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A B S T R A C T   

We examine the glacier, terrestrial ecosystem, and climate evolution since the Last Glacial Termination (T1) 
based on glacial sediments/landform assemblages and palynological data from the Chilotan archipelago 
(41◦30′S-43◦30′S), northwestern Patagonia. Deglacial warming drove recession of the Golfo Corcovado glacier 
lobe from the Last Glacial Maximum moraines in the interior of Isla Grande de Chiloé (IGC) before ~17.8 ka, 
along with a rapid and irreversible trend toward arboreal dominance. Subsequent glacier stabilization led to 
deposition of the innermost moraines in eastern IGC and adjacent islands sometime between ~17.5–16.9 ka, 
followed by an acceleration in glacial retreat that vacated the Chilotan Interior Sea in ~200 years or less. Early 
successional cold-tolerant shade-intolerant trees prevailed during the initial stages of T1, followed by temperate 
rainforests dominated by thermophilous shade-tolerant species between ~15–14.5 ka. A mixed forest with cold- 
tolerant hygrophilous conifers established between ~14.5–12.6 ka, implying cooler climate and stronger 
Southern Westerly Wind (SWW) influence during the Antarctic Cold Reversal. Stand-replacing fires favored early 
successional shade-intolerant trees, shrubs, and herbs between ~12.6–10.8 ka in response to milder temperatures 
and weaker SWW during Younger Dryas time. The early Holocene (~10.8–7.5 ka) features a maximum in shade- 
intolerant thermophilous trees, absence of conifers, and peak fire activity, signaling a warm/dry interval with 
minimum SWW influence. Cooler/wetter conditions have prevailed over the last ~7500 years driven by strong 
SWW influence. We conclude that Patagonian glaciers and terrestrial ecosystems responded simultaneously to 
climate changes at regional, hemispheric, and global scales multiple times since T1. We adhere to the concept 
that millennial-scale variations in the SWW linked the response of the hydro- bio and cryosphere across the 
southern mid- and high southern latitudes, and were teleconnected with northern hemisphere events through the 
atmospheric concentration of greenhouse gases, latitudinal shifts in the Intertropical convergence zone, and deep 
ocean circulation.   

1. Introduction 

The Pacific sector of northwestern Patagonia (40◦-44◦S) is key for 
studying the causes and consequences of climate change in the middle 
latitudes of the Southern Hemisphere during and since the Last Glacial 
Maximum (LGM: ~35–18 cal ka BP, cal ka BP = 1000 calibrated years 
before present, present = 1950 CE). Together with New Zealand's South 
Island, Tasmania, and a handful of other subantarctic islands, these re-
gions constitute the only landmasses that intercept the Southern 

Westerly Winds (SWW) in the latitudinal range between 40◦S and 60◦S. 
Studies of glacier fluctuations and terrestrial ecosystem changes in these 
terrestrial environments afford valuable data for deciphering the timing 
and structure of atmospheric temperature and precipitation changes 
through the last glacial-interglacial cycle. 

The SWW are a critical component of the climate system because 
they drive the Antarctic Circumpolar Current and upwelling of CO2- 
enriched deep waters in the Southern Ocean which, in turn, impact high- 
latitude organic productivity, oceanic and atmospheric circulation, and 
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radiative forcing at regional, hemispheric, and global scales (Anderson 
et al., 2009; Sigman and Boyle, 2000; Toggweiler et al., 2006). Hence, 
resolving the evolution of the SWW using terrestrial records from these 
southern mid-latitude landmasses offers empirical constraints for un-
derstanding the sequence of atmospheric changes involved in the tran-
sition from the LGM to the present, and natural variability through the 
current interglacial in the centennial to multi-millennial time band-
widths. Past changes in SWW influence over different sectors of western 
Patagonia have been proposed as drivers of vegetation and fire-regime 
changes during the LGM and the Last Glacial Termination (Termina-
tion 1 = T1, ~17.8–11.5 ka) (Henríquez et al., 2021a; Moreno, 2020; 
Moreno et al., 2018; Pesce and Moreno, 2014; Vilanova et al., 2019; 
Villa-Martínez and Moreno, 2021), millennial and centennial-scale 
variability in Holocene hydroclimate (Henríquez et al., 2021b; Lamy 
et al., 2001; Moreno, 2004; Moreno et al., 2021b; Van Daele et al., 
2016), fluctuations of Andean glaciers (Kaplan et al., 2016; Reynhout 
et al., 2019; Sagredo et al., 2021), the distribution of explosive volcanic 
products from Andean eruptive centers (Alloway et al., 2018; Alloway 
et al., 2017b; Alloway et al., 2021), among other phenomena. Empirical 
and modeling studies have stressed the importance of the SWW as the 
critical missing link relating insolation, glaciers and ice sheets, atmo-
spheric greenhouse gas concentrations, shifts in the Intertropical 
Convergence Zone and ocean circulation at global scale during ice age 
terminations (Denton et al., 2021). A recent study identified fluctuations 
of a northern Patagonian glacier (Soteres et al., 2022a) whose timing 
and direction not only match glaciers further south in the austral Pata-
gonian Andes (>47◦S), but also northern mid-latitude glaciers. This 
finding goes counter to the expectation of antiphased behavior accord-
ing to the thermal seesaw established by Atlantic Meridional Over-
turning Circulation and, instead, suggest in-phase interhemispheric 
changes through a cascade of processes that involve the SWW, the 
Southern Ocean, high-latitude deep upwelling, the atmospheric con-
centration of CO2, and latitudinal shifts in the Intertropical Convergence 
Zone. 

Here we examine fluctuations of the Golfo Corcovado ice lobe and 
the vegetation, fire-regime, and climate evolution since the LGM uti-
lizing glacial geology along with pollen and macroscopic charcoal re-
cords from two sites in the Chilotan archipelago sector of northwestern 
Patagonia (41′30◦-43◦30′S) (Fig. 1). These data allow assessment of the 
following questions: (1) When did land plants expand into the newly 
deglaciated landscapes during T1? (2) What do the composition, timing, 
and rate of plant colonization during T1 inform us about the geographic 
source of migrants, expansion routes, and physical constraints for the 
early plant colonizers? (3) When did deglacial warming reach its 
maximum/maxima? (4) Is there evidence for climate reversals at 
millennial timescales since T1? (5) How did the SWW influence vary 
since T1? and (6) What are the regional, hemispheric, and global im-
plications of these findings? 

1.1. Regional setting 

Northwestern Patagonia includes a northern mainland sector, 
commonly known as the Chilean Lake District, the Chilotan archipelago 
to the south, and the Chiloé Continental sector to the southeast (Fig. 1). 
The latter corresponds to Cordillera de los Andes bounded by the Chi-
lotan Interior Sea to the west and Argentinean territories to the east. 
Glaciers and icefields occur on the highest Andean summits (2000–2800 
masl), some of them resident upon large stratovolcanoes. The Cordillera 
de la Costa runs parallel to the Pacific coast, is unglaciated and volca-
nically inactive; it is separated from the Andes by the Valle Longitudinal, 
a north-south trending tectonic depression that exhibits a southward 
decline in elevation to the point of sinking below sea level at latitude 
~43◦30′S. The Valle Longitudinal is present throughout central and 
southern Chile (34◦-41◦S) and meets its southern limit at the Seno 
Reloncaví portion of the Chilotan Interior Sea (Fig. 1). Volcanism in 
northwestern Patagonia 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 Liquiñe-Ofqui fault system 
in Chile between 38◦S and 46◦S. 

The present-day climate in the Pacific sector of northwestern Pata-
gonia is temperate and wet, with a mean annual temperature of 10.5 ◦C, 
10 ◦C, and 8.2 ◦C, along with mean annual precipitation of 1318, 1823, 
and 3198 mm/yr according to historic records acquired from the Osorno 
(40◦35’SS, 73◦06′W, 55 masl), Puerto Montt (41.46◦S, 72.93◦W, 90 
masl), and Puerto Puyuhuapi (44◦19′S 72◦33′W, 10 masl) meteorolog-
ical stations, respectively (http://explorador.cr2.cl/). Northwestern 
Patagonia is under the influence of the SWW, which deliver year-round 
precipitation with a maximum during winter (June, July, August) and a 
decline during summer (December, January, March). This seasonality 
results from a southward contraction of the SWW to latitudes south of 
~48◦S during summer, and a northward expansion during winter 
(Garreaud et al., 2013). The mountainous terrain of northwestern 
Patagonia causes local precipitation maxima on the western slopes 
(orographic precipitation) and lower precipitation on the eastern slopes 
and downwind sectors (rain shadow effect), inducing a marked zonation 
of the vegetation at a regional scale. Sites located north of Río Maullín 
(~41◦20′S) in the Valle Longitudinal of the Chilean Lake District expe-
rience the rain shadow effect of Cordillera de la Costa (Moreno et al., 
2018) (Fig. 1), an influence that is also present but moderated in central- 
east and southeastern IGC by its lower elevation. 

The temperate high-rainfall regime of northwestern Patagonia sus-
tains broadleaved temperate rainforests from sea level up to the 
timberline (1000–1200 m.a.s.l.). The structure and floristic composition 
of present-day vegetation afford modern analogues for interpreting 
paleovegetation, paleoclimate, and vegetation dynamics based on fossil 
pollen records. Three evergreen forest communities have been distin-
guished on the basis of their floristic composition in the Chilotan ar-
chipelago: the Valdivian, North Patagonian, and Subantarctic 
rainforests. The composition and distribution of these plant commu-
nities has been addressed in seminal monographs (Oberdorfer, 1960; 
Schmithüsen, 1956) and subsequent refinements (Heusser, 1966; 
Heusser et al., 1999; Villagrán, 1980, 1985). Our Fig. 2 that shows a 
simplified map with the altitudinal distribution of the most relevant 
plant communities along a swath through Archipiélago de Chiloé and 
Chiloé Continental, based on elements discussed in the above mentioned 
studies. Although these forest communities share many trees, shrubs, 
epiphytes, woody climbers, lianas, ferns, and bryophytes, the presence 
of key diagnostic taxa enables their distinction in palynological records 
(Heusser, 1966; Heusser et al., 1999; Villagrán, 1985, 1988b). The trees 
Eucryphia cordifolia and Caldcluvia paniculata are characteristic of 
Evergreen Valdivian rainforest (EVRF) communities, which dominated 
the lowland sectors (<250 masl) and adjacent foothills in northwestern 
Patagonia before historic settlement. Climate conditions in these sectors 
feature relatively high temperatures and pronounced summer precipi-
tation declines. Evergreen North Patagonian rainforests (ENPRF) share 
many taxa with the EVRF including species of the families Nothofaga-
ceae, Myrtaceae (e.g., species of the genera Amomyrtus, Luma, Myrceu-
genia), Proteaceae (e.g. Lomatia spp., Gevuina avellana, Embothrium 
coccineum), epiphytes and lianas (Hydrangea serratifolia), and are located 
at higher elevations (>250 masl) in Cordillera de la Costa under cooler 
and wetter conditions. These communities are distinguishable from the 
EVRF in pollen records by the absence of Eucryphia cordifolia and by the 
presence of cold-tolerant hygrophilous conifers of the family Podo-
carpaceae (Podocarpus nubigena and Saxegothaea conspicua) and 
Cupressaceae (Fitzroya cupressoides and Pilgerodendron uviferum) that co- 
occur with cold-tolerant hygrophilous angiosperm trees at elevations 
>450 masl. Evergreen Subantarctic forests (ESAF), typically dominated 
by Nothofagus betuloides, cupressaceous and podocarpaceous conifers, 
along with Drimys winteri, Tepualia stipularis and Desfontainia fulgens, 
occur on the windswept channels of central Patagonia and in cold/ 
hyperhumid environments in Isla Grande de Chiloé (IGC), including the 
Cordillera de la Costa where they are subject to seasonal snow cover 
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Fig. 1. Map of the study area (40◦S-44◦S) showing the location of Lago Oqueldán, Pantano Pindal, and other sites mentioned in the main text.  

