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a b s t r a c t

By virtue of its location in the southern mid-latitudes, northwestern Patagonia (40�-44�S) offers the
opportunity to unravel the mechanisms involved in the initiation and propagation of paleoclimate sig-
nals of hemispheric and global significance. Of particular importance is deciphering the evolution of the
Southern Westerly Winds (SWW) considering their influence at continental, zonal, hemispheric, and
global scale. Here I present a multi-decadal record from Lago Proschle, a small closed-basin lake located
on the Pacific slope of northwestern Patagonia, to examine the timing and structure of vegetation, fire,
and climate change along a continuum since the onset of the Last Glacial Termination (T1). The record
shows rapid glacier recession during T1, reaching the western Andean foothills in ~400 years or less.
Nothofagus-dominated forests established between ~17.4e17 ka, followed by closed-canopy North
Patagonian Rain Forests (NPRF) with shade-tolerant thermophilous trees between ~16.3e15.4 ka. These
changes suggest an abrupt warming trend and an increase in precipitation at ~16.3 ka, associated with a
northward shift of the SWW. Subsequent increases in cold-tolerant hygrophilous trees between ~15.4
e12.8 ka imply a shift to cold, more humid conditions during the Antarctic Cold Reversal, suggesting
stronger SWW influence. This was followed by stand-replacing fires brought by a sudden decline in
summer precipitation at ~12.8 ka, associated with a millennial-scale southward shift of the SWW which
was contemporaneous with the onset of the Younger Dryas. Dominance of thermophilous, summer-
drought tolerant Valdivian rainforest trees and high fire activity ensued between ~10.3e7.8 ka, sug-
gesting peak warmth and overall decline in annual precipitation associated with weakening of the SWW
during the early Holocene. A multi-millennial cooling and wetting trend started at ~7.8 ka, brought by
stronger SWW influence, followed by recurrent, centennial-scale variations in temperature and pre-
cipitation starting at ~6.4 ka. Deforestation, fire, and spread of non-native herbs by Chilean/European
settlers began during the late 18th century. Abrupt vegetation changes in the Lago Proschle record were
driven by rapid climate changes over the last 17,400 years amplified, in some instances, by fire
disturbance.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Resolving the paleoclimate history of the middle latitudes of the
Southern Hemisphere is important for deciphering the mecha-
nisms underlying climate change during the last ice age, its
termination, and the current interglacial. This vast region consti-
tutes the interface between polar and tropical climate systems and,
thus, is key for examining the initiation and propagation of climate
signals of hemispheric and global significance. The Southern
Westerly Winds (SWW) exert a permanent influence in the
southern mid-latitudes and, in conjunction with the Southern
Ocean (SO), establish a coupled system that influences oceanic and
atmospheric circulation at regional and global scale, the amount of
heat and precipitation that reaches the Antarctic continent, the
availability of nutrients in the SO, and the ventilation of CO2 dis-
solved in deep waters to the atmosphere via high-latitude up-
welling. The timing, structure, and magnitude of paleoclimate
events in northwestern Patagonia (40�-44�S) (Fig. 1) offer empirical
constraints for unraveling past changes in the SWW, and their
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Fig. 1. Satellite image of the Pacific sector of northwestern Patagonian (40�S-44�S) showing the location of Lago Proschle and other sites mentioned in the main text. The Chilo�e
continental sector corresponds to the western slopes of the Andes that face the Golfo Ancud, Golfo Corcovado, and intervening channels.
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relationship with polar and tropical processes since the Last Glacial
Maximum (LGM, between ~34 and ~17.8 ka, ka ¼ 1000 calendar
years before present).

Geomorphic and stratigraphic studies in northwestern
Patagonia indicate that the western LGM margins of piedmont
glacier lobes, sourced from the former Patagonian Ice Sheet (PIS),
reached modern sea level from ~41�300S southward (Palacios et al.,
2020). Rapid and extensive recession ensued during the Last Glacial
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Termination (Termination 1 ¼ T1, between ~17.8 and ~11.7 ka) in
response to sustained atmospheric warming, vacating cirques at
~800 m elevation in the Andes in less than 1000 years (Moreno
et al., 2015). The exact sequence of environmental changes there-
after has been the subject of discussion in the literature for decades,
including the timing andmagnitude of climate reversals and glacier
readvances during T1, the evolution of SWW influence in the re-
gion, and the putative role of humans and fire-regime shifts as
drivers of vegetation change. Detailed records on past vegetation
and fire activity offer unique insights into the environmental evo-
lution of the Pacific sector of northwestern Patagonia. Considerable
achievements over the last ~60 years (Heusser, 1966, 1974; Heusser,
1984; Heusser et al., 1999; Markgraf, 1991; Villagr�an, 1985, 1988a, b,
2001) have produced awealth of information on the vegetation and
climate history in the region, documenting -with varying degrees of
detail and continuity-the response of plant communities to the
major climate transitions through the last glacial-interglacial cycle,
the former distribution and composition of plant communities
during the LGM, postglacial shifts in plant species distributions, and
the potential role of disturbance regimes as drivers of vegetation
change. Few records, however, have the chronologic precision, time
resolution, and continuity to examine changes in the structure and
composition of the vegetation in response to shifts in climate
change and disturbance regimes at ecological timescales (<100
years), along a time continuum from T1 to the present.

Here I present a high-resolution, precisely dated and continuous
record from Lago Proschle, a small closed-basin lake located on the
western Andean foothills of northwestern Patagonia (Fig. 1), to
examine the timing and structure of vegetation, fire, and climate
change since the onset of T1. I compare these results with similar
records from the study area to assess their regional significance and
geographic trends, and with paleoclimate records from the south-
ern mid-latitudes and Antarctic ice cores to examine their zonal
and hemispheric implications.

1.1. Study area

The Pacific sector of northwestern Patagonia (40�-44�S) features
the Chilean Lake District and the Chilotan archipelago, which in-
cludes about 40 islands scattered south of Seno Reloncaví to Golfo
Corcovado (Fig. 1). The Andes Cordillera establishes the eastern
limit of the region, reaches average elevations of ~1800 m.a.s.l. at
40�S, and contains more than 35 isolated glaciers on the highest
peaks between 35�S and 45�300S (Lliboutry, 1998). Volcanism in
this region results from the subduction of the Nazca Plate under-
neath 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 features 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). A broad north-
south oriented tectonic depression named the Longitudinal Valley
occurs between the Coastal Range and the Andes Cordillera in
south-central Chile (30�e41�300S) (Fig. 1). This valley is truncated
by the Seno Reloncaví seaway at the latitude of Puerto Montt,
transitions south into the interior Chilotan Sea, Golfo de Corcovado,
and gives way to the Chonos archipelago further to the south. The
Andean sector directly east of the Chilotan archipelago between
41�400S and 44�S is known as Chilo�e Continental, and features a
rugged relief with steep-sided glacier valleys blanketed by glacier
and volcanic deposits.

Precipitation in northwestern Patagonia is delivered by storms
embedded in the SWW and occurs throughout the year, with var-
iations in frontal activity resulting from the seasonal migration of
storm tracks (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 (Moreno et al., 2018a). The zone of maximum precipitation
(48�- 50�S in central Patagonia) shifts north/south during the
winter/summer months, respectively, in concert with latitudinal
sea-surface temperature gradients and the interaction 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 Andes Cordillera strongly perturbs the SWW
storms: forced ascent of air masses along the windward side of the
mountains greatly enhances precipitation in western Patagonia,
accompanied by spillover across the Andes and downstream sub-
sidence, generating a marked rain shadow that extends across
much of extra-Andean Patagonia (Garreaud et al., 2013). Precipi-
tation over the mid-latitude Pacific Ocean is positively correlated
with the intensity of the westerly flow, this correlation increases
toward the western coast of South America because of the afore-
mentioned orographic effect, even locations 50e70 km to the east
of the Andean divide show a positive correlation between precip-
itation and zonal wind. The correlation diminishes and turns
negative eastward in the extra Andean realm. In addition, the
absence of significant orographic barriers in this sector allows the
westward penetration of moist easterlies originating from the
Atlantic seaboard at times of reduced SWW influence (Agosta et al.,
2015).

Interannual precipitation variability in northwestern Patagonia
is related to El Ni~no Southern Oscillation (ENSO) and the Southern
Annular Mode (SAM), with negative anomalies in summer precip-
itation correlatedwith positive anomalies in these indices. Summer
temperature anomalies, on the other hand, are positively correlated
with SAM at regional scale (Villalba et al., 2012). Positive departures
of the SAM, i.e. anomalously warm and dry summers, generate
conditions conducive for wildfire occurrence along western Pata-
gonia as revealed by climate analyses and tree ring-data spanning
several centuries (Holz and Veblen, 2012).

