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a b s t r a c t

We examine the timing and magnitude of the last glacial maximum (LGM) and the last glacial termi-

nation (LGT) in northwestern Patagonia, situated in the middle latitudes of South America. Our data

indicate that the main phase of the LGT began with abrupt warm pulses at 17,800 and 17,100 cal yrs BP,

accompanied by rapid establishment of evergreen temperate rainforests and extensive deglaciation of

the Andes within 1000 years. This response shows that South American middle-latitude temperatures

had approached average interglacial values by 16,800 cal yrs BP. The temperature rise in northwestern

Patagonia coincides with the beginning of major warming and glacier recession in the Southern Alps of

New Zealand at southern mid-latitudes on the opposite side of the Pacific Ocean. From this corre-

spondence, the warming that began at 17,800 cal yrs BP appears to have been widespread in middle

latitudes of the Southern Hemisphere, accounting for at least 75% of the total temperature recovery from

the LGM to the Holocene. Moreover, this warming pulse is coeval with the first half of the Heinrich

Stadial 1 (HS1) in the North Atlantic region. HS1 featured a decline of North Atlantic meridional over-

turning circulation, a southward shift of the westerly wind belt in both hemispheres and of the Inter-

tropical Convergence Zone, as well as a weakening of the Asian monsoon. Along with the initiating

trigger, identifying the mechanisms whereby these opposing climate signals in the two polar hemi-

spheres interacted dwhether through an oceanic or an atmospheric bipolar seesaw, or bothd lies at the

heart of understanding the LGT.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Terminations of ~100,000-year glacial cycles represent the

largest natural climate changes of late-Quaternary time. Termina-

tions set the overall timing of these cycles by disrupting the evo-

lution of the global climate system toward extreme glacial

conditions. They feature melting of huge continental ice sheets

situated in the Northern Hemisphere, together with reorganization

of the global ocean-atmosphere system from a glacial to an

interglacial mode. Deciphering the mechanisms responsible for

terminations is thus prerequisite for understanding the causes of

~100,000-year glacial cycles. Discussion of this topic has centered

largely on the phasing relationships of climate events revealed in

polar ice cores, which show interhemispheric asynchrony in the

millennial bandwidth (Members, 2015). The extent to which these

ice-core records are representative of climate change in extra-polar

areas is insufficiently understood. To address this problem, we

present radiocarbon-dated terrestrial stratigraphic records from

northwestern Patagonia and compare them with the glacier and

vegetation record in the Southern Alps of New Zealand, both situ-

ated in southern middle latitudes. Precisely dated stratigraphic

records from the southern middle latitudes afford a test of the

hemispheric-scale significance of the climate signature of Antarctic

* Corresponding author.

E-mail addresses: pimoreno@uchile.cl (P.I. Moreno), gdenton@maine.edu

(G.H. Denton), hmoreno@sernageomin.cl (H. Moreno), thomas.lowell@uc.edu

(T.V. Lowell), mkaplan@ldeo.columbia.edu (M.R. Kaplan).

Contents lists available at ScienceDirect

Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev

http://dx.doi.org/10.1016/j.quascirev.2015.05.027

0277-3791/© 2015 Elsevier Ltd. All rights reserved.

Quaternary Science Reviews 122 (2015) 233e249



ice cores, and may clarify the relative roles of changes in deep-

water circulation and/or shifts in major wind belts for the initia-

tion and propagation of abrupt climate changes at global scales,

including those associated with the last glacial termination (LGT).

Our radiocarbon-dated palynologic and glacial geologic records

come from the lowlands of northwestern Patagonia in the Chilean

Lake District, Isla Grande de Chilo�e and on the adjacent Chilo�e

Continental sector (Fig. 1). Our collation of new and published AMS

(Accelerator Mass Spectrometry) 14C-dated terrestrial records al-

lows us to define the timing and sequence of events during the last

glacial maximum (LGM) and the LGT in the middle latitudes

alongside the southeastern Pacific Ocean. Our aim is to examine the

intra- and inter-hemispheric phasing of paleoclimate signals during

the LGT. For that purpose we developed a master pollen stratig-

raphy that combines the palynology and associated radiocarbon

dates from sites with high-resolution records, together with

radiocarbon-dated volcanic and glacial deposits and geomorphic

features that are key to deciphering the timing and extent of An-

dean ice lobes during the LGM and the LGT. Our radiocarbon

chronology relies on terrestrial samples, which directly monitor the

radiocarbon content of the atmosphere, thus circumventing the

uncertainties of changing marine reservoir corrections.

2. Setting

Northwestern Patagonia (40�e44�S) features the Chilean Lake

District and the Chilotan archipelago, most noteworthy Isla Grande

de Chilo�e (Fig. 1). It is bounded by the Andes Cordillera in the Chilo�e

Continental sector in the east and by the Coastal Range in the west

that runs along a north-to-south axis adjacent to the southeastern

sector of the Pacific Ocean. The overall cordillera attains its highest

altitudes between 15� and 35�S, with maximum elevations

declining steadily toward the south (~2500 m.a.s.l. at 35�S,

~1800 m.a.s.l. at 40�S, and ~1400 m.a.s.l. at 45�S). Abundant pre-

cipitation delivered by westerly winds coupled with adiabatic

cooling allows the occurrence of more than 35 isolated glaciers on

the highest peaks between 35� and 45�300S (Lliboutry, 1998), most

of them volcanoes. Cirque glaciers become increasingly common

poleward of 41�S, followed south of 45�300S by numerous moun-

tain glaciers, outlet glaciers, and ice fields, including the Northern

and Southern Patagonian Ice Fields. The calculated equilibrium line

altitude declines poleward from elevations of ~3300m.a.s.l. at 35�S,

to ~2300 m.a.s.l. at 40�S, to a minimum of ~600 m.a.s.l. at 52�S

(Condom et al., 2007).

Northwestern Patagonia is under the influence of explosive

eruptions from several volcanoes in the Southern Andean Volcanic

Zone. This volcanism results from the subduction of the Nazca Plate

beneath the westward moving South American Plate (Stern, 2004),

along a narrow volcanic arc that follows the Liqui~ne-Ofqui fault

system in Chile between 33� and 46�S. The Southern Andean Vol-

canic Zone includes at least 60 active or potentially active volcanoes

in Chile and Argentina, as well as three caldera systems and

numerous minor eruptive centers (Stern, 2004). Several active

volcanoes have historic explosive records. The most relevant are

Mocho-Choshuenco (39�5503900S, 72�103700W), Lanín (39�3705800S,

71�2905900W), Grupo Antillanca (40�4601500S, 72�901200W), Osorno

(41�60000S, 72�2903500W), the recently erupted Puyehue-Cord�on

Caulle (40�3502500S, 72�70200W) and Volc�an Chait�en (42�4905800S,

72�3804500W) on years 2011 and 2008 respectively, and the

currently active Volc�an Villarrica (39�250000S, 71�560000W) and V.

Calbuco (41�1903400S, 72�3605200W).

Precipitation of westerly origin occurs throughout the year in

northwestern Patagonia, with variations in frontal activity resulting

from latitudinal shifts of storm tracks at seasonal and interannual

scales (Garreaud et al., 2013). The seasonality of precipitation

increases north of 41�S, along with a rise in continentality caused

by the rain-shadow effect of the Coastal Range on the Longitudinal

Valley, a broad north-south oriented tectonic depression situated

between the Coastal Range and the Andes Cordillera. The zone of

maximum precipitation (48�e50�S in central Patagonia) shifts

north/south during the winter/summermonths, respectively, along

with latitudinal sea-surface temperature gradients and the inter-

action between the subtropical Pacific high-pressure cell and the

polar low-pressure belt (Aceituno et al., 1993; Garreaud et al., 2013;

Quintana and Aceituno, 2012).

The temperate high-rainfall regime in northwestern Patagonia

fosters broadleaved temperate rainforests, which closely follow

altitudinal and latitudinal climate gradients in temperature and

precipitation from sea level up to the treeline (1000e1200 m.a.s.l.).

The upper treeline represents a major discontinuity in the distri-

bution of arboreal species in the cold, wet, and wind-swept envi-

ronments of the high Andes of Patagonia. A study of the spatial and

temporal variation in Nothofagus pumilio growth at treeline along

its latitudinal range (35�400S-55�S) in the Chilean Andes (Lara et al.,

2005) showed that (i) temperature has a spatially larger control on

tree growth than precipitation, and that (ii) this influence is

particularly significant in the temperate Andes (>40�S). These re-

sults suggest that low temperatures are the main limiting factor for

the occurrence of woodlands and forests at high elevations in the

Andes, considering that precipitation increases with elevation at

any given latitude (Lara et al., 2005).

The temperate rainforests in northwestern Patagonia are

dominated or co-dominated by species of the genusNothofagus, the

Southern Beech. These rainforests occur from sea level onto the

humid slopes of the western flanks of the Andes and Coastal Range

(Fig. 1) (Villagr�an, 1985, 1988a, b). Between 40� and 43�S, three

main forest communities have been distinguished on the basis of

their floristic composition: Valdivian, North Patagonian, and Sub-

antarctic. The evergreen Valdivian rainforest, the most biodiverse

and heterogeneous in terms of canopy structure, occupies low-

elevation sectors in relatively warm areas with strong precipita-

tion seasonality and inter-annual variability in the northern part of

this region. Important pollen indicators characterize the modern

pollen rain of this forest community, among them are the trees

Eucryphia cordifolia and Caldcluvia paniculata, accompanied by

numerous other trees, shrubs, epiphytes, and vines. North Patago-

nian evergreen rainforests supersede or intermingle with Valdivian

communities under colder/wetter conditions, either upslope in the

mountain ranges in northwestern Patagonia or in areas south of

41�S. The Valdivian and North Patagonian communities sharemany

species, the latter having lower biodiversity and a simpler canopy

structure, together with the presence and occasional dominance of

cold-resistant conifers (Podocarpus nubigena, Saxegothaea con-

spicua, Fitzroya cupressoides, and Pilgerodendron uviferum) at higher

elevations (550e850 m.a.s.l.) and in Isla Grande de Chilo�e. Decid-

uous Subantarctic forests dominate sub-alpine environments sub-

ject to seasonal snow cover under cold, wet, and windy conditions.

