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a b s t r a c t

The anatomy of the Last Glacial Termination (T1) in the southern mid-latitudes, and its relationship with
changes in the Southern Westerly Winds (SWW), offers empirical constraints for understanding the
mechanisms involved in the transition from the Last Glacial Maximum into the current interglacial.
Northwestern Patagonia (40�-44�S) is a sensitive region for monitoring past changes in the SWW, the
Patagonian Ice Sheet, terrestrial ecosystems, and fire regimes through T1. Here we present results from
Lago Fonk (~40�S) to examine the structure of T1 based on the palynological, macroscopic charcoal,
elemental, and isotopic composition of organic lake sediments.

We observe an instantaneous establishment of Nothofagus-dominated forests at the onset of T1, fol-
lowed by a diversification and densification trend that culminated with the establishment of ther-
mophilous, Myrtaceae-dominated North Patagonian rainforests between ~15.6e14.7 cal ka BP. The
expansion of the conifer Podocarpus nubigena marks a shift to cool-temperate and hyperhumid condi-
tions, coeval with high lake levels and enhanced algal productivity between ~14.7e11.9 cal ka BP. Stand-
replacing fires, driven by enhanced seasonality or high-frequency rainfall variability, started at ~12.4 cal
ka BP and catalyzed the rapid spread of Weinmannia trichosperma. Subsequent warming and a decline in
precipitation at ~11.4 cal ka BP led to intense fire activity, lake-level lowering, and establishment of the
Valdivian rainforest trees Eucryphia/Caldcluvia. Our results suggest a coherent linkage between changes
documented in the amphi south Pacific region and Antarctic ice cores during T1. This implies a zonal and
hemispheric response to changes in the position/intensity of the SWW that emphasizes their central role
as a key driver of the hemispheric and global climate evolution through T1.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The Last Glacial Termination (Termination 1¼ T1, between ~17.8
and ~11.5 cal ka BP, i.e., 1000 calibrated years [kiloanni] before
present) represents the largest, most abrupt climate change of the
last glacial-interglacial cycle (Denton et al., 2010). T1 featured the
collapse and subsequent disappearance of Northern Hemisphere
ice sheets, a persistent rise in sea level and atmospheric greenhouse
gases, superimposed upon a millennial-scale sequence of climate
limate, Universidad de Chile,

Henríquez).
changes that culminated with the onset of the Holocene. Ice core
data reveal asynchronous or antiphased atmospheric temperatures
at millennial timescales between the North and South polar re-
gions, illustrating the complexity of the coupled ocean-atmosphere
system (Blunier et al., 1998; Denton et al., 2010). Deciphering the
drivers of T1 at hemispheric and global scales is key for explaining
Late Quaternary ice age cycles, and the intricate linkages between
the atmosphere, cryosphere, hydrosphere, and biosphere.

The Southern Westerly Winds (SWW) are a critical component
of the climate system that not only control climate in the southern
landmasses, but also affect the climate of the southern third of the
world and the entire planet. The SWW drive the Antarctic
Circumpolar Current and upwelling of CO2-enriched deep waters in
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the Southern Ocean, which in turn impacts oceanic and atmo-
spheric circulation and radiative forcing at regional and global
scales (Anderson et al., 2009; Toggweiler et al., 2006). Recently,
Denton et al. (2021) proposed that changes in the SWW are the
critical missing link relating insolation, glaciers and ice sheets, at-
mospheric greenhouse gas concentrations, and ocean circulation at
global scale during ice age terminations. Hence, the anatomy of T1
in the southern mid-latitudes, and its relationship with SWW
evolution, offer empirical constraints for understanding the
sequence of events that triggered the transition from the Last
Glacial Maximum (LGM: ~35-18 cal ka BP) into the current
interglacial.

Patagonia is a key region for deciphering the causes and con-
sequences of climate change during and since the LGM, because it is
the sole landmass that extends continuously through the middle
latitudes of the Southern Hemisphere (40�-55�S), and intercepts
the SWW. A Patagonian Ice Sheet (PIS) covered the southern Andes
during the LGM, reaching the Pacific coast from latitude ~43�S
southward to Cape Horn. The PIS featured westward-flowing
piedmont glacier lobes in the lowlands of northwestern Patagonia
(40�-44�S), namely: the Lago Ranco, L. Puyehue, L. Rupanco, L.
Llanquihue, Seno Reloncaví, Golfo de Ancud, and Golfo Corcovado
ice lobes (Denton et al., 1999b; Lowell et al., 1995) (Fig. 1).
Numerous small closed-basin lakes occur in association with de-
posits and geomorphic features deposited by these glacier lobes,
enabling the study of lake sediments to unravel the environmental
and climatic history during and since the LGM.

Pollen records from Isla Grande de Chilo�e (~41�300S-43�300S)
(Fig. 1) were first to document plant species characteristic of
Magellanic Moorland communities during the LGM in north-
western Patagonia, which led to the interpretation of enhanced
precipitation delivered by stronger-than-present SWW at that
latitude (Villagr�an, 1988, 1990). Subsequent studies from the Chil-
ean Lake District (CLD, ~40�e41�300S) replicated these findings,
along with the interpretation of hyperhumid conditions in north-
western Patagonia via a northward shift of the SWW during the
Fig. 1. Map of the study area. (A) Inferred extent of the Patagonian ice sheet at ~20 cal ka B
location of pollen records discussed in this paper (orange circles), volcanoes (triangles) and m
in meters below the lake surface, spaced every 0.5 m. The location of the coring site is ind
legend, the reader is referred to the Web version of this article.)

2

LGM (Heusser et al., 1996, 1999; Moreno, 1997; Moreno et al., 1999).
More recent studies have examined past changes in SWWposition/
strength through T1, revealing a sequence of changes in SWW in-
fluence at millennial timescale that culminated with a prominent
pan-Patagonian minimum in SWW influence during the early Ho-
locene (~11.0e7.5 cal ka BP) (Henríquez et al., 2017; Moreno, 2020;
Moreno et al., 2012, 2018; Pesce and Moreno, 2014; Vilanova et al.,
2019; Villa-Martínez and Moreno, 2021). Some divergences
regarding the SWW influence between ~11.0e7.5 cal ka BP, how-
ever, linger in the paleoclimate literature from central and southern
Patagonia (Lamy et al., 2010; Van Daele et al., 2016). Therefore,
testing these ideas requires multiple detailed, sensitive and, ideally,
independent paleoenvironmental sensors spanning the entirety of
T1 and the early portion of the Holocene.

Here we examine the vegetation and climate evolution of
northwestern Patagonia during T1 utilizing the pollen, macroscopic
charcoal, elemental, and isotopic composition of organic lake sed-
iments from Lago Fonk, a small closed-basin lake located in the
lowlands of the CLD. These data allow assessment of the following
questions: (1) When did forest vegetation expand into the newly
deglaciated landscapes of CLD during T1? (2) What do the timing
and rate of afforestation during T1 inform us about the geographic/
genetic source and expansion routes for the early plant colonizers?
(3) When did the deglacial warming trend reach its maximum? (4)
Is there evidence for climate reversals at millennial timescales
during T1? (5) How did the SWW influence vary during T1? and (6)
What are the regional, zonal, and hemispheric implications of these
findings?
1.1. Study area

The CLD features three main physiographic units: (1) the
Cordillera de los Andes to the east with average elevations of
~1800 m.a.s.l., and glaciers and volcanoes with known postglacial
and historic activity; (2) the lower-elevation, unglaciated, and
volcanically inactive Cordillera de la Costa to the west; and (3) the
P (Davies et al., 2020). (B) Detail of the Chilean Lake District indicating the name and
ajor water bodies. (C) Bathymetric chart of Lago Fonk. The contours lines are expressed
icated with the yellow star. (For interpretation of the references to color in this figure
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Valle Longitudinal, a broad north-south trending tectonic depres-
sion situated between both Cordilleras, reaching its southern limit
on the Seno de Reloncaví seaway (Fig. 1B).

