the Andean Cordillera, Ecuador is divided into two
from lake deposits in southwestern Ecuador using spectraiajor hydrogeographic regions: the Pacific side, which com-
analysis performed on inorganic sediment laminae. Resultprises 11 % of the hydrologic supply, and the Amazon side
show that ENSO periodicity was 15 yr until 7000 cal yr BP  with 89 % of the hydrologic supply. The climate in Ecuador
and increased in frequency (2 to 8 yr) from 5000 cal yr until is influenced by both Pacific and Atlantic SST (Vuille et
1200 cal yr BP, after which time the periodicity progressively al., 2000) with a stronger Pacific influence on the western
declined (Rodbell et al., 1999; Moy et al., 2002). Lacustrineside of the Andes and an Atlantic influence on the eastern
and coral records from the equatorial Pacific suggest that theide, thanks to the easterly jet flow which transports moist
last millenium was dominated by La f\-like/El Nifio-like air masses from the Atlantic to the Amazon Basin (Hasten-
conditions with a cooler/warmer eastern equatorial Pacificrath, 1996). However, ENSO-related changes in tropical Pa-
and positive/negative radiative forcing during the MCA and cific SST also affect precipitation variability to the east of the
LIA, respectively (Cobb et al., 2003; Conroy et al., 2009; Andes (Garreaud et al., 2009).

Sachs et al., 2009). However, these records are restricted to In normal years, the Andes between°Nand 5 S are
fairly short time intervals, which makes a comparison with characterized by a bimodal distribution of precipitation as-
other regional records or long-term estimates of Pacific cli-sociated with the seasonal march of convective activity over
mate rather difficult. In addition, the response of the neotrop-the continent and latitudinal shifts of the Inter Tropical Con-
ical biosphere to changes in equatorial Pacific SST is stillvergence Zone (ITCZ) to the west over the Pacific. To the
poorly understood. east precipitation seasonality is reflective of changes in sea-

On the continent, temperature reconstructions inferredsonal moisture transport over the Amazon Basin. The south-
from Andean glaciers provide evidence for LIA intervals that ward migration of the ITCZ over the tropical Atlantic dur-
were much colder than today, which cannot easily be alignedng austral summer enhances moisture influx into the SASM
with corresponding El Nio-like climate conditions in the and induces convection over the Amazon Basin, while during
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the eastern side of Ecuador, a region that includes the eastern
Cordillera and the Amazon Basin, precipitation is controlled

10°N by the seasonal march of convective activity associated with
the establishment and demise of the South American Sum-
mer Monsoon (SASM) with a dry season centered around
the austral summer (JF) and winter (AS) and a rainy season
0° o during the austral autumn (MAM) and spring (ON) (Fig. 2).

10°S

Pacific

At Papallacta (0t22 S, 7808 W; 3160 m), near our study
area, mean annual temperature (MAT) is 96and mean
annual precipitation (MAP) is 1700 mm and often appears
in the form of rain, hail, and thick fog during JJA (unpub-
lished climate data from Instituto NAcional de Meteorologia
e Hidrologia, INAMHI). The seasonality is unimodal with a
precipitation maximum in MJJ and a minimum in JF, which
is different from similar latitudes to the east (e.g., Manaus in

Ocean the Amazon Basin) and the west (the Pacific coast) where the
20°S rainy season peaks during the austral summer (DJF) (CPTEC
0 1000 website). It is also different from the high Andes, where a bi-
km modal distribution is observed, and from the Pacific coast,
. . where the rainy season is centered on the austral summer
80°W 70°W (DJF) (Fig. 2). The temperature gradient between the Ama-

Fig. 1. Map of western South America showing the tropical Andes zon B_asm in the lowlands (MAT 2%C) anq the h'_gh Andes
(in red) and the locations of records discussed in the text (EJ, lakd0 °C isotherm at approx. 4500 m on Antizana) is character-
of El Junco; CA, Cariaco Basin; ME, Andes of Merida; GA, bog of ized by a steep moist adiabat along the eastern slope of the
Guandera; PP, bog of Papallacta; CC, Cascayunga Cave, PC, lakeordillera associated with strong convective activity. Con-
of Pumacocha). sequently the MJJ peak of moisture at Papallacta is mainly
a local phenomenon caused by mesoscale convective sys-
tems (Bendix, 2000; Bendix et al., 2009). In an Efbliyear,
the northward migration convection is weakened. Interannualvhen the Amazon Basin becomes warmer, upslope convec-
variability in precipitation has been related to ENSO. Indeedtive activity from plant evapotranspiration may be enhanced,
SST anomalies in the tropical Pacific Ocean play an impor-producing more cloud drip at high elevations.
tant role in mediating the intensity of the SASM over the The Sucus bog at Papallacta is located near the equator
tropical Andes. El Niio (La Nifa) episodes are associated (00°21'30 S; 781137 W) at an elevation of 3815 m. The sur-
with below (above) average rainfall and warmer (cooler) con-rounding vegetation is composed of the bog, theamo and
ditions than normal in the Amazon Basin (Marengo and No-the Polylepis forest. In the bog, we identified the follow-
bre, 2001; Marengo, 2009). However, as the western Amaing species: Asteracedaricaria toyoides, Dorobaea pin-
zon features the highest atmospheric moisture content opinelifolia, Monticalia vaccinioides, Hippochoerép.,Xeno-
the whole basin (precipitation ranges between 3000 anghyllum sp., Werneriasp.; Valerianacea®aleriana micro-
3700 mmyr?) (Fig. 2), the plant evapotranspiration gradi- phylla; Lycopodiacea¢luperziasp., Gentianacea@entiana
ent between the lowlands and the highlands (the glaciers arsedifolia, Halemia weddeliana, Gentianellp.; Poaceae
located at elevations above 5000 m a.s.l.) remains significanCortaderia sericanta, Cortaderia nitida, Calamagrostis in-
enough to allow for an active upslope cloud convection, evertermedia, Bromusp., Cyperacea€arex lechmaniji Gun-
during a below-average rainfall year. Consequently, some reneraceaeGunnera magellanicaRanunculacea&kanuncu-
gions of the eastern Cordillera are always wet because of &us sp.; Clusiaceaélypericum laricifolium, Hypericunsp.;
year-round cloud dripping. Geraniaceadgzeranium sp.; Polygonacea®duehlenbeckia
The region delimited by Ecuador is divided into several volcanicg ApiaceaeHydrocotyle, AzorellaPlantaginaceae
climatic and vegetation zones as a function of the dominanflantago rigida(cushion bog). The gramo is a wet grass-
climate forcing systems at different elevations. Precipitationland located between the upper tree line and the permanent
is influenced by the seasonal displacement of the ITCZ, movsnow line. It is a constant, reliable source of high quality wa-
ing between its southernmost position near the equator anter for Andean regions due to the very high water retention
its northernmost position at 10, causing a bimodal precip- capability of the soil. Large cities such as Quito rely almost
itation seasonality in the Ecuadorian Andes. In the westerrentirely on surface water from thea@mo. The gramo is
lowlands the bimodal seasonality is strongly affected by thelocated between 3600 and 4000 m with grasses dominated
cold Humboldt Current and the upwelling along the coast, in-by plants of the Poaceae family includir@alamagrostis
ducing one rainy season during the austral summer (DJF). Oand Festuca.Trees are mainlyolylepis the most common
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Fig. 2. Map of Ecuador with the 2500 m altitudinal limit (blue line) and climate diagrams drawn for the different regions (from Jorgensen