The temperate high-rainfall regime of northwestern Patagonia
sustains broadleaved temperate rainforests, which closely follow
altitudinal, longitudinal, and latitudinal climate gradients in tem-
perature and precipitation from sea level up to the upper treeline
(1000e1200 m.a.s.l.). The structure and floristic composition of the
modern vegetation afford modern analogues for interpreting
paleovegetation, paleoclimate, and vegetation dynamics based on
fossil pollen records. Three modern forest communities have been
distinguished on the basis of their floristic composition in north-
western Patagonia: the evergreen Valdivian and North Patagonian
rainforests, and Deciduous Subantarctic forests. Although these
rainforest communities sharemany trees, shrubs, epiphytes, woody
climbers, lianas, ferns, and bryophytes, the presence of key diag-
nostic taxa enables their distinction in palynological records
(Heusser, 1966; Heusser et al., 1999; Villagr�an, 1985, 1988b). The
palynomorph Eucryphia cordifolia/Caldcluvia paniculata is a char-
acteristic component of Valdivian rainforest (VRF) communities
which dominated the lowland sectors and adjacent foothills in
northwestern Patagonia prior to historic settlement, where rela-
tively high temperatures and summer precipitation declines are
most pronounced. North Patagonian rainforests (NPRF), located in
cooler and wetter environments at higher elevations, are distin-
guishable from the VRF in pollen records by the absence of Eucry-
phia cordifolia and by the presence of cold-resistant hygrophilous
conifers of the family Podocarpaceae (Podocarpus nubigena, Sax-
egothaea conspicua) and Cupressaceae (Fitzroya cupressoides and
Pilgerodendron uviferum). Deciduous Subantarctic forests, typically
dominated by Nothofagus pumilio, occur in sub-alpine environ-
ments subject to seasonal snow cover under cold, wet, and windy
conditions and thus establish the treeline along western Patagonia.
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The broad latitudinal distribution of the Subantarctic forest com-
munity throughout western Patagonia reflects its ability to with-
stand low temperatures (Lara et al., 2005). High Andean vegetation
dominates the landscapes above the treeline, located between 1000
and 1200 m.a.s.l. in northwestern Patagonia, and constitutes a
sparsely vegetated unit dominated by herbs (Poaceae, Asteraceae,
Apiaceae, Gunnera), and heath (Pernettya, Empetrum), along with
isolated trees of the species Nothofagus antarctica. Low tempera-
tures, strong winds, and prolonged and abundant snow cover
constitute limiting factors for the occurrence of woodlands and
forests in this harsh environment.

Lago Proschle is located east of Seno Reloncaví, on thewindward
foothills of the northwestern Patagonian Andes (Fig. 1), where the
VRF and NPRF communities intermingle in a transitional zone along
a latitudinal and bioclimatic gradient.

1.2. Regional paleoclimate background

Glacial geologic studies from the Chilean Lake District and Isla
Grande de Chilo�e show recurring glacial advances during Marine
Isotope Stage 2, from at least ~33.6 until ~17.8 ka, followed by
widespread retreat deep into the Andes within the next millen-
nium (Denton et al., 1999a, 1999b; Moreno et al., 2015). Indepen-
dently dated palynological records indicate cold and wet glacial
conditions between ~24 and ~17.8 ka, followed by an abrupt in-
crease in Nothofagus trees at ~17.8 ka that marked the onset of rapid
warming at the end of the LGM (Moreno et al., 1999, 2015; Moreno
and Leon, 2003). The statistically indistinguishable chronologies for
these events demonstrate a coherent, virtually instantaneous
response of northwestern Patagonian glaciers and terrestrial eco-
systems to a decisive warm pulse that triggered T1 in the mid- and
high southern latitudes (Denton et al., 1999a). The beginning of T1
also involved a change from hyperhumid to humid conditions
(Moreno et al., 2018a; Pesce and Moreno, 2014), signaling a pole-
ward shift of the SWW during the initial ~1400 years of T1.

A northward shift of the SWW ensued at ~16.4 ka, judging from
a precipitation rise recorded in sites from northwestern and
central-east Andean Patagonia (45�S) (Henríquez et al., 2017;
Moreno et al., 2015, 2018a; Pesce andMoreno, 2014; Vilanova et al.,
2019), followed by an intensification between ~14.5 and ~13 ka, a
southward shift between ~13 and ~11.5 ka, andweakening between
~11.5 and ~7.5 ka (Moreno, 2004; Moreno et al., 2010, 2015; Moreno
and Videla, 2016). A multi-millennial trend toward cooler/wetter
climate started at ~7.5 ka and has persisted until the present
(Moreno, 2004; Moreno and Videla, 2016). The most recent ~5300
years feature the onset of sub-millennial-scale variability, with
centennial-scale warm/dry phases centered at ~5.3, ~4.3, ~3.5, ~2.1,
~1.2 ka, and over the last 150 years, that alternate with cool/wet
phases (Moreno and Videla, 2016). Marine-based chronologies
from the southeast Pacific sector show a sequence of changes that is
broadly consistent with the aforementioned terrestrial records.
More specifically, marine reconstructions feature the following
multi-millennial phases: an northward migration of the SWW
during the LGM (between ~22 and ~18 ka), a southward shift during
the early Holocene (between ~12 and ~8 ka), and centennial-scale
changes over the most recent ~3000 years (Lamy et al., 1999).

Nearly all glacial geologic and palynologic investigations along
the Pacific slope of northwestern Patagonia have been carried out
in the lowlands, west or near the LGM margins. Hence, little is
known about the vegetation, glacial, and environmental evolution
on the western Andean foothills upstream from Seno Reloncaví and
the Chilotan Sea (Henríquez et al., 2015; Heusser et al., 1992)
(Fig. 1). These are interesting sectors for examining the interplay
between climatic and non-climatic drivers of vegetation change,
considering the proximity of volcanic centers that have been
particularly active since T1 (Alloway et al., 2017; Fontijn et al.,
2014). Furthermore, because glaciers covered the western slopes
of the northwestern Patagonian Andes during the last glaciation, I
expect that plant expansion and colonization into the Chilo�e Con-
tinental region must have taken place, primarily, through a low-
elevation north-to south corridor located along the Andean foot-
hills east of Puerto Montt following T1 (Fig. 1). This area, however,
contains large lakes (Lago Llanquihue and L. Todos los Santos),
seaways (Seno and Estuario Reloncaví, and the interior Chilotan
sea) and climatic barriers to dispersal (low temperatures and high
precipitation regimes at higher elevations) which may have
imposed restrictions to the eastward and subsequent southward
migration of land biota, formerly distributed west of the north-
western Patagonian ice margins. The efficacy of this narrow
corridor for the terrestrial biota was dependent upon glacier extent
and volcanic activity, which may have imposed intermittent envi-
ronmental/ecological restrictions for the migrant taxa. An alterna-
tive model, more limited in extent considering the small areas
involved and dependent upon past sea-level fluctuations, involves
an eastward stepping stone-like route toward Chilo�e Continental
through the Chilotan archipelago (Fig. 1).

Fundamental questions, currently unaddressed by a virtual lack
of studies in the Chilo�e Continental region, include: 1) when did
local ice-free conditions establish in the region? 2) when and what
vegetation type colonized this sector during the early phases of T1?
3) is there geomorphic/stratigraphic evidence for the stabilization
or readvances of Andean glaciers during T1? 4) is there evidence for
climate reversals akin to the Antarctic Cold Reversal and/or the
Younger Dryas? 5) when did forest vegetation establish in the study
area? and 6) did physical/climatic/ecological barriers to dispersal
cause a delay in the arrival of plant taxa into the Chilo�e Continental
region during T1 and the Holocene?

2. Methods

We obtained lake sediment cores from Lago Proschle
(41�52.1430S, 72�46.6750W, 53 m.a.s.l., 460 cmwater depth) (Fig. 1),
using a 7.5-cm-diameter water-sediment interface piston corer and
a 5-cm-diameter Wright piston corer from the deepest central
sector of the lake. Sediment retrieval was conducted from an
anchored coring rig equipped with a 7.5-cm diameter aluminum
casing tube. All sediment cores were stored at 4 �C at the Quater-
nary Paleoecology Laboratory of Universidad de Chile, subsequently
X-radiographed to document the stratigraphy and potential strat-
igraphic structures, and subsampled for loss-on-ignition (LOI, 1 cc),
pollen (1 cc) and macroscopic charcoal (2 cc) analyses following
standard protocols (Faegri and Iversen, 1989; Heiri et al., 2001;
Whitlock and Anderson, 2003). The LOI results are expressed as
percent weight loss (organic and carbonate percent: LOI550 and
LOI925, respectively) and dry siliciclastic density data (LOI925 ash).

The chronology of the sedimentary records is constrained by
AMS radiocarbon dates obtained from bulk organic samples
retrieved from 1-cm-thick sections throughout the cores. We cali-
brated the radiocarbon dates using the SHCal13 calibration dataset
(Hogg et al., 2013) included in CALIB 7.0.0 (Reimer et al., 2013) and
developed a Bayesian age model on the Lago Proschle dates using
the Bacon package for R (Blaauw and Christen, 2011). The agemodel
takes into account the instantaneous deposition of pyroclastic
levels by subtracting the thickness of all tephra layers >1 cm.

I studied the palynology of the Lago Proschle cores following
standard procedures for organic-rich lake sediments lacking car-
bonates. These results are shown in percentage diagrams and
organized in life forms, habitat occurrence (arboreal, non-arboreal,
aquatic, microscopic algae) and native/non-native. Identification of
fossil palynomorphs was conducted at 400X magnification using a
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ZEISS Axio Scope A1 stereomicroscope with the aid of published
descriptions and keys (Heusser, 1971; Villagr�an, 1980), along with a
modern reference collection. The palynomorph Fitzroya/Pilger-
odendron includes the species Fitzroya cupressoides and Pilger-
odendron uviferum, mainly distributed in the Pacific coasts of
Patagonia; Nothofagus dombeyi type, hereafter referred as Notho-
fagus, includes the species N. dombeyi, N. nitida, N. betuloides, N.
pumilio and N. antarctica, present in northwestern Patagonia;
Eucryphia/Caldcluvia includes the species Eucryphia cordifolia and
Caldcluvia paniculata; Lomatia/Gevuina the species Lomatia ferrugi-
nea, L. dentata, L. hirsuta, and Gevuina avellana; Maytenus disticha
type includes the species M. disticha and M. magellanica.