P.I. Moreno et al.                                                                                                                                                                                                                               



Earth-Science Reviews 235 (2022) 104240

4

under cold and wet conditions. These forests intermingle with cushion 
bogs of the Magellanic Moorland complex on the mountaintops of 
Cordillera de la Costa (Ruthsatz and Villagrán, 1991) and southwestern 
lowlands in areas with impeded drainage. High Andean vegetation 
dominates the landscapes above the treeline, located between 1000 and 
1200 m.a.s.l. in Chiloé Continental, and constitutes a sparsely vegetated 
unit with isolated trees of the species Nothofagus antarctica immersed in 
a herbaceous matrix dominated by Poaceae, Asteraceae, Apiaceae, 
Gunnera, and heath (species of the genera Pernettya, Empetrum). Low 
temperatures, strong winds, and prolonged and abundant snow cover 

constitute limiting factors for the occurrence of woodlands and forests in 
this harsh environment. 

1.2. Regional quaternary history 

The Patagonian Ice Sheet (PIS) covered the southern Andes during 
the LGM, reaching the Pacific coast from IGC southward to Cape Horn 
(Davies et al., 2020; Holling and Schilling, 1981). The PIS featured 
westward-flowing piedmont glacier lobes in the lowlands of north-
western Patagonia (41◦-44◦S), from north to south: the Lago Llanquihue, 

Fig. 2. Simplified map of the altitudinal zonation of the native vegetation in the Pacific sector of Northwestern Patagonia. a) Position of the west-east transect (A-A') 
through Archipiélago de Chiloé, the Chilotan Interior Sea, and Chiloé Continental. b) Maximum (black line) and minimum (gray line) altitudinal profiles across the 
relief units through the transect. The dashed blue line shows the inferred position of the Equilibium Line Altitude in the Andes of Chiloé Continental. The definition 
and distribution of the vegetation units are based on elements discussed in previous studies (Heusser, 1966; Heusser et al., 1999; Oberdorfer, 1960; Schmithüsen, 
1956; Villagrán, 1980, 1985). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Seno Reloncaví, Golfo Ancud, and G. Corcovado ice lobes (Denton et al., 
1999b; Lowell et al., 1995) (Fig. 1). Numerous small closed-basin lakes 
occur in association with deposits and geomorphic features left by these 
glacier lobes, enabling study of lake sediments to unravel the environ-
mental and climatic history during and since the LGM. 

The Chilotan archipelago includes about 40 islands, the largest and 
westernmost of which is IGC, currently separated from the mainland by 
the narrow Canal de Chacao seaway on its northern limit, the Chilotan 
Interior Sea to the east, and the Boca del Guafo seaway to the south 

(Fig. 1). Denton et al. (1999) published detailed mapping, analysis of 
stratigraphic sections, and radiocarbon dating of glacial landforms from 
the northeastern portion of IGC, corresponding to the termini of the 
Golfo Ancud and G. Corcovado piedmont glacier lobes. Subsequent 
studies extended the mapping into central IGC (García, 2012; García 
et al., 2021), and most recently Soteres et al. (2022b) published a 
ground-truthed glacial geomorphology of the central and southern 
portions of IGC that overlaps with the Denton et al. (1999) mapping of 
the northeastern sectors encompassing, together, IGC in its entirety. In 

Fig. 3. Glacier limits during the last glaciation in the Chilotan archipelago. The solid lines portray, in a simplified manner, glacier margins of the Golfo Corcovado 
glacier lobe according to Soteres et al. (2022b). The dashed lines represent the outer limits of glacier margins deposited by the Golfo Corcovado and Golfo Ancud 
glacier lobes according to Denton et al. (1999). Also shown are radiocarbon-dated sites discussed in the text. The gray-filled sector west of COR4 in central IGC 
represents the area flooded by ice-dammed Lake Castro during T1. 
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combination, these studies afford a unified field-based framework for 
studying the landscape, climate, and ecosystem evolution through the 
last ice age in IGC, and establish a base for examining the transition from 
a land-terminating to a marine-terminating southern mid-latitude ice 
sheet. 

Soteres et al. (2022b) distinguished four marginal positions of the 
Golfo Corcovado ice lobe in IGC (Fig. 3), defined by successive glacial 
and glaciofluvial landforms along a west-to-east axis. The westernmost 
and outermost margins (COR1 and COR2) were mainly butted against 
the eastern flank of Cordillera de la Costa in central and southern IGC, 
without reaching the Pacific coast. The next inner glacial limit (COR3) 
formed outwash plains east of Cordillera de la Costa and represents a 
stabilized position that runs north-to-south, approximately through the 
mid portion of central and southern IGC, turning southwestward in the 
southern third of the island. The innermost glacial limit (COR4) com-
prises prominent ice-contact slope and moraine ridges extending along 
the eastern and southern rim of IGC, crossing Isla Quinchao, I. Lemuy 
and I. Tranqui. This ice-front position could account for the formation of 
ice-dammed lake Castro (Soteres et al., 2022b) in the Castro-Dalcahue 
area (Heusser and Flint, 1977) and, therefore, suggests that the Golfo 
Corcovado ice lobe experienced a stepwise retreat from the east coast of 
central IGC after the onset of T1. 

Stratigraphic sections indicate two overriding glacier events that led 
to successive maxima in the central-east and northeastern sectors of IGC 
during Marine Isotope Stage 2 (Denton et al., 1999; Heusser, 1990; 
Moreno et al., 2015). The oldest of these advances is constrained by 
maximum radiocarbon dates from the top of the Teguaco section, which 
yielded a pooled mean age of 22,464 ± 47 14C yr BP (~26.7 ka) (Fig. 3). 
Similarly, the youngest of these advances is constrained by multiple 
radiocarbon dates from the top of the Dalcahue section, which affords a 
pooled mean age of 14,787 ± 21 14C yr BP (~18.1 ka). Minimum 
limiting ages as old as ~18.2 ka from multiple lakes and bogs in central- 
east IGC indicate ice-free conditions throughout eastern IGC (Heusser 
et al., 1995, 1996; Pesce and Moreno, 2014). Rapid deglaciation from 
COR4 through the interior sea led to ice-free conditions in coastal Chiloé 
Continental at ~16.7 ka (Moreno et al., 2015), punctuated by a halt/ 
readvance of the Lago Rosselot glacier near the Andean divide that 
terminated just before ~12.7 ka (Moreno et al., 2021b), followed by 
recession to the valley headwalls adjacent to the Queulat ice cap, just 
east of Puyuhuapi (Figs. 1, 3). 

Palynological studies in IGC started ~50 years ago (Godley and 
Moar, 1973) and have increased in number, breadth, and depth (Abar-
zua and Moreno, 2008; Heusser, 1990; Heusser et al., 1995; Heusser and 
Flint, 1977; Heusser and Heusser, 2006; Heusser et al., 1999; Heusser 
et al., 1981; Pesce and Moreno, 2014; Villagrán, 1985, 1988a, 1988b, 
1990, 2001). Most of those studies are based on stratigraphic sequences 
obtained from bogs or outcrops of interstadial or Holocene age, and only 
three from sites that have remained as lakes throughout the entirety of 
their record. One caveat of palynological records from bogs, however, is 
that they tend to over represent the azonal vegetation growing on the 
site's surface, offering a skewed or blurred picture of the extra-local 
vegetation. Moreover, transitions from lake (subaqueous deposition) 
to bogs (subaerial deposition) as a consequence of sediment filling or 
lake-level decline often involve palynological changes that exaggerate 
the local edaphic and hydrologic transitions to the detriment of climate- 
driven changes in the upland vegetation. Furthermore, the organic-rich 
deposits from bogs may be combusted by in-situ wildfires that occur 
when extended negative hydrologic balance conditions lower the local 
water table, potentially producing obliterated or intermittent strati-
graphic records. More recent studies have focused on sedimentary re-
cords retrieved from small closed-basin lakes (Abarzua and Moreno, 
2008; Abarzua et al., 2004; Pesce and Moreno, 2014), offering the po-
tential to develop continuous, uninterrupted time series of past vege-
tation and fire-regime changes at relatively small spatial (a few km2) and 
temporal scales (decadal to millennial). This type of site also allows for 
the examination of the simultaneous evolution of terrestrial and aquatic 

ecosystems in response to past environmental changes, including 
disturbance regimes and climate change. 

Palynological records from IGC were first to document plant species 
characteristic of Magellanic Moorland communities during the LGM in 
low-elevation sites (Villagrán, 1988a, 1990), which led to the inter-
pretation of enhanced precipitation delivered by stronger-than-present 
SWW at that latitude. Most studies show an afforestation trend and 
disappearance of Magellanic Moorland after the LGM, which led to the 
establishment of evergreen temperate rainforests (Abarzua and Moreno, 
2008; Abarzua et al., 2004; Heusser, 2003; Heusser et al., 1999; Pesce 
and Moreno, 2014; Villagrán, 1985, 1988b, 1990, 2001). Pollen evi-
dence of compositional changes in these rainforests have led to the 
recognition of temperature and precipitation changes during T1, and a 
warm/dry interval during the early Holocene (~11–7.5 ka) (Moreno 
et al., 2010; Moreno et al., 2021a). Limited stratigraphic and geochro-
nologic control, along with the coarse temporal resolution of key re-
cords, however, limits replicability and recognition of precise spatial 
and temporal patterns of vegetation and climate signals in the centennial 
to millennial time bandwidths. Furthermore, a deliberate focus on the 
LGM and/or T1 history has led to an understudied Holocene record. 