and Ulloa Ulloa, 1994).

shrubs are Asteracedeiplostephium, Pentacali@and Hy-
pericaceae (ex Clusiaceddypericum The cushion gramo

nia latifolia, Gunnera magellanica, Rubus coriaceus, Urtica
murens and Caryophyllaceaé\(enaria and Stellarig). Hu-

located between 4000 and 4500 m mainly hosts Apiaceaenidity is high, reaching more than 80 % in these forests.

Azorella, Plantaginacea®lantagq Asteracea€huquiraga,
Loricaria, Werneria,and finally the desertgramo above
4500 m has MalvaceaNototriche, BrassicaceaeDraba,

Asteracea€ulcitiumand ApiaceaeAzorella

The forests ofPolylepisgrow in the garamo altitudinal

The upper montane forest grows between 3000 and
~3500m and hosts 2189 species including the follow-
ing dominant onesAlnus, Ambrosia, Clethra, Gynoxys,
Hedyosmum, Myrsine, Oreopanax, Podocarpus, Prumno-
pitys, Ribes, Styrax, Symplocos, Tibouchina, Weinmannia

band, i.e., between 3500 and 4300 m a.s.l., with the same cli(Jorgensen and Ulloa Ulloa, 1994).
matic conditions. These forests are dominatedblylepis

pauta although 124 species of trees, shrubs and herbs were

identified along with 25 different ferns (Romoleyroux, 2009). 3  Material and methods

Among the 20 most abundant speciestdyelrocotyle bond-

plandii, Dysopsis cf. glechomoides, Solanum ruizMico-

Clim. Past, 9, 307321, 2013

A 9-m deep core was collected in the bog in January 2008
using a Russian corer. In this paper, we focus on the top
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200 cm of the core that represents the last 1100 yr. Half sediTable 1. Chronology of core PA 1-08. Radiocarbon ages were mea-
ment columns, 100 cm long with a 5-cm diameter were cov-sured on total organic matter. Calibrated ages were calculated from
ered by longitudinally split PVC-tubes and wrapped in plas- Calib 6.01 (Stuiver et al., 1998, 201 Hrik and Weninger, 1998).

tic film. Sediment cores were sampled at 2-cm intervals and
the samples were sent to different laboratories. Ash layers Labnumber — Depthincm Ag¥CyrBP  calyr AD*

were identified visually, and 1-2 cm thick samples removed. g5cp 11045 2924 0 1950
After drying and sieving, the 100 or 200 um-size fractions  gacA 18852 50-52 17530 1734-1782
were selected, depending of the granulometry of each sam- 1758
ple. Modal estimates of the main components (minerals, Beta 243042 80-82 27940 1523-1666
glass shards, lithic and pumice fragments) were obtained 1594
under a binocular microscope. The fine glass-rich fractions SacA 14722 114-116 53030  1399-1432
were finely powdered in an agate grinder and then analyzed 1415
for major and trace elements by inductively coupled plasma- SacA 14723 160-162 108530 991_110013;7
atomig emisgion'spectrosgopy SICP—AES) at Maxboratoire SacA 14724 254_256 154035 429-535
Domaines Oeaniques, Universit de Bretagne Occidentale 482

(Brest, France). Relative standard deviations we% for
major elements, and 5% for trace elements. We selected
ICP-AES analyses over other analytical methods such as

electron microprobe analysis (EMPA) because it allowed uUsy,cites (6870 Wt.% Sig), whereas M3 samples correspond
to determine the concentrations of trace elements in the aspy siliceous andesite (60-61wt.% S0 The geochemical
samples by correlating these ash layers with known volcanigje|gs for some volcanoes have been described, namely An-
eruptions in the Ecuadorian Andes. tizana (Bourdon et al., 2002), Cotopaxi (Hall and Mothes,

) o 2008), Pichincha (Robin et al., 2010; Samaniego et al., 2010)
3.1 Sediment description and Quilotoa volcanoes (Mothes and Hall, 2008) and may be

