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a b s t r a c t

We present results from Lago Negro, a small closed-basin lake adjacent to Lago Rosselot, to examine the
vegetation and environmental history of an insufficiently studied sector of Chilo�e Continental (41�300-
44�S) in northwestern Patagonia. Lake sediment cores from Lago Negro reveal 27 tephra deposited since
~12.7 ka, including two prominent rhyodacite tephra marker beds erupted from Volc�an Melimoyu, and a
stratified basal clastic unit we attribute to meltwater discharge from an ice tongue that originated from
Monte Queulat and covered Lago Rosselot during its expanded position, presumably Antarctic Cold
Reversal in age. The pollen record shows closed-canopy North Patagonian rainforests since ~12.7 ka, with
variations in species composition and structure that suggest dynamic responses of the vegetation to past
environmental changes. Vegetation responses to climate in the Lago Negro record were modulated,
sometimes interrupted, by high magnitude and frequent disturbance regimes, most notably during
maxima in explosive volcanic activity (~9.5e7.2 ka and ~3.6e1.6 ka) and heightened fire activity.

Since Lago Negro is the southernmost palynological site so far investigated in the region and is located
within a volcanically active sector, it provides a valuable perspective for assessing past vegetation re-
sponses along environmental gradients since the last glaciation. When compared with other sites
throughout northwestern Patagonia, our record reveals a distinct north-to-south gradient in temperature
and precipitation, with peak temperature and rainfall seasonality in the north, and a west-to-east
gradient in disturbance regimes, with maximum frequency and magnitude of explosive volcanic
events in the east. These gradients have modulated the response of rainforest vegetation to climate
forcing at regional scale since ~12.7 ka. We identify negligible differences in timing for the majority of
key vegetation signals during the initial phase of the Lago Negro record, and propose that plant colo-
nization and expansion along the ~360 km long corridor through the Pacific slope of the northwestern
Patagonian Andes was a rapid process during the Last Glacial Termination.

© 2021 Elsevier Ltd. All rights reserved.
s Ecol�ogicas, Universidad de
1. Introduction

Studies on the temperate rainforest region from northwestern
Patagonia (Fig. 1) have identified vegetation and climate changes at
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millennial and multi-millennial timescales during the Holocene
(Moreno, 2020; Moreno and Videla, 2016; Moreno et al., 2018).
These changes were driven primarily by changes in hydrologic
balance associated to variations in the delivery of moisture by the
Southern Westerly Winds (SWW). Wildfires in this hyperhumid
region have been important catalysts of change in the structure and
composition of the vegetation, superimposed and intimately
related to changes in hydrologic balance. Basic questions such as:
how did Holocene vegetation and fire regimes vary along climatic
gradients in northwestern Patagonia? and how did climate change
impact fire regimes along these gradients? have not been
addressed owing to the paucity of detailed records in this region.

Most palynological studies in northwestern Patagonia are
concentrated in the mainland of the Chilean Lake District (CLD) and
central-east Isla Grande de Chilo�e (IGC), with very few studies
along the Chilo�e Continental (CC) region. The latter corresponds to
the Andean sector directly east of the Chilotan archipelago, in the
mainland between 41�400S and 44�S, and features a rugged relief
with steep-sided glacier valleys blanketed by glacier and volcanic
deposits. Volcanism in this region results from the subduction of
the Nazca Plate underneath 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�S and 46�S. The
Southern Andean Volcanic 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).

The temporal and spatial structure of explosive volcanism, along
with the magnitude of events, constitute a disturbance regime
capable of shaping the composition and structure of the vegetation
Fig. 1. Satellite image of the Pacific sector of northwestern Patagonia (40�S-44�S) showing t
the main volcanic centers and ice masses near Lago Negro. Red circles: localities mentioned
orange triangles: volcanoes or prominent mountains mentioned in the text, the white rectan
(For interpretation of the references to color in this figure legend, the reader is referred to
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in the vicinity of active volcanic centers. Addressing questions such
as: how did volcanic disturbance regimes affect the composition,
structure, and time evolution of the Andean vegetation? and did
volcanic disturbance boost fire activity through the generation of
flammable biomass under conducive climate conditions? requires
sensitive high-resolution records of vegetation, climate, fire, and
explosive volcanism along a gradient of volcanic influence.

Here we present results from Lago Negro (43�580S, 72�160W), a
small closed-basin lake peripheral to Lago Rosselot (Figs. 1 and 2),
to examine the vegetation and environmental history of an insuf-
ficiently studied sector of CC. Our aim is to (i) document vegetation
and fire-regime shifts in the southernmost sector of northwestern
Patagonia, (ii) analyze their relationship with climate change and
explosive volcanism, (iii) establish comparisons with sites located
further north and west along gradients in climate and volcanic
disturbance, and (iv) assess the drivers of change in the composi-
tion and structure of temperate rainforest vegetation since the
onset of local ice-free conditions. We also (v) examine the timing of
occurrence of key vegetation signals to assess the colonization and
expansion rates of land biota into the newly exposed, ice-free
sectors of CC during the Last Glacial Termination (¼ T1, between
~17.8 and ~11.5 ka, ka¼ 1000 cal yr BP).

1.1. Study area

The Río Palena watershed is located on the southern portion of
CC in northwestern Patagonia (40�-44�S), and establishes a tran-
sition with the Ays�en Province of central Chilean Patagonia (Fig. 1).
This is a narrow mountainous region located along the Pacific side
of the Andes, rimmed by Golfo de Ancud and Golfo Corcovado to
he location of Lago Negro and other landmarks mentioned in the text. Also shown are
in the text, yellow: lakes discussed in the main text, grey line: Chile-Argentina border,
gle on the left image shows the location of the zoomed area shown in the right image.
the Web version of this article.)



Fig. 2. Bathymetry of Lago Negro showing the location of the coring site with a star.
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the west (commonly referred to as the Chilotan Interior Sea) and
the Argentinean territory to the east. Glaciers occur on the highest
Andean summits (2000e2800 masl), some of them large strato-
volcanoes. Several volcanic centers in this region exhibit late-
Quaternary and historical activity (Alloway et al., 2017a; Stern,
2004) (Fig. 1). Recently, Geoffroy et al. (2018) reported the stratig-
raphy, age, and constituent geochemistry of coarse-grained tephra
layers preserved within Holocene-aged andic soil sequences of the
Río Palena watershed. They documented three prominent tephra
layers: the rhyodacitic La Junta (Mm-1) and Santa Ana (Mm-2)
tephras sourced from Volc�an Melimoyu (~48 km west of Lago
Negro), with radiocarbon ages of ~2.8 and ~1.6 ka respectively, and
a scoriaceous tephra (Vga) of basaltic composition sourced from the
monogenetic Vanguardia Cone Complex dated at ~6.7 ka (Fig. 3).

The climate of CC is cool-temperate and hyperhumid owing to
the year-round influence of the SWW which, in their interaction
with the rugged mountainous topography, generate a diverse array
of environments with marked altitudinal and longitudinal gradi-
ents along and across the southern Andes (Garreaud et al., 2013;
Garreaud, 2007; Viale et al., 2019). Three meteorological stations at
or near the Río Palena watershed (Fig. 1) capture salient aspects of
the regional climate: (i) Marín Balmaceda (10 masl; 43�46.3020S,
72�57.2820W), the westernmost station, located at the mouth of Río
Palena; (ii) La Junta (45 masl; 43�58.2480S, 72�24.3360W) ~60 km
east of Marín Balmaceda; and (iii) Puerto Puyuhuapi (10 masl;
44�19.3680S, 72�33.5820W), located along the southern coast
~43 km south of La Junta. This region features maximum precipi-
tation along the coast which declines toward the interior, from
2913 mm/yr in Marín Balmaceda and 3198 mm/yr in Puerto
Puyuhuapi to 2327 mm/yr in La Junta. The maximum annual
temperature in La Junta averages 13 �C, and the minimum 4.4 �C.
We compare these data with El Tepual weather station (85 masl;
41�26.1000S, 73�5.8680W) near Puerto Montt, located ~286 km
northwest from La Junta (Fig. 1), which shows mean annual pre-
cipitation of 2018 mm/yr, along with mean annual maximum
temperatures of 15 �C and a mean annual minimum of 6.3 �C. The
northernmost weather station under analysis is Canal Bajo near
Osorno (55 masl; 40�35.2980S, 73�6.4140W) (Fig. 1), located in the
Longitudinal Valley of the CLD, ~380 km north of La Junta. Here, the
mean annual precipitation is 1562 mm/yr, the mean annual
maximum temperature is 16.4 �C, and the mean minimum is 6.2 �C
(data retrieved from: www.explorador.cr2.cl).

Interannual precipitation variability in northwestern Patagonia
is related to El Ni~no Southern Oscillation and the Southern Annular
Mode (SAM), with negative anomalies in summer precipitation
correlated with positive anomalies in both indices. Summer tem-
perature anomalies, on the other hand, are positively correlated
with SAM at regional scale (Garreaud et al., 2013; Garreaud, 2007).
3

Positive departures of the SAM, i.e. anomalously warm and dry
summers, generate conditions favorable for wildfire occurrence
along western Patagonia as revealed by climate analyses and tree
ring-data spanning several recent 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 masl). The distribution and composition along envi-
ronmental gradients of the native vegetation in CC affords modern
analogues for interpreting palynological records and inferring past
climate changes. Several studies describe in detail the vegetation
composition and distribution in northwestern Patagonia (Heusser,
1966; Oberdorfer, 1960; Schmithüsen, 1956; Villagr�an, 1980), the
following paragraphs provide succinct descriptions of the main
forest communities in this region.