2. Materialsandmethods 

2.1. Geomorphology 

We produced geomorphology maps to outline former glacier front 
positions throughout IGC and extracted the polygons directly relevant 
for understanding the contexts where the Lago (spanish term for Lake) 
Oqueldán and Pantano (spanish term for bog) Pindal sites are located. 
We identified the most prominent ice-marginal features using aerial 
photographs (GEOTEC, 1:70,000 spatial scale) and satellite imagery 
provided by Google Earth (2016 Cnes/SPOT, ~15 m spatial resolution), 
SENTINEL-2 (~10 m spatial resolution), and ESRI Imagery (2017, Ter-
raColor, ~15 m spatial resolution and SPOT, ~2.5 m spatial resolution). 
We identified minor geomorphic features using digital elevation models 
produced by the Advanced Land Observatory Satellite (ALOS Palsar, 
~12.5 m spatial resolution). We ground-truthed successive versions of 
the geomorphology maps and interpretations through several field 
campaigns between years 2016 and 2019. 

Lago Oqueldán is a small (~9 ha) low-elevation (~24 masl) closed- 
basin lake located on the southeastern sector of IGC (43◦05′57”S, 
73◦30′8”W), ~10 km east of Quellón (Figs. 1, 3) Pantano Pindal is a 
small (~21 ha) low-elevation (~50 masl) bog in Isla Lemuy (42◦37′45“, 
S 73◦39’7”W), ~50 km north of Lago Oqueldán (Figs. 1, 3). Isla Lemuy is 
separated from the central-east sector of IGC by Canal Yal, a narrow (~1 
km) and shallow northwesterly trending channel. 

2.2. Stratigraphy 

We conducted a survey of L. Oqueldán with the aid of a GPS-enabled 
chart plotter sonar to select the deepest sector of the lake, where we 
obtained multiple, overlapping piston cores using a 7.5-cm diameter 
plexiglass water-sediment interface corer and a 5-cm diameter modified 
Livingstone corer. In the case of Pantano Pindal we conducted a survey 
of the sediment thickness along multiple transects using steel probe rods 
and selected the sector having the thickest accumulation of sediments to 
obtain a suite of overlapping cores. All sediment cores were stored at 
4 ◦C at the Quaternary Paleoecology Laboratory of Universidad de Chile 
immediately after retrieval, subsequently X-radiographed to document 
the stratigraphy and potential stratigraphic 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. 

P.I. Moreno et al.                                                                                                                                                                                                                               



Earth-Science Reviews 235 (2022) 104240

7

2.3. Chronology 

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 calibrated these and all 
previously published dates cited throughout the text using the SHCal20 
calibration dataset included in CALIB 8.0 (Stuiver et al., 2021), and 
developed a Bayesian age models on the calibrated dates and tephra-free 
depths using the Bacon package for R (Blaauw and Christen, 2011). 

2.4. Palynology 

We studied the palynology from both sites following standard pro-
cedures for organic-rich carbonate-free lake sediments (Faegri and 
Iversen, 1989). These results are shown in percentage diagrams and 
organized in life forms and habitat occurrence (arboreal, non-arboreal, 
aquatic, microscopic algae). The terrestrial pollen sum includes the 
pollen counts of arboreal and non-arboreal land plants; their percentage 
abundance is calculated in reference to this sum. The aquatic pollen sum 
includes paludal plants and macrophytes; their percentage abundance is 
expressed in reference to the terrestrial and aquatic pollen sum. 

Pteridophytes are summed separately, and their percentage is calculated 
relative to the sum of spores plus terrestrial and aquatic pollen. Likewise, 
we calculated the abundance of the alga Pediastrum in reference to the 
latter sum. 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. 

2.5. Local fire history 

We tallied macroscopic charcoal particles (>106 mm) from 2-cc 
sediment samples obtained from continuous contiguous 1-cm thick 
sections throughout the sediment cores under a Zeiss KL1500 LCD ste-
reoscope, following careful sieving to avoid rupture of individual par-
ticles (Whitlock and Anderson, 2003). The abundance of macroscopic 
charcoal is expressed as accumulation rate data (parti-
cles*cm− 2*year− 1). We applied a time-series analysis tool, CharAnalysis, 
to the raw charcoal record to detect statistically significant charcoal 
peaks from the low-frequency background signal and deconvolute a 
local fire history (Higuera et al., 2009). For that purpose, we 

Fig. 4. Glacial geomorphology of the Oqueldán sector based on Soteres et al. (2022b). Lago Oqueldán (dark blue dot) is emplaced between moraine ridges assigned 
to the COR4 glacial limit at the eastern coast of IGC. To the south, COR4 is represented by the ice-contact slope near Quellón township (black circle). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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interpolated the macroscopic charcoal record to the median time step 
between adjacent samples and defined background charcoal with a 
lowess robust to outliers and a smoothing window of 1000 years. The 
peaks component corresponds to the 99th percentile distribution of 
positive residuals using a locally defined threshold. We calculated the 
frequency of fire events per 1000 year overlapping time windows and 
charcoal peak magnitude. 

3. Results 

3.1. Lago Oqueldán 

3.1.1. Geomorphology, stratigraphy, and chronology 
The glacial geomorphology near Oqueldán is dominated by subdued 

moraine terrain that culminates on diffuse moraine ridges aligned in a 
NW-SE axis to the north, and in a W-E axis to the south, coinciding with a 
prominent ice-contact slope near Quellón (Fig. 4). Specifically, Lago 
Oqueldán sits on a linear, shallow, and narrow depression -potentially 
subglacial in origin- which is surrounded by moraine ridges broadly 
following the contour of the eastern coast of IGC (Fig. 4). 

The Lago Oqueldán record consists of a water-sediment interface 
core (GC1702SC1) and overlapping cores GC1702AT2 and 
GC1702BT1–4, which generated a spliced record with a total length of 

404 cm (Fig. 5). The chronology is constrained by fifteen radiocarbon 
dates on bulk organic samples, thirteen of which show progressively 
older ages with increasing depth (Fig. 5, Table 1). The deepest radio-
carbon dates CAMS-179265 and CAMS-180344 are anomalously young, 
yielded results out of stratigraphic order among them, and are incom-
patible with a sequence of at least seven radiocarbon dates along the 
sequence. The spurious basal ages correspond to levels having low 
(≤6%) organic matter content and were obtained at the transition from 
inorganic silts and sands to organic silts. We developed an age model 
(Fig. 6) that statistically excluded the lowermost dates as outliers and 
suggests undisturbed, continuous pelagic sedimentation in a small 
closed-basin lake environment since ~15.7 ka. 

The sedimentary record from Lago Oqueldán consists of a fining 
upwards sequence from sand and gravel, silty sands, sandy silts, and 
organic silts between 403 and 345 cm depth (~15.7–13.7 ka) (Fig. 5). 
This portion of the record is characterized by high siliciclastic density 
values, which decline upward along the stratigraphy as the sediments 
become more organic. A gradual rise in organic matter started at ~15.7 
ka and accelerated at ~13.7 ka, leading to a maximum between 342 and 
291 cm depth (mean organic matter content: 44%, ~13.7–10.9 ka). This 
phase was terminated by the deposition of an 11-cm thick coarse tephra 
(~10.9 ka), after which the organic content declined instantaneously in 
half. A sustained trend toward high organic content started just above 
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the tephra layer (279 cm depth) and culminated at 132 cm depth 
(organic matter content: 82% at ~4.4 ka), punctuated by two additional 
tephra layers at ~243–242 cm depth (~8.5 ka) and ~ 192 cm depth 
(~6.3 ka) (Fig. 5). The tephra layers are readily visible as discrete in-
tervals in the siliciclastic density data, in the context of low background 
levels for both variables. The upper portion of the record consists of 
relatively invariant, organic-rich silts with a mean organic matter 

content of ~74%. Within this interval we detect two episodes with 
modest declines in organic matter content, between 83 and 67 cm and 
the uppermost 5 cm (~2.7–2.1 ka and the most recent ~130 years). 

3.1.2. Palynology 
The pollen record from Lago Oqueldán (Fig. 7) spans the last 

~15,700 years (extrapolated age) and consists of 303 levels, with a 
median time step of 43 years between palynological levels (minimum: 
14, maximum: 149). In the following paragraphs we define and describe 
the pollen assemblage zones. Each zone is defined by their stratigraphic 
and chronologic range, number of samples analyzed, a hierarchy of the 
three most abundant terrestrial taxa in decreasing order of abundance 
(Table 2), accompanied by their Arboreal Pollen (AP) or Non Arboreal 
Pollen (NAP) sums, the less abundant plant taxa, and remarks about 
potential variations within each zone. Whenever pertinent we inform 
the mean percent abundance of each taxon in parenthesis, and differ-
ences with the preceding pollen zones. 

Zone OQ-1 (376–341 cm depth, 18 levels, ~15.7–14.3 ka) is domi-
nated by a Poaceae-Ericaceae-Nothofagus dombeyi type assemblage. This 
zone features the largest NAP (81.8%) owing to abundant Poaceae 
(51.7%), Ericaceae (19.3%), Asteraceae subfamily Asteroideae (7.4%), 
Gunnera (2.1%), along with the pteridophytes Lycopodium magellanicum 
(3.7%) and Blechnum type (21.1%). The latter fern shows a sustained 
increase that culminates at 64.1% near the end of this zone, whereas 
Cyperaceae and the green alga Pediastrum attain their maximum abun-
dance of the entire record in the lower (6%) and mid portions (21.4%) of 
this zone, respectively. The arboreal stratum features modest abundance 
of Nothofagus dombeyi type (15.4%) and its mistletoe Misodendrum 
(1.1%). 

Zone OQ-2 (341–312 cm depth, 15 levels, ~14.3–12.9 ka) is char-
acterized by Nothofagus dombeyi type-Myrtaceae-Hydrangea and a sud-
den increase and diversification of the arboreal stratum that causes a 
rapid increase in AP from a mean of 18.2% to 92.1%. This shift includes 
the appearance and/or increase in pollen of the conifers Fitzroya/Pil-
gerodendron (2.9%) and Podocarpus nubigena (5.1%), the angiosperms 
Myrtaceae (29.2%), Raukaua (3.2%), Lomatia/Gevuina (1.8%), Miso-
dendrum (2.5%), and Drimys in trace abundance, along with the vine 
Hydrangea (5.4%). We observe abrupt increases in Apiaceae (1.9%), 
Isoetes (18.3%), and Polypodium feuillei (trace abundance), contempo-
raneous with a prominent decline in Poaceae (12.3%), Blechnum type 
(8.5%) and near disappearance of Pediastrum (0.2%). 