. sources of these ashes. Unfortunately, no chemical data were
The core was mostly composed of brown peat intercalateqqirieved for sample M1.

with three tephra layers (M1, M2 and M3) in the lower half of
the 2-m section, described as follows: 0-4 cm, plant fungi; 4-3.2  Chronology
14 cm, brown-orange peat with fibers; 14-110cm, brown-
black peat; 110-115cm, M1 ash and peat layer; 115-134 cnDating control for core PA 1-08 is based on six radiocarbon
brown-black peat rich in vegetal fibers; 134-136 cm, mix AMS dates from bulk (Table 1) and three radiocarbon-dated
of ash and peat; 136-144 cm, M2 ash tephra (M2a) whitetephra horizons (Table 2). All samples for radiocarbon dating
biotite-rich ash; 144-150cm, tephra (M2b) coarse, gray-were analyzed at the Frenthboratoire de Mesure du Car-
white, biotite-rich ash with small ash agglutinations; 150— bone 14LMC14) — UMS 2572 (CEA/DSM — CNRS - IRD
178 cm, brown peat with fibers; 178-181cm, tephra (M3)— IRSN —Ministere de la culture et de la communicatjon
coarse, crystal-rich ash with peat; 181-200 cm, brown peafTable 1). Geochemical analysis of the three different tephra
with fibers. layers of the core enabled us to identify three volcanic erup-
The M1 layer (5-cm thick) is composed of fine, yellowish tions (Table 2): the eruption of the Guagua Pichincha of the
ash with some mixed peat. The mineral components includelOth century (Robin et al., 2008), the eruption of the Quilo-
plagioclase and some traces of amphibole and pyroxene, wittoa in~ 1270 AD (Mothes and Hall, 2008) and the 2nd erup-
abundant glass and pumice shards. The M2 horizon is a douion of the Guagua Pichincha which lasted 200 yr, although
ble layer composed of a lower (8-cm thick) and an upper (10-hot continuously, betweety 1500 and 1660 AD (Robin et
cm thick) horizon. The lower horizon is a gray-white coarse al., 2008) (Table 2). The mean age of the different eruptions
ash, composed of pumice fragments and ash agglutinatesyas defined based on published radiocarbon dates obtained
as well as biotite (14 %), plagioclase, pyroxene and quartzfrom charcoals and/or paleosoils located below the tephra in
The upper layer is composed of fine, crystal-rich, white ashthe area of the volcano (Mothes and Hall, 2008; Robin et
with abundant plagioclase and biotite crystals, with a smallal., 2008). For the 2nd Guagua Pichincha eruption, the long
proportion of pumice fragments. Lastly, the M3 layer (3-cm duration of the eruption (Robin et al., 2008) prevented defin-
thick) is coarse, crystal-rich ash, which appears to be mixedng the exact time of the deposition from the tephra observed
with peat. Mineral components include plagioclase (30 %),at Papallacta. Therefore we decided to use all the published
amphibole (25%) and pyroxene (14 %), as well as pumiceradiocarbon dates (Table 2) to build our age model. All the
(27 %) and lithic (4 %) fragments. radiocarbon dates of the core PA 1-08 (Table 1) and of the
Bulk sample analyses of the glass-rich fractions enabledlifferent tephras (Table 2) have been plotted using the Ba-
us to correlate these ash layers with known volcanic erupcon age/depth model by Blaauw and Christen (2011). The
tions in the northern Andes. The M2 samples are silica-richage model drawn by Bacon (Fig. 3) is taking into account the

* Range at one standard deviation with error multiplier of 1.0;=c@llibrated.

www.clim-past.net/9/307/2013/ Clim. Past, 9, 30321, 2013
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calibrated dates (yrs) Table 2. Chronology of core PA 1-08 from tephra analyses. The
0 500 1000 1500 age AD of the ergptlons was ob@amed from the Bacon age model
| | | | (Fig. 3) after plotting all the published radiocarbon dates (Mothes
° and Hall, 2008; Robin et al., 2008).
Tephra Depthin  Name ofthe Date of the Age
° layer cm volcano eruption (yr BP) AD
Te]
M1 110-115  Guagua 240+ 20* 1520
Pichincha 290+ 20
320+ 20
8 330+ 30
A 335+ 20
S 450+ 40
S
= ° M2 130-148  Quilotoa 79% 24** 1275
[ Yol
° - M3 178-181  Guagua 10964+ 15** 975
Pichincha

* All 6 radiocarbon dates obtained for this tephra (Robin et al., 2008) have been
plotted in Fig. 3. The resulting age AD indicated in this table was obtained from the
age model (Fig. 3) as being the highest probability for the age of the tephra M1. **
Mean age from Mothes and Hall (2008); Robin et al. (2008).

200

250

of the total pollen sum. The pollen record was plotted using
Psimpol (Bennett, 1994) and divided into zones on the ba-
Fig. 3. Bacon age/depth model of core PA 1-08, overlaying the cal-sjs of constrained cluster analysis by sum of squares analysis
ibrated distributions of the individual dates (blue). Dark grey ar- (CONISS) with pollen taxa= 1% (Grimm, 1987) (Fig. 5).

eas show the 95 % confidence intervals of the models (Blaauw angpg pollen concentration was calculated using the method of
Christen, 2011). Black rectangles along the depth scale indicate the:Our (1974). Sample resolutionis14 yr.

thickness of the different tephras. Surface samples consisting of several pinches of the
surface layer of soil were collected at 100m intervals

along a transect between the surface of the glacier at

changes in sedimentation rates and has provided a detaileggg m a.s 1. where two samples were analyzed, and the cor-
discussion of the ages of the different tephras as reported ifhg site at 3é00 m, plus two samples in tﬁelylep'isforest

Table 2. _ _ located at the edge of the bog and in ttéegmo surrounding
The hypothesis of a sediment gap between 130 and 115 ¢y, bog (Fig. 4a).