The Valdivian Rainforest (VRF) is distributed on the lowlands of
the Longitudinal Valley of the CLD upslope to ~400 masl. This
elevation limit diminishes southward, reaching lowland sectors
adjacent to the coast in the Río Palena sector of CC. The forest
canopy is dominated mainly by Eucryphia cordifolia, Aextoxicon
punctatum, along with tree species as Nothofagus dombeyi and its
mistletoe Misodendrum , several species of the Myrtaceae family,
other angiosperms such as Caldcluvia paniculata and Weinmannia
trichosperma, and numerous vine species including Hydrangea
serratifolia, Cissus striata and Mitraria coccinea. There is a high di-
versity 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.

The North Patagonian rainforest (NPRF) replaces the VRF at ~400
masl in the mainland and this elevation diminishes toward the
south, reaching sea level in the Río Palena sector of CC. Its upper
elevation limit lies between ~800 and 1000 masl in the Andes.
These forests are dominated by the evergreen southern beech
Nothofagus dombeyi, along with N. betuloides, Weinmannia tricho-
sperma, Drimys winteri, Tepualia stipularis, Amomyrtus meli, and
A. luma. At mid-elevations N. dombeyi is accompanied by the cold-
tolerant conifers Saxegothaea conspicua, Podocarpus nubigena,
Fitzroya cupressoides and Pilgerodendron uviferum.

The Deciduous Subantarctic forests are dominated by the tree
Nothofagus pumilio, which intermingles with N. betuloides in
western sites and grades into the High Andean Desert in the alpine
zone. N. pumilio forms monospecific stands and presents a species-
poor understory (Escallonia alpina, Berberis, Drimys andina, Mayte-
nus disticha). A study of the spatial and temporal variation in
N. pumilio growth at treeline along its latitudinal range (from 35�S
to 55�S) in the Chilean Andes (Lara et al., 2005) showed that

http://www.explorador.cr2.cl


Fig. 3. A. Volc�an Melimoyu (VMm; 44�050 S, 72�530 W; 2408 m above sea level) is a little studied composite stratovolcano within the southern segment of the Southern Volcanic
Zone (SVZ) of the Andes (see Fig. 1). VMm is constructed of basalt, andesite and dacite lava flows (Lopez-Escobar et al., 1993) and is permanently ice-covered. A typical Holocene-
aged cover-bed sequence exposed east of VMm at Puente Los C�esares (B, 44�080S, 72�270W) showing the VMm-sourced tephra couplet (La Junta Tephra, Mm-1 (lower); Santa Ana
Tephra, Mm-2 (upper)) interbedded with andic soil material and associated datable charcoal (white arrows, C). Despite 27 tephra beds registered within Lago Negro only three
macroscopic tephra are represented in the equivalent-aged andic soil-forming environment within the same vicinity. At Puente Sergio Sepúlveda (D, 43�570S, 72�230W) located
~1.7 km north of La Junta the VMm-tephra couplet is underlain (<30 cm) by a prominent basaltic tephra (Vga) that thickens northwards (i.e. see E, 44�060S, 72�270W) along the
Carretera Austral to its eruptive source at the Vanguardia Cone Complex (VCC) located west of Puente El Oeste (see F, 43�380S, 72�210W). Near Vanguardia (G, 43�420S, 72�200W) an
array of radiocarbon dates retrieved from outer-tree trunk material in growth position and enclosing carbonaceous mud overlying glacial till and immediately underlying a 4.2 m
thickness of basaltic fall (indicated by arrow) provide a R-combined modelled age (n ¼ 4) of 5925 ± 13 14C yr BP (6703 ± 58 cal yr BP) (Geoffroy et al., 2018). H. A proximal sequence
of Vanguardia tephra is exposed in a roadside quarry just north of Puente El Oeste (43�390S, 72�200W), comprising alternating grey-red scoriaceous ash and lapilli beds overlying red
agglutinated scoriaceous blocks and bombs. All photos taken by B.V. Alloway. (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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temperature has a spatially larger control on tree growth than
precipitation, and that this influence is particularly significant in
the southern Andes (>40�S).
1.2. Glacier and vegetation history since the Last Glacial Maximum

Westward-flowing glaciers from the Patagonian Ice Sheet (PIS)
covered CC, Golfo de Corcovado, Golfo de Ancud, Seno Reloncaví,
and the Chilotan archipelago during the Last Glacial Maximum
(LGM), reaching their maximum extent east of the Costal Range in
IGC and along the periphery of Seno Reloncaví in the Puerto Montt
sector (Denton et al., 1999) (Fig. 1). Heusser (1990) referred to this
ice mass as the Chilotan piedmont glacier, and proposed a chro-
nology of events that includes a ~25.0 ka final LGM advance, fol-
lowed by recession prior to ~15.4 ka, and ice-free conditions in CC
prior to ~13.0 ka. Current chronologies, thirty one years after
Heusser (1990)’s seminal study, indicate that the Golfo de Corco-
vado glacier lobe advanced in multiple occasions during the LGM
and abandoned its final LGM position in eastern IGC at ~17.9 ka,
experienced rapid recession through the interior sea and vacated
the coastal areas of the Chait�en sector of CC before ~16.8 ka (Denton
et al., 1999;Moreno et al., 2015).We note, however, that this refined
scheme relies on very few radiocarbon-dated stratigraphic sections
from the islands east of IGC and in CC.

The lack of glacial chronologies in the vicinity of modern glaciers
(Palacios et al., 2020) has led to speculations about the presence or
absence of glacier readvances during T1 in northwestern Patagonia,
and the mechanisms underlying that structure of changes. A
modest number of studies in CC have reported radiocarbon-dated
stratigraphies that constrain the onset of ice-free conditions
following the LGM. Although insufficient, these records point to a
general deglaciation trend that features ice-free conditions at ~16.8
ka in the coast near Chait�en (Moreno et al., 2015), at ~15.4 ka in the
town of Futaleufú just east of the Andean divide (Jara et al., 2019),
and at ~14.6 ka near Villa Santa Lucía in the central sector of the
northwestern Patagonian Andes (Alloway et al., 2017b) (Fig. 1). This
dearth of sites and chronologies limits our understanding of the
timing and direction of glacier and climate fluctuations during T1.

Palynological records from sites adjacent to the western LGM
margins of the PIS reveal a characteristic timing and structure of
vegetation changes during T1 in northwestern Patagonia (Heusser
and Heusser, 2006; Heusser et al., 1999; Moreno, 2020; Moreno
et al., 2015, 2018; Moreno and Leon, 2003; Pesce and Moreno,
2014). Those records typically feature warming at the onset of T1
that led to an initial phase (<17.8 ka and >16.8 ka) dominated by
cold-tolerant pioneer herbs and shrubs (Poaceae, Ericaceae, Gun-
nera, among other), along with increases in pioneer shade-
intolerant trees (Fitzroya/Pilgerodendron, Nothofagus, Lomatia/
Gevuina, Drimys, among other), and the establishment of forests
dominated by thermophilous shade-tolerant trees and vines
(Myrtaceae, Raukaua, Hydrangea, among other) by ~16.8 ka. A
subsequent increase in Podocarpus nubigena between ~14.8-12.8 ka,
marks a shift toward colder/wetter conditions coeval with glacier
readvances in central and southern Patagonia during the Antarctic
Cold Reversal (ACR) (Garcia et al., 2012; Kaplan et al., 2011;
Mendelov�a et al., 2020; Moreno et al., 2009; Reynhout et al., 2019;
Sagredo et al., 2018; Strelin et al., 2011). P. nubigena declined during
Younger Dryas (YD: ~12.8e11.5 ka) time concomitant with rapid
increments in Weinmannia trichosperma in response to a decline in
precipitation and enhanced fire activity.

Several studies have attempted to elucidate the pattern, direc-
tion, and routes of plant colonization following deglaciation of the
Patagonian Andes during T1. Some of them are based on the syn-
thesis and analysis of radiocarbon-dated fossil pollen records
5

assessed in the context of deglacial chronologies in northwestern
(Villagr�an, 1990, 2001) and central Patagonia (Haberle and Bennett,
2004; Henríquez et al., 2017; Moreno et al., 2019; Vilanova et al.,
2019; Villa-Martinez et al., 2012). Other studies have utilized mo-
lecular techniques on extant rainforest trees (Fitzroya cupressoides,
Pilgerodendron uviferum, Podocarpus nubigena, Eucryphia cordifolia,
Weinmannia trichosperma, species of the genus Nothofagus) (Allnutt
et al., 1999, 2003; Azpilicueta et al., 2009; Knopf et al., 2012;
Montenegro, 2011; Pastorino et al., 2009; Premoli et al., 2000, 2012;
Quiroga et al., 2016; Quiroga and Premoli, 2010; Segovia et al.,
2012), frogs of the genus Batachyla (Vidal et al., 2016), and lizards
of the genus Liolaemus (Vidal et al., 2012) to infer their Late Qua-
ternary biogeographic and/or phylogenetic histories. The latter
have analyzed the modern diversity using isozymes, alozymes,
rDNA, and cpDNA, which offer varying degrees of phyletic resolu-
tion, precision, and reproducibility. Collectively, these studies have
proposed the persistence of biota in one or multiple glacial refugia
beyond the margins of the PIS, followed by southward and/or
eastward migrations in northwestern Patagonia (Segovia et al.,
2012; Villagr�an, 2001), and/or westward expansions in central
Patagonia (Henríquez et al., 2017; Vilanova et al., 2019; Villa-
Martinez et al., 2012) and reshuffling of plant communities in the
newly exposed, ice-free sectors of the southern Andes during T1.
The dearth of detailed palynologic records in key sectors of the
Patagonian Andes, however, precludes rigorous testing of biogeo-
graphic hypotheses about the afforestation process during and
since T1.