The climate of the CLD is temperate and wet. The SWW deliver
abundant precipitation through the annual cycle, which exhibits
positive correlations with zonal wind speeds at 850 hPa along the
Pacific coast and Andean slopes (Garreaud, 2007; Moy et al., 2008).
Annual precipitation reaches 1883 mm evenly distributed through
the entire year, with minimum values during the summer months,
and with mean annual temperature of 10 �C according to weather
station data from Puerto Montt (41�460S, 72�930W, 90 m.a.s.l.)
(dataset from http://explorador.cr2.cl/).

The SWW are the sole source of precipitation throughout
western Patagonia. Interannual variability features negative sum-
mer precipitation anomalies during positive phases of both El Ni~no
Southern Oscillation and the Southern Annular Mode, which
generate conditions conducive for wildfire occurrence (Holz and
Veblen, 2011).

Temperate rainforests were the predominant vegetation in
western Patagonia from sea level to the Andean treeline prior to
European/Chilean colonization, showing a distinct zonation in
response to climatic and topographic gradients, resulting in alti-
tudinal and latitudinal zonation of the plant communities (Heusser,
2003; Luebert and Pliscoff, 2017; Schmithüsen, 1956), and repre-
sent the modern analogue for the climatic interpretation of past
pollen assemblages. The lowlands of the southern CLD feature the
Valdivian Rainforest dominated by Eucryphia cordifolia and Aex-
toxicon punctatum, along with trees such as Nothofagus obliqua, N.
dombeyi and its hemiparasite mistletoe Misodendrum, species of
the Myrtaceae family (Myrceugenia planipes, Amomyrtus luma,
Luma apiculata), and other angiosperms such as Caldcluvia pan-
iculata, Persea lingue, Lomatia hirsuta, Gevuina avellana, and Wein-
mannia trichosperma. There is a high diversity of ferns such as
Polypodium feuillei, Lophosoria quadripinnata, and multiple species
of the genus Hymenophyllum occur on the forest floor and on
standing and fallen trees. Vines are also present in these forests,
including Hydrangea serratifolia, Cissus striata, and Mitraria cocci-
nea. The climatic conditions are characterized by mean annual
precipitation of 1560 mm and a mean annual temperature of
10.5 �C, according toweather station data from Osorno (40�35.290S,
73�6.4140W, 55 m.a.s.l.) (dataset from http://explorador.cr2.cl/).

The Valdivian Rainforest is replaced by North Patagonian Rain-
forest from ~350 to ~1000 m.a.s.l. and can be distinguished in
pollen records by the absence of Eucryphia cordifolia/Caldcluvia
paniculata, along with the presence of cold-tolerant conifers above
~600 m.a.s.l. such as Saxegothaea conspicua, Podocarpus nubigena,
Fitzroya cupressoides, and Pilgerodendron uviferum. In the Andes,
these forests are dominated by the evergreen Southern Beech
species Nothofagus dombeyi, along with N. betuloides, Weinmannia
trichosperma, Drimys winteri, Tepualia stipularis, Amomyrtus meli,
and A. luma. Themean annual precipitation is 3614mm and amean
annual temperature of 9.0 �C, according to weather station data
from Chait�en (42.93S, 72.70W, 10 m.a.s.l.) (dataset from http://
explorador.cr2.cl/).

Deciduous Subantarctic Forests occur at ~1000e1200 m.a.s.l.
and feature dominance of Nothofagus pumilio, which intermingles
with N. betuloides in western sites. N. pumilio forms monospecific
stands and presents a species-poor understory (Escallonia alpina,
Berberis spp., Drimys andina, Maytenus disticha) toward higher
elevation. A study of the spatial and temporal variation inN. pumilio
growth at treeline along its latitudinal range (from 35�S to 55�S) in
the Chilean Andes (Lara et al., 2005) showed that temperature has a
spatially greater control on tree growth than precipitation, and that
this influence is particularly significant in the southern Andes
3

(>40�S). Estimates for the mean annual precipitation in these plant
communities vary between ~1400-2500 mm, and the mean annual
temperature range between 4.8 and 7.5 �C (Luebert and Pliscoff,
2017), depending on slope aspect and distance to the Pacific
coast. High Andean vegetation dominates the alpine zone with
herbs from the families Poaceae (Poa, Festuca), Asteraceae (Nas-
sauvia, Senecio, Perezia), Ericaceae (Empetrum, Gaultheria), Apiaceae
(Apium, Bolax, Azorella) and Gunneraceae (Gunnera).
2. Methods

We obtained multiple overlapping sediment cores from Lago
Fonk (40�58038.400S, 72�4300600W,156 m.a.s.l.) a small (<1 km2) and
shallow closed-basin lake (<4 m water depth) (Fig. 1), using an
UWITEC coring system equipped with a 60-mm diameter piston
corer, along with a 75 mm diameter sediment-water interface
corer.We stored the sediment cores in awalk-in cooler at 4 �C at the
Quaternary Paleoecology Laboratory of Universidad de Chile.

The stratigraphy of the sediment cores was documented with
textural descriptions, magnetic susceptibility measurements (MS)
with a Bartington Instruments MS2E Core Logging Sensor at 5 mm
intervals. We carried out loss-on-ignition analysis on 1-cm thick
contiguous 1 cc sediment samples following overnight drying at
105 �C. Sequential burns at 550 �C (2 h) and 925 �C (4 h) in a muffle
furnace allowed calculation of the organic (LOI550), siliciclastic (Ash
LOI550), and carbonate content (LOI925) (Heiri et al., 2001). These
data were key for establishing correlations between overlapping
core series, with the aim of developing a continuous stratigraphic
record devoid of hiatuses associated with core breaks (Fig. S1).

The chronology of the Lago Fonk record is constrained by AMS
radiocarbon dates obtained from 1 cm-thick bulk organic C sam-
ples, and calibrated to years before present using the SHCal20
calibration dataset (Hogg et al., 2020) included in CALIB 8.20. We
developed a Bayesian age model (Blaauw and Christen, 2011) using
the Bacon package for R (www.R-project.com), with a tephra-free
depth scale considering the instantaneous deposition of tephra
layers.

We developed a palynological record from continuous/contig-
uous 1-cc sediment samples from 1-cm thick sections throughout
the Lago Fonk cores. Processing followed standard procedures
which include deflocculation with 10 % KOH, sieving (106 mm),
silicate dissolutionwith 40 % HF, and acetolysis (Faegri and Iversen,
1989).