was discarded because this 15cm interval, which lasted

300yr, is well constrained by 3 different dates — one ra-3.4 Transported pollen/Poaceae (T/P) ratio as

diocarbon date within the interval (53030 BP), bracketed convection index

by 2 dated tephras — and because the presence of relatively

high frequencies of Poaceae pollen grains indicates that th€hanges in relative abundance between the cloud transported
paramo was still able to prevent the soils from eroding. pollen taxa from the Andean foresfinus, Hedyosmum,
Therefore, instead a change in sedimentation rate appeaRodocarpusand the Poaceae, as a function of edaphic mois-

more likely for this interval (Figs. 3 and 5). ture at this high elevation, can be effectively captured by
the ratio of pollen percentages between the transported taxa
3.3 Pollen analysis and the Poaceae, i.e., the transported/Poaceae or T/P ratio

(e.g. Liu et al., 2005). Based on modern ecology and the geo-
Pollen samples were prepared using a standard protocol (Fagraphical distribution of these taxa, the T/P ratio can be used
gri and Iversen, 1989) and mounted in silicone oil on mi- as a proxy for upslope cloud convection below the bog. In-
croscope slides. Pollen analyses were performed under 600ceed, grasses of theéamo are shallow-rooted plants that
magnification. Pollen grains and spores were identified usingroliferate in wetter conditions (Liu et al., 2005). The two
our reference pollen collection and pollen keys (Hooghiem-different expressions of moisture are reflected in the distinct
stra, 1984; Ortilo, 2008; Kuentz, 2009; Herrera, 2010). A altitudinal transect of the modern pollen rain (Fig. 4a and b).
minimum of 300 terrestrial pollen grains was analyzed in Consequently, we can use the logarithmic T/P ratio as a con-
each sample. Fern spores and aquatic or water level-relategection index for the eastern Cordillera. Accordingly, the T/P
taxa were excluded from the total sum for percentage cal+atio would be 0 if the transported and Poaceae percentages
culation. Spore frequencies were calculated as a proportioare equal. Positive numbers indicate the dominance of cloud
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Papallacta 01-08 cies were observed at a high elevation, near the glacier. This
observation indicates strong pollen transport today from the

o
5 . § . % e Andean forest limit at~ 3600 ma.s.l., up to the glacier lo-
3 % g §§g§%’ g 883 g§ 3 g8 8 cated at 4500 ma.s.l., as observed in Bolivia (Botet al.,
Tanset £ 5 £3 882588 5§ §EC 8 5¢ s 2011). This observation confirms the fact that convective ac-
wom 0 0 ST SLASIC S S WOOS @ O R tivity can be characterized by the frequency of these three
EEEE ﬁg@: L%E F t @*EF ?E taxa and the use of the index of convective T/P activity
seom Syl Et defined above.

T/P index Ambrosia arboresceris the only species dAmbrosiathat
grows on the eastern Cordillera at the latitude of Papallacta. It

s 05005 is a herb growing between 3000 and 3400 ma.s.l. in northern

) ) 4500 ‘ ‘ ‘ ‘ Ecuador, in the upper montane forest ecosystem, where MAP
Glacier Antizana | ranges between 600 to 1700 mm per year and MAT between
4500 9°C and 12C (Jorgensen and Leon-Yanez, 1999). The plant
is insect pollinated, meaning that the pollen grains are not
4400 - dispersed over long distances.
Polylepis pollen grains are well represented in the
4300 - Polylepis forest close to the bog, and are not transported.
For that reason, they are considered as good indicators of the
proximity of a forest.
Paramo 4200 7 In the bog, modern poll_en deposi?ion is defingd from _the
top of the fossil record (Fig. 6) and is characterized mainly
4100 - by Poaceae, Ericaced@eraniellaandHuperzia
Poaceae and Asteraceae tyenecigollen grains char-
4000 - acterize the gframo. Poaceae is mainly represente€hia-
magrostis,a herb able to retain water in the soil and which
3900 - gives the aramo its water storage capacity. When Aster-
aceae typeSeneciobecomes dominant, it is interpreted as
drier conditions on thegramos (Reese and Liu, 2005).
Bog 3800 1 Api llen f ies i t high elevati
piaceae pollen frequencies increase at high elevation.
Two genera of the Apiaceae family are able to grow above

Polylepis forest 3800 - 4000 m:Oreomyrrhis andicolaa herb that grows at 4500 m

and Ottoa oenanthoidesa herb that grows between 4000
and 4500 m (Jorgensen and Ulloa Ulloa, 1994; Jorgensen and
Eeon-Yanez, 1999). They are both indicators of cold temper-
ature, as the base of the glacier is located at 4500 ma.s.l. to-
day. Melastomataceae is an ubiquist shrub or herb.

Hence, changes in Poaceae frequencies are associated with
transported pollen and therefore higher convective transpory&ar-round moisture on theammo and the ability of the
of the Andean forest pollen grains and significant cloud drip-9rassland to store water, while the convection index provides
ping as a source of moisture. Negative values (abundance dfiformation about changes in the intensity of upslope cloud
Poaceae) suggest the presence of permanent humidity in taetivity or convective activity related to the temperature

Fig. 4. (a) Pollen diagram showing the modern pollen rain along
a transect between Antizana glacier (4500 m) and Papallacta bo
(3800 m) for the main taxdb) T/P index of convective acitivity for
surface samples along the altitudinal transect.

soil of the @aramos. gradient between the Amazon Basin and the high-altitude
glaciers.