Studies in Europe (40�N-70�N) have examined the rates of
arboreal expansion following the demise of continental-scale ice
sheets after the LGM. Some of them show very rapid expansion
rates (100e1000 m yr�1) for several early successional tree species
from ice-free refugia located in southern Europe, between 40�N
and 45�N, toward their northern distribution limit. Depending on
the species under analysis, this process involved range shifts be-
tween 1300 and 2900 km, and took place along different climate
zones and through millennial-scale climate reversals during T1.
More recent studies (Feurdean et al., 2013) have stressed the
importance of northern cryptorefugia as key starting points for this
migration process, reducing the distance and migration rates in a
considerable manner (between 500 and 2000 km and 160e260 m
yr�1, respectively).
2. Methods

We conducted glacial geologic mapping to identify former
glacial limits based on aerial photographs (GEOTEC 1:70.000),
Google Earth Imagery, ALOS PALSAR digital elevation models
(~12 m spatial resolution), and field observations.

We obtained multiple overlapping lake sediment cores from
Lago Negro (1351 cm water depth) (Figs. 1 and 2), using a 7.5-cm-
diameter water-sediment interface piston corer and a 5-cm-
diameterWright piston corer from the central-eastern sector of the
lake. Sediment coring was conducted from an anchored rig equip-
ped with a 7.5-cm diameter aluminum casing tube. All sediment
cores were stored at 4 �C at the Quaternary Paleoecology Labora-
tory of Universidad de Chile shortly after retrieval, subsequently X-
radiographed to document the stratigraphy and potential strati-
graphic 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).
We measured the magnetic susceptibility (MS) of the sediment
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cores using a Geotek MS2E point sensor at 0.5 cm intervals along a
flat core surface. Correlations between the overlapping cores was
facilitated thanks to the LOI, MS, x radiographs, and tephra layer
architecture which afford stratigraphic support to a spliced record
devoid of hiatuses associated with core breaks.

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 Negro dates using the
Bacon package for R (Blaauw and Christen, 2011). The age model
takes into account the instantaneous deposition of pyroclastic
levels by subtracting the thickness of all tephra layers �1 cm.

We studied the palynology of the Lago Negro 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
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.

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 � 3 and <5 adjacent pollen samples and interpolated every 100-
year regular steps to allow calculation of the rates-of-change (ROC)
parameter using Tilia 2.0.b.4 (Grimm and Jacobson, 1992; Jacobson
et al., 1987). The squared chord distance is a dissimilarity coefficient
that 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.
We 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 Negro 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). We
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 we interpolated
the macroscopic charcoal record to the median time step between
6

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. We calcu-
lated the frequency of fire events per 1000 year overlapping time
windows and charcoal peak magnitude.

3. Results

3.1. Glacial geomorphology

The PIS was channelized into a network of steep-sided valleys in
the study area, many of which currently have torrential rivers.
Consequently, surface evidence of former ice marginal positions is
scarce and poorly preserved (Fig. 4). Notwithstanding this preser-
vation bias and the fragmentary nature of the geomorphic features,
here we present a description of the glacial geology of the area
focusing on the most distinctive glacial features indicative of
former ice marginal positions.

Along the northwestern edge of Lago Claro Solar (Fig. 4) we
distinguish a prominent moraine complex that stretches across the
bottom of the valley from one side to the other. The frontal and
most prominent section of the moraine is ~1.8 km long and up to
1 km wide. This “Claro Solar moraine” exhibits a very steep, post-
glacially modified proximal slope (~80e100 m high) and a
smoother distal slope (30e60 m high). This moraine was deposited
by a glacier lobe that flowed along the Río Quinto valley. Immedi-
ately to the southwest, we observe a ~45 m-high elongated
moraine that rims the northern limit of Lago Negro (Fig. 4). The
configuration of the valley along with the orientation of this
landform suggest that the “Lago Negro moraine” is a lateral feature
deposited by a glacier that flowed along the Río Figueroa valley.

We identify remnants of two partly eroded, poorly preserved
moraine ridges damning the northern edge of Lago Rosselot. The
outer (and better preserved) ridge is ~50 m high, the inner ridge is
smaller with a height of ~20 m. These moraines (“Lago Rosselot
moraines”) were deposited by a northward-flowing glacier that
originated from Monte Queulat; we refer to this ice mass, infor-
mally, as Glaciar Rosselot. The outer ridge grades toward an
outwash plain that flows ~8 km to the northwest, where it con-
verges with the major drainage system of the area in the mouth of
the valley. This outwash plain has been highly modified by the
course of Río Rosselot, with only a few remnants of its original
(unmodified) surface preserved in small patches.

Within a radius of ~3 km to the northeast and ~6 km to the
northwest of the Lago Rosselot moraines, we identified a series of
small moraine fragments, ice contact slopes sculpted in bedrock,
and till-covered outcrops that allow us to infer that there were
additional ice margins in the area (Fig. 4). These inferred ice mar-
gins indicate a period during which Glaciar Rosselot advanced
northward until it hit a bedrock promontory, which diverged the
ice flow, splitting it into two arms (Fig. 4). Thewest arm reached the
confluence between the Río Quinto and the Río Rosselot; whereas
the east arm almost reached the west margin of Lago Negro.
Hereafter, we refer to this ice margin as “Rosselot 1”, and the ice
margin defined by the Rosselot moraine as “Rosselot 2”.

3.2. Stratigraphy of lake sediments

The sediments of the spliced Lago Negro record (GC1603SC1-
2þGC1703AT2-9) (Fig. 5) include a basal clastic unit (826-627 cm)
that consists of grey-bluish silts and clays with high siliciclastic
density (mean: 1.3 gr/cc) and low organic content (mean: 1.6%), in
some sections faintly laminated in others massive and containing
matrix-supported granule and gravel-sized clasts. This section is



Fig. 4. Glacial geomorphology of the Lago Negro and L. Claro Solar area.
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overlain by an upper organic-rich (mean: 20.2%) lake sediment unit
(627-0 cm), with low siliciclastic density (mean: 0.2 gr/cc), inter-
bedded with 27 cm-thick tephra layers visible in the x radiographs
(Figs. 5 and 6; Table 1). These layers are texturally variable ranging
from lapilli-to fine-ash-grade and exhibit normal to massive
bedding with typically sharp lower contacts and gradational to
sharp upper contacts. The magnetic susceptibility of the sediments
is highest associated with clastic levels, in particular the basal unit
and certain tephra layers, and lowest in organic-rich sections. The
tephra-free length (depth) of the organic portion of the Lago Negro
record is 506 cm.

The chronology of the Lago Negro record is based on 19 radio-
carbon dates on organic-rich lake mud systematically collected
throughout the cores, and assignment of a modern age to the
water-sediment interface (�66 cal yr BP) (Table 2). The age model
applied to these dates, using a tephra-free depth scale (Fig. 7), in-
dicates continuous sedimentation of lake mud interrupted by
intermittent tephra-fall deposition with minimal reworking since
~12.7 ka.

The pollen and macroscopic charcoal record from Lago Negro
consist of 505 levels from ~12.7 ka to the present, with a median
time resolution of 22.4 years between levels (Figs. 8 and 9). We
divided the pollen record in 8 pollen zones (LNPZ ¼ Lago Negro
Pollen Zone) (Table 3) we describe in the following paragraphs,
highlighting the three or four most important taxa in decreasing
order of mean abundance, their cumulative abundance in relation
to the terrestrial pollen sum, accompanying less-abundant taxa, the
average percent abundance of certain taxa in parenthesis, and re-
marks about the most conspicuous changes of each zone.

LNPZ-1 (627-608 cm, ~12.7e12.2 ka, 18 samples) features the
Nothofagus-Podocarpus nubigena- Misodendrum assemblage, these
taxa account for 86.5% of the total pollen sum. Podocarpus nubigena
achieves its maximum abundance in the Lago Negro record (25.7%)
accompanied by the trees Fitzroya/Pilgerodendron (1.7%), Drimys
(1.3%), Myrtaceae (2.7%), and the ferns Polypodiaceae (10.9%) and
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Blechnum (6.8%).
LNPZ-2 (607-565 cm, ~12.1e9.5 ka, 37 samples) is dominated by

the assemblage Weinmannia trichosperma-Nothofagus-Hydrangea,
with a cumulative percentage of 70.9%. We observe a prominent
increase in the tree Weinmannia trichosperma to its maximum
abundance (32.5%), along with increments in Fitzroya/Pilgeroden-
dron (2.2%), Myrtaceae (5.6%), Tepualia stipularis (3.2%), the vine
Hydrangea (12.4%), and declines in Nothofagus (from 55.4% to
26.0%). Drimys (<1%), P. nubigena (10.4%), Polypodiaceae (5.7%), and
Blechnum declined (5.6%) while the ferns Polypodium feuillei (1.2%)
and Lophosoria quadripinnata (<1%) appear for the first time in the
record.