We counted a minimum of 300 pollen grains produced by
terrestrial plants, along with fern spores and pollen of aquatic
plants for each level. We identified the fossil pollen grains with the
aid of modern reference samples stored at the Paleoecology labo-
ratory at the Universidad de Chile, along with descriptions and
taxonomic keys by Heusser (1971) and Villagr�an (1980). Several
pollen grains were identified to the species level, the vast majority
to the genus or family level. The palynomorph Nothofagus dombeyi
type includes the species Nothofagus dombeyi, N. betuloides, N.
pumilio, N. antarctica, N. alessandri, N. leoni and N. nitida. The
Eucryphia/Caldcluvia group includes the species Eucryphia cordifolia
and Caldcluvia paniculata. Lomatia/Gevuina includes Gevuina avel-
lana and several species of the genus Lomatia, the conifers Fitzroya
cupressoides and Pilgerodendron uviferum are grouped in the paly-
nomorph Fitzroya/Pilgerodendron. The palynological results are
presented in percentage pollen diagrams made with Tilia 2.0.38
(Grimm, 2013). These percentages were calculated from the sum of
all terrestrial taxa. The percentages of aquatic pollen and spores
were obtained from sums that included all pollen and all
pollen þ spores, respectively. We defined pollen zones to facilitate
the description of the pollen record aided with a stratigraphically

http://explorador.cr2.cl/
http://explorador.cr2.cl/
http://explorador.cr2.cl/
http://explorador.cr2.cl/
http://www.R-project.com
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constrained incremental sum of squares analysis on all terrestrial
pollen exceeding 2 %. We calculated the Rates-of-Change (ROC)
parameter on the same data subset to quantify the divergence of
adjacent pollen samples per unit time (Jacobson et al., 1987),
following smoothing and interpolation at 100-year intervals. We
standardized the ROC results to the mean, in order to define a
magnitude scale of the vegetation changes, thereby we considered
gradual changes (-1s to 1s), rapid changes (>1s to <2s), abrupt
changes (>2s to <3s), and extremely rapid changes (>3s) in the
pollen stratigraphy. In addition, we applied a regime shift detection
algorithm to detect statistically significant shifts in some time se-
ries, using a cutoff length of 10 and a Huber weight function with
the tuning constant of 2.

Macroscopic charcoal analysis was performed by deflocculating
2-cc samples from continuous/contiguous 1-cm thick sections, and
counting of individual particles through a ZEISS KL 1500 LCD ste-
reoscope at 10� magnification. The charcoal data are expressed as
accumulation rates (particles/cm2*year).

Geochemical analyses were conducted on freeze-dried samples
from 1-cm thick intervals for bulk elemental and isotopic analyses
(C and N) on organic-rich bulk lake sediment samples, followed by
grinding, homogenization, and loading into tin capsules. All sam-
ples were analyzed at the Stanford University Stable Isotope
Biogeochemistry Laboratory using a Carlo Erba NA1500 Series 2
elemental analyzer coupled to a Finnigan Delta Plus isotope ratio
mass spectrometer via a Finnigan Conflo II open split interface.
Results are presented in standard delta notation with d13C reported
relative to the VPDB carbonate standard and d15N relative to air. All
analyses were calibrated using NIST RM 8573 (L-glutamic Acid
USGS40) with a precision of ±0.10‰ and ±0.11‰ for d15N and d13C,
respectively for both 109 standards and 11 unknowns. Precision for
weight percent nitrogen and carbonwas ±0.112 % N and ±0.458 % C
for USGS-40 and ± 0.01 % N and ±0.306 % C for the unknown
samples.

3. Results

The sediment core from Lago Fonk is 845 cm long. In this paper
we present results from the lowermost 245 cm, which correspond
to the interval between ~17.7 cal ka BP and ~9.5 cal ka BP to
examine vegetation and fire history during T1 and its transition
into the Holocene.

The sediments in this section consist of carbonate-free (LOI925
<5 %) lake mud that shows a steady increase in organic matter
(LOI550) toward the top, with an average of 22 % (max: 44 %). The
levels with the lowest organic matter content show high values of
inorganic density (Ash LOI550) and MS, which correspond to 11
tephra layers that range in thickness from �1 to �10 cm (Fig. 2).
Twenty-five radiocarbon dates afford chronologic control for the
entire sedimentary sequence, eleven of them constrain the chro-
nology between ~17.5 cal ka BP and ~9.5 cal ka BP, suggesting un-
disturbed continuous deposition of lakemud starting at ~17.7 cal ka
BP (Fig. 3, Table 1). This interval has 206 levels with pollen and
charcoal data, with a mean time resolution of 40 years between
samples.

We defined five pollen assemblage zones spanning T1
(LFLP ¼ Lago Fonk Late Pleistocene), and included two Holocene
pollen zones for reference (LFH ¼ Lago Fonk Holocene) (Henríquez
et al., 2021). In each case we inform their tephra-free depth and age
ranges, the sequence of the three most abundant terrestrial pollen
taxa, themean abundance of taxa in parentheses, and comments on
noteworthy variations (Figs. 4 and 5, Table 2).

Zone LFLP-1 (790-766 cm, ~17.7e17.0 cal ka BP, 24 levels).
Nothofagus reaches its maximum abundance in the record (79 %),
accompanied by its mistletoe Misodendrum (2 %) and Poaceae
4

(19 %). Other herbs and shrubs show their maximum abundance,
e.g., Asteraceae subfamily Asteroideae (4 %), Ericaceae (4 %), Gun-
nera (2 %). The arboreal pollen sum (AP) averages 77 %, during this
zone. The aquatic Isoetes (6 %), Sagittaria (3 %) and Pediastrum (7 %)
attain relatively high abundance compared with the herbs and
shrubs abundances.

Zone LFLP-2 (765-736 cm, ~16.9e15.6 cal ka BP, 29 levels). This
zone features dominance of Nothofagus (55 %), Poaceae (10 %), and
Lomatia/Gevuina (8 %). Drimys increases at ~16.1 cal ka BP and
reaches its maximum during this zone, along with traces (�2 %) of
Embothrium coccineum, Tepualia stipularis and the fern Polypodium
feuillei. Blechnum type and Fuchsia reach their highest abundance,
16 % and 4 %, respectively. The aquatic Isoetes shows a prominent
increase and reaches its maximum value (39 %, mean: 19 %). AP
increases in this zone to a mean of 86 %.

Zone LFLP-3 (735-715 cm, ~15.6e14.8 cal ka BP, 21 levels). This
zone is dominated by Myrtaceae (60 %), Nothofagus (13 %), and
Lomatia/Gevuina (4 %). Myrtaceae attains its highest abundance,
while Drimys, Lomatia/Gevuina, Fuchsia, Asteraceae subfamily
Asteroideae, and Poaceae exhibit declines. AP increases to a mean
of 94 %. Isoetes, Sagittaria, Pediastrum, and Blechnum type also
decrease during this zone.

Zone LFLP-4 (714-695 cm, ~14.7e13.8 cal ka BP, 20 levels).
Myrtaceae dominates (34 %) with Hydrangea (31 %) and Nothofagus
(13 %). We observe declines in Myrtaceae, Tepualia stipularis,
Embothrium coccineum, Poaceae, Maytenus disticha, Asteraceae
subfamily Asteroideae, and Blechnum type, along with increases in
Podocarpus nubigena, Polypodium feuillei, and Apiaceae. AP reaches
its maximum value durung T1 with a mean of 96 %.

Zone LFLP-5 (694-663 cm, ~13.7e12.2 cal ka BP, 32 levels) Hy-
drangea and Myrtaceae are dominant along with Nothofagus, with
mean of 33 %, 23 % and 16 %, respectively. P. nubigena increases and
reaches its maximum (9 %). The aquatic taxa declined and remained
below 5 % during LFLP-5. AP declines to a mean of 93 %.