4 Results 4.2 Fossil record

4.1 Modern pollen rain The results of PA 1-08 pollen record are detailed in Ta-

ble 3 and presented in a synthetic figure along a depth
Results are presented in Fig. 4a and b and discussed from logcale (Fig. 5) showing the key taxa identified in the sur-
to high elevations. face samples (Fig. 4). Four main taxa or groups of taxa
The upper montane forest taxa are representedlbys,  are distinguished to characterize either moisture or temper-
HedyosmunandPodocarpusThese taxa do not grow in the ature changes on théaamo: Poaceae, Apiace@enbrosia
area around the bog today but 200 m below, at 3600 m a.s.and Arboreal Pollen taxa (AP). They are represented along
What is extremely surprising is that their highest frequen-a timescale (Fig. 6). Total pollen concentration fluctuated
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Fig. 5. Synthetic pollen diagram of core PA 1-08. Changes in arboreal pollen and 17 key taxa are presented along a depth scale. See detaile
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Fig. 6. Synthetic pollen diagram of core PA 1-08 showing changes
in frequencies of arboreal pollen taxa, Poacéambrosiaand Api-
aceae presented along atimescale. Gray bars indicate volcanic eru
tions.

between 100 and 2000 grainsigwith the lowest values
between~ 1250 and 1550 AD.

5 Environmental reconstructions

Today, the upper montane forest grows up~t&500m. It

tors of forest -Alnus, HedyosmunPodocarpus- were al-
ways transported from their source by cloud convection and
deposited on the bog by cloud drip and rainfall.

5.1 The period 850 to 1250 AD

This period includes one volcanic eruption in 975 AD.

The high frequencies #&mbrosiadocument locally humid
conditions and warm temperatures. A drier interval occurred
between~ 990 and 1090 AD wheAmbrosiadecreased dras-
tically. Tree taxa are mainly represented by Melastomat-
aceae, which also grow as shrubs in the area around the bog.
The upper montane forest taxa are well represented in both
frequency and concentration, providing evidence of signif-
Bz_ant convective activity (Fig. 6). Two colder episodes (in-
crease in Apiaceae) occurredin1030 AD and~ 1270 AD.
Poaceae frequencies are high and indicate permanent wet soil
on the @ramo and the presence of a wet mean state climate.

5.2 The period 1250 to 1550 AD

This interval includes two volcanic eruptions, one in
1270 AD and one in 1520 AD.

The very low frequencies of transported taxa ahuh-
brosia the dominance of Melastomataceae and Poaceae, and

never reached the altitude of the bog in the past 3000 ythe low convection index characterize different climatic con-

(Moscol Oliveira and Hooghiemstra, 2010). Therefore, we
can assume that in the last 1000yr all the tree taxa indica

Clim. Past, 9, 307321, 2013

ditions from the previous interval with little upslope convec-
tive activity and different local moisture. This is confirmed
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Table 3. Detailed description of the pollen zones defined in Fig. 5.

Pollen Zone Pollen signature
Zone P1 AP (13-27 %) withPolylepis(3—7 %) Melastomataceae (1-4 %) and low frequenciédrois(1-2 %) andHedyos-
200-180 cm mum (1-4 %). A peak in Urticales at 186 cm followed the M3 eruption. Among the heivdrosia(17-8 %),
850-975AD Asteracea&enecidype (4—-14 %), Poaceae (10-27 %Bentianella(2—4 %) are dominant. Ferns show low frequen-
9 samples cies in this zone.
Zone P2 The AP slightly decreased (11-22.5%) mainly due to a decrease of Melastomataceae (0.5-5 %) Almdisow
180-165cm frequencies (1.5-2.5 %) amtbdyosmunf0—3 %).Polylepisis well represented (3—8.5 %). This zone is characterized
975-1095 AD by an increase of the Poaceae frequencies (21.5-37.5 %fwititosia(4.5-9.5 %) Gentianella(1-3 %).
samples
Zone P3 Two subzones are distinguished: (1) between 165 and 150 cm depth is the period before the eruption of the Quilotoa
165-126 cm with high Alnus (2—-9 %) andHedyosmun{0—7 %) frequencies, an@olylepiswas around 5 %, while AP was 15—
1095-1350AD 31 %. Among the herb&entianellawas around 0-3 % and Poaceae 22-53 %; (2) between 132—-126 cm after the
11 samples eruption of the Quilotoa, a decreaseAmusandHedyosmunwith 0.5 and 1 %, respectively, is observed and AP
was 10-16 %. For the first time since the base of the re@uiglepisshowed low frequencies (0% at 132cm and
3% at 128 cm). Asterace&enecidype become the dominant taxa (22—33 %) and lower frequencies of Poaceae than
before the eruption are observed. An increas@woifinerall % and spores dfluperzia(6—16 %) also characterize
this zone P6.
Zone P4 General increase in tree frequencies to 9—15 %. However, within this zone, the M1 eruption is recorded, with conse-
126-95cm guences on a few taxa, such as a sharp increaskmo$frequencies,observed in the second half of the zone after the
1350-1575AD M1 eruption. High frequencies of Melastomataceae (4 %) are observed, although a decrease at 110 cm depth occurs
12 samples during the M1 eruption. Among the herbs, we note the absenéaemiirosia the increase of Asterace&enecio
type (11-23 %)Gentianella(2—-10 %), the Poaceae with 20-38 %, the disappearanGaohera the increase of
Asteracea®accharistype after the eruption, and the increase of the fétagerzia(10-58 %).
Zone P5 Increase in tree frequencies (11-24 %), the presenddnofs 1-3.5 %, Polylepiswell represented (3—11 %), the
95-60cm decrease of the Poaceae, the progressive increase of Apiaceae (1 to 14 %) at the end of the zone and presence
1575-1740AD of Ambrosia(0-6 %), a continuous increase of AsteracBaecharistype (10-25 %), the presence Gentianella
16 samples (1-10 %), andHuperzia(15-47 %).
Zone P6 Tree frequencies are higher than in the previous zone with 16 to 37 %, mddmlgandHedyosmung4—9 %), and
60-28cm Polylepiswas well represented with 3—6 %. For the herbs an increa8enbfosia(1-12 %), a decrease of Apiaceae
1740-1950AD (3-19 %), the presence of Ericaceae (1-5 %), low frequenci€gofianella(0-5 %) and Poaceae (7-17 %), and a
11 samples sharp increase of the feruperzia(20-97 %) were observed.
Zones P7-P8 AP (34-46 %) withAlnus (6—16 %),Hedyosmun{4—-9 %) andPolylepis(5-7 %). Among the NAP we observed
28-0cm Asteracea&eneciaype (11-18 %)Ambrosia(5—-14 %), Apiaceae (2—3 %), Ericaceae (2—8 Ggntianella(3 %)
last decades andHuperziaup to 405 %.
11 samples