LNPZ-3 (564-505 cm, ~9.4e8.2 ka, 52 samples) shows the
assemblage Nothofagus-Hydrangea-Eucryphia/Caldcluvia, which
accounts for 70.5% of the total pollen sum. Noteworthy aspects of
this zone are increases in Nothofagus (38.4%), Hydrangea (24.7%),
and the tree Eucryphia/Caldcluvia (7.5%), along with declines in the
conifers Fitzroya/Pilgerodendron (0.6%), and Podocarpus nubigena
(6.9%). The ferns Blechnum (6.9%) and Lophosoria quadripinnata
(2.0%) increased, while the abundance of Polypodiaceae and Poly-
podium feuillei remained relatively invariant.

LNPZ-4 (504-374 cm, ~8.2e5.6 ka, 115 samples) features the
assemblage Nothofagus-Hydrangea-Podocarpus nubigena, with a
72.3% cumulative abundance. Nothofagus rose from 38.4% to 50.8%,
along with an increase in Poaceae (from <1% to 3.6%), coeval with
declines in all trees and vines. The conifer Fitzroya/Pilgerodendron
rose slightly in the upper half of this zone, and Drimys persists in
trace abundance (<1%). The ferns Polypodiaceae (5.2%) and Blech-
num (4.0%) declined, while Polypodium feuillei and Lophosoria
quadripinnata persisted with little variation.

LNPZ-5 (373-285 cm, ~5.6e3.4 ka, 83 samples) is dominated by
the assemblage Nothofagus-Hydrangea-Weinmannia trichosperma-
Eucryphia/Caldcluvia, which concentrates 73.4% of the terrestrial
pollen sum. This zone features declines in Nothofagus (from 50.8%
to 45.4%) and Podocarpus nubigena (from 5.5% to 4.7%), along with



Fig. 5. Stratigraphic column, radiocarbon dates, loss-on-ignition data, and magnetic susceptibility of the Lago Negro record. The labels on the left show the stratigraphic position
and age of radiocarbon-dated levels. The labels on the right indicate the identity and stratigraphic span (dashed horizontal lines) of each core segment. Lithology key: pebbly sandy
silts ¼ blue, tephra layers ¼ black, organic silts ¼ white. (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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increases in Fitzroya/Pilgerodendron (from 1.8% to 3.5%). Weinman-
nia trichosperma (from 4.7% to 7.8%), Eucryphia/Caldcluvia (from
4.5% to 5.1%), and Poaceae (from 3.5% to 4.8%). The ferns Poly-
podiaceae (2.1%) and Blechnum (1.8%) declined again, while the
abundance of Polypodium feuillei and Lophosoria quadripinnata
remained relatively invariant.

LNPZ-6 (282-130 cm, ~3.4e2.1 ka, 96 samples) shows the
assemblage Nothofagus-Hydrangea-Weinmannia trichosperma-Poa-
ceae with a cumulative abundance of 85.4%. This zone features a
major increase in Nothofagus (71.1%), a modest rise in Drimys (1.6%),
accompanied by declines in Fitzroya/Pilgerodendron (<1%), Wein-
mannia trichosperma (4.6%), Hydrangea (from 15.2% to 5.4%).
Eucryphia/Caldcluvia (1.1%), Myrtaceae (from 3.6% to <1%), and
Poaceae (4.3%). We note the presence of Saxegothaea conspicua in
trace abundance since LNPZ-1, and increases in the ferns Poly-
podiaceae (5.0%) and Blechnum (2.1%),while Polypodium feuillei and
Lophosoria quadripinnata declined slightly.

LNPZ-7 (129-38 cm, ~2.1e1.1 ka, 68 samples) is dominated by
the assemblage Nothofagus-Hydrangea-Weinmannia trichosperma-
Misodendrum with a cumulative abundance of 79.6%. This zone
features declines in Nothofagus (54.0%) and Drimys (<1%), accom-
panied by increases in Fitzroya/Pilgerodendron (1.8%), Weinmannia
trichosperma (7.2%), Hydrangea (14.0%), Eucryphia/Caldcluvia (1.8%),
and Myrtaceae (2.1%). Saxegothaea conspicua increased (2.6%),
coeval with declines in the fern Polypodiaceae (3.4%) and persis-
tence of Blechnum, Polypodium feuillei, and Lophosoria quad-
ripinnata with little variation.
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LNPZ-8 (37-0 cm, ~1.1 ka-present, 37 samples) features the
assemblage Nothofagus-Hydrangea-Saxegothaea conspicua which
accounts for 71.4% of the total pollen sum. We observe declines in
Nothofagus (45.1%), Podocarpus nubigena (2.4%), Drimys. Weinman-
nia trichosperma (6.2%), Eucryphia/Caldcluvia (<1%), and Poly-
podiaceae (1.6%), along with prominent increments in Hydrangea
(20.1%), Saxegothaea conspicua (6.3%), and modest increases in
Myrtaceae (3.4%). The arboreal pollen sum shows a rapid ~12%
decline after ~250 cal yr BP, the largest decline in the entire record,
followed by a rise in Poaceae and the simultaneous appearance of
Plantago and Rumex in trace abundance in the upper portion of this
zone.

The ROC parameter calculated on the pollen stratigraphy from
Lago Negro (Fig. 9) shows abrupt changes at ~12.2 and ~11.0 ka,
followed by a decline to values below the mean between ~10.8-9.5
ka, multiple rapid transitions between ~9.3-7.8 ka, and at ~5.8 ka.
ROC values below the mean prevail between ~5.0 ka and 3.7 ka,
followed by extraordinarily fast changes at ~3.0 ka and ~2.0 ka,
between which we observe two rapid changes around ~2.5 ka.
Abrupt changes are evident at ~1.7-1.4 ka, followed by a steady
decline punctuated by a rapid change at ~1.3 ka and a modest in-
crease at ~150 cal yr BP (Fig. 9).

The macroscopic charcoal accumulation rate (CHAR) record
from Lago Negro (Fig. 9) shows low values between ~12.7-2.8 ka,
followed by maxima in pulses centered between ~2.8-2.4 ka
(LNF11-9) and ~2.0e1.3 ka (LNF8-3), and a distinctive peak at
~132 cal yr BP (LNF1). Within the low CHAR interval (~12.7e2.8 ka)



Fig. 6. X radiographs of the Lago Negro cores reported in this study. The cores are
aligned sequentially from shallow (left) to deep (right) portions of the stratigraphy,
and from top (upper part) to bottom (lower part). The red triangles and codes indicate
the position of tephra layers discussed in the text and listed in Table 1, the yellow
triangles show the position of radiocarbon dates listed in Table 2. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Table 1
Tephra layers present in the Lago Negro record, along with their stratigraphic po-
sition, interpolated age, and thickness.

Tephra ID Depth range (cm) Median age (cal yr BP) Thickness (cm)

LNT1 30e29 891 1
LNT2 93e90 1640 3
LNT3 125e106 2003 19
LNT4 156e155 2529 1
LNT5 180e179 2711 2
LNT6 258e208 2968 50
LNT7 264e263 3016 2
LNT8 274e273 3216 1
LNT9 284e283 3399 2
LNT10 297e293 3604 5
LNT11 322e321 4333 1
LNT12 333e332 4616 1
LNT13 390e389 5936 2
LNT14 400e399 6133 1
LNT15 448e400 7154 4
LNT16 452e451 7197 2
LNT17 461e460 7378 1
LNT18 473e472 7620 1
LNT19 481e477 7693 5
LNT20 516e515 8392 1
LNT21 520e519 8434 2
LNT22 526e525 8529 1
LNT23 558e556 9176 3
LNT24 563e562 9258 1
LNT25 567e566 9539 1
LNT26 585e584 10,774 1
LNT27 596e595 11,197 2
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we note a persistent rise to moderate abundance between ~8.8-6.7
ka, superseded by a decline between ~6.7-5.3 ka and a modest
increment between ~5.3-4.4 ka. Time series analysis of the CHAR
data (Fig. 9) revealed 25 statistically significant peaks (Table 4), 14
of which are low-magnitude events (<15 cm�2 peak�1) older than
~2.8 ka, 5 are highmagnitude events (�200 cm�2 peak�1), and 6 are
intermediate in magnitude (<200 and � 15 cm�2 peak�1). The
average frequency of events is 2 peaks/1000 years over the entire
record, with zero values at ~12.2 ka, succeeded by a sustained rise
to values above themean between ~11.4-10.8 ka, a steady decline to
zero at ~9.7 ka, an increase to values above themean between ~8.9-
6.2 ka, and a heterogeneous decline to zero at ~3.5 ka. The fire-
frequency data then increases steadily to a maximum at ~1.6 ka
and declines to values below the mean between ~0.7 ka and the
present. The fire return interval (FRI) parameter (Fig. 9) starts with
a minimum at ~11.3 ka and increases steadily to a maximum of
1630 years between events at ~9.2 ka, plummets to values below
the mean (~700 years between events) between ~8.8-5.8 ka, and
rises again to a discrete maximum at ~5.5 ka. A steady increase is
evident between ~4.8-3.0 ka, followed by a decline to minima be-
tween ~2.4-1.3 ka and a sustained rise toward the present.
4. Discussion

4.1. Stratigraphy and chronology

The Lago Negro record shows well-sorted stratified fine-grained
clastic sediments, with occasional rounded pebbles prior to ~12.7
ka, followed by deposition of organic-rich mud interbedded with
multiple tephra layers until the present. Depositional continuity
among these units is demonstrated by the preservation of delicate
horizontally lain silt laminae before, during, and after the transition
in the X radiographs (Fig. 6). Clues to unraveling the origin of this
unit lies in the geomorphologic setting in which Lago Negro is
located, aspect we will discuss in the Local glacial history section.