The broad latitudinal distribution of the Subantarctic forest com-

munity throughout western Patagonia reflects its ability to with-

stand extreme temperature conditions. These winter-deciduous

forests establish a transition between the evergreen rainforests

discussed above and the Patagonian Steppe east of the Andes, and

the High Andean plant communities located above the treeline. The

dominant species in Subantarctic forests is N. pumilio, which may

form monospecific stands and present a species-poor understory.

N. pumilio forests intermingle with Nothofagus betuloides in more

humid sectors, establishing a mosaic with evergreen forests. In

palynological terms, this plant community can be traced by as-

semblages having an arboreal component dominated almost

exclusively by Nothofagus pollen, lacking epiphytes and vines, and

P.I. Moreno et al. / Quaternary Science Reviews 122 (2015) 233e249234



Fig. 1. Map of the study area showing the location of palynological (Canal de la Puntilla: 1, Huelmo: 2, Lago Condorito ¼ LC, Lago Lepu�e: 23) and stratigraphic sites discussed in the

text. Also shown are the mapped moraines west of the major lakes and gulfs, along with the reconstructed extent of Andean piedmont ice lobes during the last glacial maximum.
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featuring understory herbs and shrubs (Apiaceae, Valeriana, Perezia,

Lycopodium magellanicum, Huperzia selago, etc.). Evergreen sub-

antarctic forests dominated by N. betuloides transition into Magel-

lanic Moorland communities in the windswept, hyperhumid, low-

permeability rocky substrates of the Chilean channels.

High Andean vegetation dominates the landscapes above the

treeline, located between 1000 and 1200 m elevation in north-

western Patagonia, and constitutes a sparsely vegetated unit

dominated by herbs (Poaceae [Poa, Festuca, Deschampsia], Aster-

aceae [Nassauvia, Senecio, Perezia], Apiaceae [Bolax, Azorella],

Cyperaceae [Carex], Gunnera), and shrubs (Ericaceae [Gaultheria],

Empetrum), along with isolated individuals of the species Nothofa-

gus antarctica. Low temperatures, strong winds, and prolonged and

abundant snow cover constitute limiting factors for the occurrence

of woodlands and forests in this harsh environment.

The interaction of the physical and biological characteristics of

northwestern Patagonia led to the repeated formation of a large

Patagonian Ice Sheet during late-Quaternary ice ages, accompanied

by geographic shifts of the land biota, including floristic and

physiognomic changes in the regional plant communities. Several

aspects make this region particularly suitable for deciphering the

timing, rate, and magnitude of paleoclimate changes during the

LGM and the LGT:

A. Numerous lakes and bogs located in topographic depressions

and in meltwater channels are associated with moraine com-

plexes deposited during Marine Isotope Stages (MIS) 2e4

(Denton et al., 1999b), thus allowing the development of strat-

igraphic records before, during, and since the LGM. Further-

more, glaciers advanced over vegetated landscapes, overriding

organic-rich surfaces such as andesitic soils, lacustrine beds,

peat, and forest beds, thus offering the opportunity to define the

timing of glacial advances by radiocarbon dating (Denton et al.,

1999b; Mercer, 1968, 1976; Porter, 1981). The abundance of

organic-rich, high-sediment-accumulating lake basins dating to

the last glaciation enables the development of the high-

resolution paleoecological records necessary to infer past pale-

oclimate shifts, as well as treeline and snowline fluctuations.

B. Extensive areas in northwestern Patagonia remained ice-free

during the last glaciation (Denton et al., 1999b; Laugenie,

1982; Mercer, 1968, 1976; Porter, 1981), allowing biota to

occupy the northeastern portion of Isla Grande de Chilo�e

(Heusser, 1990; Villagr�an, 1990, 2001) and the well-drained

proglacial outwash substrates in the Longitudinal Valley of the

Chilean Lake District (Heusser, 1974; Heusser et al., 1999, 1996a;

Moreno, 1997) (Fig. 1) under cold, wet, and windy conditions.

The fact that the glacial vegetation thrived near former glacier

margins allowed a rapid spread of cold-resistant pioneer herbs,

shrubs, and trees into the lowlands of the Chilean Lake District

at the end of the LGM (Heusser et al., 1996a; Moreno, 1997).

Hence, palynological records from this area can monitor the

local response of the vegetation to the very early stages of the

LGT, devoid of biases introduced by seaway barriers to dispersal,

migrational lags, and soil development in recently deglaciated

terrain, as well as by climate heterogeneities at regional to

continental scales (Bennett et al., 2000; Moreno et al., 2001).

C. The relatively high species richness associated with the rain-

forest and high Andean communities in northwestern Patago-

nia, together with the segregation of these communities along

the climate gradients discussed above, permits detection of

major physiognomic shifts as well as subtle changes in the

composition of the vegetation inferred from fossil pollen records

(Moreno, 2004; Pesce and Moreno, 2014).

D. Large explosive volcanic events during and since the LGM

resulted in the deposition of pyroclastic layers that mantle

glacial and non-glacial landforms (Clavero and Moreno, 2004;

Singer et al., 2008), which constitute the substrate for the

development of organic deposits in former wetlands or soils.

Radiocarbon dating of these volcanic deposits, some of which

are areally extensive, enables the development of detailed

chronologies to constrain the timing of glacial fluctuations and

deglaciation.

3. Methods

Our radiocarbon-dated signature for the LGM and LGT in

northwestern Patagonia is based on the timing of vegetation

changes revealed by pollen sequences, and of glacier maxima

during the LGM, followed by recession from LGMmoraine belts. We

discuss each of these in turn. The high-resolution palynology

shown in this study comes from sediment cores collected from two

mires located in the Chilean Lake District using a Wright piston

corer. In each site we obtained multiple cores from different mi-

croenvironments and selected the cores having the most complete,

intact stratigraphy and highest sediment-accumulation rates. The

palynological samples were processed following standard pro-

cedures and analyzed with a stereomicroscope at 400� magnifi-

cation. The results are shown as percent abundance (for details

(Moreno et al., 1999)). The identification of key stratigraphic sites

shown in this study was done in the field after constructing

detailed glacial geomorphologic maps and carrying out field sur-

veys; each section was photographed, described and sampled

carefully. We calculated weighted means for groups of replicate

radiocarbon dates obtained in direct association with key strati-

graphic sections and key palynological events. This enabled us to

develop a radiocarbon framework for the LGM-LGT and millennial-

scale changes embedded in their development. All radiocarbon

dates are calibrated using the Intcal13 dataset and the OxCal 4.2

Program (Bronk Ramsey, 2009) (Supplementary Table 1). In the

case of palynological records we developed Bayesian ages models

using Bacon package for R (Blaauw and Christen, 2011) considering:

(i) the density of radiocarbon dates through each record, with

replicate dating for constraining the timing of specific events, (ii)

the need for median age probability interpolates and (iii) the cor-

responding confidence intervals for each major transition in the

pollen records.

4. Results

4.1. High-resolution pollen stratigraphy

We combined palynological records from Canal de la Puntilla

(site 1 in Fig. 1) and Huelmo (site 2 in Fig. 1) in the lowlands of the

Chilean Lake District (~150 m.a.s.l.) to examine the last transition

from extreme glacial to extreme interglacial conditions, in view of

their climate sensitivity, tight stratigraphic/chronologic control,

high sediment-accumulation rates/sampling resolution, proximity

(~80 km apart) and, most important, the common vegetation his-

tory in sections of the records that overlap in time (Hajdas et al.,

2003; Moreno et al., 1999; Moreno and Leon, 2003). Both sites

feature accumulation of organic-rich sediments in small closed

basins that have similar depositional environments, are associated

with glacial deposits/landforms dating to the LGM, and are located

within the same vegetation and climate zones. Field and laboratory

methods are described in detail by Moreno and Leon (2003).