by a different landscape suggested by the expansion of thquencies, convection index and Poaceae. The presence of the
Senecidype of Asteraceae. This landscape could also correspecies association of Poaceae, Ericac&mganiella, Ur-
spond to a post-eruptive situation. However, the long dura+ticalesHuperzia reflects the spectrum of the bog surrounded
tion of this event £ 300yr), the absence of tephra, and the by the grass @aramo. A short colder episode occurred dur-

slow sedimentation (0.07 cm#) (Fig. 4) during this inter-

ing this interval, as evidenced by the increase in Apiaceae at

val support the hypothesis that this anomaly is climatically ~ 1550 AD. Both high Poaceae frequencies and convective
driven. Poaceae is found at lower frequencies than duringndex indicate humid conditions on thagamo.

the previous interval, also suggesting less moisture. This is

the driest interval of the record due to much reduced upslop&.4 The period~ 1650 to 1800 AD

convective activity (Fig. 7).

5.3 The period 1550 to~ 1650 AD

Until 1800 AD, the decrease in Poaceae was balanced by
the progressive expansion of Apiaceae antbrosiareveal-
ing the beginning of a cooler climate on tharamo. The

The return to upslope convective activity and a wetter cli- presence ofAmbrosiaat 3815 ma.s.l. shows that moisture
mate is evidenced by the simultaneous increase in tree fremean conditions were higher than today, while the presence
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Year AD served in the previous interval are continuing their downward
1000 1100 1200 1300 1400 1300 1600 1700 1800 1900 2000 trend. Significant expansion bfuperzia high frequencies of
o McA LA cwe upper montane forest trees and a high convection index con-
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Papallacta firm the trend toward warmer temperatures in the area and to
the significant contribution of upslope convective activity to
moisture mean conditions in the high eastern Cordillera.

The period between 1800 and 2008 AD is characterized by
the strongest upslope convective activity of the entire record
and the lowest water storage in the soil of tlaegmos in the
past 1000 yr.

convective activity
T/ P index

53
=
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Cascayunga 5.6 The impact of volcanic eruptions on the vegetation
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None of the three volcanic eruptions recorded in the bog orig-
inated from Antizana volcano. The long distance between

Quilotoa and the study area (more than 100 km) probably
protected it from significant changes in the vegetation and
lower 6| 8 landscape although pre-Colombian sites in northern Ecuador
H Junco were abandoned after the eruption (Hall and Mothes, 2008).
Indeed, the 18-cm thick ash layer from the Quilotoa eruption

completely dried up the bog for a decade and slowed down

rainfall
9180

=
o
o

2N Lo the pollination rates is evidence that the plants were suffer-
5| & ing. Gunnerashowed high frequencies (11 %) after the depo-

2|~ sition of the tephra M2. This herb is associated with stagnant
- 3 water and could be a sign of a change in the drainage of the

Less C

bog for a decade after the eruption, when the regional climate
remained moist. A peak in Urticales (11 %) was observed
after the M1 eruption.

T T T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Year AD

Fig. 7. The past 1000yr in western South America With) the

Papallacta T/P index of upslope convective activity calculated from5.7  The response of the Polylepis forest

the PA 1-08 pollen recordB) 9180 cal from Cascayunga, Peru, a

record of SASM intensity (Reuter etal., 2009), 489 % sand from  Today thePolylepisforest is well represented in thémmo

El Junco, Galapagos, a record of Efifrequency (from Conroy 5| around the bog. The fossil pollen record shows that the

et al., 2009). Red stars show volcanic eruptions at Papallacta. forest was always present and reacted very little to the cli-
mate changes that occurred during the last 100Bolylepis

of Apiaceae documents cooler temperatures. The convectiofféduencies decreased from 4% to 0.2% in the years fol-
index remained stable throughout the zone. Between 1755)W_|ng the eruption, but returned to their initial values quite
and 1800 AD, the simultaneous reductionAhbrosiaand ~ 'aPidly.

Poaceae and the maximum expansion of Apiaceae highlight Five di;tinct changes in the behavior of tharapmo and
a change to a driergzamo due to a drier and colder cli- its associated climate occurred at Papallacta during the last

mate than before. In fact this period represents the coldestO00Yr- Thefirst period between 850 and 1250 AD was char-

and driest interval of the entire PA 1-08 record. acterized by the alternation of moist and dry episodes and a
warmer climate than today with strong upslope convective
5.5 The period 1800 to 2008 AD activity and a seasonal climate during which ti&gmo was