We detect 27 tephra (LNT ¼ Lago Negro Tephra) with thick-
nesses ranging from�1 cm (13 tephra), between >1 and� 5 cm (12
tephra), and the two prominent tephra layers (LNT-3 and LNT-6)
comprising coarse pumiceous ash and lapilli 19 and 50 cm thick,
respectively (Figs. 5 and 6; Table 2). The lower tephra (LNT-6) of this
couplet is particularly distinctive with a scoriaceous upper layer.

LNTare unevenly distributed in timewith a distinct clustering of
11 tephra (LNT25-LNT15) between ~9.5-7.2 ka (mean time spacing:
~240 years/tephra), and 9 tephra (LNT10-LNT3) between ~3.6 ka
and ~1.6 ka (mean time spacing: ~250 years/tephra). We will
discuss the disparity between the Lago Negro number and fre-
quency of past explosive volcanic activity and the published cov-
erbed stratigraphy in the section titled Implications for explosive
volcanism at regional scale.

The palynology and macroscopic charcoal record from Lago
Negro (Figs. 8 and 9) afford a bidecadally resolved vegetation and
fire-regime history spanning the last ~12,700 years, with a median
time spacing of 22.4 years between samples over the entire record,
ranging from 21.9 years between samples since ~9.3 ka and 59.9
years between samples over the ~12.7e9.3 ka interval. The pollen
record shows dominance of closed-canopy (mean Arboreal Pollen
[AP]: 94.5%) evergreen NPRF, with variations in species composi-
tion and structure that suggest dynamic responses of the vegeta-
tion to past environmental changes.
4.2. Local glacial history

Chilo�e Continental was fully covered by westward-flowing gla-
ciers from the PIS through the LGM and the initial portion of T1



Table 2
Radiocarbon dates from the Lago Negro site. The radiocarbon dates were calibrated to calendar years before present using the CALIB 7.0 program and the SHCal13 dataset.

Laboratory code Original depth (cm) Tephra-free
depth (cm)

14C yr BP ± 1
sigma error

median probability
cal yr BP

Lowest intercept
cal yr BP

Uppermost intercept
cal yr BP

CAMS-179267 38 36 1485 ± 30 1334 1296 1397
CAMS-179268 59 57 1365 ± 30 1241 1185 1296
CAMS-179307 70 68 1605 ± 30 1457 1377 1528
CAMS-179274 73 71 1485 ± 30 1334 1296 1397
CAMS-179269 94 88 1750 ± 30 1624 1544 1702
CAMS-179270 126 100 2200 ± 30 2162 2059 2307
CAMS-179275 126 100 1975 ± 30 1884 1755 1994
CAMS-179276 143 117 2485 ± 30 2503 2357 2703
CAMS-179308 259 179 2745 ± 35 2807 2749 2874
CAMS-179309 298 206 3405 ± 30 3605 3483 3693
CAMS-179310 343 249 4385 ± 25 4911 4844 5030
CAMS-179311 389 295 5225 ± 30 5940 5768 6091
CAMS-179271 455 352 6370 ± 30 7259 7166 7409
CAMS-179272 564 446 8300 ± 35 9240 9091 9405
CAMS-179312 568 449 8780 ± 30 9703 9560 9887
CAMS-182705 597 475 9860 ± 40 11,229 11,176 11,307
CAMS-182706 608 486 10,435 ± 40 12,231 12,050 12,421
CAMS-182707 622 500 10,700 ± 40 12,642 12,557 12,700
CAMS-179273 627 505 10,785 ± 35 12,693 12,657 12,731

Fig. 7. Age model of the Lago Negro record 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.)
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(~17.8e16.8 ka). Available chronologies indicate ice-free conditions
in coastal areas of the Chait�en sector before ~16.8 ka (Moreno et al.,
2015) and further upstream in the vicinity of Villa Santa Lucía
before ~14.6 ka (Alloway et al., 2017a); if applicable to the Río
Palena sector, the Chait�en-based age estimate represents a mini-
mum limiting age for a ~100 km retreat of the Golfo Corcovado ice
lobe from IGC into the mouth of Río Palena. Because Lago Negro is
located upstream along the former glacier flow line through the Río
Palena Valley, the ~16.8 ka age constitutes a maximum limiting age
for the onset of local ice-free conditions and lacustrine sedimen-
tation, probably not a close maximum limiting age given the
considerable distance (~70 km) from the Golfo Corcovado coast.
Since Villa Santa Lucía is located ~60 km upstream from La Junta
along the Río Frío-Río Palena glacial valley (Fig. 1), its minimum age
estimate for local ice-free conditions at ~14.6 ka does not constitute
a close-minimum estimate for ice-free conditions in La Junta,
implying that ice-free conditions in La Junta sector might have
taken place between ~16.8-14.6 ka.
10
Lago Negro lies immediately outboard the Rosselot 1 ice margin,
more than 50 km from the headwalls of Glaciar Rosselot (for
reference, the most extensive northward-flowing valley glacier in
Monte Queulat is ~5 km long) (Fern�andez et al., 2010).We posit that
the meltwaters of the northeastern branch of Glaciar Rosselot were
dammed by the Lago Negro moraines and the surrounding topog-
raphy, resulting in the formation of a small proglacial lake. We
attribute the deposition of the horizontally lain clastic lake beds in
the Lago Negro record to this glacier-fed, open-basin lake phase
that lasted until Glaciar Rosselot retreated from the Rosselot 1 ice
margin, and ceased to block the northeastern valley. Glacial
recession and thinning rerouted the meltwater toward the Río
Rosselot Valley, marking the onset of organic sedimentation in the
Lago Negro record at ~12.7 ka. Thus, we suggest that Lago Negro
functioned like a proglacial threshold lake (Håkansson et al., 2014)
during the final expanded stages of Glaciar Rosselot through T1.
Glacier recession ensued, punctuated by a stabilization event at the
Rosselot 2 ice margin position, which led to the deposition of the



Fig. 8. Percentage pollen diagram from the Lago Negro site using a tephra-free depth scale, along with the original depth and the age scale as secondary y axes. 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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Lago Rosselot moraines and the associated outwash plain.
Our data suggest that the Rosselot 1 ice margin position was

abandoned at the end of the ACR, judging from the close minimum
limiting age of ~12.7 ka from Lago Negro. At the same time, the
~12.7 ka age affords a maximum age estimate for the Lago Rosselot
moraines, which we interpret as a glacier stabilization event during
YD time. These interpretations replicate the conclusions from
recent studies conducted in the Monte San Lorenzo area (47�S)
~400 km south of Lago Negro, where two independent studies have
documented glacier expansion during the ACR, followed by a
recession and a brief stabilization during YD time (Mendelov�a et al.,
2020; Sagredo et al., 2018). The climatic context for these fluctua-
tions at regional and hemispheric scales will be discussed in the
section: Implications for forest ecology, biogeography, and
paleoclimate.
4.3. Past vegetation, climate, and disturbance

The pollen record starts with closed-canopy NPRF (mean AP:
95.7%) dominated by southern beech (Nothofagus) and the conifer
Podocarpus nubigena, along with abundant ferns (Polypodiaceae,
Blechnum), other rainforest trees including the cupressaceous
Fitzroya/Pilgerodendron, along with Drimys, Myrtaceae, and the
mistletoe Misodendrum, a hemiparasite of various Nothofagus spe-
cies. The opportunistic shade-intolerant NPRF tree Weinmannia
trichosperma (Lusk, 1999) rose rapidly at ~12.0 ka coeval with de-
clines in the dominant trees, gradual increments in Myrtaceae,
Tepualia stipularis, and the vine Hydrangea, along with diversifica-
tion of ferns (appearance of Polypodium feuillei, Lophosoria quad-
ripinnata) (Figs. 8 and 9). W. trichosperma and T. stipularis achieved
their maxima between ~12.0 ka and ~10.3 ka and declined gradu-
ally thereafter, concomitant with the culmination of rising trends in
Hydrangea andMyrtaceae between ~10.5-9.0 ka. In this context, the
VRF tree Eucryphia/Caldcluvia achieved a modest maximum (mean:
7.7%) between ~9.2-8.2 ka, coeval with a rise in southern beech,
11
Drimys, and Poaceae, along with declines in T. stipularis, Hydrangea,
Myrtaceae, and Blechnum (Figs. 8 and 9). These results indicate
shifts from a NPRF co-dominated by cold-tolerant hygrophilous
conifers to a NPRF dominated by shade-intolerant tree species
favored by disturbance, and then to forests dominated by shade-
tolerant thermophilous trees commonly found in NPRF with a
relatively minor component of shade-intolerant trees endemic to
the VRF.

Nothofagus, Drimys, and Poaceae increased between ~8.2-3.5 ka,
while the majority of formerly dominant trees and vines dimin-
ished their abundance (Figs. 8 and 9). This was followed by a rise in
Fitzroya/Pilgerodendron that started at ~6.8 ka and persisted until
~3.5 ka, with a brief maximum between ~5.7-5.3 ka. We interpret a
vegetation change toward mixed NPRF communities dominated by
cold-resistant, shade-intolerant opportunistic species (Armesto,
1988; Veblen and Ashton, 1978; Veblen et al., 1996), along with
low abundance of VRF elements and a rise in hygrophilous conifers.
Successive increases in Nothofagus at ~3.5-3.0 ka led to its Holocene
maximum (mean: 74.7%) between ~2.9-2.1 ka, coeval with tem-
porary increases in Eucryphia/Caldcluvia, Drimys, Poaceae, and
Polypodiaceae. We note conspicuous declines in all other trees,
vines, and ferns during this interval, concomitant with sharp in-
creases in CHAR (Figs. 8 and 9). This vegetation change constitutes
an accentuation of the trend that started at ~8.2 ka, leading to
overwhelming dominance of Nothofagus. A decline in Nothofagus
ensued, with prominent increases in Saxegothaea conspicua, Hy-
drangea, Myrtaceae, and diminished Eucryphia/Caldcluvia. We
interpret predominance of NPRF with hygrophilous conifers, forest
diversification, and virtual disappearance of VRF trees. A rapid
decline in trees and vines began at ~250 cal yr BP and led to the
lowest arboreal pollen values of the entire record (mean: 88.1%),
caused by proliferation of Poaceae and traces of non-native herbs of
European origin (Plantago and Rumex).