The terrestrial pollen sum (TPS) includes the pollen counts of
arboreal and non-arboreal land plants; their percentage abundance
is calculated in reference to the TPS. The aquatic pollen sum (APS)
includes paludal plants, macrophytes and microalgae; their per-
centage abundance is expressed in reference to TPS þ APS. We
divided the pollen record in pollen assemblage zones with the aid
of a stratigraphically constrained cluster analysis applied to all
terrestrial taxa with abundance values � 2%, after recalculating
sums and percentages and converting to square root values using
CONISS (Grimm, 1987) implemented in Tilia 2.0.38. The same
subset of terrestrial taxa �2%, with recalculated sums and per-
centages, were smoothed with a moving average window applied
to�5 and � 3 adjacent pollen samples and interpolated every 100-
year regular steps to allow calculation of the rates-of-change (ROC)
parameter (Grimm and Jacobson, 1992; Jacobson et al., 1987). The
squared chord distance is a dissimilarity coefficient quantifies the
magnitude and rapidity of changes between adjacent samples in
the pollen dataset, allowing examination of the abruptness or
graduality of past shifts in the terrestrial vegetation. I standardized
the ROC time series to the mean of the entire record to characterize
values around the mean (>-1s, < 1s), rapid (>1s, < 2s), abrupt
(>2s, < 3s), and extraordinarily fast vegetation changes (>3s) in
the pollen stratigraphy.

We tallied macroscopic charcoal particles (>106 mm) on the
Lago Proschle cores from 2-cc sediment samples along continuous
contiguous 1-cm thick sections throughout the cores under a Zeiss
KL1500 LCD stereoscope, following careful sieving to avoid rupture
of individual particles. The abundance of macroscopic charcoal is
expressed as accumulation rate data (particles*cm�2*year�1). I
applied a time-series analysis tool, CharAnalysis (Higuera et al.,
2009), to the charcoal record to detect statistically significant
charcoal peaks from the low-frequency background signal and
deconvolute a local fire history. For that purpose I interpolated the
macroscopic charcoal record to the median time step between
adjacent samples and defined background charcoal with a lowess
robust to outliers and a smoothing window of 1000 years. The
peaks component corresponds to the 99th percentile distribution
of positive residuals using a locally defined threshold. I calculated
the frequency of fire events per 1000 year overlapping time win-
dows and charcoal peak magnitude.

3. Results

I combined cores 0505SC1, 0505BT1 and the 0505CT1-CT4 se-
ries to produce a continuous sedimentary record (Fig. 2) that spans
from the onset of lacustrine sedimentation in Lago Proschle until
the present. The spliced record has a total length of 472 cm and
consists of a fining upward basal sand/gravel unit between 472 and
460 cm depth, overlain by a fining upward sandy silt unit with
increasing amount of organic material that persists until it reaches
a maximum of ~70% organic matter at 333 cm depth (Fig. 2). This
organic-rich silty unit is capped by an 18-cm thick tephra, which
gives way to an organic-poor silty unit, whose organic content
increases steadily until it reaches a maximum of ~80% at 110-
109 cm depth. Within the latter I detect discrete clastic peaks at
280e279, 243e242, 236e235, 168e164, and 159-158 cm depth I
interpret as tephra layers. The upper portion of the record features
a decline in the organic content of the organic-rich silts following
deposition of tephra at 110e109, 88e93 and 80-79 cm depth
(Fig. 2).

The chronology of the Lago Proschle record is constrained by 22
AMS radiocarbon dates on bulk organic lake sediment. These data
indicate continuous sedimentation of organic-rich lake sediments
since the beginning of lacustrine deposition at ~17.4 ka (Fig. 3,
Table 1). The pollen record from Lago Proschle consists of 411
samples that span continuously the last ~17,400 years with a me-
dian temporal resolution of 38 years between palynological sam-
ples. I divided the record in 9 pollen zones with the aid of a
stratigraphically constrained cluster analysis to facilitate descrip-
tion of the major changes in the pollen record (Fig. 4). In the
following paragraphs I describe each zone highlighting the three
most abundant taxa in decreasing order of mean abundance, their
cumulative abundance in relation to the terrestrial pollen sum, the
mean arboreal pollen percentage of the zone, their accompanying
less-abundant taxa, the average percent abundance of any given
taxon in parenthesis, and remarks about the most conspicuous
changes of each zone (see Table 2).

Zone Pro-1 (19 samples, 453-423 cm depth, ~17.4e16.3 ka)
features the pollen assemblage Nothofagus-Poaceae-Empetrum,
which accounts for 75.2% of the Terrestrial Pollen (TP) sum. The
dominant taxa achieve their maximum abundance of the entire
record during this zone, accompanied by peak abundance of May-
tenus disticha type (2.9%), the fern Blechnum type (42.4%), along
with the aquatic Cyperaceae (5%) and the microalga Pediastrum
(max: 20.3%). Other trees and shrubs are present in relatively small
abundance (Fitzroya/Pilgerodendron: 1.6%, Escallonia: 2.8%, Myrta-
ceae: 2.6%) including Drimys, which rises and achieves relatively
high abundance (3.2%) toward the end of this zone. Misodendrum
shows a modest maximum during intermediate Nothofagus levels
(~50%). Themean arboreal pollen (AP) sum is 74.9%, and constitutes
the lowest value in the entire record.

Zone Pro-2 (14 samples, 423-407 cm depth, ~16.3e15.4 ka) is
characterized by the assemblage Nothofagus-Myrtaceae-Poaceae
(79% of TP, AP: 92%), along with declines in Poaceae (from 11.5% to
4.4%), Empetrum (from 8.8% to 2%), Blechnum type (from 42.4% to
17.9%), and Cyperaceae (5%e2.5%). Myrtaceae increases rapidly to
its peak abundance (max: 38.6%) as Nothofagus undergoes large-
magnitude oscillations. Drimys winteri (3.5%) and Escallonia (2.8%)
attain their maximum abundance. Lomatia/Gevuina appears in the
record and remains in low abundance (<3%) in the entire record.
Cyperaceae declines during this zone and reaches its lowest
abundance during the next zone.

Zone Pro-3 (31 samples, 407-373 cm depth, ~15.4e13.5 ka) is
dominated by Nothofagus, Podocarpus nubigena and Myrtaceae
(72.7% of TP, AP: 97.4%), resulting from amajor decline inMyrtaceae
(from 28.3% to 8%) and a virtual disappearance of Poaceae, Empe-
trum, Maytenus disticha type, Blechnum type andDrimys. P. nubigena
rises rapidly to its peak abundance (max: 46.2%), contemporaneous
with a rise in Raukaua to its maximum in the record (2%), while
Fitzroya/Pilgerodendron shows a slight increase (2.9%) that culmi-
nates in the next pollen zone. Misodendrum shows a modest
maximum during intermediate Nothofagus levels (~50%). Cyper-
aceae attains minimum abundance during this zone (<1%).

Zone Pro-4 (17 samples, 373-356 cm depth, ~13.5e12.6 ka)
features the assemblage Nothofagus-Podocarpus nubigena-Tepualia
stipularis (79% of TP, AP: 96.6%). Noteworthly aspects of this zone
are a decline in P. nubigena (from 29.6% to 23.5%), large-magnitude
oscillations in Nothofagus, and a conspicuous increase in T. stipularis



Fig. 2. Stratigraphic column, radiocarbon dates, and loss-on-ignition data from the Lago Proschle site. The labels on the left show the stratigraphic position and age of radiocarbon-
dated levels, in some instances the radiocarbon date labels were displaced vertically to facilitate visualization of the ages. The labels on the right indicate the identity and
stratigraphic span (dashed horizontal lines) of each core segment.
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(from <1% to 8.2%). Fitzroya/Pilgerodendron culminates a rising
trend at the end of this zone (max: 6.8%). Misodendrum shows a
modest maximum during intermediate Nothofagus levels (~50%).

Zone Pro-5 (46 samples, 356-295 cm depth, ~12.6e10.3 ka)
represents the largest change in the record, according to the
stratigraphically constrained cluster analysis, and consists of a
Weinmannia trichosperma-Tepualia stipularis-Nothofagus assem-
blage (63% of TP, AP: 91.5%). I observe a rapid rise inW. trichosperma
(from 2.4% to 39.9%) and substantial declines in P. nubigena (from
23.5% to 3.8%) and Nothofagus (from 41% to 11.3%) relative to Pro-4.
T. stipularis (11.8%) and Hydrangea (4.7%, max: 11.5%) attain their
maximum abundance and Fitzroya/Pilgerodendron initiates a
gradual declining trend. Eucryphia/Caldcluvia appears in the record
with values consistently below 5% prior to ~11.2 ka, and larger
variability (between 0 and 15%) thereafter.

Zone Pro-6 (30 samples, 295-265 cm depth, ~10.3e8.9 ka) is
dominated by an Eucryphia/Caldcluvia-Nothofagus-Weinmannia
trichosperma pollen assemblage (63% of TP, AP: 93.5%). Eucryphia/
Caldcluvia rose rapidly (from 2.6% to 34.6%, max: 54%) accompanied
by a gradual and sustained increase in Nothofagus (from 11.3% to
14.6%) and substantial declines in W. trichosperma (from 40% to
13.1%) relative to Pro-5.

Zone Pro-7 (30 samples, 265-235 cm depth, ~8.9e7.8 ka) is
characterized by a Nothofagus-Eucryphia/Caldcluvia-Myrtaceae
assemblage (62.1% of TP, AP: 93.5%), resulting from a rise in
Nothofagus (from 14.6% to 33.8%) and decreasing abundance of



Fig. 3. Age model of the Lago Proschle site using a tephra-free depth scale. The blue zones represent the probability distribution of the calibrated radiocarbon dates, the grey zone
represents the calculated confidence interval (95.4%) of the Bayesian age model. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 1
Radiocarbon dates from the Lago Proschle site. The radiocarbon dates were calibrated to calendar years before present using the CALIB 7.0 program.