Zone LFH-1 (662-610 cm, ~12.2e10.0 cal ka BP, 53 levels). This
zone is dominated by Weinmannia trichosperma (38 %), Poaceae
(12 %), and Myrtaceae (10 %). W. trichosperma and Poaceae reach
their maximum abundance, accompanied by an increase in Eucry-
phia/Caldcluvia, which persists in low abundance (mean: ~3 %). The
trees Myrtaceae, Nothofagus, and P. nubigena decrease, while
Asteraceae subfamily Asteroideae andMaytenus disticha type show
a brief increase. AP declines to a mean of 86 %. Among the aquatics,
Sagittaria and Pediastrum show a brief decline, and Isoetes
disappears.

Zone LFH-2 (608e581 cm, ~10.0e9.5 cal ka BP, 27 levels).
Eucryphia/Caldcluvia dominates (35 %) with Hydrangea (14 %) and
Weinmannia trichosperma (9 %). The Eucryphia/Caldcluvia rise was
abrupt and coeval with sustained declines in W. trichosperma and
Poaceae. AP increases to a mean of 91 %.

The ROC parameter reveals an extremely rapid change (>3s) at
~15.6 cal ka BP, abrupt changes (>2s) at ~9.9 cal ka BP and 9.6 cal ka
BP, and rapid changes (>1s) at ~12.9 cal ka BP, ~12.3 cal ka BP and
11.9 cal ka BP (Fig. 7). A short-lived and prominent increase in
macroscopic charcoal between ~12.4e12.2 cal ka BP terminated a
~5300-year long fire-free interval (~17.7e12.4 cal ka BP), followed
by a decline to minimum values between ~12.0e11.5 cal ka BP. A
sustained increase started at ~11.5 cal ka BP and culminated at
~10.0e9.8 cal ka BP (Fig. 7 and S2).

We distinguish five conspicuous intervals in the elemental and
isotopic composition of bulk organic sediment between ~17.7 and
~9.5 cal ka BP (mean values in parenthesis) (Fig. 6):

Interval LF-1 (790-770 cm, ~17.7e17.2 cal ka BP, 12 levels). The
record starts with the lowest %C, %N, and C/N ratio (0.10, 0.53 and 6,
respectively). d13C shows a prominent increase from �26‰
to �23‰ at ~17.5 cal ka BP and declines gradually thereafter. The



Fig. 2. Stratigraphic column showing the position and uncalibrated age of radiocarbon dates, along with results of the loss-on-Ignition analysis ( % organic matter and carbonate) of
the Lago Fonk record. The solid black horizontal lines indicate the sediment core boundaries whose identity are shown in the far right. The red dashed lines indicate the position of
tephra layers shown as red rectangles in the stratigraphic column. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 3. Age model for the entire Lago Fonk record (a), and detail of the portion reported in this study (b). The blue zones represent the probability distribution for individual
calibrated radiocarbon dates, the red dotted line represents the median probability, and the grey dotted lines represent the 95 % confidence interval of the Bayesian age model. The
red rectangles show the portion of the record reported in this study. (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 1
Radiocarbon dates for the portion of the Lago Fonk discussed in this study, along with results from the age calibration conducted with CALIB 8.20.

Laboratory code Core Original depth (cm) Tephra-free depth (cm) 14C yr BP ± 1s error Median probability (cal yr BP) 2s range (cal yr BP)

CAMS-179785 1403ET2 621e622 600e601 8795 ± 35 9749 9552e9905
CAMS-179786 1403ET2 632e633 611e612 9090 ± 35 10,220 10,164e10,279
CAMS-179787 1403ET2 651e652 629e630 9655 ± 35 10,944 10,773e10,975
CAMS-179788 1403ET2 655e656 632e633 9660 ± 35 10,946 10,774e10,974
UCIAMS-177608 1403ET2 692e693 656e657 10,490 ± 30 12,452 12,534e12,606
CAMS-180338 1403ET2 695e696 659e660 10,450 ± 40 12,300 12,090e12,485
CAMS-179789 1403ET3 748e749 708e709 12,870 ± 40 15,325 15,166e15,532
CAMS-180339 1403ET3 752e753 711e712 12,975 ± 40 15,470 15,292e15,634
CAMS-179790 1403ET3 778e779 731e732 12,870 ± 40 15,325 15,166e15,532
UCIAMS-177609 1403ET3 797e798 750e751 14,155 ± 40 17,191 17,049e17,344
CAMS-180340 1403ET3 810e811 762e763 14,390 ± 40 17,457 17,319e17,777

Fig. 4. Percentage diagram of arboreal pollen from Lago Fonk. The dashed horizontal lines mark the boundaries of the pollen assemblage zones described in the main text.

Fig. 5. Percentage diagram of non-arboreal pollen from Lago Fonk. The dashed horizontal lines mark the boundaries of the pollen assemblage zones described in the main text.

C.A. Henríquez, P.I. Moreno, R.B. Dunbar et al. Quaternary Science Reviews 271 (2021) 107197

6



Table 2
Summary of pollen zones from Lago Fonk record discussed in this study, including their age range and dominant taxa.

Pollen zone Age range (cal ka BP) Three most abundant taxa

LFH-2 10e9.5 Eucryphia/Caldcluvia-Hydrangea-Weinmannia trichosperma
LFH-1 12.2e10 Weinmannia trichosperma-Poaceae-Myrtaceae
LFLP-5 13.7e12.2 Hydrangea-Myrtaceae-Nothofagus
LFLP-4 14.8e13.8 Myrtaceae-Hydrangea-Nothofagus
LFLP-3 15.6e14.8 Myrtaceae-Nothofagus-Lomatia/Geviuna
LFLP-2 16.9e15.6 Nothofagus-Poaceae-Lomatia/Geviuna
LFLP-1 17.7e17 Nothofagus-Poaceae-Misodendrum

Fig. 6. Organic carbon and nitrogen percent, atomic C/N ratio, and d13C and d15N values of bulk sediments from Lago Fonk plotted versus calibrated radiocarbon age. The dashed
horizontal lines represent the isotopic intervals discussed in the text.
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opposite trend is evident in d15N, which exhibits a rapid ~1.6‰
decrease over the same interval.

Interval LF-2 (768-744 cm, ~17.1e15.8 cal ka BP, 13 levels). The C/
N ratio increases to a mean of 14.2, while d13C values vary slightly
around a mean of �25.3‰ and d15N remains stationary at a mean
of �0.2‰.

Interval LF-3 (743-713 cm, ~15.7e14.7 cal ka BP, 17 levels). The
trend toward higher C/N continues (mean: 16), d13C shows a ~1‰
decrease, and d15N remains stationary at the same values as LF-2
(�0.2‰).

Interval LF-4 (711e645, ~14.6e11.4 cal ka BP, 42 levels). The C/N
ratio achieves a maximum (mean: 19) and exhibits a decline of ~1.7
between ~12.2e11.4 cal ka BP, d13C shows a ~2.7‰ increase, and
d15N a 1.8‰ decrease.