The presence of NPRF with cold-tolerant hygrophilous conifers
in the Lago Negro record suggest cool-temperate and humid



Fig. 9. Selected variables from the Lago Negro pollen record shown in the time scale domain. Each time series is shown with a weighted running mean of seven adjacent samples
with a triangular filter. The vertical colored ribbons highlight selected intervals characterized by multi-millennial cold/wet (light blue) and warm/dry (orange) conditions, along
with interval having the highest frequency of tephra/1000 years. Also shown are the ROC parameter, CHAR and results of the time series analysis on the charcoal data, the sili-
ciclastic density data, and a histogram showing the number of tephra/1000 years. The yellow ribbons correspond to intervals with high frequency of tephra layers. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Summary of the pollen assemblage zones from the Lago Negro record specifying their stratigraphic and chronologic range, the three or four most abundant taxa in decreasing
order of mean abundance, their cumulative abundance, and number of levels analyzed per zone.

Pollen
zone

Original depth
(cm)

Tephra-free depth
(cm)

Age range
(ka)

Pollen assemblage Cumulative
Percentage

Levels
#

LNPZ-8 37e0 35e0 1.1-present Nothofagus-Hydrangea- Saxegothaea conspicua 71.4 37
LNPZ-7 129e38 103e36 2.1e1.1 Nothofagus-Hydrangea- Weinmannia trichosperma- Misodendrum 79.6 68
LNPZ-6 282e130 199e104 3.4e2.1 Nothofagus-Hydrangea- Weinmannia trichosperma- Poaceae 85.4 96
LNPZ-5 373e285 282e200 5.6e3.4 Nothofagus-Hydrangea- Weinmannia trichosperma- Eucryphia/

Caldcluvia
73.4 83

LNPZ-4 504e374 397e283 8.2e5.6 Nothofagus-Hydrangea- Podocarpus nubigena 72.3 115
LNPZ-3 564e505 449e398 9.4e8.2 Nothofagus-Hydrangea- Eucryphia/Caldcluvia 70.5 52
LNPZ-2 607e565 488e450 12.1e9.5 Weinmannia trichosperma-Nothofagus-Hydrangea 70.9 37
LNPZ-1 627e608 508e489 12.7e12.2 Nothofagus-Podocarpus nubigena- Misodendrum 86.5 18
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conditions. This is particularly the case during the peak abundance
of Podocarpus nubigena and Fitzroya/Pilgerodendron between ~12.7-
11.0 ka and, to a lesser degree with the high abundance of Sax-
egothaea conspicua, rise in Fitzroya/Pilgerodendron, and modest
abundance of P. nubigena since ~6.8 ka (Figs. 8 and 9). High abun-
dance of plant taxa common to the NPRF and VRF communities in
the interim (~11.0e6.8 ka), along with trees endemic to the VRF
(Eucryphia/Caldcluvia) and lowabundance of NPRF conifers, suggest
moderately warm conditions and enhanced rainfall seasonality.
12
Vegetation responses to climate in the Lago Negro record were
modulated, sometimes interrupted, by the magnitude and fre-
quency of disturbance regimes. Fig. 9 shows the time structure of
tephra deposition in Lago Negro: we note a background of ~1
tephra/millenniumwith a conspicuous increase between ~10.0-8.0
ka (3 tephra*10�3 years), peak abundance between ~8.0-7.0 ka (5
tephra*10�3 years), a decline to basal values and a subsequent rise
between ~5.0-4.0 ka (2 tephra/millennium) that led to peak fre-
quency between ~4.0-2.0 ka (4 tephra*10�3 years), and a decline to



Table 4
Statistically significant charcoal peaks detected by CharAnalysis, along with their
interpolated age and magnitude.

Fire event Median age (cal yr BP) Peak magnitude (# cm�2 peak�1)

LNF1 176 511.7196
LNF2 1078 8.5350
LNF3 1364 272.1714
LNF4 1430 212.8169
LNF5 1540 37.7973
LNF6 1606 38.6325
LNF7 1848 55.7472
LNF8 1980 19.3942
LNF9 2442 58.7685
LNF10 2684 628.4578
LNF11 2750 199.6977
LNF12 4444 7.3973
LNF13 4950 5.5824
LNF14 5324 4.3734
LNF15 6248 1.9468
LNF16 6754 14.7164
LNF17 6974 3.8584
LNF18 7524 12.4574
LNF19 7568 3.6315
LNF20 8184 0.6500
LNF21 8536 0.9831
LNF22 8778 5.4682
LNF23 10,604 6.7787
LNF24 11,286 1.9995
LNF25 11,440 0.4131
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basal frequency during the past 2 millennia. We detect frequency
maxima between ~9.5-7.2 ka and ~3.6e1.6 ka. The latter interval
features the La Junta (50 cm thick, ~3.0 ka) and Santa Ana (19 cm
thick, ~2.0 ka) tephra, both sourced from Volc�an Melimoyu
(Geoffroy et al., 2018). Fig. 9 also shows the CHAR record from Lago
Negro, along with parameters generated from a time series analysis
of the charcoal data. CHAR rose to prominent large-magnitude
peaks between ~2.8-2.4 ka and ~2.0e1.3 ka, and at ~132 cal yr BP.
Charcoal peaks associated with La Junta and Santa Ana tephra
correlatives within the Lago Negro record (LNT-6 and LNT-3,
respectively) correspond with macroscopically visible concentra-
tions of charcoal fragments immediately underlying these same
tephra in the soil forming environment (see Fig. 3). As for the time
structure of fires (Fig. 9), we identify distinct minima in the Fire
Return Interval (FRI) parameter between ~8.8-5.8 ka and ~2.4e1.3
ka, which resulted from rapid declines preceded by sustained
mutimillennial-scale increases. These FRI minima were contem-
poraneous with the onset of sustained increases in fire frequency.

The pollen record from Lago Negro shows sustained, large-
magnitude increases in Nothofagus, and to a lesser extent Drimys,
during the Holocene maxima in explosive volcanic activity (Figs. 8
and 9). We note that vegetation changes during the older
maximum (~9.5e7.2 ka) included increases in Eucryphia/Caldcluvia
and Poaceae, whereas the younger maximum (~3.6e1.6 ka) fea-
tures the largest increment in Nothofagus, Drimys, CHAR, and fire
frequency, along with declines in all other trees, vines, ferns, and
FRI. This is an interesting difference, considering that Eucryphia/
Caldcluvia and Poaceae are fast-growth, shade-intolerant taxa
capable of exploiting forest gaps generated by disturbance
(Gonzalez et al., 2002; Veblen and Ashton, 1978) and, therefore,
could potentially increase their abundance during the younger
maximum in explosive volcanic activity (that also featured intense
fire activity). This aspect will be discussed in the section titled
Implications for forest ecology, biogeography, and paleoclimate.

4.4. Implications for explosive volcanism at regional scale

LNT-6 and LNT-3 are tentatively correlated with two similarly
13
coarse-grained pumiceous tephra (La Junta [Mm-1] and Santa Ana
[Mm-2] tephras, respectively) sourced from Volc�an Melimoyu and
prominently expressed in andic soil cover-bed sequences described
adjacent to Lago Negro (Fig. 3; Geofffroy et al., 2018). Correlation is
supported by a combination of field attributes including thickness,
constituent componentry and stratigraphic association supported
by the radiocarbon chronology.

LNT-6 and LNT-3 (Figs. 5 and 6) have interpolated ages of ~3.0 ka
(CI: 3.3e2.8 ka) and ~2.0 ka (CI: 2.2e1.8 ka), respectively, in com-
parisionwith ~2.8 ka for Mm-1 (CI: 2.7e2.9 ka) and ~1.6 ka for Mm-
2 (CI: 1.8e1.4 ka). We note that our age estimates are slightly older
than the ages reported by Geoffroy et al. (2018), but their confi-
dence intervals overlap at 95.4%. Consistently older but statistically
insignificant age differences might reflect the sudden penetration
of coarse volcanic ejecta through the benthic boundary layer and
into the lake sediment infill of Lago Negro, following aerial fallout.
Alternatively, there might be a small carbon reservoir age offset,
statistically indistinguishable, affecting our bulk radiocarbon dates.
Younger ages derived from the soil-forming environment might
also result from bioturbation and/or carbon being translocated in
soil solution resulting in down-profile contamination. We rule out
the former given the considerable thicknesses of Mm-1 and Mm-2,
the preservation of intact stratigraphies, and the presence of
common in-situ charcoal layers underneath these tephra (Fig. 3).

While the majority of tephra layers represented within the Lago
Negro cores are likely to be locally sourced from Volc�an Melimoyu,
tephra originating from other (far-field) centers cannot be dis-
counted (see Stern et al., 2015; Weller et al., 2015). Eventually,
systematic comparative glass shard and mineral geochemistry (not
part of this particular study) will resolve correlation and clarify
provenance of these tephra.