wet. During the second phase, between 1250 and 1550 AD,
The progressive reduction of Apiaceae indicates the returrconvective activity was reduced abruptly at the same time as
of warmer temperatures. The marked increase in tree-pollethere was an expansion of Asteraceae, characterizing a drier
frequencies was due to a significant increase in upslope corparamo. The third climatic phase, between 1550 AD and
vective activity as the position of the upper tree line did not 1650 AD, was characterized by a sharp increase in Poaceae
change during this period (Moscol Oliveira and Hooghiem- and the return of the convective moisture indicative of en-
stra, 2010), which was confirmed by the convection indexhanced cloud condensation. However, the soil of tx@amo
(Fig. 7). The return oAmbrosiacharacterized the humid soil was drier and the grassland probably less extensive than pre-
around the bog, which was also evidenced by the presence afiously. The coldest episode of the record occurred between
bog-associated taxa. Poaceae frequencies remained low. THI¥50 and 1800 AD when theapamo became even drier.
confirms that changes in soil water retention capacity ob-During the fifth period, after 1800 AD, upslope convective
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activity increased significantly and temperatures became pro- This interpretation is supported by recent results obtained
gressively warmer while thegpamo remained dry, docu- from spectral analysis based on tree-ring records in the cen-
menting the reduced water storage in the soil, in spite of theral Andes (Morales et al., 2012). These results show that
high convective activity. ENSO variability is more important for long-term climate
characterization than considering separately the number of
El Nifio and La Niia events. Consequently, we interpret the
remarkable link between the T/P index at Papallacta and the
T/E index at El Junco as reflecting the influence of Pacific
SST variability rather than the just the number of ERdIi
events.

6 Discussion

Among these five climate intervals, the MCA, the LIA, and
the CWP are clearly visible in the Papallacta pollen record.
They are characterized by significant variability of rainfall
and temperature with pronounced century-scale changes ig 1 The medieval climate anomaly
the mean state climate during the MCA, one intermediate pe-"
riod between the MCA and the LIA, the two-step LIA, and Early | . . . e

y in the millennium, the tropical Pacific was shown to

the CWP. be cooler, consistent with La Ria-like conditions (Cobb et

To detect the major factors mfluencmg precipitation and al., 2003). Therefore, one would expect an expansion of An-
temperature variability at Papallacta, either related to Pa-

cific or Atlantic SSTs, we plotted the convective index with tizana Glacier between 900 and 1200AD (Francou et al,

) . . ; L 2004). However, a downslope shift in the glacier front was
changes in the ratio of tychoplanktonic to epiphytic dlatomsnot confirmed by the pollen record. On the other hand. mod-
—the T/E index, associated to changes in number of BONi y P : '

. ; ern climate observations also show that during a negative
events from the El Junco lacustrine record in the GalapagogOI or La Nita events winter (JJA) and summer (DJF) mois-
(Conroy et al., 2009) — and changes in precipitation strictly

linked to SASM activity from the Cascayunga :speleothemture Increases on th_ea FRMmo. Co_nsequently, It appears that
. at Papallacta, the high convective index in phase with the
record in northeastern Peru (Reuter et al., 2009). These com- . . .
X ) Increased ENSO frequency reveals an increase in moisture
parisons reveal a remarkable link between the Papallacta con- . .
o . - " Induced by a decadal-scale modulation of ENSO-related cli-
vective index and the eastern equatorial Pacific SST T/E in-

dex for the first part of the time interval (untit 1500 AD) mate variability. In addition, _hlgh Pgaceae frequenme_s in-
N icate a permanently wet soil on tharamo. The MCA is
and between the Papallacta convective index and the eas?—

ern Andes isotopic record for the second half of the inter_characterized by a warm northern equatqrial Atlantic (Hayg
val (Fig. 7). High values of T/E index were related to a high et al,, 2001) and a cool south equat_o_rlal Atlantic (Polis-
number of EI Nilo events. However, modern climate analy- sar et. al, .2006) (Fig. 1). These conditions led to a north-
ses show that during the positve phase of ENSO, when tem wi81% 78 5, 061 2 M MEREERne P SO o
peratures are warmer in the equatorial Pacific, a drier C"mat%vet season (DJF) (Cohen et al., 2009; Reuter et al 29009)
is observed in the Ecuadorian Andes (Vuille et al., 2000; Gar- X ’ N ‘

reaud et al., 2009). Therefore the link between a high numbef)ur result; ShOV.V that at the elevation of Papallacta, the
C L . . ack of moisture induced by a weakened SASM was prob-
of El Nifio events and a moist climate in the Ecuadorian An-

des s questionable. In addition, at El Junco, the diatom-base bly counterbalanced by moisture transport induced by high

eastern equatorial Pacific SST T/E index does not reveal nei- Nl\/?;()jgfrrtleizlgfs){.ructions show a division between the north-
ther the La Nina-like MCA nor the El Nfio-like LIA (Cobb

etal., 2003: Sachs et al., 2009). The terms LaeNike o El ern and southern tropical Andes during the MCA, with wet-

Nifio-like have been broadly used to refer to higher LAaNi ter/drier climate to the north/south (positive/negative soil

or El Nifio frequencies (Sachs et al., 2009) or increased chnomaly) in agreement with our results (Seager et al., 2008;

- A . . Diaz et al., 2011). Consequently under negative soil moisture
currence of La Nia or El Nio events within a given time conditions, the southerrapamo would have been drasticall
interval (Cobb et al., 2003). However, we know for instance ’ y

that during the LIA glaciers expanded in the tropical Andes,mduced n size. This outjof—ph_ase behavior IS an '”T'po”am
S ) : . . . aspect to take into consideration when projecting impacts
which is inconsistent with an increase in Elffdi events, as

according to modern observations, this would favour glacier?ri);nmreo??gfnnéc climate change on the future water supply
retreat (Jomelli et al., 2009). Garreaud and Battisti (1999) as- = '
soc_lated the term_ El Kb-like tq Ionggr periods of variability 6.2 The period 1250 to 1550 AD
on interdecadal timescales with major effects on the patterns

of seasonality. nge we W|Illrefer K.). ENSO variability” to Although this period is well characterized at Papallacta, other
discuss changes in equatorial Pacific SST, even though our