Laboratory
code

Core code and
length

Original depth
(cm)

Tephra-free depth
(cm)

14C yr
BP

1 sigma
error

lower intercept (cal yr
BP)

upper intercept (cal yr
BP)

median probability (cal yr
BP)

uciams-
145167

0505SC_15 15 15 220 25 75 300 195

uciams-
122760

0505SC_23 23 23 705 20 563 664 599

uciams-
145168

0505SC_29 29 29 635 20 545 634 608

cams-128986 0505SC_34 34 34 1140 60 910 1178 1007
uciams-

122761
0505SC_47 47 47 1325 20 1179 1273 1228

cams-128987 050AT1_36 72 72 1980 70 1715 2045 1887
uciams-

128988
0505BT1_30 96 91 2635 70 2437 2855 2687

uciams-
122762

0505BT1_49 115 110 3270 20 3379 3556 3443

uciams-
122763

0505BT1_61 127 122 3270 20 3379 3556 3443

uciams-
122764

0505CT1_79 178 173 5040 20 5648 5887 5721

uciams-
122765

0505CT2_47 248 243 7445 25 8171 8327 8250

uciams-
122766

0505CT2_77 278 273 8400 30 9289 9470 9384

uciams-
122767

0505CT2_93 294 289 9150 25 10201 10374 10247

uciams-
122768

0505CT3_32 336 313 10010 30 11260 11607 11383

uciams-
122769

0505CT3_57 361 338 10815 30 12674 12737 12704

uciams-
122770

0505CT3_87 391 368 12335 40 14043 14538 14218

uciams-
122771

0505CT4_7 408 385 12730 40 14878 15284 15115

cams-114967 0505DT4_958 409 386 12990 80 15210 15763 15479
uciams-

145962
0505CT4_17 418 395 13510 60 15981 16454 16206

uciams-
122772

0505CT4_25 426 403 13760 40 16328 16807 16556

cams-114966 0505CT4_1003 449 426 13670 80 16166 16754 16429
uciams-

145169
0505CT4_50 451 428 13940 110 16432 17202 16836
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Fig. 4. Percentage pollen diagram from the Lago Proschle site. The labels on the left show the stratigraphic position and age of radiocarbon-dated levels used in the age model. The
labels on the right indicate the identity and stratigraphic span (black dashed horizontal lines) of each pollen assemblage zone. The horizontal red lines indicate the stratigraphic
position of tephra layers. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Summary of the pollen assemblage zones from the Lago Proschle record specifying the three most abundant taxa in decreasing order of mean abundance along, their cu-
mulative abundance in parentheses, stratigraphic and chronologic range, and number of levels analyzed per zone.

Zone Depth range (cm) Number of samples Age range (ka) Pollen assemblage TP sum AP sum

Pro-1 453e423 19 ~17.4e16.3 Nothofagus-Poaceae-Empetrum 75.2% 74.9%
Pro-2 423e407 14 ~16.3e15.4 Nothofagus-Myrtaceae-Poaceae 79% 92%
Pro-3 407e373 31 ~15.4e13.5 Nothofagus-Podocarpus nubigena-Myrtaceae 72.7% 97.4%
Pro-4 373e356 17 ~13.5e12.6 Nothofagus-Podocarpus nubigena-Tepualia stipularis 79% 96.6%
Pro-5 356e295 46 ~12.6e10.3 Weinmannia trichosperma-Tepualia stipularis-Nothofagus 63% 91.5%
Pro-6 295e265 30 ~10.3e8.9 Eucryphia/Caldcluvia-Nothofagus-Weinmannia trichosperma 63% 93.5%
Pro-7 265e235 30 ~8.9e7.8 Nothofagus-Eucryphia/Caldcluvia-Myrtaceae 62.1% 93.5%
Pro-8 235e119 115 ~7.8e3.5 Nothofagus-Eucryphia/Caldcluvia-Tepualia stipularis 67.2% 94.4%
Pro-9 119e0 112 ~3.5 ka- present Nothofagus-Eucryphia/Caldcluvia-Saxegothaea conspicua 63.4% 94.4%
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Eucryphia/Caldcluvia (from 34.6% to 20.4%).
Zone Pro-8 (115 samples, 235-119 cm depth, ~7.8e3.5 ka) fea-

tures dominance of Nothofagus, Eucryphia/Caldcluvia, and Tepualia
stipularis (67.2% of TP, AP: 94.4%), accompanied by Myrtaceae
(6.2%), peak abundance of Nothofagus (from 33.8% to 46.9%), coeval
with gradual increases in Saxegothaea conspicua and Weinmannia
trichosperma, and a decline in Eucryphia/Caldcluvia (from 20.4% to
13.3%). Misodendrum shows a gradual increase to a maximum of
12.5% during a Nothofagus plateau of ~50% and declines gradually
toward the end of this zone. We observe centennial-scale oscilla-
tions in antiphase between Nothofagus type and Eucryphia/Cald-
cluvia starting near the middle of this zone (~6 ka)

Zone Pro-9 (112 samples, 119-0 cm depth, ~3.5 ka-present) is
characterized by a Nothofagus-Eucryphia/Caldcluvia-Saxegothaea
conspicua assemblage (63.4% of TP, AP: 94.4%), and features
culmination of the rising trends in S. conspicua (from 2.9% to 9.1%)
and W. trichosperma (from 4.9% to 6.9%).

The rates-of-change analysis (Fig. 5) applied to the pollen record
reveals high values between ~17.4 and ~15.3 ka, falling in the range
of rapid and abrupt changes, followed by predominantly low values
around the mean for the remainder of the record. A major increase
peaked at ~12.7 ka, defining an extraordinarily fast vegetation
change, superseded by discrete peaks at ~10.3, ~8.2, ~5.3, ~2.6, ~1.8,
~1.1, ~0.6 ka, and during the 20th century. The majority of these
correspond to rapid changes, the peaks at ~1.8 ka and during the
20th century qualify as abrupt changes.

The continuous-contiguousmacroscopic charcoal record of Lago
Proschle (Fig. 6) includes 429 levels that span continuously the last
~17,400 years, with a median temporal resolution of 38 years. The
record shows very low values between ~17.4 and ~13 ka punctuated
by discrete increments; this interval is followed by amajor risewith
multiple large-magnitude maxima between ~13 and ~11 ka, and
intermediate values between ~10 and ~9.5 ka. Another rise is
evident between ~9 and ~7.8 ka, followed by persistently low values
over the last ~7000 years with a discrete rise at ~4.3 ka. Time series
analysis of the macroscopic charcoal data (Fig. 6) reveals 32 sta-
tistically significant charcoal peaks, most of which exhibit low
magnitudes (<40 particles*cm�2*yr�1). A conspicuous clustering of
events is evident between ~14.7 and ~11.3 kawith large-magnitude
events dated at ~12.8 and ~4.3 ka. Fire frequency shows a mean of
1.8 events/1000 yr, with distinct millennial-scale variations that
include maximum frequency at ~16 and ~5.5 ka, and minimum
values at ~3.5 ka.

4. Discussion

4.1. Paleovegetation inferences

The pollen record from Lago Proschle starts with a brief pioneer
phase dominated by herbs and shrubs (Poaceae, Empetrum, Aster-
aceae subfamily Asteroidae, Maytenus disticha type) (Figs. 4 and 5)
typically found in the modern High Andean environments of
northwestern Patagonia, suggesting colonization of the barren,
newly deglaciated landscapes of the western Andean foothills by
cold-tolerant plants during the earliest stages of T1. Ferns of the
genus Blechnum, possibly B. penna-marina, were particularly
abundant prior to ~17 ka suggesting low arboreal cover and overall
humid conditions. Though modest in magnitude, the macrophyte
Cyperaceae attained the maximum abundance of the entire record
prior to ~16 ka, accompanied by peak percentages of the microalga
Pediastrum during the initial 400 years of the record. The terrestrial
vegetation then shifted to temperate forests as Nothofagus rose
~60% between ~17.4 and ~17 ka, indicating a rapid spread of cold-
tolerant, shade-intolerant, opportunistic trees. This was concomi-
tant with a steady decrease of Blechnum type and the rise, peak, and
decline of Drimys, a shade-intolerant tree species (Figueroa and
Lusk, 2001) that commonly dominates large forest gaps following
disturbance, thus accounting for the initial phases of a woodland
encroachment process. This transition toward a forested landscape
is captured by the rates-of-change (ROC) parameter as an abrupt
vegetation change (Fig. 5). A subsequent rise in the shade tolerant
and thermophilous Myrtaceae at ~16.3 ka (2s confidence interval
[CI]: 16.6e16 ka) marks the establishment of closed-canopy North
Patagonian Rain Forests (NPRF). Several genera and species of the
family Myrtaceae are abundant in VRF and NPRF communities
located in lowland sectors (<400 m.a.s.l.) of northwestern Patago-
nia (Amomyrtus luma, A. meli, Blepharocalyx cruckshanksii, Luma
apiculata, Myrceugenia chrysocarpa, M. ovata, M. parvilora, M. pla-
nipes, Tepualia stipularis, Ugni molinae, etc.), both in upland and
waterlogged environments (Heusser et al., 1999; Villagr�an, 1985). A
marked decline in the abundance of Myrtaceae at higher elevations
(400e700 m.a.s.l.) revealed by modern vegetation surveys
(Villagr�an, 1985), suggests that low temperatures constitute a
limiting factor for their occurrence in montane evergreen rain-
forests. Consequently, I interpret the Myrtaceae rise at ~16.3 ka as
indicative of warmer and wetter conditions than the preceding
millennium. This vegetation change coincided with a persistent
decline in fire frequency, which had risen steadily between ~17 and
~16 ka (Fig. 6), and decreased abundance of Cyperaceae between
~16.3 and ~15.4 ka (Figs. 4 and 7). I interpret the latter as a lake-
level rise which drove an outward shift of littoral environments
away from the deepest sector of the lake, where the coring site is
located. Consequently, I infer a major environmental trans-
formation that led to the establishment of closed-canopy NPRF, a
decline in fire activity, and a transgressive lacustrine phase in Lago
Proschle starting at ~16.3 ka (Figs. 4e6).