Zone OQ-3 (312–292 cm depth, 10 levels, ~12.7–11.8 ka) features 
an assemblage of Hydrangea-Myrtaceae-Nothofagus dombeyi type, with a 
mean AP content of 93.5%. Podocarpus nubigena (12%) attains an early 
maximum of 18% and declines gradually toward the end of this zone. 
Similar declines are evident in Nothofagus dombeyi type, Fitzroya/Pil-
gerodendron, and Misodendrum (from a mean of 39.4% to 18.7%, 2.9% to 
1.1%, 2.5% to 1.3%, respectively), while Hydrangea (29.9%), Poaceae 
(5.1%), and Polypodium feuillei (1.3%) vary in the opposite direction, 
along with relatively little change in Myrtaceae (22.1%), Raukaua 
(4.3%), Lomatia/Gevuina (1.86%), and traces of Embothrium coccineum. 

Zone OQ-4 (292–253 cm depth, 20 levels, ~11.8–9.2 ka) features an 
assemblage of Weinmannia trichosperma-Myrtaceae-Hydrangea. AP de-
clines to a mean of 87.2% in response to a rise in Poaceae (10.2%) and 
traces of Fabaceae. We observe a prominent rise in Weinmannia tricho-
sperma (from a mean of 0.8% to 40.6%) that culminated at 70.7% and 
declines to about half its maximum abundance at the end of this zone, 
coeval with increases in Nothofagus dombeyi type (9.4%), Embothrium 
coccineum (1.8%), traces of the fern Lophosoria quadripinnata and the 
macrophyte Cyperaceae, and resurgence of Pediastrum (2.7%). All other 
trees and vines decline during this zone. 

Zone OQ-5 (251–236 cm depth, 8 levels, ~9.2–8.4 ka) is dominated 
by a Nothofagus dombeyi type-Eucryphia/Caldcluvia-Weinmannia tricho-
sperma assemblage, with a mean AP of 93.2%. We observe a prominent 
rise in Eucryphia/Caldcluvia (from a mean of 0.4% to 27.7%) that cul-
minates at 39.3% at the end of this zone, the highest abundance in the 

Table 1 
Radiocarbon dates and results of the calibration with calib 8.01 using SHcal20.  

Laboratory 
code 

Sample code Original 
depth 
(cm) 

Tephra- 
free 
depth 
(cm) 

14C yr 
BP 
±1σ 

cal yr BP 
lowest 
(median) 
highest 

CAMS- 
179266 

GC1702SC1_36 36 36 465 ±
50 

325 (475) 
405 

CAMS- 
181915 

GC1702SC1_69 69 69 2235 
± 30 

2102 
(2242) 
2182 

CAMS- 
179258 

GC1702AT2_6 106 106 3620 
± 30 

3725 
(3888) 
4061 

CAMS- 
181916 

GC1702AT2_49 149 149 4165 
± 30 

4527 
(4673) 
4822 

CAMS- 
179259 

GC1702BT1_43 194 193 5645 
± 25 

6303 
(6372) 
6481 

CAMS- 
181917 

GC1702BT1_73 224 223 6650 
± 30 

7429 
(7501) 
7570 

CAMS- 
179260 

GC1702BT2_9 255 254 8335 
± 35 

9133 
(9314) 
9437 

CAMS- 
179261 

GC1702BT3_21 303 292 10,230 
± 35 

11,730 
(11,858) 
11,959 

CAMS- 
179262 

GC1702BT3_30 312 301 10,475 
± 30 

12,097 
(12,336) 
12,598 

CAMS- 
179263 

GC1702BT3_54 336 325 11,795 
± 35 

13,503 
(13,606) 
13,752 

CAMS- 
179264 

GC1702BT4_21 356 345 12,260 
± 60 

13,877 
(14,150) 
14,802 

CAMS- 
180342 

GC1702BT4_31 366 355 12,745 
± 35 

15,009 
(15,159) 
15,289 

CAMS- 
180343 

GC1702BT4_37 372 361 12,950 
± 35 

15,279 
(15,438) 
15,599 

CAMS- 
179265 

GC1702BT4_40 375 364 11,045 
± 35 

12,841 
(12,947) 
13,074 

CAMS- 
180344 

GC1702BT4_49 384 373 7955 
± 30 

8600 
(8748) 
8982 

UCIAMS- 
171552 

CHC1403BT9_5 1050 1050 8930 
± 25 

9897 
(10,030) 
10,181 

UCIAMS- 
171554 

CHC1403BT10_17 1161 1151 10,350 
± 30 

11,930 
(12,060) 
12,435 

UCIAMS- 
171557 

CHC1403BT10_57 1201 1191 10,860 
± 30 

12,731 
(12,752) 
12,776 

UCIAMS- 
171558 

CHC1403BT10_87 1230 1221 12,430 
± 35 

14,220 
(14,484) 
14,848 

UCIAMS- 
171559 

CHC1403BT11_9 1250 1241 13,265 
± 40 

15,721 
(15,883) 
16,039 

UCIAMS- 
156396 

CHC1403BT11_19 1260 1251 13,770 
± 70 

16,375 
(16,638) 
16,925  
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entire record, accompanied by increased Nothofagus dombeyi type 
(22.9%), disappearance of Fitzroya/Pilgerodendron, Podocarpus nubigena, 
and Drimys, and declines in Weinmannia trichosperma (15.2%), Myrta-
ceae (13.2%), Poaceae (5.7%), Embothrium coccineum, and Lophosoria 
quadripinnata. 

Zone OQ-6 (236–177 cm depth, 57 levels, ~8.4–5.7 ka) is charac-
terized by the Nothofagus dombeyi type-Eucryphia/Caldcluvia-Hydrangea 
assemblage, which features the highest abundance of Nothofagus 

dombeyi type (37.2%) and AP (93.7%) in the entire record. This zone 
features a rise in Hydrangea (12.7%) and a more permanent presence of 
Escallonia in trace abundance, distinct declines in Eucryphia/Caldcluvia 
(17.5%) and Weinmannia trichosperma (6.3%), reappearance of Fitzroya/ 
Pilgerodendron, Podocarpus nubigena, and Drimys in trace abundance, 
accompanied by intermittent traces of Tepualia stipularis near the end of 
this zone. 

Zone OQ-7 (177–101 cm depth, 76 levels, ~5.7–3.6 ka) features an 

Fig. 6. Age model of the Lago Oqueldán site using a tephra-free depth scale. The blue zones represent the probability distribution of the calibrated radiocarbon dates, 
the gray lines and filled zones represent the calculated confidence interval (95.4%) of the Bayesian age model. The red line represents the interpolated median 
probability age. Notice the presence of two anomalously young radiocarbon dates in the lower portion of the record (right side) which fall outside the confidence 
intervals and, thus, are considered as outliers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 7. Percentage pollen diagram from the Lago Oqueldán site and results of a stratigraphically constrained cluster analysis. The primary axis the original depth in 
cm, the secondary axis shows the age scale in ka. The labels on the right indicate the identity and stratigraphic span (black horizontal lines) of each pollen assemblage 
zone. The x axis scale varies among taxa to facilitate visualization of the pollen/spore stratigraphy. 
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assemblage of Nothofagus dombeyi type-Eucryphia/Caldcluvia-Myrtaceae 
with a mean AP of 93.3%. We observe the appearance of the epiphytic 
Lepidoceras kingii, a conspicuous rise in Tepualia stipularis (4.5%), modest 
increases in Fitzroya/Pilgerodendron, Podocarpus nubigena, Drimys, 
Misodendrum, and Saxegothaea conspicua, along with gradual declines in 
Eucryphia/Caldcluvia (14.4%) and Hydrangea (8.5%). 

Zone OQ-8 (101–0 cm depth, 100 levels, ~3.6 ka to the present) is 
dominated by a Nothofagus dombeyi type-Myrtaceae-Weinmannia tri-
chosperma assemblage with a mean AP of 91.2%. The main changes 
relative to OQ-7 include increases in Myrtaceae (13.8%), Weinmannia 
trichosperma (10.6%), Fitzroya/Pilgerodendron (1.5%), and Saxegothaea 
conspicua (1.1%), along with steady declines in Eucryphia/Caldcluvia 
(7.3%) and Hydrangea (4.8%), and persistence of Lepidoceras kingii. 

3.1.3. Local fire history 
The macroscopic charcoal record from Lago Oqueldán (Fig. 8) spans 

the last ~15,700 years (extrapolated age) and consists of 377 levels, 
with a median time step of 46 years between levels (minimum: 15, 
maximum: 71). The macroscopic charcoal accumulation rate (CHAR) 
record from Lago Oqueldán shows negligible or null values between 
~15.7–12.9 ka, followed by an increase between ~12.7–11 ka with 
maximum values at ~11.7 ka. A prominent increase occurs between 
~11–9.2 ka within which we observe the largest CHAR peaks in the 
entire record at ~10.6 ka and ~ 9.4 ka. A decline gives way to low CHAR 
values between ~9–6.3 ka, followed by a gradual increase that culmi-
nates in two peaks between ~4.4–3.8 ka and another decline terminated 
by a brief increase that leads to a maximum at ~2.4 ka. Relatively low 
CHAR prevails between ~2.1–0.9 ka, superseded by a rise that 

culminates in historical maxima between ~0.4–0.2 ka. Time series 
analysis of the CHAR record reveals 20 statistically significant peaks (=
fire episodes) over the last ~14,000 years with peak frequency at ~14 
ka, a decline that lasted until ~8 ka, and a subsequent increase that led 
to high frequency of fire episodes between ~7.5–5.7 ka. A decline in 
fire-episode frequency ensued punctuated by a discrete rise at ~4 ka, 
and a rise that led to the highest values over the last ~350 years. The 
magnitude of fire episodes is maximal at ~10.6 ka, ~9.4 ka, and ~ 4 ka, 
intermediate at ~11.7 ka, ~5.6 ka, ~4.4 ka, ~3.8 ka, ~2.4 ka, and ~ 
0.2 ka, and low for the remainder of the record. 

3.2. Pantano Pindal 

3.2.1. Geomorphology, stratigraphy, and chronology 
Glacial geomorphology of Isla Lemuy is characterized by irregular 

moraine terrain crossed by prominent ice-contact slopes and associated 
moraine ridges (Fig. 9). Pantano Pindal lies at the bottom of a U-shaped 
channel gently sloping westwards from an ice-contact slope oriented N-S 
in the central-east portion of the island. This channel ends on a 
depression dissected by a fluvial channel running parallel to the ice- 
contact slope. Small moraine ridges and till deposits are closely associ-
ated to the channel slopes. Based on the local geomorphology and 
sedimentary deposits, we infer a subglacial origin for this landform, 
subsequently functioning as a meltwater channel when the ice front 
retreated toward the ice-contact slope emplaced near the eastern coast 
of I. Lemuy (Fig. 7). 