: . . records generally attribute the beginning of this period (up to
fé);tl:isssis(fgég;erdecadal scales in the sense of Garreaud a 400 AD) to the MCA, and the second part (between 1500

and 1550 AD) to the beginning of the LIA. Our subdivision
at Papallacta is based on evidence for the absence of cloud
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convection that is likely specific to the eastern Cordillera. expansion between 1750 and 1800 AD characterized by a
Comparison between the convective index and ENSO vari-1°C drop in temperature and a 20 % increase in precipitation
ability shows a decrease in both phenomena (Fig. 7). ThéJomelli et al., 2009).

combined effect of a weaker SASM (Reuter et al., 2009; At Papallacta, this pattern ended #1800 AD. Indeed,

Bird et al., 2011; Vuille et al., 2012) and low ENSO vari- the sharp decrease in Poaceae frequencies (Fig. 6) indicates
ability at the beginning of the interval (Conroy et al., 2009) drier conditions on the gramo linked to a decrease in the
created particularly dry conditions at Papallacta that modi-soil moisture conditions. This interval included the driest and
fied the landscape. After 1300 AD, ENSO variability was still coldest phase at Papallacta. A weakened SASM system, re-
low when the SASM became stronger (Bird et al., 2011). Thelated to the beginning of the northward shift of the ITCZ
presence of both Poaceae and Asteraceae taxa document tifefaug et al., 2001), and strong upslope convection as the
the paramo was drier, but still functioning as a wet grassland.Amazon Basin was very wet, associated with low ENSO fre-
More to the south, in the central Andes, frequent extremeguencies, characterized the climate system during the second
droughts were observed until 1400 AD and less frequent expart of the LIA.

treme droughts until 1600 AD (Morales et al., 2012), both of

which were attributed to low ENSO variability. In the south- 6.4 The Current Warm Period

ern Andes the period between 1250 and 1400 AD has been

identified as the driest phase of the MCA with a weak corre-After 1800 AD, the abrupt increase in the convective index,
lation with ENSO (Boucher et al., 2011; Neukom and Gergis,Which reached its highest values in the last 1000 yr, reflects
2012). Our results confirm that this extreme drought dom-the sharp increase in the intensity of cloud condensation up
inated climatic conditions from the equator to the southernto high elevations. Here the movement of the vegetation belt,

Andes during this time period. characterized by the progressive retreat of Apiaceae and the
return of warmer temperatures in the bog, was again in phase
6.3 The Little Ice Age with the retreat of the glacier Antizana.

The warming of the Pacific and the increase in ENSO

In the equatorial Pacific the time interval corresponding toVvariability (Conroy et al., 2009; Morales et al., 2012) led
the LIA, ~ 1500 to 1800 AD, is characterized by warmer to significant glacier retreat after 1800 AD (Francou et al.,
SST associated with El Ro-like conditions (Sachs et al., 2000; Jomelli, et al., 2009, 2011). The continuous decrease
2009). Today, at high elevations in Ecuador, an EfiNi in Poaceae documents drier soil and changes in precipita-
event is associated with warmer temperatures and a negativéon regimes under the combined effect of a weaker SASM
glacier mass balance (Francou et al., 2004). However, glaciednd higher ENSO variability. Thepamo drastically weak-
retreat due to mean state Elifdtlike conditions would cause ened, progressively losing its ability to store water although
an upslope shift of the altitudinal vegetation band, which isatmospheric moisture was high.
not the case at Papallacta. On the contrary, the growth of Api- At the elevation of the glacier, a two-step warming, with a
aceae reached the lower altitude of 3800 ma.s.l., indicating &low phase that lasted until 1880 AD, and a more rapid warm-
downslope shift of the glacier and a decrease in temperatureéng since 1880, was observed (Jomelli et al., 2009, 2011).
Given the high convective index and low ENSO variability A high convective index reaching its highest values, also
between 1550 and 1800 AD (Fig. 7), we conclude that therecorded in our modern pollen samples (Fig. 4b), is proba-
wetter climatic conditions observed at Papallacta are a rebly evidence for a precipitation increase during the last two
sult of both low interdecadal ENSO variability and stronger centuries. This precipitation increase, however, was insuffi-
SASM activity rather than due to a trend toward a more Elcient to induce a glacial advance. On the contrary, glaciers
Nifio-like mean state (Sachs et al., 2009). started to retreat after 1800 AD, in conjunction with the in-

In the Atlantic, a cool northern equatorial basin (Haug dustrial warming and under the combined effect of an in-
et al., 2001) and warm conditions in the southern equatocrease in ENSO variability, higher local convective activity,
rial Atlantic (Polissar et al., 2006) caused a southward shiftand a weaker overall SASM.
of the ITCZ. This century-scale ocean-atmosphere coupling
was characterized by an intensification of the SASM and in-
creased precipitation in tropical South America, (Vimeux et7 Conclusions
al., 2009; Bird et al., 2011) and particularly a wetter Ama-
zon Basin (Cohen et al., 2009; Vuille et al., 2012) and theThe Papallacta pollen record highlights the influence of in-
presence of increased moisture along the eastern Cordillererdecadal equatorial Pacific SST variability and anomalies
in northern South America, reaching at least as far south ag the Atlantic meridional SST gradient on mean moisture
southern Peru (Reuter et al., 2009; Bird et al., 2011). Be-conditions in the high Ecuadorian Andes for the last 1000 yr.
tween 1550 and 1650 AD, the combined effect of a strongelindeed, the interplay of Pacific and Atlantic SST anomalies,
SASM and low ENSO variability (Fig. 7) favored the most associated with ENSO and SASM activity respectively, pro-
humid conditions of the last 1000 yr, with a maximum ice vides two modes of variability that can influence the rainfall
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