Podocarpus nubigena and Raukaua rose at ~15.4 ka (2s CI:
15.7e15.2 ka) and attained their maxima between ~15 and ~12.8 ka,
along with Tepualia stipularis, Hydrangea, Saxegothaea conspicua
and Fitzroya/Pilgerodendron (Figs. 4 and 5). This change suggests a
vegetation shift toward closed-canopy NPRF dominated by Notho-
fagus, cold-tolerant conifers, and hygrophilous trees, while fire



Fig. 5. Selected variables from the Lago Proschle pollen record shown in the time scale domain. Each time series is shownwith a weighted running mean of seven adjacent samples
with a triangular filter. The vertical colored ribbons highlight selected intervals characterized by multi-millennial shifts to cold/wet (blue) and warm/dry (red), conditions, along
with a multi-millennial Holocene interval featuring alternations between warm/dry and cold/wet phases at centennial timescales (green). The white triangles highlight the
centennial-scale increments in Eucryphia/Caldcluvia discussed in the main text. Also shown are the calculated rates-of-change (ROC) parameter in the far right, the Macroscopic
Charcoal Accumulation Rate (CHAR), and the siliciclastic density data. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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activity remained low with discrete low-magnitude events (Figs. 5
and 6). The ROC value for this transition falls in the range of abrupt
vegetation changes (Figs. 5 and 6). An increase in Weinmannia
trichosperma from <2% to >50% occurred between ~12.8 ka (2s CI:
13e12.6 ka) and ~12 ka (2s CI: 12.3e11.9 ka), accompanied by
declines in Podocarpus nubigena and Nothofagus, persistence of



Fig. 6. Macroscopic charcoal record from the Lago Proschle site and results of Char-
Analysis: blue line: background component, red line: locally defined threshold, tri-
angles: statistically significant charcoal peaks, magnitude: residual abundance that
supersedes the threshold. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Tepualia stipularis, modest increases in Eucryphia/Caldcluvia, Myr-
taceae and Poaceae (Figs. 4 and 5), and a major increment in CHAR
(Fig. 6). These results suggest opening of the forest canopy by
wildfires, substantial declines in shade- and cold-tolerant NPRF
conifers, and proliferation of shade-intolerant trees favored by
disturbance. The character, magnitude, and rapidity of palynolog-
ical changes suggests the occurrence of stand-replacing fires, i.e.
local fires that kill all or most of the living overstory trees, initiate
forest succession, and cause a sudden species turnover. This event
is captured by the ROC parameter as an extraordinarily fast vege-
tation change, the highest in the entire record (Fig. 5). This
remarkable change was contemporaneous with the largest-
magnitude increase in Charcoal Accumulation Rates (Figs. 5 and
6), suggesting that fire disturbance acted as a catalyst or amplifier
of climate-driven changes in vegetation.

The vine Hydrangea increased between ~11.2 and ~10.3 ka, fol-
lowed by a rapid ~50% rise in Eucryphia/Caldcluvia between ~10.3
and ~9.5 ka, and declines in most trees (Figs. 4 and 5). The paly-
nomorph Eucryphia/Caldcluvia includes the species Eucryphia cor-
difoliawhich is an endemic tree of the evergreen temperate forests
of southern South America, and today occurs exclusively in Valdi-
vian Rainforest (VRF) communities. Hence, the palynologic signal
that started at ~10.3 ka (2s CI: 10.5e10.2 ka) (Figs. 4 and 5) marks
an important vegetation change from North Patagonian to
Valdivian-dominated rainforests. This was a rapid transition ac-
cording to the ROC parameter, one of the highest peaks during the
Holocene (Fig. 5). Vegetation change was accompanied by a fire-
regime shift consisting of frequent local fire events of intermedi-
atemagnitude (Figs. 5 and 6), suggesting that fire disturbance acted
as a catalyst or amplifier of climate-driven changes in the local
vegetation. Eucryphia cordifolia then declined from ~9.5 to ~7.8 ka,
punctuated by a short-lived increase between ~8.1 and ~7.8 ka
associated with enhanced fire activity, a ~40% rise in Nothofagus,
and culmination of a moderate Poaceae rise (Figs. 4e6). The latter
increases may represent a response of the local vegetation to
disturbance by fire, considering that several species of the genus
Nothofagus have been reported as fast-growth, pioneer, and
opportunistic trees in disturbed terrains, and species of the native
bamboo genus Chusquea (which belongs to the Poaceae family)
commonly form dense thickets in forest gaps and woodland edges.

A steady increase in Nothofagus led to a maximum between ~7.8
and ~5.4 ka contemporaneous with sustained increments in Podo-
carpus nubigena, Saxegothaea conspicua and Drimys, low abundance
of Weinmannia trichosperma and Eucryphia/Caldcluvia (Figs. 4 and
5), and a declining trend in CHAR (Fig. 6). This assemblage in-
dicates dominance of closed-canopy evergreen temperate rain-
forests, in the context of which the Nothofagus palynological signal
most likely represents the species N. dombeyi and/or N. nitida. The
co-occurrence of indicator species belonging to the VRF and NPRF
suggests intermingling of these communities in the Andean foot-
hills of northwestern Patagonia in the context of diminished fire
activity. The ROC values associated with the transition toward a
mixed NPRF-VRF assemblage suggests this was a gradual change
(Fig. 5).

The most recent ~5400 years of the Lago Proschle record
feature: (i) a continuation of the Podocarpus nubigena and Sax-
egothaea conspicua rising trends; (ii) a conspicuous increase in
Fitzroya/Pilgerodendron at ~3.5 ka that reached a maximum be-
tween ~3 and ~2.5 ka and declined toward the present with short-
lived fluctuations; (iii) a Nothofagus plateau at ~40% with recurrent
increases until the present; along with (iv) an increase in Wein-
mannia trichosperma that peaked at ~2.5 ka overprinted by
centennial-scale fluctuations, and (v) centennial-scale increases in
Eucryphia/Caldcluvia with maxima at ~5, ~4.5, ~3.2, ~2.1, ~1, and
~0.4 ka (Figs. 4 and 5). A precursory centennial-scale increase in
Eucryphia/Caldcluvia is also evident at ~6.4 ka, just before the final
Nothofagus increase that led to its maximum Holocene abundance
between ~6 and ~5.4 ka. These alternations suggest reshuffling and
variations in the relative dominance of NPRF and VRF elements at
timescales ranging from centennial to millennial. These floristic
elements were already present in the lowlands of northwestern
Patagonia during that portion of the Holocene, and their variations
occurred in the context of low frequency changes of small to
intermediate-magnitude fire episodes. The vegetation changes
associated with these transitions were rapid (Fig. 5).

I observe increases in Poaceae, Rumex and Plantago starting at
~166 cal yr BP (2s CI: 253-86 cal yr BP) following a fire episode at
~188 cal yr BP (2s CI: 277-106 cal yr BP) (Figs. 4e6). Although these
pollen taxa include native and exotic species, the observed in-
creases (>3%) exceed their typical abundance throughout the entire
Lago Proschle record (<1%). The Non Arboreal Pollen sum attained
values permanently above the natural variability since the local
establishment of closed-canopy temperate rainforests (~16.3 ka)
(Figs. 4 and 5), and achieved a maximum of 19% during the 20th
century, approximately twice the recorded values since ~15.8 ka. I
interpret these changes as indicative of disturbance by Chilean/
Europeans settlers during the most recent centuries by means of
fire, and subsequent spread of non-native plant species (Rumex
acetosella and Plantago lanceolata). The dominance of temperate
evergreen rainforests persisted over the last three centuries,
despite the unprecedented magnitude of human-induced distur-
bance recorded over the last century (Figs. 4 and 5).



Fig. 7. Comparison of selected pollen taxa and Charcoal Accumulation Rates (CHAR) from Lago Proschle with palynological records from northwestern Patagonia (upper panel: the
normalized ECPI [Eucryphia/Caldcluvia to Podocarpaceae pollen index] records from Lago Condorito (green curve) and L. El Salto (magenta curve), and the % Isoetes record from L.
Lepu�e (red curve)), the Deuterium record from EDC and (lower panel) and a compilation of atmospheric CO2 records from Antarctic ice cores (Bereiter et al., 2015). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.2. Paleoclimate inferences

The Lago Proschle record spans continuously from ~17.4 ka (2s
CI: 17.9e17 ka) to the present. Lacustrine sedimentation in this site
started after the Seno Reloncaví piedmont glacier lobe abandoned
its final LGM moraines that rim the southernmost portion of the
Longitudinal Valley, in the PuertoMontt area, and retreated ~40 km
along the >300-m deep Seno Relocanví seaway (Rodrigo, 2006a,
2006b). Vegetation development led to the dominance of
temperate rainforests near the study site, which have undergone
compositional and structural changes that range from NPRF with
abundant cold-tolerant hygrophilous conifers (Fitzroya cupres-
soides, Pilgerodendron uviferum, Podocarpus nubigena, Saxegothaea
conspicua) during the final portion of T1, to assemblages with
abundant thermophilous VRF tree species (Eucryphia cordifolia)
tolerant to summer moisture deficit during the early Holocene.
Transitions between these end members imply shifts in tempera-
ture and (annual, seasonal) precipitation, ranging from temperate-
wet with little rainfall seasonality to warm-wet with strong rainfall
seasonality, respectively. An intermediate or average condition is
implied by pollen assemblages dominated by rainforest trees, vines,
and ferns, lacking both cold-tolerant NPRF hygrophilous conifers
and thermophilous VRF tree species tolerant to summer moisture
deficit.