The pollen record from Canal de la Puntilla (Fig. 2) integrates the

palynology and radiocarbon chronology of cores 607AT2, 413BT1,

and PM13 (Moreno et al., 1999), all of which exhibit overlapping

segments that ensure stratigraphic continuity through the critical

P.I. Moreno et al. / Quaternary Science Reviews 122 (2015) 233e249236



interval encompassing the LGM-LGT and allow development of a

new, statistically robust age model using the latest radiocarbon

calibration datasets. This spliced record circumvents the hetero-

geneities related to slumps, thick wood layers, and associated hi-

atuses across different microenvironments within the site. Full

details on the radiocarbon chronology, along with the sediment

and high-resolution pollen stratigraphies for each core, are dis-

cussed in Moreno et al. (1999). A close match among high-

resolution pollen records from the several cores from the Canal

de la Puntilla site was achieved based on Nothofagus dombeyi type

percentages of 43.4% and 42% at ~19,360 cal yrs BP (median

probability age according to age model, 2s confidence interval:

19,190e19,770 cal yrs BP) in cores 413BT1 and PM13, respectively,

X-radiographs, loss on ignition (LOI), and high-resolution and

replicate pollen stratigraphies on the overlapping zones, alongwith

bracketing radiocarbon dates (minimum-limiting dates: AA-23254,

AA-23252, maximum-limiting date: AA-9980) (Supplementary

Table 1). We then adjusted the depths of pollen samples and

radiocarbon dates from core PM13, and transferred additional

radiocarbon ages from companion core PM12 to (i) bracket the

chronology of a tephrawith an interpolated median probability age

of ~16,960 cal yrs BP according to the age model (2s confidence

Fig. 2. Simplified pollen record from the Canal de la Puntilla site. This stacked record includes the pollen and radiocarbon data from cores 607AT2, 413BT1, and PM13. Nothofagus

refers exclusively to the species included in the taxon Nothofagus dombeyi type. The red arrow indicates the maximum percentage values of Nothofagus dombeyi type (75.8% at

195 cm) with which we matched this record with the Huelmo pollen stratigraphy. The secondary y axis expresses the stacked age model.

Fig. 3. Radiocarbon chronology and age model of the Canal de la Puntilla site. The x axis represents depths with no tephras, the y axis units are cal. yrs BP.

P.I. Moreno et al. / Quaternary Science Reviews 122 (2015) 233e249 237



interval: 16,733e17,118 cal yrs BP), fully consistent with a close

minimum-limiting radiocarbon date UGa-6987 and a close

maximum-limiting radiocarbon date AA-23249 (Supplementary

Table 1), (ii) provide close minimum-limiting dates for the degla-

cial N. dombeyi type rise (sequential dates AA-18253, AA-18255,

AA-18256), and (iii) strengthen the chronology for the

commencement of organic lacustrine sedimentation at the site

(date Beta-80353). The chronology of the spliced record from Canal

de la Puntilla is constrained by 31 radiocarbon dates

(Supplementary Table 1), uponwhich we developed a Bayesian age

model (Fig. 3) forced at 2-cm intervals, after subtracting the

thickness of all tephras and wood layers in consideration of their

instantaneous deposition. The entire Canal de la Puntilla pollen

record spans the interval between 11,080 and 24,060 cal yrs BP

according to the age model, with a median time step of 61 yr/cm

between samples.

The pollen record from the Huelmo site (Figs. 1 and 4) was

developed from overlapping cores 901B and 601A (Moreno and

Leon, 2003). These cores were correlated with the aid of x-radio-

graphs, LOI, magnetic susceptibility, radiocarbon dates

(Supplementary Table 1), a tephra layer dated at ~ 11,000 cal yrs BP,

and high-resolution and replicate pollen stratigraphies in the

overlapping zone. The chronology of the Huelmo record is based on

36 radiocarbon dates (Supplementary Table 1), upon which we

developed a Bayesian agemodel (Fig. 5), forced at 4-cm intervals, to

assign interpolated ages to all levels analyzed, after subtracting the

thickness of the 11,000 year-old tephra considering its instanta-

neous deposition. This age model suggests undisturbed, contin-

uous, in-situ pelagic sedimentation, and high sediment

accumulation rates between ~7450 and 18,950 cal yrs BP, with a

median time resolution of 49 yr/cm between palynological

samples.

To obtain a stacked record for the region, we spliced the pollen

records from Canal de la Puntilla and Huelmo on the basis of the

independently constrained chronology for the appearance and

rapid increase of Myrtaceae, and peak percentages of N. dombeyi

type that immediately preceded that expansion (Fig. 6). The precise

match corresponds to the levels containing 75.8% (195 cm) and

74.1% (964 cm) abundance of N. dombeyi type in the Canal de la

Puntilla and Huelmo records, respectively (Figs. 2 and 4). The age

models interpolate median probability ages of 17,265 and

17,235 cal yrs BP (2s confidence intervals: 17,170e17,610 and

17,047e17,377 cal yrs BP respectively) for peak N. dombeyi type

abundance, respectively, consistent with the close limiting radio-

carbon dates available from each site (Supplementary Table 1).

The stacked pollen record spans the interval between 7450 and

24,060 cal yrs BP with a median time resolution of 62 years be-

tween adjacent samples (Figs. 6 and 7). This record allows a

detailed examination of the last transition from extreme-glacial to

extreme-interglacial conditions along a time continuum. We

calculated the rate-of-change parameter on the spliced pollen re-

cord to quantify the magnitude/rapidity of vegetation changes

(Fig. 7). This was done by smoothing the pollen percentage data

with a 5-point moving average, interpolating pollen samples at

regular 150-year intervals, and calculating a dissimilarity coeffi-

cient (chord distance) per unit time between adjacent pollen levels

(Moreno, 2004).

We now describe and give our interpretation of the stacked

pollen record from Canal de Puntilla and Huelmo (Figs. 6 and 7).

The pollen record between ~18,000 and 24,000 cal yrs BP shows

abundant herbs (Poaceae, Asteraceae subfamily Asteroideae), high

Andean herbs/shrubs (Perezia type, Valeriana), and cushion-bog

species found today in Magellanic Moorland communities (Astelia

pumila, Donatia fascicularis). Within this interval we detect an

initial phase with the highest abundance of cold-resistant pioneer

herbs and shrubs between ~23,400 and 24,000 cal yrs BP termi-

nated by an increase from <10% to ~40% in cold-resistant hy-

grophilous subantarctic trees (N. dombeyi type, Fitzroya/

Pilgerodendron) between ~ 22,600 and 23,400 cal yrs BP. This was

followed by a reversal in trend that led to a peak in Poaceae be-

tween ~21,800 and 22,600 cal yrs BP, followed in turn by a

resumption of the trend toward arboreal dominance that culmi-

nated with a peak of ~80% at 19,275 cal yrs BP (MAP ¼ median

probability age according to age model, 2s confidence interval:

19,110e19,655 cal yrs BP), which we interpret as woodland

encroachment in the lowlands of the Chilean Lake District. The

trend culminated with a short-lived increase in Myrtaceae, a family

of trees and shrubs whose regional abundance is highest at low-

Fig. 4. Simplified pollen record from the Huelmo site. This stacked record includes the pollen and radiocarbon data from cores 601A and 9901A. Podocarpus refers exclusively to the

species P. nubigena, the Eucryphia/Caldcluvia palynomorph includes the trees Eucryphia cordifolia and Caldcluvia paniculata. The red arrow indicates the maximum percentage values

of Nothofagus dombeyi type (74.1% at 964 cm) with which we matched this record to the Canal de la Puntilla pollen stratigraphy.
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andmid-elevation North Patagonian rainforest communities. These

data suggest an initial pioneer phase with a sparsely vegetated

landscape dominated by cold-resistant hygrophilous herbs with

near absence of arboreal pollen (<10%), suggesting that the low-

lands of northwestern Patagonia harboured scattered low-density

tree populations in a vegetation matrix composed by species

characteristic of modern high-Andean environments and Magel-

lanic Moorland communities during the LGM. These results and

interpretations suggest extreme cold and wet conditions with an

inferred depression of ~1000 m in the regional treeline relative to

modern conditions between ~23,400 and 24,000 and between

~21,800 and 22,600 cal yrs BP, in agreement with previous studies

(Heusser et al., 1999,1996b). Our results indicate that moderate and

gradual warming within the LGM, drove a transition from an open

landscape dominated by alpine herbs to open Nothofagus forests

interspersed with Magellanic Moorland communities, overprinted

by a reversal between ~21,800 and 22,600 cal yrs BP. The sustained

increase in arboreal abundance culminatedwith a brief incursion of

thermophilous trees/shrubs at ~19,300 cal yrs BP. These vegetation

changes are best explained by a gradual and sustained rise in the

regional treeline in response to warmer conditions between

~19,300 and 23,400 cal yrs BP.

A reversal in the trend toward arboreal dominance occurred

between ~17,800 and 19,300 cal yrs BP, marked by an abrupt

decline in arboreal pollen from ~80% to ~30% and an increase in

grass pollen, as well as high Andean/Subantarctic and Magellanic

Moorland taxa (Figs. 6 and 7). The onset of this trend is constrained

by a maximum-limiting AMS age of 16,085 ± 220 14C yrs BP

Fig. 5. Radiocarbon chronology and age model of the Huelmo site. The x axis represents depths with tephras removed, the y axis units are cal. yrs BP.

Fig. 6. Stacked pollen record from Canal de la Puntilla and Huelmo. The primary y axis shows the depth scale, the secondary y axis presents the spliced age scale. The variables

selected depict variations in the composition of the vegetation ranging from an open landscape dominated by herbs and shrubs to closed-canopy rainforests.
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(19,417 ± 273 cal yrs BP) (Supplementary Table 1) and a cluster of

close minimum-limiting ages with a weighted mean of 15,355 ± 52
14C yrs BP (cluster E, 18,633 ± 68 cal yrs BP) (Supplementary

Table 2). We interpret these palynological changes as an abrupt

onset of cold and hyperhumid conditions, most likely driven by a

lowering of the regional treeline and a stronger influence of the

southernwesterly winds. These changes led to the reestablishment

of extreme glacial conditions between ~17,900 and 19,300 cal yrs

BP.