The Pantano Pindal core series CHC1403B has a total length of 1301 
cm (Fig. 10). The chronology is constrained by six radiocarbon dates on 
bulk organic samples (Fig. 10, Table 1) upon which we developed an age 
model (Fig. 11) that takes into account the age of the Lepué tephra (9600 
± 30 14C yr BP, ~11 ka) through chronostratigraphic correlation with 
nearby Lago Lepué (Alloway et al., 2017a; Pesce and Moreno, 2014). 

The sedimentary record from Pantano Pindal consists of a fining 
upwards sequence between 1301 and 1256 cm depth (~16.8–16.2 ka) 
from sand and gravel, silty sands, and sandy silts that culminates with 
organic silts (Fig. 10). This portion of the record features an abrupt 
decline in siliciclastic density, followed by a gradual decline until 1201 
cm depth and a concomitant increase in organic matter content that 
stabilized at a mean of ~25% between 1201 and 600 cm depth 
(~12.8–5.8 ka) with a discrete organic matter peak (80.2%) at 939 cm 
depth (~9.1 ka extrapolated age). Organic silts persist with a modest 
increase in organic matter between 600 and 400 cm depth (mean 
organic matter content: 34% between ~5.8–3.8 ka extrapolated ages) 
that shift to organic rich (mean organic matter content: 96%) Sphagnum 
peat in the uppermost 275 cm (~2.6 ka extrapolated age and the pre-
sent) through a rapid transition through organic-rich silts with 
increasing content of fibrous plant material. We detect an 11-cm thick 
coarse tephra (~10.8 ka), a 1-cm thick tephra layer at ~734 cm depth 
(~7.1 ka extrapolated age) and another tephra between ~598–597 cm 
depth (~5.8 ka extrapolated age). 

3.2.2. Palynology 
The pollen record from Pantano Pindal spans the interval ~ 16.8–9.9 

ka and consists of 223 levels, with a median time resolution of 21 years 
(minimum: 2, maximum: 67) (Fig. 12). In the following paragraphs we 
define and describe the pollen assemblage zones from Pantano Pindal. 

Zone PIN-1 (1275–1268 cm depth, 8 levels, ~16.8–16.6 ka) features 
a Poaceae-Nothofagus dombeyi type-Ericaceae assemblage and the 
highest mean NAP (70.5%), brought chiefly by peak values of Poaceae 
(46.3%), Ericaceae (13.9%), Gunnera (3.8%), Asteraceae subfamily 
Asteroideae (1.8%), and Apiaceae (0.9%). We detect modest abundance 
of Nothofagus dombeyi type, Fitzroya/Pilgerodendron, Drimys, Lomatia/ 
Gevuina, Mytaceae, Misodendrum, and macrophytes (Isoetes, Cyperaceae) 
in this zone. The ferns Blechnum type and Hymenophyllaceae, along with 
the pteridophyte Lycopodium magellanicum and the alga Pediastrum 
achieved their highest abundance of the entire record (14.7%, 1.4%, 

Table 2 
Summary of the pollen zones from Lago Oqueldán and Pantano Pindal.  

Zone Depth range 
(cm) 

Number of 
levels 

Age range 
(ka) 

Assemblage 

OQ- 
1 

376–341 18 ~15.7–14.3 Poaceae-Ericaceae- 
Nothofagus dombeyi type 

OQ- 
2 

341–312 15 ~14.3–12.9 Nothofagus dombeyi type- 
Myrtaceae-Hydrangea 

OQ- 
3 

312–292 10 ~12.7–11.8 Hydrangea-Myrtaceae- 
Nothofagus dombeyi type 

OQ- 
4 

292–258 17 ~11.8–9.5 Weinmannia trichosperma- 
Myrtaceae-Hydrangea 

OQ- 
5 

258–236 11 ~9.5–8.4 Nothofagus dombeyi type- 
Eucryphia/Caldcluvia- 
Weinmannia trichosperma 

OQ- 
6 

236–177 57 ~8.4–5.7 Nothofagus dombeyi type- 
Eucryphia/Caldcluvia- 
Hydrangea 

OQ- 
7 

177–101 76 ~5.7–3.6 Nothofagus dombeyi type- 
Eucryphia/Caldcluvia- 
Myrtaceae 

OQ- 
8 

101–0 100 ~3.6–0 Nothofagus dombeyi type- 
Myrtaceae-Weinmannia 
trichosperma 

PIN- 
1 

1275–1268 8 ~16.8–16.6 Poaceae-Nothofagus 
dombeyi type-Ericaceae 

PIN- 
2 

1267–1260 8 ~16.6–16.4 Nothofagus dombeyi type- 
Poaceae-Myrtaceae 

PIN- 
3 

1259–1227 33 ~16.4–14.3 Myrtaceae-Nothofagus 
dombeyi type-Fitzroya/ 
Pilgerodendron 

PIN- 
4 

1226–1197 30 ~14.3–12.7 Myrtaceae-Podocarpus 
nubigena-Nothofagus 
dombeyi type 

PIN- 
5 

1196–1159 38 ~12.7–12 Nothofagus dombeyi type- 
Poaceae-Myrtaceae 

PIN- 
6 

1158–1085 66 ~12–10.8 Weinmannia trichosperma- 
Nothofagus dombeyi type- 
Myrtaceae 

PIN- 
7 

1084–1045 40 ~10.8–9.9 Nothofagus dombeyi type- 
Myrtaceae-Weinmannia 
trichosperma  
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1.1%, and 233%, respectively). 
Zone PIN-2 (1267–1260 cm depth, 8 levels, ~16.6–16.4 ka) shows a 

shift to a Nothofagus dombeyi type- Poaceae-Myrtaceae assemblage with 
a prominent decline in mean NAP (36.5%), brought chiefly by peaks in 
Nothofagus dombeyi type (33.1%), Fitzroya/Pilgerodendron (5.9%), Dri-
mys (3.2%), Misodendrum (4.5%), Lomatia/Gevuina (3.6%). Blechnum 
type (13.1%) persists in high abundance along with traces of Polypodium 
feuillei and Hymenophyllaceae, we note the virtual disappearance of 
Cyperaceae, a decline in Pediastrum (102%), and the highest abundance 
of Isoetes (75.8%) in the entire record. 

Zone PIN-3 (1259–1227 cm depth, 33 levels, ~16.4–14.3 ka) is 
dominated by a Myrtaceae-Nothofagus dombeyi type-Fitzroya/Pilger-
odendron assemblage and the highest mean AP of the entire record 
(87%). We observe a prominent rise in Myrtaceae (from a mean of 5.3% 
to 42.1%), peak abundance of Maytenus disticha type (2.2%), along with 
declines in Fitzroya/Pilgerodendron (8.2%) and all other herbs that ach-
ieved their maxima during PIN-1. Podocarpus nubigena (0.8%), Raukaua 
(0.9%), Hydrangea (0.9%), and Weinmannia trichosperma (0.7%) are 
present in trace abundance, while Isoetes (55.6%) remains abundant 
with moderate variability. Blechnum type (4.1%) declines while other 
epiphytic and ground pteridophytes (Polypodium feuillei, Hymeno-
phyllaceae, and Lycopodium magellanicum) persist in trace abundance. 
Pediastrum shows a steady decline from a mean of 41.1% in this zone 
until PIN-6 (8.9%). 

Zone PIN-4 (1226–1197 cm depth, 30 levels, ~14.3–12.7 ka) shows a 
Myrtaceae-Podocarpus nubigena-Nothofagus dombeyi type assemblage 
with a mean AP of 85.8%. Prominent features of this zone include in-
creases in Podocarpus nubigena (12.2%), Hydrangea (9.5%), Raukaua 
(2%), and Polypodium fueillei (1.7%), along with declines in Myrtaceae 
(37%), Fitzroya/Pilgerodendron (3.3%), Isoetes (48.8%), and a modest 
increase in Cyperaceae. 

Zone PIN-5 (1196–1159 cm depth, 38 levels, ~12.7–12.0 ka) is 
characterized by a Nothofagus dombeyi type-Poaceae-Myrtaceae assem-
blage and the lowest mean AP of the entire record (76.9%). Nothofagus 
dombeyi type (24.1%) and Poaceae (18.9%) increase at the expense of 
Podocarpus nubigena (15.6%) and Hydrangea (4.7%), while Myrtaceae 
(18.5%) persists in low abundance with little variation, and Weinmannia 
trichosperma (1%) exhibits a modest increase near the end of this zone. 
Epiphytic and ground pteridophytes remain in trace abundance with 
little variation, while Isoetes features a significant decline (28%) 
contemporaneous with an increase in Cyperaceae (2.1%) that led to its 
highest abundance in the entire record. 

Zone PIN-6 (1158–1085 cm depth, 66 levels, ~12.0–10.8 ka) shows a 
Weinmannia trichosperma-Nothofagus dombeyi type-Myrtaceae assem-
blage that resulted from a rapid increase in Weinmannia trichosperma 
(25.7%), persistence of Nothofagus dombeyi type with little variation, 
along with declines in Myrtaceae (15.8%), Podocarpus nubigena (6.5%), 
Hydrangea (3%), and Poaceae (12.5%). We note the appearance of 
Eucryphia/Caldcluvia (0.4%) in trace abundance, persistence of abun-
dant Cyperaceae (1.7%), and further declines in Isoetes (14.5%) to its 
lowest abundance in the entire record. 

Zone PIN-7 (1084–1045 cm depth, 40 levels, ~10.8–9.9 ka) features 
a Nothofagus dombeyi type-Myrtaceae-Weinmannia trichosperma assem-
blage. This zone shows a decline in Weinmannia trichosperma (17.1%), 
virtual absence of Podocarpus nubigena (15.6%), Fitzroya/Pilgerodendron 
(3.3%) and Drimys (2.8%), along with increases in Myrtaceae (19.8%), 
Hydrangea (8.6%), Escallonia (4.3%), and Aristotelia chilensis (4.5%). 
Maytenus disticha type (1.6%), Lomatia/Gevuina (1%) persist in low 
abundance, along with traces of Eucryphia/Caldcluvia and Raukaua. 
Isoetes (16.5%) features a brief increase and persists in low abundance, 
contemporaneous with an increase in Pediastrum (from a mean of 8.9% 
to a mean of 23.5%) as Cyperaceae declines to trace abundance. 