Irrespective of tephra provenance, what is immediately evident
from the Lago Negro tephra record is the large discrepancy when
comparing the number of tephra recorded in the lake stratigraphy
(27 cm-thick layers) as opposed to the three macroscopic layers
preserved within the andic soil-forming environment (see Fig. 3). A
similar contrast was discussed by Moreno et al. (2015a) and
Alloway et al. (2017a, 2017b) based on the number of tephra
recorded in the lake sedimentary record from Lago Teo, a small
closed-basin lake located between Volc�an Chait�en and the Chait�en
township, and the cover-bed stratigraphy of volcanic deposits on
the periphery of Volc�an Chait�en. This preservation contrast sug-
gests that high-weathering, intense precipitation-induced surface
erosion and dispersion of tephra deposits in the soil-forming
environment have significantly diminished tephra preservation
potential in this hyper-humid and temperate climate environment.
We note a preservation bias skewed entirely toward coarse-grained
and/or thick tephra deposits preserved within andic soil sequences,
whereas more frequently erupted thinner and/or finer grained
tephra are more susceptible to bioturbation, with tephra compo-
nents dispersed and weathered, then obscured within the soil
profile. While the presence of tephra within the soil forming record
provides a convenient (and first-order) insight into explosive
eruptive activity in this tectonically active region of the Andean
Southern Volcanic Zone, lake records, however, clearly provide a
more detailed and precise record of local and far-field eruptive
activity that will ultimately enable more accurate future evaluation
of geologic hazards within this sector.
4.5. Implications for forest ecology, biogeography, and paleoclimate

Because Lago Negro is the southernmost palynological site from
the Pacific slope of northwestern Patagonia, located in a volcani-
cally active region, it provides a valuable perspective for assessing
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past vegetation responses along environmental gradients since the
last glaciation. The area where Lago Negro is located was fully
covered by westward-flowing glaciers from the PIS through the
LGM and the initial portion of T1. Hence, it is ideal for examining
the patterns and rates of plant dispersal through a newly exposed,
ice-free region along the western Andean foothills during T1 that
may have acted as a north-to south corridor of land biota. This
corridor may have connected the ice-free sectors of the CLD con-
taining putative glacial refugia with the central Patagonian region
that harbored the thickest and most extensive/persistent portion of
the PIS during and since the LGM (Davies et al., 2020).

Our Fig. 10 shows a comparison of key temperate rainforest taxa
from palynological sites located along a ~360 km longitudinal and
~140 km latitudinal transects through northwestern Patagonia,
including one site from central-east IGC (Lago Lepu�e) (Pesce and
Moreno, 2014) (Fig. 1). Modern climate along this north-to-south
transect features a southward decline in temperature and rainfall
seasonality, along with an increase in annual precipitation. On the
other hand, the east-west transect between L. Negro and L. Lepu�e
features a natural gradient the intensity and frequency of explosive
volcanism. We observe the following patterns: (a) synchronous
maxima in Podocarpus nubigena between ~13.0-12.0 ka, the
magnitude of which increases southward; (b) a rise in Weinmannia
Fig. 10. Comparison of selected pollen taxa from Lago Negro with other palynological reco
(Henríquez et al., 2021), L. Proschle [Moreno, 2020], L. Teo [Henríquez et al., 2015], L. Lepu�e [
seven adjacent samples with a triangular filter.
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trichosperma that led to a broad and synchronous peak between
~12.0-10.8 ka, and declined thereafter. (c) An abrupt rise in Eucry-
phia/Caldcluvia that culminated between ~10.0-9.5 ka, followed by
decline and a subsequent increase in the northern sites. We notice
that the southern sites show a modest and delayed increase, fol-
lowed by a gradual decline. We also note that (d) the abundance of
Nothofagus and Myrtaceae are highly variable and do not follow a
common trend among sites. We observe that the Nothofagus
running weighted means are highest in L. Negro over the entire
record, particularly between ~3.6-2.1 ka, and that Myrtaceae is
highest is L. Lepu�e between ~12.0-7.5 ka.

From this comparisonwe conclude that the Podocarpus nubigena
maximum represents a regional response of NPRF to cold/wet
conditions between ~13.0-12.0 ka. This signal gives way to a
Weinmannia trichosperma maximum between ~12.0-10.8 ka that
represents a regional-scale shift in structure and composition of
NPRF communities, driven by disturbance regimes and enhanced
rainfall seasonality. Forest diversification ensued, along with a
rapid rise in the VRF trees Eucryphia/Caldcluvia that led to a
maximum between ~10.0-9.5 ka in response to a regional increase
in temperature and decline in precipitation. The northern sites
show a subsequent increase in Eucryphia/Caldcluvia at ~6.8 ka that
diverges from the rest, and the southern sites exhibit a much
rds from northwestern Patagonia (Lago Pichilafqu�en [Jara and Moreno, 2014], L. Fonk
Pesce and Moreno, 2014]). Each time series is shown with a weighted running mean of



Table 5
Timing for the statistically significant increases in Eucryphia/Caldcluvia andWeinmannia trichosperma in selected northwestern Patagonian sites, based on a
regime shift detection algorithm (Rodionov, 2004).

Weinmannia trichosperma Eucryphia/Caldcluvia

Median age (ka) 2 sigma range (ka) Median age (ka) 2 sigma range (ka)

Lago Pichilafqu�en 12.5 12.9e12.3 10.0 10.2e9.8
Lago Fonk 12.0 12.3e11.5 10.2 10.4e10.0
Lago Proschle 12.8 12.9e12.6 10.3 10.4e10.1
Lago Negro 12.1 12.3e11.8 9.2 9.4e9.0
Lago Lepu�e 11.2 11.4e10.9 8.7 8.9e8.5
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attenuated and delayed increase (see below). Available chronolo-
gies indicate that: (i) the P. nubigena maximum at ~12.8 ka was
synchronous throughout the region; (ii) the rise W. trichosperma at
~12.3 ka was synchronous, within confidence intervals, in the An-
dean sites (except for Lago Proschle which shows the oldest in-
crease at ~12.9 ka) (Moreno, 2020) but occurs ~1000 years later in
IGC (~11.2 ka) (Table 5); and (iii) the decisive rise in Eucryphia/
Caldcluvia at ~10.2 ka led to a simultaneous maximum of compa-
rablemagnitude in the northern and central portion of the transect,
whereas the southern sites (L. Negro and L. Lepu�e) feature modest
increases more than 1000 years later (Table 5). A comparison be-
tween L. Negro and L. Lepu�e reveals that Nothofagus and
W. trichosperma exhibit similar trends but the percent abundance of
these taxa is highest in L. Negro, aspect we attribute to the higher
frequency and severity of volcanic disturbance regimes that favored
the abundance of these opportunistic shade-intolerant trees (Lusk,
1999; Veblen and Ashton, 1978; Veblen et al., 1996) in the Andean
sector. An opposite pattern is evident in the slow-growth shade-
tolerant Myrtaceae (Armesto, 1988; Guti�errez et al., 2008; Veblen
and Ashton, 1978) in central-east IGC, which reaches the
maximum abundance among all sites during the early Holocene,
underscoring its ability to dominate NPRF in humid sectors with
low magnitude and frequency of disturbance events.

We note that the timing for the Podocarpus nubigena maximum
and the Weinmannia trichosperma rise in northwestern Patagonian
sites are nearly identical to the results reported by Haberle and
Bennett (2004), based on two lake records from Archipi�elago de
los Chonos (ACH). This sector is located ~140 km southwestward
from Lago Negro, within the northern limit of the central Patago-
nian channels. We also note that Eucryphia/Caldcluvia is absent in
the ACH sites, establishing latitude ~44�S as the southernmost
documented distribution limit for these VRF trees along the Pacific
sector of Patagonia during the Holocene. The palynology of Lago
Negro starts with closed-canopy NPRF and the highest abundance
of cold-tolerant and hygrophilous conifers (Fitzroya/Pilgerodendron,
Podocarpus nubigena) in the entire record. These results indicate
that mixed NPRF communities thrived in the periphery of Glaciar
Rosselot between ~14.6-12.7 ka during its ACR maximum, ac-
counting for the conspicuous absence of pollen assemblages char-
acteristic of primary succession plant communities in newly
deglaciated terrains immediately after the glacier margin ceased to
block the northeastern valley and deliver meltwater into Lago
Negro at ~12.7 ka. This interpretation implies that NPRF trees
reached the La Junta sector of CC sometime between ~16.8-14.6 ka,
and established closed-canopy forests having floristic compositions
and exhibiting vegetation changes nearly identical and contem-
poraneous to sites located along the final LGM margin of the PIS,
and beyond.