A rapid increase of N. dombeyi type at 17,730 cal yrs BP (MAP, 2s

confidence interval: 17,677e17,982 cal yrs BP) marked the

commencement of the LGT (Figs. 6 and 7), accompanied by a short-

Fig. 7. Selected taxa from the stacked pollen record from Canal de la Puntilla and Huelmo sites along with results of the rates-of-change (ROC) calculation expressed in age scale.

The calculation of ROC was performed on all terrestrial taxa from the stacked record having abundances >2%. The vertical blue bars represent extreme glacial conditions, green bars

represent cold-temperate conditions, red bars represent warm conditions, see text for discussion on the interpretation of the pollen record. The portion of the record dated between

~11,000 and 13,000 cal yrs BP, shown without color, corresponds to an interval of intense fire activity and disturbance of the rainforest vegetation under cold-temperate conditions

and a highly variable precipitation regime. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lived increase inMagellanic Moorland taxa and amassive decline in

all herbs and shrubs. The genus Nothofagus includes opportunistic

pioneer species that commonly dominate the early stages of forest

colonization of disturbed surfaces and newly deglaciated terrain

(Veblen et al., 1996). Therefore, we infer that the N. dombeyi type

rise represents an immediate response of the local vegetation to a

warm pulse that ended LGM conditions and initiated the LGT. We

note that Magellanic Moorland declined and virtually disappeared

within a few hundred years after the initiation of the LGT (MAP:

17,298 cal yrs BP, 2s confidence interval: 17,055e17,405 cal yrs BP),

an aspect we interpret as a shift from hyperhumid conditions

during the LGM to a less humid interval. This transition is best

explained by a poleward displacement of the southern westerly

wind belt with the onset of the LGT (Denton et al., 1999a; Moreno

et al., 1999, 2012; Pesce and Moreno, 2014). The beginning of the

LGT is bracketed by a cluster of maximum-limiting ages from a

narrow stratigraphic interval having a weighted mean of

14,794 ± 55 14C yrs BP (cluster D, 17,997 ± 89 cal yrs BP)

(Supplementary Table 2), and a cluster of close minimum-limiting

ages with a weighted mean of 14,538 ± 65 14C yrs BP (cluster C,

17,720 ± 105 cal yrs BP) (Supplementary Table 2). We interpret the

rapid increase in N. dombeyi type and the irreversible disappear-

ance of cryophilic/hygrophytic herbs at ~17,800 cal yrs BP (age es-

timate based on bracketing clusters C and D) of dates as an abrupt

rise in the regional treeline in response to warming at the begin-

ning of the LGT, which drove alpine environments upslope from the

lowlands of northwestern Patagonia and permitted the develop-

ment of continuous lowland Nothofagus forest cover.

Thermophilous North Patagonian rainforest taxa (Myrtaceae,

Proteaceae, Drimys, Weinmannia, Hydrangea, Pseudopanax, Escallo-

nia,Maytenus) then increased abruptly at 17,100 cal yrs BP (MAP, 2s

confidence interval: 17,328e16,943 cal yrs BP) as N. dombeyi type

and high Andean/Subantarctic taxa plummeted tominimumvalues

(Figs. 6 and 7). The timing of this event is bracketed by a cluster of

close maximum-limiting ages having a weighted mean of

14,377 ± 57 14C yrs BP (cluster B, 17,522 ± 102 cal yrs BP)

(Supplementary Table 2), and a cluster of close minimum-limiting

ages with a weighted mean of 14,014 ± 43 14C yrs BP (cluster A,

weighted mean: 17,018 ± 119 cal yrs BP) (Supplementary Table 2).

We interpret this vegetation turnover as an acceleration/intensifi-

cation of the warm pulse that initiated the LGT at ~17,800 cal yrs BP.

Our results indicate that species-rich closed-canopy North

Patagonian rainforests dominated by thermophilous trees, vines

(arboreal pollen >90%) and epiphytic ferns were fully established in

the lowlands by ~16,800 cal yrs BP, suggesting that climate and

vegetation reached temperate-humid conditions within ~1000

years after the warm pulse that initiated the LGT (Figs. 6 and 7).

Maximum-limiting ages for the onset of this change are afforded by

Cluster A of dates (Supplementary Table 2).

A ~2000-ýear long interval ensued with dominance of shade-

tolerant warmth-demanding North Patagonian trees. This interval

was terminated by rises in Podocarpus nubigena and Pseudopanax

laetevirens along with a reexpansion of N. dombeyi type, signaling a

shift toward a North Patagonian rainforest community with cold-

resistant hygrophilous conifers. These changes suggest that

increased precipitation of westerly origin and a moderate lowering

of the regional treeline drove a downward shift of montane forests

under cooler and wetter climate. The onset of this change is

bracketed by a minimum-limiting age of 11,930 ± 75 14C yrs BP

(13,766 ± 114 cal yrs BP) and a maximum-limiting age of

12,825 ± 80 14C yrs BP (15,315 ± 141 cal yrs BP) (Supplementary

Table 1). The age model interpolates an age of 14,722 cal yrs BP

(MAP, 2s confidence interval: 14,528e15,258 cal yrs BP) for the

onset of this cold reversal. N. dombeyi type, Podocarpus nubigena

and P. laetevirens increased rapidly until they reached peak

abundance at 13,010 cal yrs BP (MAP, 2s confidence interval:

12,866e13,161 cal yrs BP), according to the age model. This inter-

polated age is substantiated by a close maximum-limiting age of

11,550 ± 90 14C yrs BP (13,382 ± 87 cal yrs BP) and a close

minimum-limiting age of 11,040 ± 85 14C yrs BP (12,905 ± 90 cal yrs

BP) (Supplementary Table 1).

N. dombeyi type, Podocarpus nubigena, and P. laetevirens then

declined as Weinmannia trichosperma and charcoal rose to peak

abundance in a rapid vegetation change between ~12,000 and

13,000 cal yrs BP (Figs. 6 and 7). These changes were followed by

vegetation recovery with modest increases in Myrtaceae and Poa-

ceae pollen (most likely bamboo species of the genusChusquea), and

further declines in N. dombeyi type and Podocarpus nubigena and all

other taxa. The magnitude, rapidity and palynological character of

this change suggest disruption of temperate rainforest dominance

by paleofires and proliferation of fast-growth, shade-intolerant

herbs and cold-resistant North Patagonian trees favored by distur-

bance (Abarzua andMoreno, 2008; Jara andMoreno, 2012; Moreno

et al., 2001; Moreno and Leon, 2003) between ~ 12,000 and 13,000

andbetween~10,700 and11,100 cal yrs BP. Fire activity in thebroad-

leaved evergreen temperate rainforest region of western Patagonia

is highly dependent upon recurrent droughts, considering that fuel

loads arenot a limiting factor (Holz andVeblen, 2012), implyinghigh

variability in precipitation regime and/or enhanced rainfall sea-

sonality over the ~11,000e13,000 cal yrs BP interval, which has

recently been interpreted as a southward shift of the southern

westerly winds during the LGT (Moreno et al., 2012; Pesce and

Moreno, 2014).

Finally, we observe an abrupt increase in the thermophilous,

summer-drought resistant tree Eucryphia/Caldcluvia at 10,750 cal yrs

BP (MAP, 2s confidence interval: 10,497e10,917 cal yrs BP), defining

amulti-millennial phasewith dominance of Valdivian rainforest that

lasted until ~7500 cal yrs BP (Fig. 6). This upland vegetation change

was contemporaneous with a lake regressive phase that led to ter-

restrializationof theHuelmo lake and the highest accumulation rates

of charcoal (Moreno and Leon, 2003). These results indicate peak

warmth and the lowest amount of precipitation in the record, sug-

gesting peak interglacial conditions brought by weak westerly wind

circulation at continental and zonal scale (Fletcher and Moreno,

2012; Moreno et al., 2010; Pesce and Moreno, 2014; Villa-Martinez

et al., 2012).

Palynological records from Lago Condorito (Moreno, 2004) (site

LC in Fig. 1) and Lago Lepu�e (Pesce and Moreno, 2014) (site 33 in

Fig. 1), located in the lowlands of the Chilean Lake District and Isla

Grande de Chilo�e respectively, show multi-millennial alternations

between thermophilous Valdivian rainforests resistant to summer

moisture stress and North Patagonian rainforests with cold-

resistant hygrophilous conifers over the last ~ 16,000 years.

Moreno (2004) developed a standardized palynological index that

combines the diagnostic species from these rainforest communities

as end members of the total range of temperate rainforest and

climate variability in the region over the last ~ 16,000 years. The

interval between ~14,600 and 16,000 cal yrs BP in the Lago Con-

dorito and Lepu�e records features a conspicuous assemblage with

species common to both rainforest communities but lacking those

key indicator species of the Valdivian and North Patagonian rain-

forest, thus defining index values approaching zero that correspond

to the average of the last ~16,000 years. The pollen records from

Canal de la Puntilla and Huelmo show that this average condition

prevailed between ~14,700 and 16,700 cal yrs BP in the context of a

landscape dominated by dense, closed-canopy rainforests (arboreal

pollen > 90%), with the implication that vegetation and climate

over this interval represent average interglacial conditions in the

lowlands of northwestern Patagonia. Hence, the warm pulses at

~17,800 and ~17,100 cal yrs BP brought extreme glacial climate to
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average Holocene values within ~1000 years. The rates-of-change

parameter (Fig. 7) reveals that this transition was extraordinarily

rapid. The abruptness of this change is similar (but larger) to the

onset of peak Holocene warmth and substantial decline in precip-

itation between 10,000 and 11,000 cal yrs BP. Because North Pata-

gonian rainforests lacking cold-resistant conifers currently occur at

mid-elevations (lower altitudinal limit: 350 ± 100 m.a.s.l.) in the

mountain ranges of the Chilean Lake District at 41�S, and the

modern treeline is located at 1100 ± 100 m.a.s.l. at the same lati-

tude, we estimate that the shift from High Andean grassland/

scrubland to closed-canopy North Patagonian rainforests at the

onset of the LGT is best explained by a treeline rise of ~750 m, i.e.

about 75% the total amount of treeline lowering during the LGM.