Fig. 8. Macroscopic charcoal record from the Lago Oqueldán and Pantano Pindal sites (CHAR = Charcoal Accumulation Rate, shown as a black line with circles), 
along with results of CharAnalysis, blue line: background component, red line: locally defined threshold, yellow triangles: statistically significant charcoal peaks, 
black line: frequency of statistically significant charcoal peaks, black vertical bars: peak magnitude (residuals above the threshold). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2.3. Local fire history 
The macroscopic charcoal record from Pantano Pindal (Fig. 8) spans 

between ~16.8–9.9 ka and consists of 223 levels, the same levels as the 
palynology informed above. The CHAR series from Pantano Pindal 
shows negligible or null values between ~16.8–12.8 ka, followed by an 
increase between ~12.8–11.6 ka with maximum values at ~12.3 ka and 
~ 11.6 ka. A decline is evident between ~11.6–10.9 ka, followed by a 
rapid increase that culminates in prominent peaks at ~10.9 ka, ~10.6 
ka, and ~ 10.3 ka. Time series analysis of the CHAR record reveals 17 
fire episodes with a distinct clustering of fire episodes between ~12.8–9- 
9 ka that causes a rise in episode frequency at ~13.2 ka which then led to 
maximum frequency between ~12.4–9.9 ka. Modest frequency values 
prevail prior to ~13.2 ka, with relatively high values at ~16.8 ka, 
~15.3 ka and ~ 14 ka. The magnitude of fire episodes is maximal at 
~10.9 ka, ~10.6 ka, and ~ 10.3 ka, intermediate at ~11.3 ka, and low 
for the remainder of the record. 

4. Discussion 

4.1. Vegetation history 

The pollen records from Lago Oqueldán and Pantano Pindal (Figs. 7, 
12) suggest an initial open-ground landscape dominated by pioneer 
herbs, shrubs (Poaceae, Asteraceae, Ericaceae, Apiaceae, Gunnera), and 

pteridophytes (Blechnum type, Lycopodium magellanicum) during the 
earliest portion of each record. This assemblage shifts rapidly toward 
arboreal dominance with increases in Nothofagus dombeyi type along 
with other shade-intolerant trees and shrubs (Fitzroya/Pilgerodendron, 
Drimys, Lomatia/Gevuina, possibly Lomatia ferruginea, Escallonia, 
Embothrium coccineum); these taxa are present in modern Evergreen 
Subantarctic forests (ESAF) and North Patagonian rainforests (ENPRF) 
in the region. The timing and rapidity for this abrupt afforestation trend 
vary between L. Oqueldán and P. Pindal, we observe a rapid and irre-
versible rise from <20% to >90% in AP between ~15.5–14 ka in L. 
Oqueldán and between ~16.8–15.7 ka in P. Pindal. These differences 
might reflect site-specific processes in the L. Oqueldán record during the 
initial portion of the record (see section titled “Regional implications”) 
or discrepancies in the chronology of the lowest organic sediments. 

Pollen of Nothofagus reached maximum values at ~16.4 ka, declined 
and was followed by peak abundance of Cupressaceae pollen (Fitzroya/ 
Pilgerodendron) in both sites (Figs. 7, 12). The sequence continues with 
culmination of the Myrtaceae rise (weighted mean: 43.3% between 
~13.8–13.2 ka in L. Oqueldán, weighted mean: 61.6% between 
~15–14.5 ka in P. Pindal) (Supplementary Fig. 1) which gave way to 
sustained increases in the conifer Podocarpus nubigena and the vine 
Hydrangea at ~14.5 ka. Our study sites show synchronous variations in 
P. nubigena (maxima: ~12.7 ka, subsequent minima: ~10 ka) and 
Weinmannia trichosperma (onset: ~11.9–11.6 ka, peak: ~11 ka), 

Fig. 9. Glacial geomorphology of the Isla Lemuy sector based on Soteres et al. (2022b). Pantano Pindal is located at the bottom of a subglacial channel subsequently 
occupied by meltwater coming from an ice front position assigned to the COR4 limit, locally expressed as an ice-contact slope displayed at the eastern coast of I. 
Lemuy. Pantano Pindal and Puchilco bog, both sites discussed in the main text, are shown as green circles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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followed by diversification of over and understory pollen taxa (Figs. 6, 
11). We interpret the establishment of plant communities including 
shade-intolerant early successional tree species of the genus Nothofagus 
(possibly N. dombeyi, N. betuloides, N. antarctica, N. pumilio) (Pisano, 
1978; Veblen et al., 1996) and other trees characteristic of ESAF (Fitz-
roya/Pilgerodendron, Drimys, Lomatia/Gevuina), followed by shade- 
tolerant species of the ESAF and ENPRF that include the family Myrta-
ceae, the conifer P. nubigena, Raukaua, and the woody climber Hydran-
gea. The subsequent increase of early successional shade-intolerant trees 
(W. trichosperma, Nothofagus, Lomatia/Gevuina) and Poaceae (possibly 
bamboo species of the genus Chusquea) suggests episodes of forest 
openings coeval with prominent increases in CHAR at ~12.9 ka and ~ 
11 ka in both sites (Figs. 7, 8, 12). We note a diversification in the 
macrophytes recorded in the P. Pindal record contemporaneous with the 
onset of fire activity, i.e., a decline of Isoetes is coeval with a rise in 
Cyperaceae between ~12.7–10.8 ka (Fig. 12). This shift indicates a lake- 
level drop starting at ~12.7 ka considering that the decline in Isoetes, 
which occupies the submerged portion of the littoral zone, gave way to 
an increase in the paludal Cyperaceae that thrives in the transition be-
tween the upper littoral zone and water-logged terrestrial environments. 
CHAR reached its highest abundance in the Lago Oqueldán record be-
tween ~10.9–9 ka with the largest-magnitude fire episodes between 
~11–9.2 ka (Fig. 8), in agreement with the Pantano Pindal record. We 
interpret that local fires created canopy gaps that promoted the 

proliferation of disturbance-adapted trees/shrubs (Embothrium cocci-
neum), herbs (Poaceae, Papiloniaceae), and ferns (Lophosoria quad-
ripinnata, Blechnum type). 

Nothofagus rose again between ~10.3–7.9 ka and attained a stable 
plateau (weighted mean: ~36.6%) (Supplementary Fig. 1) that persists 
until the present (Fig. 7), whereas pollen of trees characteristic of the 
Evergreen Valdivian rainforest (EVRF) (Eucryphia cordifolia and/or 
Caldcluvia paniculata) increased in a sudden pulse at ~9.2 ka, domi-
nating the pollen assemblages until ~3.6 ka. Pollen of EVRF trees 
reached their maximum abundance between ~8.6–7.6 ka (weighted 
mean: 28.1%) during a conspicuous fire-free interval, then diminished 
and achieved a stable plateau (weighted mean: 14.8%) (Supplementary 
Fig. 1) between ~7.2–3.6 ka coeval with the reappearance of the ESAF/ 
ENPRF trees Fitzroya/Pilgerodendron, Podocarpus nubigena, and Drimys 
(Fig. 7). Pollen of the podocarp Saxegothaea conspicua and the tree/shrub 
Tepualia stipularis appeared at ~6 ka, accompanied by that of the 
epiphytic Lepidoceras kingii, and have persisted with minor variations 
until the present, while Eucryphia/Caldcluvia declined steadily toward a 
modern minimum (Fig. 7). We interpret an alternation of plant com-
munities featuring ESAF/ENPRF taxa (~16.8–10 ka) followed by forests 
containing peak abundance of EVRF trees (~9.2–7.6 ka). The latter 
declined and stabilized in modest abundance as ESAF/ENPRF taxa 
reappeared at ~7.6 ka and diversified from ~6 ka to the present. Oc-
casional occurrences of Rumex and Plantago in trace abundance 
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throughout the Lago Oqueldán sequence (Fig. 10) suggest either rare 
occurrences of fossil native species or contamination with modern pol-
len grains. Their pollen becomes more persistent and surpasses 1% 
abundance over the last ~220 years, suggesting a minor proliferation of 
exotic weeds introduced by European settlers around the site during 
historical time. 

4.2. Environmental and climatic history 

As discussed in the preceding section, the sequence of palynological 
changes in both sites is essentially the same but their chronology differs 
during the initial millennia of the record, prior to ~13.5 ka. These dif-
ferences might reflect inaccurate dating of the lower portion of Lago 
Oqueldán or lingering of residual ice masses at the site for several cen-
turies after deglaciation. We rule out migrational lags related to climatic 
or orographic barriers as likely explanations for this difference, 

Fig. 11. Age model of the Pantano Pindal site using a tephra-free depth scale. The blue zones represent the probability distribution of the calibrated radiocarbon 
dates, the gray zone represents the calculated confidence interval (95.4%) of the Bayesian age model. The red line represents the interpolated median probability age. 
We incorporated the age of the Lepué tephra in the center of the sequence by chronostratigraphic correlation with previous studies in IGC (Alloway et al., 2017a; 
Pesce and Moreno, 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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considering the short distance between sites (~50 km), and the fact that 
they are located within the same physiographic unit along the central 
and southern coasts of eastern IGC. In view of these local processes or 
influences, we will discuss the timing of extra-local environmental 
changes during the interval ~ 16.8–13.5 ka based primarily on the 
Pantano Pindal record. 

The higher-than-present abundance of ESAF/ENPRF elements, along 
with the absence of EVRF indicators in Lago Oqueldán and Pantano 
Pindal prior to ~10 ka, points to a vegetation similar to mid-elevation 
forests on the mountain ranges of northwestern Patagonia (Figs. 7, 
10). These plant communities thrive today under cooler and wetter 
conditions than the lowlands where both sites are located. Within this 

Fig. 12. Percentage pollen diagram from the Pantano Pindal site and results of a stratigraphically constrained cluster analysis. The primary axis the original depth in 
cm, the secondary axis shows the age scale in ka. The labels on the right indicate the identity and stratigraphic span (black horizontal lines) of each pollen assemblage 
zone. The x axis scale varies among taxa to facilitate visualization of the pollen/spore stratigraphy. 
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interval we observe dominance of cold-tolerant herbs in the initial 
portion of the record, contemporaneous with sustained increases of fast- 
growth early successional tree species between ~16.8–15 ka followed 
by the establishment of thermophilous Myrtaceae forests, which peaked 
between ~15–14.5 ka. The subsequent expansion of the hygrophilous 
trees Raukaua (probably R. laetevirens) and Podocarpus nubigena between 
~14.5–12.7 ka (Figs. 7, 10) suggests an accentuation of cold and wet 
climate, judging from the modern distribution of mixed conifer/angio-
sperm ENPRF at the upper limit of mid-elevation forests in the Coastal 
Range and the western Andean slopes. Increased precipitation in the 
Pacific sector of northwestern Patagonia suggests stronger influence of 
the Southern Westerly Winds (SWW), considering the modern correla-
tion between near-surface wind speeds and local precipitation in the 
region. These conditions persisted until stand-replacing fires led to 
proliferation of shade-intolerant plant species of the ENPRF between 
~12.7–9.2 ka (Figs. 7, 8, 10), coeval with a lake-level decline in Pantano 
Pindal. We suggest that drier summers permitted the desiccation and 
ignition of coarse woody fuels. The fact that intense fire activity corre-
sponds in timing with increased abundance of Cyperaceae pollen 
(Figs. 7, 8), suggests that lake-level lowering promoted the centripetal 
expansion of littoral environments under negative hydrologic balance. 
We infer a decline in SWW influence to the IGC archipelago after ~12.7 
ka. 