The palynology of Lago Proschle suggests that glacier recession
into the high Andean cirques of northwestern Patagonia during T1
was contemporaneouswith awarming trend coupledwith low lake
levels and fires between ~17.4 and ~16.3 ka. This low precipitation
regime contrasts with the reconstructed cold and hyperhumid
conditions during the final portion of the LGM (Heusser et al., 1995;
Heusser et al., 1999; Heusser et al., 1996a, b; Moreno, 1997; Moreno
et al., 2015; Moreno et al., 1999; Moreno et al., 2018a; Villagr�an,
1985, 1988a, b, 1990), suggesting a transition from stronger-than-
present to lower-than-present Southern Westerly Wind (SWW)
influence at ~42�S (Moreno et al., 2018a). I interpret this transition
as a poleward shift of the SWWat the beginning of T1. A subsequent
establishment of Myrtaceae forests, lake level rise, and decline in
fires after ~16.3 ka attests to a rise in precipitation at ~42�S. This
transition suggests a northward shift of the SWW following the
millennial-scale southward displacement discussed above.

Sustained warming culminated with the rapid establishment of
evergreen, temperate, closed-canopy forests with thermophilous
NPRF tree species between ~17.4 and ~15.4 ka and low abundance
of cold-tolerant conifers near Lago Proschle, suggesting that vege-
tation near the site approached average Holocene conditions at that
time. An abrupt shift toward cold/wet conditions ensued, implied
by the dominance of Nothofagus (possibly N. pumilio or
N. betuloides), cold-tolerant hygrophilous conifers (Fitzroya
cupressoides or Pilgerodendron uviferum), and absence of fires be-
tween ~15.4 and ~12.8 ka. This abrupt transition suggests increased
SWW influence in the region, probably representing a northward
shift or intensification of this wind belt. A reversal in trend started
at ~12.8 ka with proliferation of shade-intolerant trees favored by
disturbance (Weinmannia trichosperma), a rise in CHAR suggesting
intense local fire activity, and substantial declines in shade- and
cold-tolerant NPRF conifers. These results indicate conditions
favorable for biomass desiccation, stand-replacing fires, and
disappearance of moisture-demanding shade-tolerant trees. The
character and extraordinarily fast shift of this transition points to a
sudden decline in summer precipitation and warmer summers,
which in this region are linked to reduced SWW influence and
cloudiness. Thermophilous, shade-intolerant, summer-drought
tolerant VRF trees (Eucryphia/Caldcluvia) rose rapidly at ~10.3 ka
and achieved their maximum abundance at ~9.5 ka in the context of
high fire activity. Nothofagus and Poaceae increased between ~9.5
and ~7.8 ka, coeval with a gradual Eucryphia/Caldcluvia decline and
a prominent increase in CHAR, suggesting local vegetation distur-
bance by fire. I interpret peak warmth and decline in annual pre-
cipitation brought by enhanced rainfall seasonality during the early
Holocene (~10.3e7.8 ka). These results define a conspicuous warm
interval with minimum SWW influence and maximum fire activity.

Nothofagus rose rapidly and attained its maximum Holocene
abundance between ~6 and ~5.4 ka, along with increases in cold-
tolerant/hygrophilous NPRF conifers, declines in Weinmannia tri-
chosperma, the thermophilous/summer-drought tolerant VRF trees
Eucryphia/Caldcluvia, and diminished fire activity. These data sug-
gest a shift toward cooler/wetter conditions starting at ~7.8 ka,
most likely related to enhanced SWW influence at ~42�S (Moreno
and Videla, 2016; Pesce and Moreno, 2014). The rise in NPRF taxa
continued and culminated at ~1.2 ka, alternating with recurring,
centennial-scale increases of Weinmannia trichosperma and Eucry-
phia/Caldcluvia paced at millennial timescale. These alternations
started at ~6.4 ka and continued until Eucryphia/Caldcluvia ach-
ieved its final rise at ~0.4 ka. I interpret the onset of centennial-scale
shifts in temperature and SWW influence at ~6.4 ka, in agreement
with recent findings of enhanced variability in the Chilean Lake
District beginning at ~5.4 ka (Moreno and Videla, 2016). This high
variability regime led to the alternation of relatively cold/wet and
warm/dry centennial-scale intervals, which generated conditions
favorable for the development and coexistence of NPRF and VRF
communities along the western foothills of the northwestern
Patagonian Andes. Subdued fire activity over this interval suggests
that the occurrence of centennial-scale warm/dry intervals was
insufficient to produce the desiccation and ignition of coarsewoody
fuels, given the dominant high precipitation regime in the western
Andean foothills.

4.3. Regional and hemispheric implications

Ice-free conditions along the Pacific slopes of the northwestern
Patagonian Andes commenced at ~17.4 ka (2s CI: 17.9e17 ka), a
statistically indistinguishable age from the radiocarbon chronology
for the abandonment of the final LGM margins of multiple glacier
lobes in the region (~17.8 ka) (Denton et al., 1999a, 1999b; Moreno
et al., 2015). Because Lago Proschle is located near sea level and
~40 km upstream from the LGM margins, I interpret that recession
and thinning of the Seno Reloncaví piedmont glacier lobe during T1
was extraordinarily rapid, possibly instantaneous, reaching the
western Andean foothills in less than ~400 years. These results
underscore the abruptness of glacial withdrawal during T1, prob-
ably facilitated by calving of the ice front along the >300-m deep
Seno Reloncaví seaway.

Rapid warming during the initial stages of T1, revealed by the
abrupt colonization and densification of the temperate rainforest
vegetation in areas formerly covered by the Seno Reloncaví glacier
lobe, was contemporaneous with the onset of a prominent warm-
ing trend initiated shortly after ~18 ka in southeastern Pacific ma-
rine records (Haddam et al., 2018; Siani et al., 2013), mountain
glaciers in New Zealand’s South Island (Barrell et al., 2019; Putnam
et al., 2013), and Antarctic ice core records (Stenni et al., 2010)
(Fig. 7). This correspondence suggests tight coupling between the
middle and high latitudes of the Southern Hemisphere during T1.
Poleward shifts of the SWW have been invoked as a fundamental
link coupling the hemispheres during ice age terminations, through
their effect on the ventilation of CO2-enriched deep waters to the
atmosphere via high-latitude upwelling (Denton et al., 2010). Peak
abundance of the paludal Cyperaceae in the Lago Proschle record
(~42�S) between ~17.4e16.3 ka was contemporaneous with high
abundance of Isoetes in the northwestern Patagonian site L. Lepu�e
(~43�S)(Fig. 7), suggesting that low lake levels permitted the
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centripetal expansion of littoral environments toward the deepest
sectors of these lakes, thereby signaling negative hydrologic bal-
ance at ~43�S. One explanation for this diminished SWW influence
in northwestern Patagonia is a poleward shift of the SWW between
~17.8 and ~16.3 ka, coeval with the onset of a deglacial rising trend
in atmospheric CO2 (Fig. 7). This correspondence supports the
interpretation of enhanced upwelling in the Atlantic sector of the
Southern Ocean driven by stronger SWW flow early during T1
(Anderson et al., 2009).

Prominent declines in the percent abundance of Cyperaceae and
Isoetes in the Lago Proschle and L. Lepu�e records after ~16.3 ka,
respectively (Fig. 7), suggests that a shift toward positive hydrologic
balance drove a lake-level rise that forced an outward expansion of
littoral environments away from the lake’s deepest sectors. This rise
in precipitation suggests enhanced SWW influence at latitude
~42�S starting at ~16.3 ka (2s CI: 16.6e16 ka). I attribute this change
to a northward shift of the SWW. This finding replicates similar
conclusions drawn from other sites located in the windward side of
the Patagonian Andes, where the modern correlation between
near-surface SWW speeds and local precipitation are strongly
positive (Garreaud et al., 2013; Moreno et al., 2014), these include
not only the Lago Lepu�e, L. Pichilaguna and Canal de la Puntilla sites
in northwestern Patagonia (Moreno and Leon, 2003; Moreno et al.,
2018a; Pesce and Moreno, 2014) (Fig. 7), but also the L. Edita and L.
Unco sites located on the eastern Andean slope of central Chilean
Patagonia (Henríquez et al., 2017; Vilanova et al., 2019). Recently,
Nanavati et al. (2019) reported synthesis curves for Nothofagus
pollen percentage and charcoal accumulation rate records from
several sites east of the northern, central, and southern Patagonian
Andes. Based on these data they inferred vegetation and fire dy-
namics, human disturbance, paleoclimate changes, and shifts in
atmospheric circulation since 18 ka. The extent to which records
west and east of the northern Patagonian Andes provide a
congruent paleoclimatic history, however, has not been explored in
detail in the literature. Physical and biological contrasts are evident
between these regions today and are to be expected in paleoclimate
reconstructions. More recently, Jara et al. (2019) reported results
from Lago Espejo (Fig. 1), a small closed-basin site located in the
core region of the northwestern Patagonian Andes, and compared
their results with published lake records east and west at that
latitude over the last 15,400 years. They concluded that (i) the
composition and resilience of Nothofagus-dominated forests and
scrublands east of the Andean divide affect their paleoclimate-
sensing capability, and (ii) the advection of moisture-laden winds
from the Atlantic sector toward the eastern Andean slopes may
have counteracted the effect of reduced SWW precipitation in the
eastern-facing valleys of the northern Patagonian Andes. Additional
comparative studies at multiple latitudes across the Andes are
necessary to reconcile the similarities and differences in biotic and
climatic histories in these contrasting environments.