Rapid changes of lower magnitude are evident during cold re-

versals at ~22,000, ~19,000 and ~14,000 cal yrs BP and at the onset

of a cold interval with highly variable precipitation regime and

intense fire activity that began at ~13,000 cal yrs BP. Warm events

at the beginning of the Holocene account for the remaining 25% rise

in the regional treeline rise, leading to an extremewarm/dry multi-

millennial phase between 7500 and 10,750 cal yrs BP.

4.2. Glacial morphology, stratigraphy and geochronology

To place the glacial-geomorphology record of the LGT in context,

we first present the timing of expansion of Andean ice lobes into

the Llanquihue (LGM) moraine belt in the Chilean Lake District and

on Isla Grande de Chilo�e. We then present the chronologic data that

confine the collapse of these ice lobes from the Llanquihue moraine

belt back into the Andes during the LGT.

Fig. 1 depicts the configuration of Andean piedmont ice lobes in

the Chilean Lake District and on Isla Grande de Chiloe during

maximum phases of the last glaciation, locally referred to as the

Llanquihue glaciation. This reconstruction is based largely on

glacial morphologic mapping of Llanquihue moraines (depicted

schematically in red (in the web version) in Fig. 1) and outwash

plains near lakes and marine water bodies alongside the western

margin of the Andes. Detailed glacial geomorphological maps given

in Andersen et al. (1999) and Denton et al. (1999b) illustrate not

only Llanquihue moraines and outwash plains, but also display the

older Casma and Colegual moraines and outwash plains first

described by Mercer (1976). Where applicable, radiocarbon dating

of Llanquihue landforms shows that Andean ice lobes advanced

into the moraine belt depicted in red (in the web version) in Fig. 1,

and hence achieved glacial maxima, numerous times during MIS 4,

MIS 3, and MIS 2, rather than simply during the time of the global

LGM in MIS 2 (Clark et al., 2009). A notable example occurs on Isla

Grande de Chilo�e. Here the radiocarbon chronology and vegetation

history of a core from the Taiquem�o mire indicate that the outer-

most Llanquihue-age ridge considerably antedates the global LGM,

and was probably deposited during MIS 4 (Heusser et al., 1999).

The chronology for expansion of Andean piedmont glacier lobes

into Llanquihue-agemoraine belts comes from radiocarbon dates at

several key stratigraphic sections (Denton et al., 1999b). First, at site

3 in Fig. 1 at the top of an ice-contact slope that rises high above

Bahía Octay of Lago Llanquihue, an outwash unit rests on organic-

rich pyroclastic deposits. The topographic position of the outwash

requires that the source of the meltwater must have been a glacier

lobe that terminated at the upper crest of the ice-contact slope

(Denton et al., 1999b). As listed in Supplementary Tables 2 and 3,

radiocarbon dates of five organic samples collected from the upper

surface of the pyroclastic flow deposit, sealed by outwash sedi-

ments, afford a mean value of 29,384 ± 176 14C yrs BP

(33,594 ± 187 cal yrs BP). Second, at site 4 in Fig. 1, flow till rests on

an intact former land surface developed on pyroclastic flow sedi-

ments. The site lies near the top of the lakeside ice-contact slope

(Denton et al., 1999b). The ice lobe responsible for the overlying

flow till that sealed this surface extended at least to the top of this

ice-contact slope, which is located within 6 km of the outermost

Llanquihue-agemoraine. Seventeen radiocarbon dates of wood and

organic-rich pyroclastic flow sediments, listed in Supplementary

Table 3, yielded a mean of 26,550 ± 85 14C yrs BP

(30,823 ± 99 cal yrs BP, Supplementary Table 2). Third, at site 5 in

Fig. 1, alongside Seno Reloncaví, wood and fibrous peat from the

upper surface of an organic bed is sealed by outwash that, in turn, is

overlain by Llanquihue-age moraines (Denton et al., 1999b). The

meltwater responsible for the outwash emanated from an ice lobe

that reached to the top of the ice-contact slope high above Seno

Reloncaví. The ice lobe subsequently advanced over the outwash

deposit. As listed in Supplementary Tables 2 and 3, radiocarbon

dates of four samples from the organic horizon give a mean age of

22,566 ± 86 14C yrs BP (26,887 ± 168 cal yrs BP) (Supplementary

Table 2) for burial by this outwash (Denton et al., 1999b). Fourth,

at the Teguaco site (site 6 in Fig. 1) on Isla Grande de Chilo�e, organic

litter from the upper surface of a gyttja layer is sealed intact

beneath glaciolacustrine silt and clay (Denton et al., 1999b). The

local topography indicates deposition of these lacustrine sediments

in a lake dammed by the Golfo de Corcovado ice lobe when it

advanced onto the eastern flank of Isla Grande de Chilo�e. Radio-

carbon dates of twelve samples from the organic litter, listed in

Supplementary Table 3, afford a mean age of 22,464 ± 47 14C yrs BP

(26,787 ± 150 cal yrs BP) (Supplementary Table 2) for flooding by

the ice-dammed lake (Denton et al., 1999b). Finally, site 7 in Fig. 1,

first reported here, features a section in Llanquihue drift that was

revealed as Route 5 was being expanded in 2001 in the western

sector of Puerto Montt. This section reveals glacial sediments

resting on a pyroclastic flow deposit(s) (Fig. 8). The organic litter of

the old ground surface on the pyroclastic deposit is preserved intact

beneath overlying gravelly diamicton, with a thin cap of lodgment

till, which extends unbroken to the present-day surface ground

moraine. The faintly bedded diamicton is interpreted as gravelly

sediment flows from a former ice margin onto the adjacent land

surface, protecting its soil-and-organic cover. The banded appear-

ance of the diamicton comes from the stacking of several individual

sediment flows. Because it contains numerous round-to-semiround

clasts, the flow material probably was sourced from outwash ter-

races and moraine cores and incorporated into overriding ice.

Radiocarbon ages of four small pieces of wood from the organic

litter on the buried land surface afford amean age of 21,789± 44 14C

yrs BP (26,007± 66 cal yrs BP) (Supplementary Tables 2 and 3), thus

dating an advance over the site of the Seno Reloncaví ice lobe.

Two sets of radiocarbon dates afford bracketing ages for the

Llanquihue moraine belt outboard (west) of Lago Llanquihue

(Denton et al., 1999). One set affords maximum-limiting ages

derived from organic clasts reworked into outwash graded to the

outer moraine ridges. Site 8 in Fig. 1 afforded a clast age of

23,020 ± 280 14C yrs BP (27,280 ± 268 cal yrs BP). Site 9 yielded a

clast age of 20,840 ± 400 14C yrs BP (25,060 ± 457 cal yrs BP)

(Supplementary Table 3). Site 10 afforded a clast age 25,100 ± 420
14C yrs BP (29,259 ± 501 cal yrs BP) (Supplementary Table 2). Site 11

near Frutillar Alto yielded clast ages as young as 21,840 ± 700 14C

yrs BP (26,195 ± 728 cal yrs BP), 22,790 ± 410 14C yrs BP

(27,019 ± 400 cal yrs BP), 21,120 ± 180 14C yrs BP

(25,540 ± 201 cal yrs BP), and 22,700 þ 180/�175 14C yrs BP

(27,004± 230 cal yrs BP) (Supplementary Table 3). The second set of

radiocarbon dates affords minimum-limiting ages for the Llanqui-

hue moraine belt fronting Lago Llanquihue. The ice had abandoned

these moraines and had retreated back to the lakeside ice-contact

slope by 20,160e20,580 14C yrs BP (24,220e24,770 cal yrs BP), as

shown by ages from the base of organic-rich fills in Canal de la

Puntilla (site 1 in Fig. 1) and Canal de Chanch�an (site 12 in Fig. 1).
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Another minimum-limiting age near the lakeside ice-contact slope

is 19,760 þ 250/�240 14C yrs BP (23,788 ± 305 cal yrs BP) from site

13 in Fig. 1. Minimum-limiting ages for outer Llanquihue moraines

are 19,993 ± 256 14C yr BP (24,072 ± 325 cal yrs BP) from Fundo

Línea Pantanosa at site 14 in Fig. 1, and 20,680 ± 175 14C yrs BP

(24,900 ± 258 cal yrs BP) from Fundo Llanquihue at site 15 in Fig. 1.

Of particular importance to the chronology of the LGT is the

timing of the youngest advance of Andean ice lobes into the Llan-

quihue moraine belts of Fig. 1. Chronological data for this event are

available from sites tied to the former Llanquihue, Reloncaví,

Ancud, and Golfo de Corcovado ice lobes (Denton et al., 1999b). We

discuss the pertinent sites from north to south. During this most

recent advance, a large piedmont ice lobe filled the basin of Lago

Llanquihue and reached to the innermost ice-contact slope of the

Llanquihuemoraine belt along thewesternmargin of the lake. Here

meltwater from the lobe deposited an extensive kame terrace that

was banked against the lakeside ice-contact slope on its outboard

side and supported by the ice lobe on its inboard side. At several

localities on the western margin of Lago Llanquihue, the lacustrine

and alluvial sediments that make up this kame terrace rest

conformably on, and seal off, the intact upper surface of organic

deposits assigned by Mercer (1972) to the Varas Interstade.