Interval LF-5 (644e582, ~11.3e9.5 cal ka BP, 36 levels). The C/N
ratio reaches its highest values (>20), d13C exhibits a ~5.4‰
decrease, and d15N undergoes a ~1.7‰ increase.
7

4. Discussion

4.1. Vegetation and lake evolution

The pollen record from Lago Fonk shows broad-leaved
temperate forests and woodlands during T1 (~17.7e11.7 cal ka
BP), with floristic elements characteristic of Deciduous Subantarctic
Forests (DSAF) and North Patagonian Rainforests (NPRF). The re-
cord starts with peak abundance ofNothofagus between ~17.7 cal ka
BP (2s range: 18.0e17.2 cal ka BP) and 16.9 cal ka BP (2s range:
17.2e16.5 cal ka BP), accompanied by Poaceae, Maytenus disticha
type, Asteraceae subfamily Asteroideae, Apiaceae, Gunnera and
Ericaceae, the fern Blechnum, along with the macrophyte Sagittaria
and the microalga Pediastrum (Fig. 7). The floristic composition
during this interval resembles the modern interface between
Nothofagus-dominated deciduous woodland/scrubland and the
herb-dominated alpine vegetation above the Andean treeline. The



Fig. 7. Selected palynomorphs, charcoal accumulation rates (CHAR), Rates of change (ROC) parameter, Magnetic Susceptibility (MS), % organic matter (LOI550), and elemental and
isotopic data from the Lago Fonk record shown in the age scale domain. The light grey vertical ribbon indicates the final Last Glacial Maximum (LGM) advance of the Lago
Llanquihue lobe between ~17.8 and ~20 cal ka BP, the yellow vertical ribbon represent the early T1, the Antarctic Cold Reversal (ACR) and Younger Dryas (YD) intervals are indicated
with the green and light green vertical ribbon, respectively, and the grey vertical ribbon represents the early Holocene. (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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absence of thermophilous taxa characteristic of low and mid-
elevation NPRF and VRF communities (e.g. Eucryphia/Caldcluvia,
Myrtaceae, Tepualia stipularis, etc.) further supports the interpre-
tation of sub-alpine woodlands. Besides, this portion of the stra-
tigraphy features the lowest AP in the entire record, charcoal is
absent, and the sediments feature multiple clastic and magnetic
susceptibility peaks, two of them corresponding to tephra layers.

Nothofagus declined at ~16.9 cal ka BP (2s range: 17.2e16.5 cal
ka BP) as shade-intolerant trees and shrubs increased and diversi-
fied (Lomatia/Gevuina, Embothrium coccineum, Drimys) at the
8

expense of high Andean herbs. Drimys and Isoetes rose at ~16.2 cal
ka BP (2s range: 16.7e15.7 cal ka BP) and reached prominent peaks
at ~15.8 cal ka BP (2s range: 16.3e15.5 cal ka BP), followed by a
rapid increase in the shade-tolerant Myrtaceae. This change rep-
resents the fastest/largest-magnitude change in the pollen stra-
tigraphy according to the ROC parameter (>3s) (Fig. 7). Myrtaceae
includes several genera and multiple species in modern NPRF and
Valdivian rain forest (VRF) communities, some of which occur in
areas with impeded drainage (Kausel, 1942, 1944) at low-to mid-
elevations in Cordillera de los Andes and Cordillera de la Costa.
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Hence, we interpret this interval as representing the establishment
of closed-canopy NPRF dominated by hygrophilous, shade-tolerant
trees.

A sustained increase in Podocarpus nubigena started at ~14.7 cal
ka BP (2s range: 15.2e14.1 cal ka BP) and culminated between
~13.3 cal ka BP (2s range: 14.1e12.7 cal ka BP) and 11.9 cal ka BP (2s
range: 12.3e11.5 cal ka BP), coeval with a prominent increase in the
vine Hydrangea and declines in Myrtaceae and Lomatia/Gevuina,
marking a shift from an assemblage dominated exclusively by
thermophilous/hygrophilous trees to a mixed forest with cold-
tolerant hygrophilous conifer species and abundant vines. Mod-
ern NPRF communities with abundant podocarp conifers occur on
the mountain ranges of the CLD above ~600 m.a.s.l. under cool-
temperate and humid conditions (Donoso, 2013). We interpret
the establishment of a mixed closed-canopy NPRF with hygrophi-
lous, shade- and cold-tolerant conifers.

Weinmannia trichosperma rose abruptly at ~11.9 cal ka BP (2s
range: 12.3e11.5 cal ka BP), along with Poaceae (most likely
bamboo species of the genus Chusquea), Raukaua laetevirens,
Embothrium coccineum, Maytenus disticha type, and Asteraceae
subfamily Asteroideae, at the expense of all other trees (Fig. 7).
W. trichosperma is a shade-intolerant, opportunistic, early succes-
sional tree that grows in humid environments, and regenerates in
large open sectors (Donoso, 2013). Its rapid proliferation suggests
opening of the forest canopy and recruitment of hygrophilous
plants that commonly thrive along forest gaps and edges (Aravena
et al., 2002; Donoso, 2013). The large, statistically significant
W. trichosperma rise at ~11.9 cal ka BP started with a modest in-
crease at ~12.2 cal ka BP (2s range: 12.5e12.1 cal ka BP) which
commenced ~200 years after the onset of fire activity in the Lago
Fonk record. The W. trichosperma peak was coeval with a step in-
crease and persistence of high charcoal abundance (Figs. 4, 5 and 7),
with multiple peaks between ~11.4 cal ka BP (2s range:
11.8e11.0 cal ka BP) and ~10.8 cal ka BP (2srange: 11.1e10.7 cal ka
BP).

W. trichosperma peaked at ~11.4 cal ka BP and underwent an
irreversible decline to its minimum at ~9.5 cal ka BP (2s range:
9.8e9.3 cal ka BP), in the context of diversification of the forest
canopy (Saxegothaea conspicua, Myrtaceae, Hydrangea, Lomatia/
Gevuina, Raukaua laetevirens, Tepualia stipularis), and a prominent
increase in charcoal accumulation rates (Figs. 4 and 7). In this
context, Eucryphia/Caldcluvia increased rapidly from trace abun-
dance to 30 % at ~9.9 cal ka BP (2s range: 10.2e9.7 cal ka BP) (ROC
>2s) to its dominance between ~9.9e9.5 cal ka BP coeval with
CHAR maxima. This thermophilous, summer-drought tolerant
species grows in the lowland VRF communities on the Valle Lon-
gitudinal of the CLD (Donoso, 2013). We interpret the predomi-
nance of Eucryphia/Caldcluvia and disappearance of Podocarpus
nubigena as a vegetation shift from mixed NPRF to VRF
communities.

The elemental and isotopic composition of organic lake sedi-
ments inform us on the local response of L. Fonk to environmental
changes through T1. We infer a predominant aquatic source for the
organic matter (OM) deposited between ~17.7 cal ka BP (2s range:
18.0e17.2 cal ka BP) and ~16.3 cal ka BP (2s range: 16.9e15.8 cal ka
BP), based on the lower C/N ratio, along with peak d15N values and
the maximum abundance of the microalga Pediastrum. Relatively
high d13C values over this interval and peak abundance of the
paludal hydrophyte Cyperaceae suggest high productivity and
centripetal expansion of waterlogged environments peripheral to a
small shallow pond. These data suggest that L. Fonk was at its
9

lowest T1 level between ~17.7e16.3 cal ka BP. The rising trend in C/
N persisted and led to values approaching the mean of ~17 between
~15.8 cal ka BP (2s range: 16.3e15.5 cal ka BP) and ~14.1 cal ka BP
(2s range: 14.8e13.4 cal ka BP), coeval with d15N values around the
mean of zero, a decline in d13C to values approaching the mean
of �26.78‰, and prominent increases in the submerged macro-
phytes Sagittaria and Isoetes savatieri. These results suggest an in-
crease in OM of terrestrial origin brought by increased tree cover in
the slopes surrounding L. Fonk (mean AP: 94 %), and an outward
shift of the littoral zone in response to higher lake levels. The rising
trend in C/N continued and culminated with values above ~18,
contemporaneous with a rise in d13C between ~14.8e11.5 cal ka BP,
a decline to the lowest d15N values during T1, along with dimin-
ished abundance of submerged macrophytes. Altogether these re-
sults suggest a constant supply of OM of terrestrial origin, a much-
enhanced production of aquatic OM, and further deepening of L.
Fonk that drove an outward displacement of the photic zone where
the submerged macrophytes grow. A sudden reversal in the iso-
topic composition of OM occurred at ~11.5 cal ka BP (2s range:
11.9e11.2 cal ka BP), along with a brief decline in C/N that was
followed by an increase that reached the highest values in the
entire record (~20), and changes in the terrestrial ecosystem
including increases in thermophilous tree taxa and enhanced fire
activity. Collectively, these data suggest a change toward negative
hydrologic balance and lake level lowering.