Vegetation and climate approached average Holocene condi-
tions between ~16.3 and ~15.4 ka, and were followed by prominent
increases in the cold-tolerant hygrophilous conifer Podocarpus
nubigena in Lago Proschle (Fig. 7). One interpretation for this
change is that regional climate underwent a cold/wet reversal be-
tween ~15.4 and ~12.8 ka that involves increased SWW influence
during the Antarctic Cold Reversal (ACR) (Fig. 7). Similar conclu-
sions have been reported from L. Pichilaguna, Huelmo bog, and L.
Lepu�e, using fossil pollen and chironomid records (Massaferro
et al., 2009; Moreno and Videla, 2016; Moreno et al., 2018a; Pesce
and Moreno, 2014). Likewise, palynologic and glacial geologic evi-
dence from central (Mendelov�a et al., 2020; Sagredo et al., 2018)
and southwestern Patagonia (Garcia et al., 2014; Kaplan et al., 2011;
Moreno et al., 2009, 2012; Strelin et al., 2011), both in Chile and
Argentina, detected glacier advances and increased influence of the
SWW, implying a symmetrical increase in SWW strength from
latitudes ~41�S to 52�S during the ACR. The regime shift detection
(RSD) analysis (Rodionov, 2004) applied to the Podocarpus nubigena
records from Lago Proschle (~15.2 ka, 2s CI: 15.5e15 ka), L. Pichi-
laguna (14.5 ka, 2s CI: 15.1e13.9 ka), and the Huelmo bog (~14.8 ka,
2s CI: 15.3e14.7 ka) (Moreno and Leon, 2003; Moreno et al., 2018a)
suggests that the commencement of the ACR signal overlaps at the
95% confidence level (Fig. 8). The latter sites are located in the
Longitudinal Valley, ~70 and ~40 km north and northwest of L.
Proschle, respectively (Fig. 1). A different situation occurs with the
L. Lepu�e site (~43�S), located ~130 km southwest of L. Proschle in
Isla Grande de Chilo�e, where the beginning of the ACR signal
occurred at ~14.5 ka (2s CI: 14.8e14.2 ka) according to the RSD
algorithm. This age is statistically younger than L. Proschle but the
confidence intervals overlap with the chronology of L. Pichilaguna
and the Huelmo bog (Fig. 8). If replicated by additional high-
resolution precisely dated records, these differences could suggest
that residual ice masses in the Andes may have imposed an earlier,
large-magnitude cooling signal in the down valley sectors of the
northwestern Patagonian Andes through the latter stages of T1.
This influence apparently faded westward, as suggested by statis-
tically equivalent ages for the onset of the ACR in sites located in the
Longitudinal Valley between ~40 and ~70 km away, and statistically
significant differences in a sector from Isla Grande de Chilo�e located
>100 km from the glaciated Andes.

The Lago Proschle record shows an extraordinarily fast increase
in Weinmannia trichosperma (Figs. 7 and 8) at the expense of all
other trees, concomitant with a sudden rise in fire activity starting
at ~12.8 ka (2s CI: ~12.9e12.6 ka) according to the RSD. Statistically
synchronous, nearly identical vegetation changes have been re-
ported from other sites in the Longitudinal Valley of the Chilean
Lake District, namely: L. Pichilaguna (~12.3 ka, 2s CI: 12.6e11.9 ka)
and Huelmo bog (~12.7 ka, 2s CI: 12.9e12.6 ka) (Fig. 8) (Moreno
and Leon, 2003; Moreno et al., 2018a). These data indicate a
simultaneous response of terrestrial ecosystems to the onset of
widespread fire activity in mainland sites from northwestern
Patagonia, driven by a decline in summer precipitation at the
beginning of the Younger Dryas (YD) chronozone. The L. Lepu�e
pollen record, however, shows that the W. trichosperma started at
~11.2 ka (2s CI: 11.4e10.9 ka), an age statistically younger than the
northern sites mentioned above (Fig. 8). One explanation for this
difference is that a gradient in rainfall seasonality at the time,
evident in the modern climate between these sectors, attenuated
the severity, size or frequency of forest fires that acted as a catalyst
for the abrupt vegetation changes during YD time in Isla Grande de
Chilo�e.

Weinmannia trichosperma-dominated assemblages persisted in
the Lago Proschle record for ~2500 years followed by a rapid, large-
magnitude increase in Eucryphia/Caldcluvia at ~10.3 ka (2s CI:
10.4e10.1 ka) (Fig. 7) according to RSD, which overlaps within
confidence intervals with the Huelmo bog (~10.5 ka, 2s: 10.8e10.4
ka), but took place after L. Pichilaguna (~11.2 ka (2s CI: 11.3e10.8
ka), (Fig. 8). Altogether these results suggest peak warmth and
rainfall seasonality in northwestern Patagonia between ~11.3 and
~7.8 ka. A statistically younger age for the Eucryphia/Caldcluvia
expansion is evident in the L. Lepu�e record (~8.8 ka, 2s CI: 9e8.6
ka), located ~130 km south in Isla Grande de Chilo�e (Pesce and
Moreno, 2014)(Fig. 8). An explanation involving climatic gradi-
ents, rather than migrational lags, is more appropriate to account
for the differences in timing for the decisive increments in Eucry-
phia/Caldcluvia in palynological sites located in the mainland and
Isla Grande de Chilo�e. This is because the Eucryphia/Caldcluvia rise
in L. Lepu�ewas preceded by a precursor increase between ~10.5 and
~8.8 ka, during which the abundance of this species rose from
homogeneously low values with a mean < 0.1% to a highly variable



Fig. 8. Comparison of the percent abundance of Podocarpus nubigena, Weinmannia trichosperna, and Eucryphia/Caldcluvia from Lago Proschle with palynological records from the
Longitudinal Valley (L. Pichilaguna, Huelmo bog) and Isla Grande de Chilo�e (L. Lepu�e) sectors from northwestern Patagonia. The records are arranged vertically to reflect their north
(top) to south (bottom) position along the latitudinal transect. The percentage data are accompanied by the weighted means of the regimes detected by the RSD algorithm
(Rodionov, 2004) using a cutoff length of 10 and a Huber weight function with the tuning constant of 2. Notice the southward increase in the magnitude of P. nubigena, pattern that
suggests that the modern increase in annual precipitation and decline in annual temperature and precipitation seasonality was also present over this interval. An inverse trend is
evident in W. trichosperna and Eucryphia/Caldcluvia in response to the same climatic gradient. The dashed vertical lines define the age range for the onset of the rising trends for
each species among the selected sites, the black lines encompass statistically equivalent modeled ages for the increments, blue lines statistically different ages. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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interval with several peaks >3% (with maxima of 7.8%), and a mean
of 1.8%. This precursor increase suggests that Eucryphia/Caldcluvia
reached the L. Lepu�e site at least by ~10.5 ka, an age equivalent to
the rise observed in mainland sites, and remained in low abun-
dance until favorable environmental conditions permitted its
exponential increase at ~8.8 ka. The Eucryphia/Caldcluvia rise was
contemporaneous with a major increase in Isoetes in the L. Lepu�e
record (Fig. 7), signaling a regressive lake-level phase driven by a
multi-millennial interval with negative hydrologic balance. I posit
that precipitation decreased as the SWW influence at ~42�S
declined in successive events starting at the beginning of the YD,
and followed by an accentuation that led to an extreme warm/dry
phase at the beginning of the Holocene (~11.3e7.8 ka).

The synchronous increments in Podocarpus nubigena (~15.4 ka),
Weinmannia trichosperma (~12.7 ka) and Eucryphia/Caldcluvia
(~10.3 ka) in Lago Proschle and sites located in the Longitudinal
Valley of the Chilean Lake District suggest, within modelled confi-
dence intervals, that physical and climatic barriers did not induce
appreciable differences in timing for the establishment of rain-
forests dominated by these tree species in these sectors. This
remarkable synchrony occurs in spite of: (i) the location of L.
Proschle ~40 km inboard of the LGMmargins (Denton et al., 1999b),
(ii) separated from the mainland by the >300 m deep Seno and
Estuario Reloncaví seaways , (iii) the inferred persistence of large
outlet glaciers in the Estuario Reloncaví and Hornopir�en sectors
(Davies et al., 2020), and (iv) the occurrence of frequent, large-
magnitude explosive volcanic events in this sector since, at least,
18 ka (Alloway et al., 2017). The statistically significant differences
in timing for the decisive expansion of Podocarpus nubigena,
W. trichosperma and Eucryphia/Caldcluvia between L. Proschle and
the Chilotan L. Lepu�e record (Fig. 8), on the other hand, suggests
that north-south and west-east climatic gradients operative
through T1 might have delayed the expression of these vegetation
signals in central-east Isla Grande de Chilo�e. Additional detailed
records with precise chronologies from the region will enable
assessment of this hypothesis.

A contrast becomes evident when comparing the northwestern
Patagonian results with the findings from southwestern Patagonia
reported from L. Guanaco, L. Eberhard, and Pantano Dumestre
(Moreno et al., 2010, 2012), located ~1100 km south of Lago
Proschle. The southern sites indicate an increase in SWW influence
(i.e. a rise in precipitation) between ~12.7 and ~11.5 ka, establishing
a dipole with the northwestern Patagonian records. I interpret this
contrast as a southward shift of the SWW during YD time. A
warming pulse and an in-phase decline in precipitation in both
regions occurred between ~11.5 and ~7.8 ka, suggesting a
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generalized weakening of the SWW throughout Patagonia during
the early Holocene (Moreno et al., 2010, 2012, 2018a). This inter-
pretation also applies to paleoclimate records located in other
southern mid-latitude landmasses (Fletcher and Moreno, 2011,
2012), implying a zonally symmetric weakening of the SWWduring
the early Holocene.