Radiocarbon dates of organic samples from this upper surface thus

constrain the culmination of an advance of the Llanquihue ice lobe

to the western margin of the lake. At the Llanquihue site (18 in

Fig. 1), seven such samples yielded a mean age of 14,824 ± 42 14C

yrs BP (18,026 ± 81 cal yrs BP) (Supplementary Tables 2 and 3). In

addition, radiocarbon dates of samples from the upper surface of

intact peat at four sites in the Puerto Varas embayment mark

deposition of kame sediments. At the Northwest Bluff site (site 19 in

Fig. 1), two samples yielded a mean age of 14,883 ± 72 14C yrs BP

(18,099 ± 107 cal yrs BP) (Supplementary Tables 2 and 3). At the

Calle Santa Rosa site (20 in Fig. 1), a single sample gave an age of

14,820 ± 230 14C yrs BP (18,040 ± 272 cal yrs BP). At the railroad

bridge site (16 in Fig. 1), seven samples afforded a mean age of

14,512 ± 30 14C yrs BP (17,694 ± 87 cal yrs BP) (Supplementary

Tables 2 and 3). Finally, at the Bella Vista bluff section (site 17 in

Fig. 1), seven samples provided a mean age of 14,610 ± 32 14C yrs BP

(17,795 ± 82 cal yrs BP) (Supplementary Tables 2 and 3).

A radiocarbon date of 15,220 ± 80 14C yrs BP

(18,485 ± 102 cal yrs BP) affords a close maximum-limiting age for

advance of the Reloncaví ice lobe over site 21 in Fig. 1, located on

Isla Maill�en (Supplementary Table 3). Radiocarbon dates of four

samples collected from a stratigraphic section at the Punta Penas

section, site 24 in Fig. 1, register this advance onto the ice-contact

slope at 14,882 ± 42 14C yrs BP (18,088 ± 87 cal yrs BP). Radio-

carbon dates of organic clasts reworked into outwash at sites 22

and 23 in Fig. 1 indicate that this advance culminated shortly after

15,000 14C yrs BP (18,220 cal yrs BP), when it reached to the top of

the high ice-contact slope at the inboard flank of the Llanquihue

moraine belt on the western margin of Seno Reloncaví. The ages of

peat clasts at sites 22 and 23 in Fig. 1 (Supplementary Table 3),

reworked into outwash, graded to the upper lip of the ice-contact

slope, along with the age of basal organic material from the

Huelmo mire (site 2 in Fig. 1), show that ice of this advance did not

push far into the Llanquihue moraine belt west of Seno Reloncaví.

The Golfo de Ancud piedmont ice lobe, located south of Seno

Reloncaví, underwent an extensive advance shortly after 15,000 14C

yrs BP (18,300 cal yrs BP) that reached to within 4 km of the outer

limit of the Llanquihue moraine belt (Denton et al., 1999b). The

radiocarbon dates at site 25 in Fig. 1 are important for this

conclusion. Here, drift deposited during this advance features

numerous reworked peat clasts, ten of which yielded radiocarbon

dates ranging from 15,730 ± 70 14C yrs BP (18,900 ± 150 cal yrs BP)

to 14,900 ± 155 14C yr BP (18,180 ± 230 cal yrs BP) (Supplementary

Table 3). Each of these dates affords a maximum-limiting value for

deposition of the drift. Widespread fluting on the drift surface

suggests that ice advancing from the southeast overran the site and

reached close to the outer limit of Llanquihue moraines.

The northern sector of the Golfo de Corcovado piedmont glacier

underwent a strong advance onto Isla Grande de Chilo�e shortly

after 15,000 14C yrs BP (18,300 cal yrs BP) (Denton et al.,1999). Ice of

this advance deposited outwash on, and then overrode, an organic

bed at Dalcahue (site 26 in Fig. 1). The ice front pushed forward at

Fig. 8. Photographs with vantage eastward of the stratigraphic section at site revealed on the east side of Route 5 during widening in 2001. As described in the text a gravelly

diamicton rests on sediments of a pyroclastic flow. The old land surface is preserved intact on the pyroclastic flow deposits. The position and age of dated wood samples from this

surface are shown. The interpretation of the section and ages appear in the text.
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least to the next moraine ridge a few hundred meters outboard of

the Dalcahue site (Denton et al., 1999b). The intact surface of the

overridden organic bed at Dalcahue yielded 32 radiocarbon dates

(Supplementary Table 3), which gave a mean value of 14,780 ± 20
14C yrs BP (18,035 ± 215 cal yrs BP) (Supplementary Table 2). That

this advance over the Dalcahue sitewas themost extensive of MIS 2

is shown by 20 radiocarbon dates of closely spaced samples taken

in vertical succession from just below the surface (18,445 ± 140 14C

yrs BP; 21,970 ± 230 cal yrs BP) to the base of the organic bed

(30,070 ± 220 14C yrs BP; 34,740 ± 180 cal yrs BP).

Overall, the glacial geomorphologicalmapping and the associated

chronological data show an increase in the extent of the advance

shortly after 15,000 14C yrs BP (18,300 cal yrs BP) between the

Llanquihue and Reloncaví piedmont lobes to the north, and the

Ancud and the Corcovado lobes to the south. In the two northern

lobes the advance reached only to the inner margin of the LGM

moraine belt, whereas the advance of the two southern lobes was

either themost extensive, orelse close to themost extensive, ofMIS2.

Several radiocarbon dates afford minimum-limiting values for

recession from the outer limit achieved by piedmont ice lobes

during the widespread advance that culminated shortly after

~15,000 14C yrs BP (~18,300 cal yrs BP). Lowell et al. (1995) and

Denton et al. (1999b) reported basal radiocarbon dates from sedi-

ment cores retrieved from mires located on moraine belts fringing

Lago Llanquihue, Seno Reloncaví, and Isla Grande de Chilo�e. Most of

those dates constitute minimum-limiting ages for glacial landforms

that precede the final advance into the Llanquihue moraine belt,

except for those from three sites located in the central-east portion

of Isla Grande de Chilo�e. These sites are the Mayol (site 27 in Fig. 1),

Estero Huitanque (site 28 in Fig. 1; Heusser et al., 1999) and un-

named bogs (site 29 in Fig.1) that yielded basal ages of 14,940 ± 100
14C yrs BP (18,164 ± 129 cal yrs BP), 13,345 ± 105 14C yrs BP

(16,050 ± 155 cal yrs BP), and 13,560 ± 95 14C yrs BP

(16,351 ± 156 cal yrs BP), respectively (Lowell et al., 1995)

(Supplementary Table 3). These sites are located near the eastern

coast of Isla Grande de Chilo�e on morainal deposits from the final

advance of the Golfo de Corcovado ice lobe into the Llanquihue

moraine belt. Additional dates of 14,050 ± 80 14C yrs BP

(17,076 ± 152 cal yrs BP) and 13,820 ± 90 14C yrs BP

(16,722 ± 166 cal yrs BP) have recently been reported from near-

basal organic samples in piston cores from the deepest sectors of

Lago Tahui (30 in Fig. 1) and Lago Melli (31 in Fig. 1) (Abarzua and

Moreno, 2008), situated ~ 30 km southeast of the Mayol and

Estero Huitanque sites (Supplementary Table 3). The spread of

~2000 years in the basal dates from these Chilotan mires and

lacustrine sediments, all of which are minimum-limiting values for

deglaciation, can be attributed in part to differences in dating

(conventional vs. AMS) and in sampling techniques (piston corer vs.

Hiller or Dachnovsky borer), as well as site types (mire vs. shallow

or deep sector of a closed-basin lake) and local paleohydrology. This

spread motivated us to obtain additional basal ages from pertinent

sites to constrain more precisely the chronology of recession from

the outer position of the final Llanquihue advance. For that purpose

we obtained AMS radiocarbon dates of the basal organic levels from

the most complete stratigraphies revealed by sediment cores along

a bathymetric transect at each site, retrieved using a Wright square

piston corer from an anchored platform. We selected small, closed-

basin lakes having at least 6 m of water depth, located in de-

pressions on morainal topography associated with the final Llan-

quihue advance of the Rupanco, Reloncaví, and Corcovado ice lobes.

We now discuss these new dates, along with the most pertinent of

the dates obtained previously.