4.2. Climatic interpretations

The Lago Fonk record shows vegetation conditions similar to the
modern treeline in the Andes of the CLD between ~17.7 cal ka BP
(2s range: 18.0e17.2 cal ka BP) and ~17.0 cal ka BP (2s range:
17.3e16.6 cal ka BP), implying a 900e1000 m lowering of this
vegetation and climate boundary during the initial portion of T1.
We estimate a 5.5e6.0 �C cooling relative to modern, considering a
0.65 �C/100 m lapse rate and the inferred magnitude of treeline
depression during the earliest phases of T1, in agreement with
previous estimates from the CLD (Heusser et al., 1996, 1999;
Moreno, 1997), preceded by presumably colder conditions during
the final portion of the LGM. An arboreal diversification trend
ensued, with a rapid spread of Lomatia/Gevuina, Drimys, and Myr-
taceae. This sequence of events suggests woodland encroachment
under humid and increasingly warm conditions that culminated
with thermophilous, closed-canopy, Myrtaceae-dominated forests
between ~15.6e14.7 cal ka BP. The elemental and isotopic compo-
sition of the sediments suggest a low supply of OM of terrestrial
origin between ~17.7e17.0 cal ka BP, and higher productivity of OM
from aquatic sources between ~17.7e17.2 cal ka BP, along with
intense reworking of clastic material from the surrounding slopes.
Woodland encroachment and diversification drove a decline in
clastic supply to the lake, presumably by stabilizing the morainal
slopes surrounding the site, and supplying a steady increase in
organic matter of terrestrial origin (higher C/N ratio) that culmi-
nated between ~15.6 cal ka BP (2s range: 16.0e15.4 cal ka BP) and
~14.7 cal ka BP (2srange: 15.2e14.1 cal ka BP), with increasing d13C
values (Fig. 7).

The establishment of mixed NPRF with Podocarpus nubigena
between ~14.7e11.9 cal ka BP marks a shift to cool-temperate and
hyperhumid conditions. Within this interval we detect the onset of
fire activity at ~12.4 cal ka BP (2s range: 12.6 cal ka BP-12.2 cal ka
BP), which we attribute to negative hydrologic balance driven by
enhanced precipitation seasonality or enhanced rainfall variability.
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We observe a conspicuous ~2.7‰ d13C increase and a ~1.8‰ d15N
decrease between ~14.7e11.6 cal ka BP, whose magnitude, persis-
tence, and dampened variability are unique over the entire record.
We interpret this isotopic and elemental variability as arising from
enhanced algal carbon supply, and possibly an increased contri-
bution from Nitrogen-fixing cyanobacteria. Though plausible, the
latter interpretation is tentative and awaits validation with addi-
tional studies specifically aimed at resolving the evolution of the
trophic and chemical evolution of the lake. In sum, we interpret this
isotopic shift to overall cooler and hyperhumid conditions between
~14.7e12.4 cal ka BP, increased contribution of algal productivity,
higher lake levels, and a possible shift to oligotrophic conditions.
This was followed by negative hydrologic balance driven by
enhanced precipitation seasonality or variability after ~12.4 cal ka
BP.

Stand-replacing fires after ~12.4 cal ka BP promoted rapid in-
creases in the treeWeinmannia trichosperma and the herb Poaceae,
followed by a decline in fire impacts between ~12.2e11.5 cal ka BP,
and a resurgence and peak in fire activity between ~10.0 cal ka BP
(2s range: 10.2e9.8 cal ka BP) and 9.8 cal ka BP (2s range:
10.1e9.6 cal ka BP). The latter was coeval with a turnover from
W. trichosperma-dominated NPRF (~11.9e10.8 cal ka BP) to Eucry-
phia/Caldcluvia-dominated VRF (~10.0e9.5 cal ka BP) (Fig. 7). This
shift implies an increase in temperature and decrease in precipi-
tation, particularly during the summer months, which drove a shift
to negative hydrologic balance. These changes in the upland
vegetationwere contemporaneous with a major increase in organic
matter of terrestrial origin to the lake, lake-level lowering, and
centripetal expansion of terrestrial vegetation into the receding
Lago Fonk shores during this interval.

4.3. Regional, hemispheric, and global implications

Lacustrine sedimentation in L. Fonk started when the L. Llan-
quihue glacier lobe abandoned the innermost LGMmoraines in the
northeastern sector of L. Llanquihue (Denton et al., 1999a). Our
basal radiocarbon date from the Lago Fonk record affords a close
minimum limiting age estimate of ~17.5 cal ka BP (2s range:
17.8e17.3 cal ka BP) for recession of the L. Llanquihue lobe from
these moraines at the onset of T1. Our age model estimate for the
first organic-rich level, located 32 cm underneath the radiocarbon-
dated level, is ~17.7 cal ka BP and falls within the confidence in-
terval of the lowermost dated level. Our estimates are statistically
identical to the ~17.7 cal ka BP minimum limiting age for recession
from multiple sites and piedmont glacier lobes from northwestern
Patagonia (Denton et al., 1999b; Moreno et al., 2015). Similar con-
clusions have been reported from central (44�-49�S) and southern
(49�S-55�S) Patagonia, east and west of the Andes (Haberle and
Bennett, 2004; Henríquez et al., 2017; Moreno, 2020; Moreno and
Le�on, 2003; Moreno et al., 1999, 2018; Pesce and Moreno, 2014;
Vilanova et al., 2019; Villa-Martínez andMoreno, 2021), attesting to
a broad and synchronous response of the Patagonian Ice Sheet to
the warm pulse that initiated T1. The onset of T1 at ~17.7 cal ka BP
was synchronous with Antarctic ice core records (Jouzel et al.,
2007; Monnin et al., 2001), which show the commencement of a
steady rise in dD and the atmospheric concentration of CO2,
following minima in both variables during the LGM (Fig. 8).