A transition toward assemblages with thermophilous, summer- 
drought tolerant EVRF trees started at ~10.2 ka and culminated with 
their maximum abundance between ~8.6–7.6 ka, contemporaneous 
with peak fire activity and the virtual disappearance of cryophilic and 
hygrophilous ENPRF trees (Figs. 7, 8). EVRF trees underwent a gradual 
and sustained decline state when ENPRF taxa increased again and 
reached their highest Holocene abundance over the last ~6000 years, 
coeval with moderate increases in fire activity between ~6–4 ka and 
from ~0.5 ka to the present, with discrete maxima at ~5.5 ka and ~ 2.4 
ka (Fig. 8). 

The trends in Holocene vegetation history are captured by a ratio of 
the abundance of the EVRF trees Eucryphia/Caldcluvia to the summed 
abundance of EASF/ENPRF trees (Nothofagus dombeyi type, Tepualia 
stipularis, Drimys, and the conifers Fitzroya/Pilgerodendron, Podocarpus 
nubigena, Saxegothaea conspicua) (Supplementary Fig. 1). The ratio 
shows low values before ~10 ka, followed by intermittent and minor 
increases until an abrupt rise that reached values >1 between ~9.1–8.5 
ka, followed by a rapid decline until ~7.8 ka. The ratio diminished 
steadily toward present, which are the lowest values of the last ~9000 
years. A regime shift detection algorithm applied to this ratio (Supple-
mentary Fig. 1) identifies a homogeneous interval with values 
approaching zero between ~15.7–9.2 ka, a shift toward the highest 
values in the record (weighted mean: 0.74) between ~9.2–7.5 ka, a ~ 
50% decline (weighted mean: 0.36) between ~7.5–3.6 ka, and an 
additional ~50% decline (weighted mean: 0.16) during the last ~3600 
years. We interpret a trend toward maximum temperature and minimum 
precipitation that started at ~10.2 ka and culminated during the early 
Holocene (~9.2–7.6 ka), followed by a trend toward cooler and wetter 
conditions with significant pulses at ~7.5 ka and ~ 3.6 ka. Super-
imposed upon these multimillennial trends were short-lived warm/dry 
spells that favored the occurrence of fires in a forested landscape 
dominated primarily by hygrophilous/cold-tolerant trees. We infer a 
further decline in SWW influence between ~10.2–7.5 ka followed by a 
multi-millennial strengthening to the present. 

Core-top pollen assemblages from Lago Oqueldán indicate predom-
inance of ESAF/ENPRF floristic elements and low abundance of EVRF 
indicators, aspect that reflects the composition of modern rainforest 
communities in southeastern IGC (Fig. 8). 

4.3. Regional implications 

Lacustrine sedimentation in Lago Oqueldán and Pantano Pindal 
started after the Golfo Corcovado glacier lobe abandoned the COR4 

moraines (Soteres et al., 2022b), which constitute the innermost, east-
ernmost margin deposited at the end of the LGM in IGC and adjacent 
islands (Fig. 3). Our basal radiocarbon age of ~15.4 ka from L. 
Oqueldán, extrapolated to ~15.7 ka (Figs. 5, 6; Table 1), constitutes a 
minimum limiting estimate for the onset of ice-free conditions in the 
southeastern sector of IGC, probably not a close minimum age consid-
ering the significantly older basal ages from L. melli (~16.7 ka) and L. 
Tahui (~17 ka) (Abarzua and Moreno, 2008; Abarzua et al., 2004), 
located on the proximal side of the COR4 moraines in central-east IGC, 
and the basal age from Pantano Pindal (Figs. 3, 4, 9). The near-basal 
radiocarbon date from Puerto Carmen (~14.5 ka) (Villagrán, 1988b), 
also located upstream (along the former glacier flowline) of the COR4 
margin (Fig. 3), seems anomalously young for COR4 (similar to L. 
Oqueldán). Because P. Pindal lies on an abandoned meltwater channel 
that originates from the COR4 moraines in Isla Lemuy (Fig. 9), local 
lacustrine sedimentation must have started once the ice margin pulled 
back from eastern Isla Lemuy and meltwater ceased to drain through this 
channel. The lowermost radiocarbon date from P. Pindal yielded an age 
of ~16.8 ka (Fig. 10, Table 1), a minimum limiting age estimate for 
recession of the Golfo Corcovado lobe from Isla Lemuy that is statisti-
cally indistinguishable from the basal age from L. melli and L. Tahui and, 
together, produce a weighed median age of ~16.9 ka. A basal radio-
carbon date from the Puchilco bog (Heusser et al., 1996), located ~5 km 
east of Pantano Pindal and downstream from the same moraine crests 
(Figs. 3, 10), yielded an age of ~13.3 ka which is statistically younger 
than the P. Pindal basal date and, therefore, does not afford a close 
minimum limiting age estimate. 

Maximum limiting age constraints for COR4 come from radiocarbon- 
dated sites distal to this ice margin including basal dates from two 
overlapping cores from Lago Lepué (~18.0 ka each) (Pesce and Moreno, 
2014), one from L. Tarumán (~17.2 ka) (Moreno et al., 2015), and one 
from Pantano Mayol (~18.2 ka) (Heusser et al., 1999) (Fig. 3). Near- 
basal dates are available from the bogs Estero Huitanque (~17.4 ka) 
(Heusser et al., 1996), L. Soledad (~14.4 ka), and L. Chaiguata (~15.6 
ka) (Villagrán, 1988a, 1988b), also located downstream from COR4 
(Fig. 3). The median probability for the basal ages from the L. Lepué, L. 
Tarumán, P. Mayol, and P. Estero Huitanque sites range between 
~18.2–17.2 ka, and from the bogs L. Soledad and L. Chaiguata sites are 
≥1600 years younger than the former, suggesting that they are anom-
alously young. We calculated a weighted maximum limiting age of 
~17.5 ka considering the basal ages from L. Lepué, L. Tarumán, along 
with the bogs Estero Huitanque and Mayol. An alternative estimate 
excludes the basal dates from L. Tarumán and P. Estero Huitanque, 
under the interpretation that they do not represent close minimum 
limiting ages (also one of them has a large analytical error), yielding a 
weighted median age of ~18.1 ka from the basal dates from L. Lepué and 
P. Mayol. Although this is a reasonable option, we favor the maximum 
limiting age of ~17.5 ka as a conservative maximum age for the depo-
sition of COR4, given the current scarcity of bracketing dates from this 
region. Therefore, the deposition of the COR4 ice-marginal features in 
central-east and southeastern IGC must have taken place sometime be-
tween ~17.5 ka and ~ 16.9 ka. We interpret that the Golfo Corcovado 
glacier lobe withdrew from the COR3 moraines at the beginning of T1 
(>17.8 ka) (Moreno et al., 2015), retreated and stabilized for a few 
centuries in the COR4 margin, then accelerated through the Chilotan 
Interior Sea (75–60 km in ≤200 years) as suggested by a minimum 
limiting age estimate of ~16.7 ka for ice-free conditions in the Chaitén 
coast of central Chiloé Continental (Moreno et al., 2015) (Fig. 3). Sub-
sequent recession led to ice-free conditions in the Villa Santa Lucía 
sector (~14.3 ka) (Alloway et al., 2017b; Heusser et al., 1992), ~70 km 
upstream deep into the Andes of Chiloé Continental. 

Plant colonization of Isla Lemuy and the southeastern portion of IGC 
occurred immediately after the onset of widespread ice-free conditions. 
The earliest stages featured cold-tolerant herbs, shrubs, and early suc-
cessional trees that rapidly gave way to Nothofagus forests, possibly 
dominated by N. dombeyi and/or N. betuloides. Local Nothofagus 
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populations near Pantano Pindal since ~16.8 ka are supported by the 
continuous presence of its pollen grain with abundance values >6% 
since the beginning of the record, accompanied by its hemiparasite 
Misodendron in low but persistent values. The available chronology from 
the lower portion of the Lago Oqueldán record suggests, if correct, that 
residual ice masses disconnected from the glacier lobe that abandoned 
COR4 lingered locally for ~1100 years at the site, imposing a delay in 
the local afforestation process during the initial millennia of T1. A 
comparison of high-resolution precisely dated pollen records from 9 
lakes located between 40◦45′S and 44◦S (~360 km north-south and ~ 
110 km west-east transects, an area of ~40,000 km2) (Fig. 13), reveals 
near-synchronous expansions in Nothofagus and Drimys and subsequent 
heterogeneity in Nothofagus abundance among sites during T1. This was 
followed by near-synchronous expansions of Myrtaceae between 
~15.5–14.5 ka, Podocarpus nubigena between ~14.5–12.6 ka, and 
Weinmannia trichosperma between ~12.6–11 ka (Fig. 13). We interpret 
the initial Nothofagus and Drimys peaks as early successional responses of 
cold-tolerant shade-intolerant trees and shrubs to the warm pulse that 
triggered glacier recession and the onset of ice-free conditions. Subse-
quent heterogeneities in Nothofagus during T1 may represent responses 
to local variations related to edaphic conditions, patch dynamics, spe-
cies interactions, disturbance regimes, and microclimate differences. We 
note that the deglacial Nothofagus and Drimys peaks in Lago Oqueldán 
lag behind those at nearby L. Lepué and Pantano Pindal records by 
~2800–2500 and ~ 2300–1400 years, respectively. In the case of 
Myrtaceae, P. nubigena, and W. trichosperma, the differences in age are 
~1400–900, <100, and < 500 years, respectively. The fact that these 3 
sites are located within a ~ 25 km radius rules out migrational lags 
imposed by long distance or barriers to dispersal. We observe that the 
significant differences in timing among sites occur in the >14 ka portion 
of the L. Oqueldán record. 

The tight correlation of palynological signals during T1 (Nothofagus, 
Drimys, Myrtaceae, Podocarpus nubigena, Weinmannia trichosperma) in 
most sites under analysis (Fig. 13) suggests that these trees were ubiq-
uitous early during deglaciation, and this allowed them to respond in a 
near-synchronous manner to millennial-scale changes in temperature 
and precipitation of SWW origin. This is perhaps an unexpected finding, 
considering that the rugged ice-free landscape following the demise of 
the Golfo Corcovado glacier lobe included a deep (>300 m depth) and 
broad interior sea, fjords, contrasts in the frequency and magnitude of 
explosive volcanism, along with temperature and precipitation gradi-
ents. Moreover, the expansion of the vegetation took place in the context 
of a deglacial sea-level rise that may have flooded potential corridors 
early during T1, causing significant migrational lags following glacier 
withdrawal. The observed differences in age for key events in most 
cases, however, are non-significant, even between sectors that remained 
ice-free during the LGM and sites located the farthest east and south 
from the putative source of migrants (Moreno et al., 2021b) (Fig. 3). We 
posit that vegetation colonization and expansion in the Chilean Lake 
District, Chilotan archipelago, and Chiloé Continental were rapid and 
contemporaneous with glacier recession during T1. This possibility is 
viable if trees characteristic of the ESAF/ENPRF were present along the 
periphery of the Golfo Corcovado, G. Ancud, Seno Reloncaví, and 
Llanquihue piedmont glacier lobes during the LGM (Moreno et al., 
2021b). 