Organic matter from the base of cores through lacustrine sedi-

ments accumulated in morainal basins on Isla Grande de Chilo�e

inboard of the limit of this youngest advance of the Corcovado ice

lobe comes from two particularly important sites. One of them is

located in the foothills of Cordillera de la Costa, 25 km west of the

eastern coast. The other is situated near the eastern coast of Chiloe

in an inter-moraine depression. These morainal sediments were

deposited by the Golfo de Corcovado ice lobe during the advance

that overrode the Dalcahue organic bed. The first locality is Lago

Tarum�an (site 32 in Fig. 1). Here we obtained multiple overlapping

sediment cores using a square-rod Livingstone piston corer from a

platform anchored on the deepest part of the lake. Gyttja from a

depth of 806 cm in an 828-cm-long core to the base of the lacus-

trine sediments yielded an age of 14,175 ± 40 14C yrs BP

(17,263 ± 96 cal yrs BP), consistent with several dates in strati-

graphic order higher in the core (Gonzalorena, 2015)

(Supplementary Table 3). At the second site, Lago Lepu�e (site 33 in

Fig. 1), we collected overlapping piston cores of lacustrine sedi-

ments from different depositional environments along a bathy-

metric transect and obtained a series of radiocarbon dates

throughout the core stratigraphies. Replicate dates from the base of

1200-cm long cores retrieved from the deepest sector of the lake

yielded nearly identical values of 14,700 ± 90 and 14,700 ± 95 14C

yrs BP (combined calendar age is 17,886 ± 120 cal yrs BP)

(Supplementary Table 2) (Pesce and Moreno, 2014), also supported

by additional dates in stratigraphic order higher in the core stra-

tigraphy. Taken together, the dates from Lago Tarum�an, Lago Lepu�e,

and Mayol imply that by 14,780 14C yrs BP (~17,800 cal yrs BP) the

Golfo de Corcovado ice lobe had retreated well inboard of the

eastern slopes of Cordillera de la Costa and the outer Llanquihue

limit achieved by ice that overran the Dalcahue organic bed. An

additional implication is that the maximum of the advance of the

Golfo de Corcovado piedmont glacier over the Dalcahue site was

short-lived, as the age of the top of the organic bed at Dalcahue is

nearly identical to the minimum-limiting dates of ice recession

from the sites at Mayol and Lago Lepu�e.

Radiocarbon dates of organic material from the base of cores

through lacustrine sediments that overlie glacial deposits situated

on the continent in areas formerly covered by the Golfo de Corco-

vado and Seno Reloncaví glacier lobes indicate that rapid glacier

recession followed the youngest advance into the LGM moraine

belt. A series of radiocarbon dates from a roadside outcrop just

north of the Chait�en township (site 34 in Fig.1) shows a sequence of

ages in stratigraphic order through an organic mud unit that

directly overlies glaciofluvial deposits. The lowest of these dates, at

the base of the organic unit, yielded a minimum-limiting age of

13,830 ± 50 14C yrs BP (16,737 ± 125 cal yrs BP) (Supplementary

Table 3) for recession of the Golfo de Corcovado ice lobe ~80 km

upstream from the Lago Lepu�e site. A sequence of radiocarbon

dates throughout two low-elevation stratigraphic sections in the

Andean foothills about 35 and 40 km inboard of Punta Penas (site

24 in Fig. 1) afford close minimum-limiting ages for recession of the

Seno Reloncaví ice lobe at 14,070 ± 35 14C yrs BP (17,107 ± 99 cal yrs

BP; Supplementary Table 3) at Caleta Puelche (site 35 in Fig. 1) and

13,670 ± 40 14C yrs BP (16,486 ± 110 cal yrs BP; Supplementary

Table 3) at Lago Pr€oschle (site 36 in Fig. 1) (Supplementary

Table 3). Organic sediments deposited in Lago Reflejos (site 37 in

Fig. 1), situated on a lateral moraine/kame complex at 800 m

elevation, yielded a basal age of 13,740 ± 60 14C yrs BP

(16,600 ± 138 cal yrs BP) (Supplementary Table 3) for the transition

from laminated glaciolacustrine mud in the bottom of a 360-cm-

long sediment core to organic-rich lacustrine sectors of the core.

Lago Reflejos lies within a kilometer of an abandoned cirque, at the

head of an 11-km-long glacial valley that held a tributary glacier of

the Seno Reloncaví ice lobe when it extended to the inner ice-

contact slope of the LGM moraine belt. Thus low-and-high-

elevation areas well inboard of the Seno Reloncaví LGM moraines

were ice-free by ~13,700 14C yrs BP (~16,700 cal yrs BP).
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The age of the initial recession of the Rupanco piedmont lobe

during the LGT is revealed in sediment cores from the small Laguna

Bonita inter-morainal depression south of Lago Rupanco (site 38 in

Fig. 1). Laguna Bonita is bounded by the outermost Llanquihue-age

moraine belt along its southern margin and by a younger

Llanquihue-age moraine complex along its northern edge. Piston

cores collected from the deepest part of the basin show an abrupt

transition from laminated glaciolacustrine mud to organic-rich lake

sediments, suggesting that a small ice-dammed lake occupied the

basin when the Rupanco lobe deposited the younger moraine

complex along the northern edge of Laguna Bonita. The end of

glaciolacustrine sedimentation occurred when the Rupanco ice

front abandoned these moraines and deposition of organic lake

sediments commenced in Laguna Bonita shortly before 14,507 ± 82
14C yrs BP (17,685 ± 120 cal yrs BP) (Supplementary Tables 2 and 3).

4.3. Distribution and age of the Lic�an ignimbrite

The timing and areal distribution of deposits from Volc�an Vil-

larrica (39�250000S, 71�560000W, 2847 m asl) (Fig. 1), the most active

volcano of the Southern Andean Volcanic Zone, also document

glacier recession early in the LGT. The Villarrica edifice has a volume

of about 250 km3 and its eruptive products cover more than

700 km2 of the surrounding terrain (Moreno, 1993). Eruptive ac-

tivity since the LGM produced basalt and basaltic andesite lava

flows, along with pyroclastic flow deposits. Volc�an Villarrica has

generated several large explosive eruptions, which early in the LGT

led to the emplacement of the Cudico pyroclastic flow sediments

and the Lic�an ignimbrite. Of these, the Lic�an ignimbrite (Figs. 1 and

10) is the most extensive, with deposits found ~40 km from the

source and over an area of more than 1000 km2 surrounding the

volcano. Details on the geochemistry, stratigraphy, and distribution

of these deposits can be found in Clavero and Moreno (2004) and

Lohmar et al. (2007).

The Villarrica and Calafqu�en piedmont glacier lobes, located in

the northern part of the Chilean Lake District (~39�300S, ~72�W),

formed well-defined arcuate moraine systems and extensive

outwash plains west of their respective lake basins during the

Llanquihue glaciation (Laugenie, 1982) (Figs. 1 and 10). The Lic�an

ignimbrite not only mantles the LGM moraines but, of key

importance for this study, it also extends as tongues well into

Andean valleys (Clavero and Moreno, 2004) that fed the Lago

Villarrica and Calafqu�en piedmont glacier lobes when they

extended to their respective Llanquihue limits. Depicted in Fig. 9,

this footprint shows that glaciers had already receded deep into

the Andes by the time the Lic�an ignimbrite was deposited. We

collected samples of charcoal from within the ignimbrite at the

five sites lettered in Fig. 9 (Supplementary Table 3). The resulting

radiocarbon dates are tightly constrained and yielded a mean

value (±1s) of 13,847 ± 77 14C yrs BP (16,761 ± 113 cal yrs BP)

(Supplementary Table 2). In addition, at site b in Fig. 9, sediments

of the Cudico pyroclastic flow crop out on the land surface

beneath the Lic�an ignimbrite. A charcoal sample collected from

Cudico flow sediments gave a date of 13,880 ± 100 14C yrs BP

(16,808 ± 178 cal yrs BP). Taken together, the age and footprint of

the Lic�an ignimbrite indicate extensive deglaciation of the Andes

in the northern Chilean Lake District prior to 13,846 ± 28 14C yrs

BP (16,761 ± 109 cal yrs BP).

Fig. 9. Detail of the Volc�an Villarrica area showing the extent of the Lic�an ignimbrite (polygon delimited with the yellow line), glacial limits during the LGM outboard of the western

ends of the lakes (moraine crests depicted with red lines), and location of radiocarbon-dated samples of charcoal from exposures in the Lic�an ignimbrite and Cudico pyroclastic

sediments (see Supplementary Table 3 for details on the radiocarbon dates). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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5. Discussion

Our radiocarbon chronology documents recurrent expansions of

Patagonian ice sheet piedmont lobes into the Chilean Lake District

and Isla Grande de Chilo�e at ~33,600, ~30,800, ~26,900, and

~26,000 cal yrs BP. The youngest advance into the Llanquihue

moraine belt took place between ~17,700 and 18,100 cal yrs BP. The

culmination of this advancewas followed immediately by recession

deep into the Andes by at least ~16,800 cal yrs BP, if not earlier, as

documented by the distribution and age of the Lic�an ignimbrite, as

well as by minimum-limiting basal radiocarbon dates recording

ice-free conditions in the eastern mountainous region of the

mainland and in the Chilo�e Continental sector. Thus the glacial

geologic data from the Chilean Lake District show recurring glacial

conditions from at least as early as ~33,600 until ~17,800 cal yrs BP,

after which time the northwest sector of the Patagonian Ice Sheet

underwent extensive recession in response to sustained atmo-

spheric warming (Fig. 10).

The palynological records from Canal de la Puntilla and Huelmo

add further support to climatic inferences derived from the glacial

geologic record. Pollen-inferred vegetation changes reconstructed

from these locations indicate cold and wet glacial conditions be-

tween ~17,800 and 24,000 cal yrs BP, punctuated by millennial-

scale cooling intervals at ~23,400 e 24,000, ~22,600 e 23,400,

and ~17,800e 19,300 cal yrs BP. A brief reversion from cold towarm

conditions that began around 22,600 cal yrs BP and peaked at

19,300 cal yrs BP corresponds in timing with the Varas Interstade, a

period of muted glacial activity prior to the last major advance into

the Llanquihue moraine belts (Denton et al., 1999b; Mercer, 1972).