The L. Fonk record starts with Nothofagus-dominated forests
(mean: 72.6 % between ~17.7e16.9 cal ka BP) immediately after the
L. Llanquihue lobe retreated from its final LGM margins. These re-
sults are similar to the L. Pichilaguna site (Moreno et al., 2018)
10
(mean Nothofagus abundance: 75.8 %), which is located ~41 km SW
from L. Fonk, and both are higher than the Huelmo mire (Moreno
and Le�on, 2003) (mean: 66 %, located ~77 km SSW from L. Fonk),
and Canal de la Puntilla (Moreno et al., 1999) (mean: 58.3 %, located
~14 kmW from L. Fonk) sites over the same interval (Figs. 9 and 10).
The mean Nothofagus abundance during the final LGM advance
(~19.2e17.8 cal ka BP) was 62.9 %, 53.1 %, and 35.4 % (L. Pichilaguna,
Huelmo mire, Canal de la Puntilla, respectively) in sites from the
CLD lowlands located <4 km distal from the final LGM margins
(Figs. 9 and 10). These results show, on one hand, the heterogeneity
of the lowland vegetation, ranging from Nothofagus scrubland to
woodland during the final LGM advance; and, on the other hand,
the instantaneous establishment of Nothofagus-dominated forests
and woodlands immediately after glacier withdrawal from the
onset of T1. This instantaneous densificationwas possible thanks to
its local presence along the periphery of piedmont glacier lobes in
the lowlands of the CLD during the LGM. Northwestern Patagonian
sites located 20e40 km upstream from their respective LGM mo-
raines, in contrast, show an initial colonization phase by pioneer
herbs and shrubs, followed by the establishment of Nothofagus-
dominated forests ~400 and ~800 years after the onset of local ice-
free conditions during T1 such as in Lago Proschle (mean: 66.8 %;
Moreno (2020)), and Lago Lepu�e (mean: 62.9 %; Pesce and Moreno
(2014)), respectively (Fig. 10).

Warm and humid conditions led to the diversification and
densification of trees and vines, culminating with the establish-
ment of Myrtaceae-dominated NPRF (mean: 59.9 % at ~15.6 cal ka
BP (2s range: 16.0 cal ka BP-15.4 cal ka BP) ~2000 years after the
onset of T1 (Figs. 9 and 10). A nearly identical signal is recorded in
the L. Pichilaguna record (mean: 43.0 % at ~15.6 cal ka BP, 2s range:
15.9 cal ka BP-15.3 cal ka BP), falling in the range of intermediate
values when compared to the “early” culmination recorded in the
Huelmo mire (mean: 54.5 % at ~16.8 cal ka BP, 2s range:
16.2e15.4 cal ka BP) and L. Proschle (mean: 29.0 % at ~16.2 cal ka BP,
2s range: 15.9e15.4 cal ka BP) sites, and the “delayed” signal
recorded in the L. Lepu�e (mean: 27.4 % at ~15.1 cal ka BP, 2s range:
15.9e15.4 cal ka BP) and Canal de la Puntilla (mean: 68.9 % at
~13.7 cal ka BP) sites (Figs. 9 and 10). This large spread suggests a
local control for the Myrtaceae rise, geomorphic or edaphic (sub-
ordinated to a primarily climatic driver), as illustrated not only by
the ~2000-year difference lead of Lago Fonk over nearby Canal de la
Puntilla for its culmination, but also by the ~1000-year lead in Canal
de la Puntilla for its initiation (~16.9 vs ~15.8 cal ka BP) (Figs. 9 and
10). Myrtaceae-dominated NPRF lasted until ~14.7 cal ka BP
defining the warmest interval during T1, coeval with the largest
delivery of organic matter of terrestrial origin to L. Fonk. This cli-
matic interpretation matches Antarctic ice core records (Jouzel
et al., 2007; Monnin et al., 2001), which show the culmination of
a steady rise in the dD and atmospheric concentration of CO2 at the
same age (Fig. 8).

The L. Fonk record shows a shift to cool-temperate and hyper-
humid conditions and higher lake levels between ~14.7e11.9 cal ka
BP, marking a reversal in the warming trend that dominated the
record between ~17.7e14.7 cal ka BP. The regional character of this
cooling and wetting signal, accompanied by renewed glacier ac-
tivity in the southern Andes (Moreno et al., 2021; Sagredo et al.,
2018) and SST cooling of the SE Pacific (Denton et al., 2021;
Haddam et al., 2018), indicate atmospheric and oceanic cooling and
increased SWW influence throughout western Patagonia. Nearly
identical results from New Zealand's South Island (Denton et al.,
2021) demonstrate the zonal character of this signal, and



Fig. 8. Selected taxa and ROC parameter from the Lago Fonk record during T1 (red
line), compared with Lago Pichilaguna (blue line), Huelmo (green line), and with dC13

atmCO2 ±1 standard deviation (dashed lines), dD and [CO2] records from Antarctic ice
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underscore the importance of the SWW as a key atmospheric
component linking the mid and high southern latitudes. This shift
corresponds in age with the Antarctic Cold Reversal (ACR,
14.8e12.8 cal ka BP), a ~2000-year interval recorded in Antarctic ice
core records as a decline in dD and the atmospheric concentration
of CO2 (Bereiter et al., 2015; Jouzel et al., 2007; Monnin et al., 2001)
(Fig. 8).

The end of the ACR-aged cool-temperate and hyperhumid in-
terval is somewhat diffuse and heterogeneous in the L. Fonk record,
considering that the shifts in abundance of cold-tolerant conifers,
local fire occurrence, and the elemental/isotopic data on organic
lake sediments, occur at different times and, in the case of fires, in
an intermittentmanner.We interpret a flickering end of the climate
conditions that prevailed during the ACR along a transitional in-
terval between ~12.4e11.6 cal ka BP.We infer that intermittent local
fires responded in an instantaneous manner to enhanced season-
ality or high-frequency variability in precipitation regimes, and
catalyzed abrupt changes in the terrestrial vegetation.We also infer
that aquatic ecosystems were more resilient to this transitional
interval and shifted in a decisive manner to a sudden change in
hydrologic balance at ~11.4 cal ka BP (2s range: 11.8e11.0 cal ka BP)
(Fig. 8).

Hygrophilous trees favored by disturbance dominate the record
between ~11.8e10.6 cal ka BP, and gave way to summer-drought
tolerant and thermophilous trees of the VRF, which dominated
the Holocene record after ~10.2 cal ka BP (Henríquez et al., 2021).
We infer a warm pulse and decline in SWW influence sometime
between ~11.8 cal ka BP and ~10.2 cal ka BP, the exact onset of
which is diffuse in the Lago Fonk record considering that distur-
bance by fire and explosive volcanism dominate this part of the
record, impeding a clear appreciation of climatic signals. If correct,
the discussion on the previous paragraph would suggest that the
shift took place at ~11.4 cal ka BP.
4.4. The southern westerlies during the last glacial termination

Previous pollen records from the lowlands of CLD and Isla
Grande de Chilo�e interpreted hyperhumid conditions in north-
western Patagonia and a northward shift of the SWW during the
LGM (Heusser et al., 1996, 1999; Moreno, 1997; Moreno et al., 1999;
Villagr�an, 1988, 1990). This LGM SWW maximum at ~41�S was
contemporaneous with cold Antarctic air temperatures, high values
in the d13C composition of atmospheric CO2 (d13C atmCO2), and
[CO2] in Antarctic ice cores (Fig. 8), implying reduced ventilation of
CO2 from deep Southern Ocean waters by weak SWW influence at
high southern latitudes. Both phenomena are tied to a northward
shift of the SWW during the LGM.