We propose that plant colonization and expansion along the
~360 km long corridor through the Pacific slope of northwestern
Patagonia was extremely rapid, to the point that the chronology for
key palynological events (declining Fitzroya/Pilgerodendron and
15
Podocarpus nubigena maxima, abrupt increase in Weinmannia tri-
chosperma that reached a synchronous maximum, the presence of
Nothofagus, Myrtaceae and Tepualia stipularis) in the oldest por-
tions of Lago Negro is indistinguishable from other sites throughout
the region. One possible exception is Eucryphia/Caldcluvia, which
appears in trace abundance in Lago Negro (the southernmost pol-
len record in CC) as early as ~12.5 ka, and shows its first statistically
significant increase at ~9.2 ka (Table 5). We point out, however, that
a modest, gradual, variable, and non-significant increase is evident
between ~10.1-9.2 ka, during which Eucryphia/Caldcluvia rose to a
maximum of 4.8%. A similar situation occurs in the L. Lepu�e record,
the southernmost pollen record under analysis, located in central-
east IGC on the western side of Golfo Corcovado, where a statisti-
cally significant increase at ~8.7 ka was preceded by its first
appearance at ~11.3 ka, a permanent presence starting at ~10.6 ka
followed by reversible fluctuations that peaked at ~9.2 kawith 7.8%.
These data suggest that the abundance of the tree Eucryphia/Cald-
cluvia was increasing in the vicinity of L. Negro and L. Lepu�e at the
same time as other sites in the region, but its decisive expansion
was limited by environmental constraints, possibly insufficiently
high temperature and rainfall seasonality at the southernmost
range of its distribution during its Early Holocene expansion. In the
case of L. Negro, its sudden expansion at ~9.2 ka may represent a
non-linear increase in response to the establishment of suitable
climate conditions catalyzed by volcanic disturbance associated
with the deposition of LNT23. In the case of L. Lepu�e, the statisti-
cally significant increase occurred ~500 years later and was not
catalyzed by disturbance related to explosive volcanism.

An alternative migration route may involve a northwest-to-
southeast corridor connecting IGC with the Chilo�e Continental re-
gion through Golfo Corcovado. This ~80 km stretch of sea lacks
islands that may have acted as stepping stones, however, detailed
bathymetric surveys detected a broad shallow sector between ~50
and ~75 m below sea level, located west of the mouth of Río Palena
and east of Islotes Queitao (Fig. 1) (Rodrigo, 2006). This flat sector
extends northwest toward IGC and may have served as a discon-
tinuous land bridge once the Golfo de Corcovado ice lobe aban-
doned this seaway between ~17.8-16.8 ka, and just before the onset
of meltwater pulse 1a at ~14.5 ka which involved a rapid deglacial
sea level rise of �40 mm/yr (Lambeck et al., 2014). Critical assess-
ment of this hypothetical route requires better understanding of
the timing and rates of glacial withdrawal and vegetation coloni-
zation from southernmost IGC, as well as the timing andmagnitude
of isostatic adjustments of the Golfo Corcovado sea floor following
the LGM.

The Lago Negro record shows increases in Nothofagus and NPRF
conifers following the Early Holocene maximum in Eucryphia/
Caldcluvia, in agreement with coastal sites around Seno Reloncaví
and central-east IGC (Abarzua and Moreno, 2008; Abarzua et al.,
2004; Moreno, 2004, 2020; Moreno and Leon, 2003; Moreno and
Videla, 2016; Pesce and Moreno, 2014) (Figs. 8e10). This vegeta-
tion change suggests a shift toward cooler, wetter conditions that
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have persisted until the present with centennial-scale variations. In
the case of L. Negro, Nothofagus rose to absolute dominance in
detriment of all shade-tolerant trees and vines, a trend that
accentuated between ~3.6-1.6 ka during a peak in explosive
volcanism and fire activity. Notable declines are also evident in the
shade intolerant VRF tree Eucryphia/Caldcluvia, despite its capa-
bility to exploit forest gaps generated by disturbance and resprout
after fires (Escand�on et al., 2013; Gonzalez et al., 2002), suggesting
that the predominant cold/wet conditions suppressed its increase
at that time.

The timing, direction, and rates of vegetation signals revealed by
the Lago Negro record, and five other sites throughout north-
western Patagonia, afford constraints for deciphering the post-
glacial expansion of rainforest taxa into the newly deglaciated
sectors of the CLD, IGC, and CC. We acknowledge, however, that
these emerging patterns are based on very few detailed records,
unevenly distributed over a highly diverse climatic and orographic
setting. A reasonable expectation from hypotheses stressing
discrete glacial refugia located far from the PIS is the gradual and
sequential appearance of migrants along increasingly distant sites
from the putative refugia. This would particularly be the case if
geographic, ecologic, and/or climatic barriers to dispersal or gene
flow were present throughout the region. In this paper we observe
the synchronous appearance (within dating uncertainties) of key
rainforest taxa between ~12.7-9.0 ka over a ~50,000 km2 region
that includes areas that remained ice-free, areas overrun by the PIS
during the LGM, and an interior sea that developed during T1. This
suggests a geologically instantaneous spread of rainforest trees,
possibly contemporaneous and in direct association with the
receding PIS margins during T1. We think this aspect is not
adequately accounted by hypothesis stressing postglacial expan-
sion from discrete refugia located far away from the PIS margins
during the LGM. Instead, we envisage that scattered, discontinuous,
low-density populations of rainforest tress along the periphery of
the PIS (not necessarily detected in genetic studies of extant spe-
cies) closely followed the receding ice margins toward the Andes of
CC during T1.

Our results suggest that plant migration rates throughout
northwestern Patagonia (40�S-44�S) fall within the “very rapid”
range documented in Europe for early successional trees (Feurdean
et al., 2013). One difference with the European analysis, however, is
that the distances involved are much smaller (~360 km) and,
therefore, the process took place within essentially the same cli-
matic zone. Analyses over a broader, sub-continental scale region
involving northwestern, central-western, and southwestern Pata-
gonia, may offer latitudinal transect (~1600e1800 km) more com-
parable with the European situation, with alternative eastern
sources for migrant tree species (Henríquez et al., 2017; Moreno
et al., 2019; Vilanova et al., 2019; Villa-Martinez et al., 2012). A
better coverage of detailed and informative palynological sites
throughout northwestern Patagonia, as well as plant macrofossil
records, and reliable proxies of present and past genetic diversity of
key rainforest species, e.g. metabarcoding of sedimentary DNA (Epp
et al., 2015; Giguet-Covex et al., 2019; Sj€ogren et al., 2017), will help
constrain the spatial and temporal dynamics of the vegetation and
shifts in genetic diversity in the region through space and time, and
examine evolutionary processes.
5. Conclusions

1. Lago Negro functioned like a proglacial threshold lake, receiving
meltwater discharge from an ice tongue that originated from
Monte Queulat and covered Lago Rosselot during its expanded
ACR position. We informally refer to this ice tongue as Glaciar
16
Rosselot. Glacier recession rerouted the meltwater toward the
Río Rosselot Valley, marking the onset of organic sedimentation
in a closed-basin environment in LagoNegro starting at ~12.7 ka.
A subsequent stabilization of Glaciar Rosselot led to the depo-
sition of the Lago Rosselot terminal moraines and associated
outwash plain, presumably during YD time.

2. The Lago Negro record features 27 tephra with a distinct clus-
tering of 11 layers between ~9.5-7.2 ka and 9 layers between
~3.6-1.6 ka, which define two maxima in explosive volcanic
activity in this sector of northwestern Patagonia. These findings
differ from the cover bed stratigraphy in the same region, which
detected only 3 equivalent-aged macroscopic tephra layers in
the soil forming environment. We posit that high-weathering
and intense precipitation-induced erosion and dispersion of
tephra taking place at the ground surface in the hyperhumid and
temperate climate of northwestern Patagonia significantly di-
minishes the preservation potential for tephra in the soil-
forming environment.

3. The pollen record shows closed-canopy NPRF since ~12.7 ka,
with variations in species composition and structure that sug-
gest dynamic responses of the vegetation to past environmental
changes. We detect high abundance of Podocarpus nubigena and
Fitzroya cuppresoides between ~12.7-12.0 ka we interpret as
colder/wetter conditions than present. This signal gives way to a
Weinmannia trichosperma maximum between ~12.0-10.8 ka
driven by disturbance regimes and enhanced rainfall season-
ality. Forest diversification ensued, along with a rise in the VRF
trees Eucryphia cordifolia and/or Caldcluvia paniculata that led to
a maximum between ~10.0-9.5 ka in response to a regional in-
crease in temperature and precipitation seasonality. Subsequent
increases in Nothofagus and NPRF conifers suggests a shift to
cold/wet conditions that have persisted until the present.

4. Vegetation responses to climate in the Lago Negro record were
modulated, sometimes interrupted, by the magnitude and fre-
quency of disturbance regimes. This is most notably the case
during the maxima in explosive volcanic activity between ~9.5-
7.2 ka and ~3.6e1.6 ka. During the latter fire activity and
Nothofagus achieved their maximum.

5. When compared against other sites throughout the region we
identify a distinct north-to-south gradient in temperature and
precipitation, with colder/wetter conditions in the southern
sectors, and a west-to-east gradient in disturbance regimes,
with maximal frequency/magnitude of explosive volcanic
events in the eastern sector. Together with climate change, these
environmental gradients have shaped the composition, struc-
ture, and dynamics of the rainforest vegetation over the last
~12,700 years.

6. We find negligible differences in timing for the majority of key
vegetation signals during the initial phase of the Lago Negro
record throughout the region, and conclude that plant coloni-
zation and expansion along the ~360 km long corridor along the
Pacific slope of northwestern Patagonia was a rapid process. We
posit that the early expansion of rainforest trees over Chilo�e
Continental was near-synchronous with the receding glacier
margins through T1, with potential lags in the order of a few
centuries.

7. Our results suggest that plant migration rates throughout
northwestern Patagonia (40�S-44�S) fall within the “very rapid”
range documented in Europe (40�N-70�N) for early successional
trees during T1. Unlike the European case, the northwestern
Patagonian process took place over a limited geographic range
within, essentially, the same climatic zone.
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