The abundance of Magellanic Moorland species increased during

the cold interval dated between ~17,800 and 19,300 cal yrs BP,

contemporaneous with the youngest glacial advance into the

Llanquihue moraine belt at ~18,000 cal yrs BP (Fig. 10).

An abrupt increase in N. dombeyi type at ~17,800 cal yrs BP re-

cords the onset of rapid warming at the end of the last glacial

period in northwest Patagonia. The chronology for this event is

identical within dating uncertainties to the beginning of glacier

recession of multiple ice lobes from their final position in the

Llanquihue moraine belts between 41� and 43�S in northwestern

Patagonia (Fig. 1, Supplementary Table 3). Magellanic Moorland

species disappeared at ~17,300 cal yrs BP implying a shift from

hyperhumid to humid conditions, signaling a poleward displace-

ment of the southernwesterly wind belt shortly after the beginning

of the LGT.

Thermophilous North Patagonian trees appeared at

~17,100 cal yrs BP and increased rapidly, leading to the establish-

ment of closed-canopy rainforests by ~16,800 cal yrs BP. These

episodes of arboreal expansion were rapid events, as revealed by

the rates-of-parameter, suggesting that large-scale warming

brought full glacial climate to average Holocene conditions within

~1000 years after the onset of deglaciation. The overall implication

of this finding is that abrupt warming commencing at

~17,800 cal yrs BP led to an extraordinarily fast vegetation turnover

event, along with extensive and rapid deglaciation in northwestern

Patagonia, as revealed by the distribution and age of the Lic�an

ignimbrite and the onset of ice-free conditions in the Andes of the

mainland and the lowlands of Chilo�e continental. Our estimate of at

least ~750 m rise in the regional treeline along with ice-free con-

ditions up to 800 m.a.s.l. in Andean cirques following the onset of

the LGT, suggest that 75e80% of the glacial-interglacial tempera-

ture recovery took place within ~1000 years after the demise of the

LGM.

Extensive glacier recession in northwestern Patagonia between

~17,800 and ~16,800 yrs BP was coeval with deglaciation in the

southern sector of the Patagonian Ice Sheet (Fig. 10). The east-

Fig. 10. Summary of the paleovegetation record shown in this paper comparedwith the

CO2 and dD records fromEPICADomeC East Antarctica (Monnin et al., 2001; Stenni et al.,

2003) and the d
18O record from Hulu Cave, China (Wang et al., 2001). The vertical blue

bars represent extreme glacial conditions, green bars represent cold-temperate condi-

tions, redbars representwarm conditions, see text for discussion on the interpretation of

the pollen record. The portion of the record dated between ~11,000e13,000 cal yrs BP,

shownwithout color, corresponds to an interval of intense fire activity and disturbance

of the rainforest vegetation under cold-temperate conditions and a highly variable

precipitation regime. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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flowing outlet glacier occupying the Lago Argentino trough at 50�S

had retreated well up valley to within late-glacial limits, as defined

by the Puerto Bandera moraine belt, by at least as early as

13,450 ± 150 14C yrs BP (16,200 ± 230 yrs BP; recalibrated with

INTCAL13) (Strelin et al., 2011). In southernmost Patagonia at Tierra

del Fuego (54e55�S), glaciers had receded from LGM limits to near-

present-daymargins in Cordillera Darwin by as early as 13,650 ± 90
14C yrs BP (16,500 ± 160 cal yrs BP, recalibrated with INTCAL13)

(Hall et al., 2013), and close to the late-glacial limit in small glacial

cirques north of the Beagle Channel by 16,950 ± 750 cal yrs BP

(Menounos et al., 2013). Thus atmospheric warming and deglacia-

tion by ~16,500 cal yrs BP occurred across 16� of latitude in

southern South America from 39�S to 55�S.

We identify a cooling trend that featured increased precipitation

between ~13,000 e 14,700 cal yrs BP, and intense fire activity be-

tween ~12,000 e 13,000 cal yrs BP, suggesting that millennial-scale

variations in the southern westerly winds were superimposed

upon this temperature reversal. Available chronologies from

southwestern Patagonia indicate advance of the Río Paine glacier

lobe in Torres del Paine between ~12,600 and 14,800 cal yrs BP

(Garcia et al., 2012; Moreno et al., 2009) and deposition of the

Puerto Banderas moraine in Lago Argentino at ~ 12,990 cal yrs BP

(Strelin et al., 2011). Ice recession ensued, reaching sectors inboard

of the Holocene moraines in the Lago Argentino area prior to

7700 cal yrs BP (Strelin et al., 2014). These data suggest colder and

wetter conditions during the Antarctic Cold Reversal (ACR) and

wet/dry anomalies in precipitation in southwestern/northwestern

Patagonia during Younger Dryas (YD) time, implying stronger

southern westerly winds along 10� of latitude followed by a

southward shift, respectively (Moreno et al., 2012). These changes

were contemporaneous with renewed glacial activity in south-

western Patagonia during the ACR and recession during YD time.

The timing of Patagonian deglaciation and vegetation change

was mirrored on the opposite side of the South Pacific Ocean in the

Southern Alps of New Zealand. Extensive glacier recession from

LGM limits in the Rakaia valley, located at 44�S in the central

Southern Alps, occurred between 17,840 ± 240 and 15,660 ± 160

years ago (Putnam et al., 2013). Glaciological modeling indicates

that this recession was driven by a 4.5 �C increase in summer at-

mospheric temperature, which accounts for 86% of the full glacial-

to-early Holocene temperature rise (Putnam et al., 2013). Further-

more, pollen records in New Zealandmirror those in South America

and show the onset of rapid deglacial vegetation changes at

~17,890 cal yrs BP. On North Island, the deposition of the Rere-

whakaaitu tephra at 17,890 ± 130 cal yrs BP (based on an error-

weighted mean radiocarbon age of 14,700 ± 95 14C yrs BP in

terrestrial records) coincided with the replacement of subalpine

flora by tall Podocarpus trees indicative of a warmer climate,

thereby providing amarker of the onset of the LGT (Newnham et al.,

2003). At the same time on South Island, a landscape dominated by

grasses was rapidly converted to scrubland and then forest be-

tween ~17,000 and ~18,000 cal yrs BP (Vandergoes et al., 2013).

Taken together, mountain glacier systems and vegetation as-

semblages on opposite sides of the South Pacific document a pro-

found warming that brought a rapid end to the last ice age in

Southern Hemisphere middle latitudes. Widespread warming

commenced sharply ~17,800 years ago and near-interglacial con-

ditions were achieved ~1000 years later. Therefore any explanation

for what drove the last glacial termination must account for such

decisive, widespread, and nearly complete glacial-to-interglacial

warming registered across a wide latitudinal band of the South-

ern Hemisphere between 16,800 and 17,800 cal yrs BP.

One such explanation for the signature of southern mid-latitude

deglacial warming could involve the far-field effects of Heinrich

Stadial 1 in the North Atlantic region. Heinrich Stadial 1 featured

curtailed overturning and strong winter-centric cooling of the

North Atlantic (Bard et al., 2000; McManus et al., 2004), weakening

of Asian Monsoons (Dykoski et al., 2005; Wang et al., 2001), a

coupled southward shift of the Intertropical Convergence Zone and

Southern Hemisphere westerlies (Anderson et al., 2009; Chiang

et al., 2014), and progressive destratification of the Southern

Ocean (Anderson et al., 2009; Burke and Robinson). The onset of

Heinrich Stadial 1 coincided closely with the initiation of deglaci-

ation in Patagonia and New Zealand, abrupt switches from cryo-

philic to thermophyllic vegetation assemblages in those regions,

and sustained temperature and atmospheric CO2 increments

revealed in Antarctic ice cores (Members, 2015; Monnin et al.,

2001; Stenni et al., 2003). Interglacial conditions were achieved

in southern middle latitudes midway through Heinrich Stadial 1,

unlike ice core records from Antarctica (Members, 2015; Stenni

et al., 2003). Therefore a strong possibility is that Southern Hemi-

spheric warming and deglaciation were closely linked to Heinrich

Stadial 1, implying a fundamental role for Heinrich Stadials in ter-

minating glacial conditions in Southern Hemisphere middle

latitudes.

6. Conclusions

� Recurrent expansions of the Patagonian ice sheet occurred at

~33,600, ~30,800, ~26,900, and ~26,000 cal yrs BP into the

lowlands of the Chilean Lake District and Isla Grande de Chilo�e.

� Stratigraphic, geomorphic, and palynologic evidence from

northwestern Patagonia indicate that the final LGM advance of

Andean ice lobes took place between ~17,700 and 18,100 cal yrs

BP during a cold wet episode between ~17,800 and

19,300 cal yrs BP.

� Deglacial warming that began at ~17,800 cal yrs BP led to

expansion of North Patagonian rainforest species and the abrupt

withdrawal of Andean ice lobes. Glacial recession was abrupt,

reaching deep into Andean valleys within ~1000 years. Thus,

two entirely independent temperature sensitive proxies docu-

ment rapid warming from full-glacial to near-interglacial con-

ditions occurred between 17,800 and 16,800 cal yrs BP.

� Mid- and high-latitude paleoclimate data from the Southern

Hemisphere indicate that the ~17,800 cal yrs BP warm pulse was

a decisive trigger for the last glacial termination.

� Magellanic Moorland species disappeared at ~17,300 cal yrs BP,

attesting to a shift from hyperhumid to humid conditions driven

by a poleward displacement of the southern westerly wind belt

shortly after the beginning of the last glacial termination.
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