The Nothofagus rise at ~17.8 cal ka BP and disappearance of
Magellanic Moorland in northwestern Patagonian sites mark the
onset of T1, suggesting deglacial warming and regional decline in
precipitation. The L. Fonk record starts with Nothofagus-dominated
forests at the onset of T1 followed by diversification and densifi-
cation of NPRF until ~14.7 cal ka BP, indicative of temperate and
humid conditions and strong SWW influence at ~41�S. Unlike the L.
Lepu�e and L. Proschle records (Moreno, 2020; Pesce and Moreno,
2014), our understanding of the earliest stages of development in
L. Fonk relies on the elemental and isotopic composition of OM, and
changes in the abundance of submerged (Sagittaria, Isoetes) and
emergent (Cyperaceae) macrophytes, all of which inform us on the
local response of this individual lake to past environmental
cores record (Monnin et al., 2001; Jouzel et al., 2007; Schmitt et al., 2012; Bereiter et al.,
2015). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)



Fig. 9. Spatial comparison of median abundance ( %) of selected taxa from pollen records located in the Valle Longitudinal and Isla Grande de Chilo�e (Moreno, 2020; Moreno and
Le�on, 2003; Moreno et al., 1999, 2018; Pesce and Moreno, 2014). The colors indicate the different taxa. (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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changes. These data allow recognition of a conspicuous low lake-
level stand between ~17.7e16.3 cal ka BP, followed by a trans-
gressive lake phase and precipitation increase after ~16.3 cal ka BP.
We note that L. Fonk shows a rise in Isoetes between ~16.2e15.6 cal
ka BP which is antiphased with the same signal found in the L.
Lepu�e record. The source for this contrast might relate to differ-
ences in lake depth, shape, and bathymetry. We notice that the
Isoetes signal in the pollen stratigraphy is recorded at ~21.5m below
the modern lake surface in the much larger and deeper L. Lepu�e
(~100 ha, 10.5 m modern lake depth), whereas in L. Fonk (~9 ha,
3.6 mmodern lake depth) it is recorded at ~11 m below the modern
lake surface. We posit that the transgressive lake phase after
~16.3 cal ka BP shifted the littoral zone a considerable horizontal
and vertical distance away from the deepest portion of L. Lepu�e,
whereas in L. Fonk the littoral zone shifted a short distance away
12
from the sampling site, allowing the persistence of submerged
macrophytes near the coring spot, thus accounting for the
mismatch in the fossil macrophyte signal.

The L. Fonk record shows cool, temperate, and wet conditions
during the first half of T1 (~17.7e14.7 cal ka BP), implying a warm
pulse and precipitation decline relative to the cold and hyperhumid
conditions that prevailed in northwestern Patagonia during the
final portion of the LGM. This decline was contemporaneous with a
steady multi-millennial rise in Antarctic air temperatures, a shift to
negative values in d13C atmCO2, and increased [CO2] (Fig. 8),
implying strong SWW-driven upwelling of deep Southern Ocean
waters, both phenomena tied to a poleward shift of the SWW.

Cooling and increased SWW influence during ACR time
(~14.7e12.4 cal ka BP) in L. Fonk and several other sites in north-
western Patagonia (Moreno, 2020; Moreno et al., 2018; Pesce and



Fig. 10. Comparison of selected taxa from pollen records located in the Valle Longitudinal and Isla Grande de Chilo�e (Moreno, 2020; Moreno and Le�on, 2003; Moreno et al., 1999,
2018; Pesce and Moreno, 2014). The colored lines indicate weighted means of the regimes detected by the RSD algorithm (Rodionov, 2004).
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Moreno, 2014) suggests stronger SWW influence at that northern
latitude. This was contemporaneous with a halt and modest re-
versals in Antarctic air temperatures and the deglacial d13C atmCO2
and [CO2] shifts, suggesting weaker SWW influence at subantarctic
latitudes which imply a northward shift of the SWW during ACR
time. This was followed by fires, a decline in precipitation in L. Fonk
and several northwestern Patagonian sites, resumption of the rising
trend in Antarctic air temperatures and [CO2], and a slight reversal
in d13C atmCO2 (Fig. 8). Altogether these changes suggest a pole-
ward shift of the SWW during the Younger-Dryas interval
(12.8e11.5 cal ka BP).

Warming and a decline in precipitation after ~11.4 cal ka BP in L.
Fonk and several sites in northwestern, central, and southwestern
Patagonia (Henríquez et al., 2017; Moreno, 2020; Moreno et al.,
2012, 2018; Pesce and Moreno, 2014; Vilanova et al., 2019; Villa-
Martínez and Moreno, 2021), along with other mid-latitude land-
masses, suggest a zonal SWWminimum during the early Holocene,
which correlates with peak Antarctic air temperature, a steady
multi-millennial rise in d13C atmCO2, and a modest decline in [CO2]
(Fig. 8). The atmospheric CO2 changes revealed by ice core data
suggest a prominent reduction in upwelling of deep Southern
Ocean waters, related to weak SWW forcing of high-latitude
upwelling.
13
5. Conclusions

1. The Lago Llanquihue glacier lobe abandoned its innermost LGM
moraines at ~17.7 cal ka BP, marking the onset of T1. This signal is
synchronous with other piedmont glacier lobes from north-
western, central, and southwestern Patagonia, as well as New
Zealand's South Island, and Antarctic ice core records.

2. We observe an instantaneous establishment of Nothofagus-
dominated forests at the onset of T1. This was possible thanks to
the presence of Nothofagus scrublands and woodlands along the
periphery of piedmont glacier lobes in the lowlands of the CLD
during the LGM.

3. The elemental and isotopic composition of organic matter, along
with changes in submerged and emergent macrophytes, suggest
a conspicuous low lake level stand between ~17.7e16.3 cal ka BP.
This was followed by a transgressive lake level phase with
pulses at ~16.3 cal ka BP and ~14.7 cal ka BP, and a regressive
phase at ~11.5 cal ka BP.

4. Myrtaceae-dominated NPRF communities between
~15.6e14.7 cal ka BP mark the warmest interval during T1,
coeval with the largest delivery of organic matter of terrestrial
origin to Lago Fonk. Available data from the Southern Andes and
the Southern Alps of New Zealand indicate this was a period of
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prominent glacier recession, contemporaneous with a deglacial
rise atmospheric CO2 concentrations and ventilation of deep
Southern Ocean waters.

5. The Lago Fonk record shows a shift to cool-temperate and
hyperhumid conditions, high lake levels, and enhanced algal
productivity between ~14.7e11.9 cal ka BP, marking a reversal in
the warming trend that dominated the record between
~17.7e14.7 cal ka BP. This shift corresponds in timing with
renewed glacier activity in the Southern Andes and the South-
ern Alps of New Zealand, conspicuous cooling and a halt in the
rise of atmospheric CO2 concentrations, and reduced ventilation
of deep Southern Ocean waters during the ACR.

6. Intermittent local fires, driven by enhanced seasonality or high-
frequency rainfall variability starting at ~12.4 cal ka BP, catalyzed
abrupt changes in the terrestrial vegetation during the Younger-
Dryas interval. A sudden shift in hydrologic balance at ~11.4 cal
ka BP drove a decline in lake level and increased delivery of
organic manner from terrestrial sources. This shift corresponds
in timing with glacier retreat in the Southern Andes and the
Southern Alps of New Zealand, conspicuous warming during the
Younger-Dryas interval in Antarctic ice core records, and
enhanced ventilation of deep Southern Ocean waters.

7. We infer a warm pulse and precipitation decline at ~11.4 cal ka
BP that led to intense fire activity, lake-level lowering, and
establishment of summer-drought tolerant trees of the VRF,
suggesting a SWW minimum during the early Holocene. This
weak SWW interval is widespread throughout Patagonia and
the southern middle latitudes, and was contemporaneous with
a modest decline in atmospheric CO2 concentrations and
reduced ventilation of deep Southern Ocean waters.

8. Our results suggest a coherent anatomy of changes in vegeta-
tion, climate, and glacier recession in the SE and SW Pacific
during T1 that matches Antarctic ice core records. This suggests
a zonal and hemispheric response to changes in the SWW, and
reinforce the idea that the SWWplayed a central role during the
LGM and T1 at zonal, hemispheric, and global scales.
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