The inferred changes in atmospheric circulation patterns are
relevant for assessing the postulated role of the SWWas a driver of
variations in atmospheric CO2 concentrations near the end of T1
and the early Holocene. Antarctic ice core records show a con-
spicuous increase in CO2 concentrations during YD time that
peaked at ~10.5 ka and declined steadily to a minimum at ~7.8 ka
(Fig. 8). Our interpreted southward shift of the SWW during YD
time would have shifted the focus of SWW influence at or near the
critical latitude of the Drake Passage (>56�S), promoting deep up-
welling in the Southern Ocean and enhancing high-latitude venti-
lation of CO2-rich deep ocean waters. Likewise, weaker-than-
present SWW during the early Holocene would reduce the wind
stress on the surface of the Southern Ocean, reducing the intensity
of upwelling and ventilation of the deep ocean water, thereby ac-
counting for the decline in atmospheric CO2 concentrations during
the early Holocene (Fletcher and Moreno, 2011; Moreno et al.,
2010).

The Lago Proschle record suggests a multi-millennial rise in
SWW influence that started at ~7.8 ka and has persisted until the
present. This shift is also recorded in other northwestern and
southwestern Patagonian sites implying a strengthening of the
SWW at continental scale, a pattern that is prevalent in other sec-
tors of the middle latitudes of the Southern Hemisphere as well
(Fletcher and Moreno, 2011, 2012). Antarctic ice core records reveal
a concomitant rise in atmospheric CO2 concentration from ~7 ka
onward (Fig. 7), attesting to a tight coupling between mid- and
high-latitude sectors of the Southern Hemisphere through SWW-
driven upwelling of deep waters in the Southern Ocean.

I calculated and standardized a ratio between the abundance of
Eucryphia/Caldcluvia and Podocarpaceae (Podocarpus
nubigena þ Saxegothaea conspicua) to express the relative position
of a fossil pollen sample from Lago Proschle along a continuum
between two endmembers: VRF-dominated (strongly positive
anomalies) and NPRF-dominated assemblages (strongly negative
anomalies). Fig. 7 shows a comparison of this ratio, or ECPI
(Eucryphia/Caldcluvia to Podocarpaceae index), with the same
parameter calculated from the pollen record from L. Condorito
(Moreno, 2004). Both indices exhibit similar multi-millennial
trends in vegetation and climate change in northwestern Patago-
nia: strong negative anomalies during ACR time, a rise during YD
time, strong positive anomalies during the early Holocene, and a
subsequent decline overprinted by millennial-scale fluctuations
until the present. These variations capture the changes in past
hydrologic balance discussed above, and are fully coherent with
independent estimates of lake level change and fire activity
changes in the region (Moreno and Videla, 2016; Pesce andMoreno,
2014; Power et al., 2008; Whitlock et al., 2007), ultimately gov-
erned by changes in SWW influence (Moreno et al., 2010)

The SWW became more variable starting at ~6.4 ka, with al-
ternations between relatively warm/dry and cold/wet centennial-
scale intervals until the present. The midpoint age for the warm/
dry centennial-scale phases in L. Proschle is ~6.4, ~5, ~4.5, ~3.2, ~2.1,
~1, and ~0.4 ka (shown as white triangles in Fig. 5). Moreno and
Videla (2016) reported similar results and conclusions from Lago
El Salto (Fig. 1), located ~40 km northwest of L. Proschle in the
southern portion of the Longitudinal Valley of the Chilean Lake
District. The latter record shows conspicuous warm/dry events at
centennial timescale centered at ~5.3, ~4.3, ~3.5, ~2.1, ~1.2 ka, and
over the last 150 years. Thus, detailed vegetation records from
northwestern Patagonia suggest a widespread response of the
temperate rainforest vegetation to enhanced, centennial-scale
climate variability since ~6.4 ka. Although some events appear to
be synchronous within age-model confidence intervals, exact
matching of specific events are not to be expected considering that
the response capability of a rainforest community is highly
dependent upon local contingencies, thresholds, and ecological
interactions, which may modulate the precise realization of a
climate-driven change in structure and/or rainforest composition.
Similar findings have been reported from L. Cipreses (Moreno et al.,
2018b), a palynological site located in the mixed evergreen-
deciduous Nothofagus forest zone of southwestern Patagonia,
~1050 km south of L. Proschle, which shows the commencement of
persistent centennial-scale variability at ~5.8 ka, with warm/dry
phases centered at ~5.7, ~4.7, ~3.9, ~3.4, ~2.9, ~2.3, ~1.5, ~0.9 ka, and
during the last 150 years. Moreno et al. (2018b) attributed these
changes to Southern Annular Mode (SAM)-like changes at
centennial timescale, considering that SAM is the leading source of
climate variability in Patagonian sectors south of ~46�S. Therefore,
widespread enhancement of SWW variability throughout Patago-
nia since ~6.2 ka may represent a regional manifestation of secular
SAM-like changes in the southeastern sector of the Pacific Ocean
and adjacent South America.

Finally, Lago Proschle record shows disturbance of the vegeta-
tion by Chilean/Europeans through the deliberate use of fire since
the late 18th century, triggering a trend toward deforestation and
proliferation of non-native herbs. The ROC parameter renders this
transformation as an abrupt vegetation change, the largest of the
last ~12,000 years. This ROC peak surpassed the þ1s threshold of
the standardized time series during the mid-19th century (Fig. 5),
coeval with the establishment of sawmills in the Contao township,
a small logging village located 9 km northeast of Lago Proschle. The
change in disturbance regimes in this sector included human-set
fires, the introduction of cattle, and exploitation of Alerce wood
(Fitzroya cupressoides). Themagnitude of disturbance in the vicinity
of Lago Proschle is substantially lower than that observed in paly-
nological sites located in the Longitudinal Valley of the Lake Dis-
trict, e.g. L. Pichilaguna, L. Pichilafqu�en, and L. El Salto (Jara and
Moreno, 2014; Moreno and Videla, 2016; Moreno et al., 2018a).
The latter sites document a large-magnitude, nearly instantaneous
replacement of the native rainforest vegetation by pasturelands
and, to a lesser degree, monospecific plantations of exotic trees. A
combination of factors including the age of settlement, road con-
nectivity, population density, intensity of livestock grazing, spread
of invasive exotic weeds, and overall drier summers, contributed
toward decimation of the native rainforest vegetation in the
mainland and a more attenuated impact on the vegetation near L.
Proschle.
5. Summary/conclusions

1. Local ice-free conditions started at ~17.4 ka (2s CI: 17.9e17
ka) along the Pacific slopes of the northwestern Patagonian
Andes. Glacier recession during T1 was extraordinarily rapid,
possibly instantaneous, reaching the western Andean foot-
hills in less than ~400 years. The abrupt withdrawal of An-
dean glaciers was driven by warm event at the beginning of
T1, probably accelerated by calving of the ice front along the
>300-m deep Seno Reloncaví seaway.

2. A brief pioneer phase with cold-tolerant herbs and shrubs
typically found in the modern High Andean environments of
northwestern Patagonia colonized the barren, newly degla-
ciated landscapes of the western Andean foothills during the
earliest stages of T1.
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3. An abrupt vegetation shift led to Nothofagus-dominated
forests at ~17 ka, accompanied by other cold-tolerant, shade-
intolerant, opportunistic tree species characteristic of the
modern North Patagonian Rain Forests (NPRF) and abundant
ferns.

4. Closed-canopy NPRF with shade-tolerant thermophilous
trees established at ~16.3 ka, implying a culmination of the
warming trend that initiated T1. This event was preceded by
an increase in precipitation I attribute to a northward shift in
the SWW that terminated an interval with diminished pre-
cipitation at ~42�S, dated between ~17.4 and ~16.3 ka.

5. A reversal to cold conditions occurred between ~15.4 and
~12.8 ka, during the Antarctic Cold Reversal, implied by the
dominance of Nothofagus, cold-tolerant hygrophilous co-
nifers, and absence of fires. This change was coupled with
increased SWW influence in the region, probably repre-
senting a northward shift of this wind belt.

6. A sudden decline in summer precipitation and warmer
summers started at ~12.8 ka, at the onset of the Younger
Dryas, implied by stand-replacing fires, proliferation of trees
favored by disturbance, and disappearance of moisture-
demanding shade-tolerant trees. The rates of vegetation
associated with this transition were extraordinarily fast, the
highest of the entire Lago Proschle record. I interpret a
decline in SWW influence in the region, probably repre-
senting a southward shift of this wind belt.

7. Peak warmth and overall decline in annual precipitation
brought by maximum rainfall seasonality occurred between
~10.3 and 7.8 ka, implied by the dominance of thermophi-
lous, summer-drought tolerant Valdivian rainforest trees and
high fire activity. These results are consistent with a zonally
symmetric weakening of the SWW during the early
Holocene.

8. A multi-millennial cooling and wetting phase started at ~7.8
ka, shown by decline in VRF trees, rise in NPRF trees, and
decline in fire activity, implying a strengthening of the SWW
at continental and zonal scale. This widespread and stronger
SWW influence was contemporaneous with a rise in atmo-
spheric CO2 concentrations in Antarctic ice cores.

9. The SWW became more variable starting at ~6.4 ka, with
alternations between relatively warm/dry and cold/wet
centennial-scale intervals until the present.

10. Deforestation and spread of non-native herbs commenced
during the late 18th century, caused by the deliberate use of
fire by historical settling. This transformation was abrupt,
being the largest magnitude event of the last ~12,000 years
in the Lago Proschle record.

11. Our results suggest that physical and climatic barriers did not
induce appreciable delays in the establishment of selected
rainforest taxa in the northern portion of Chilo�e Continental,
relative to the Longitudinal Valley of the Chilean Lake Dis-
trict, during and following T1.
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