The Podocarpus nubigena rise and culmination between ~14.5–12.6 
ka (Figs. 7, 12, 13) overlaps with the inferred timing for the deposition of 
the Rosselot 1 moraines (Moreno et al., 2021b) north of Lago Rosselot, 
~70 km upstream along the former glacier flowline from the Río Palena 
mouth, on the southern Chiloé Continental coast. Recession from those 
moraines led to the onset of lacustrine sedimentation in threshold lake 
Lago Negro at ~12.7 ka and subsequent deposition of the Rosselot 2 
moraines, concurrent with the rapid P. nubigena decline and Weinmannia 
trichosperma rise that ensued between ~12–10.8 ka in the L. Negro 
pollen record (Moreno et al., 2021b). More recently, Soteres et al. 
(2022a) reconstructed the behavior of Cerro Riñón glacier, a tributary of 

the eastward-flowing Lago Palena/General Vintter glacier lobe, ~45 km 
east of Lago Rosselot on the opposite side of the Andean divide. Once 
detached from the L. Palena/General Vintter glacier lobe at ~16.3 ka, 
the Cerro Riñón glacier achieved successive maxima at 13.5 ± 0.4 ka, 
13.1 ± 0.4 ka, and 13.1 ± 0.5 ka, followed by recession and a standstill 
that lasted until 12.5 ± 0.4 ka. In sum, pollen and glacier evidence from 
the Chilotan archipelago and Chiloé Continental suggest glacier read-
vances or standstills under cold and humid conditions during the Ant-
arctic Cold Reversal, followed by recession and ephemeral stabilization 
under warmer and drier conditions during the Younger Dryas interval 
(~12.9–11.5 ka) (Björck et al., 1998). 

A variable increase in Eucryphia/Caldcluvia pollen is evident in terms 
of timing, magnitude, and time evolution at regional scale (Figs. 7, 12, 
13). We note that: (i) all mainland sites north of ~41◦30′S (Lago 
Pichilafquén, L. Fonk, L. Pichilaguna) show an abrupt increase at ~10.2 
ka that culminates in values between 35 and 60% between ~10–8.5 ka, 
decline and show a prominent re-expansion that reached even higher 
values between ~7–2 ka; (ii) coastal sites between ~41◦30′-42◦S (L. 
Condorito, L. Proschle) feature a rise starting between ~10.5–10 ka that 
led to single maximum with values between ~40–50% over the interval 
~ 10–9 ka, followed a steady decline and subsequent increases after ~5 
ka that reached ~50% of their respective early-Holocene maxima; (iii) 
the southernmost site (L. Negro) in Chiloé Continental shows a gradual 
rise at ~10.2 ka that led to a modest maximum (10–20%) between 
~9–8 ka and a gradual decline thereafter; and (iv) sites located in 
eastern IGC at ~43◦S feature intermediate values for their early Holo-
cene maxima (between 20 and 40%), followed by an irreversible decline 
after ~8.2 ka (L. Oqueldán) and ~ 7 ka (L. Lepué). As discussed earlier, 
Eucryphia cordifolia is a shade-intolerant thermophilous tree of the EVRF 
that withstands summer droughts and is favored by disturbance and 
canopy openness. We interpret that past gradients in temperature, pre-
cipitation, and disturbance regimes throughout the region modulated 
the response of this species during the Holocene. 

The interval ~ 12–8 ka shows a Nothofagus pollen minimum at 
regional scale coeval with persistently low abundance of conifer pollen 
(Podocarpus nubigena, Saxegothaea conspicua) (Fig. 13), suggesting that 
high temperature, lowered precipitation, strong rainfall seasonality, and 
high fire activity exerted important controls on rainforest composition 
from 40◦45′S and 44◦S. We note that in this regional context, the 
southeastern sector of IGC features a combination of low temperature, 
low rainfall seasonality and, perhaps, the lowest frequency of explosive 
volcanic events among the northwestern Patagonian sites under anal-
ysis. Although Nothofagus behavior is heterogeneous and somewhat 
erratic at regional scale, we detect an overall increase with high vari-
ability after ~8 ka, reaching peak abundance over the last ~3000 years 
(Fig. 13). These changes are coeval with minor but significant increases 
in Podocarpus nubigena and Drimys, and more decisive increments in 
Saxegothaea conspicua. Variations in Myrtaceae and Tepualia stipularis 
over the same interval are erratic, except for Lago Oqueldán that shows a 
step increase in T. stipularis at ~6 ka that leads to a variable plateau 
around ~5% that persists until the present. 

4.4. Hemispheric and global implications 

Most northwestern Patagonian records show a timing and structure 
of vegetation, fire, and climatic changes that match paleoclimate records 
from the middle and high latitudes of the southern and northern hemi-
spheres. We identify the following temporal patterns (Fig. 14):  

1. Warming prior to ~17.8 ka marks the onset of T1 in IGC, manifested 
as the abandonment of the COR3 moraines and recession of the Golfo 
Corcovado glacier lobe toward eastern IGC (Soteres et al., 2022b). A 
halt in this trend led to the deposition of the COR4 moraines some-
time between ~17.5–16.9 ka in the context of an abrupt expansion of 
arboreal vegetation throughout northwestern Patagonia (Fig. 14). 
Subsequent glacier recession along a 60–75 km axis led to ice-free 
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Fig. 13. Comparison of selected palynomorphs from northwestern Patagonian sites. Percentage data of each taxon is shown in light gray colour, the solid-colored lines represent individual weighed running means (7- 
point triangular smoother). The lower panels show the weighed means of all sites to facilitate comparison among data series. 
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Fig. 14. From top to bottom: Macroscopic Charcoal 
Accumulation Rates (CHAR) from Lago Oqueldán (blue 
curve and y axis), P. Pindal (green curve and y axis), 
and L. Lepué (orange curve and y axis). Pollen percent 
abundance of selected trees from the L. Oqueldán re-
cord (purple curve: Weinmannia trichosperna, red curve: 
Eucryphia/Caldcluvia, blue curve: CHAR, Podocarpus 
nubigena), P. Pindal (green curve), and L. Lepué (orange 
curve) (Pesce and Moreno, 2014). Percent Arboreal 
Pollen sum from L. Oqueldán (blue curve), P. Pindal 
(green curve), and L. Lepué (orange curve). These data 
are compared against the sea surface temperature (SST) 
reconstruction from marine core MD07–3088 (Haddam 
et al., 2018), located offshore from the central-west 
Patagonian coast, a composite record of atmospheric 
CO2 concentration from Antarctic ice cores (Bereiter 
et al., 2015), and the temperature-sensitive δDeuterium 
record from the EPICA Dome C ice core (Stenni et al., 
2010).The SST reconstruction is accompanied by the 
weighted means of a regime-shift detection algorithm 
(Rodionov, 2004) using a cutoff length of 10 and a 
Huber weight function with the tuning constant of 2. 
The vertical ribbons indicate the inferred timing for the 
deposition of the COR3 moraines (cyan) during the Last 
Glacial Maximum (LGM), the COR4 moraines (yellow) 
during the earliest portion of T1. The gray ribbon 
marks the timing for the Early Holocene Westerly 
Minimum (EHWM) (Moreno et al., 2021a), and the 
dashed vertical lines indicate the timing of the Ant-
arctic Cold Reversal (ACR). (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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conditions in the Chilotan Interior Sea and coastal Chiloé Continental 
in ~200 years or less (Moreno et al., 2015). Glaciers from the 
Southern Alps of New Zealand abandoned their LGM position (Put-
nam et al., 2013) at the same time as the piedmont glacier lobes from 
northwestern Patagonia. Antarctic atmospheric temperature and 
CO2 concentrations rose at ~18 ka (Bereiter et al., 2015; Stenni et al., 
2010), in unison with the abandonment of COR3. The annual sea 
surface temperature (SST) reconstruction from core MD07–3088 
(Haddam et al., 2018), located in the SE Pacific offshore central 
Patagonia (46◦S), shows minimum SST values between ~19.3–18 ka 
contemporaneous with the deposition of COR3 (Fig. 14). This was 
followed by modest warming between ~18–17.3 ka, coeval with 
glacier recession from COR3, a cold reversal between ~17.3–16.3 ka 
that overlaps with the stabilization and deposition of COR4, and 
decisive warming between ~16.3–14.5 ka that took place ~400 
years after the Golfo Corcovado glacier lobe had already vacated the 
Chiloé Continental coast (Fig. 14). 

2. Expansion of thermophilous rainforest trees persisted and culmi-
nated between ~15–14.5 ka, contemporaneous with further retreat 
of the Golfo Corcovado glacier lobe into Chiloé Continental (Alloway 
et al., 2017b; Heusser et al., 1992; Moreno et al., 2021b) (Fig. 14), 
generalized glacier recession in New Zealand's southern Alps (Put-
nam et al., 2013), multi-millennial increases in sea surface temper-
ature (SST) from sediment cores off the southern coast of Australia 
and western Patagonia (De Deckker et al., 2012; Haddam et al., 
2018), along with sustained warming and the concentration of at-
mospheric CO2 (atmCO2) in Antarctic ice core records (Marcott et al., 
2014) (Fig. 14). This interval corresponds in timing with Heinrich 
Stadial 1 (~17.5–14.5 ka), which featured extreme glacial conditions 
in high-latitude records of the northern hemisphere and curtailed 
Atlantic meridional overturning circulation (AMOC) (Denton et al., 
2010). These conditions ended abruptly at ~14.7 ka with a 
resumption of AMOC (McManus et al., 2004), abrupt sea-surface and 
atmospheric warming during the Bölling-Alleröd event (~14.7–12.9 
ka) (Björck et al., 1998).  

3. Increases in cold-tolerant hygrophilous rainforest trees mark a trend 
toward cooler and wetter conditions between ~14.5–12.6 ka, sug-
gesting stronger SWW influence in northwestern Patagonia during 
the Antarctic Cold Reversal (ACR, between ~14.8–12.7 ka) (Fig. 14). 
This event correlates with readvances or standstills of the former 
Lago Rosselot (Moreno et al., 2021b) and Cerro Riñón glaciers in the 
northwestern Patagonian Andes (Soteres et al., 2022a) and multiple 
other alpine glaciers in Patagonia (Fogwill and Kubik, 2005; Garcia 
et al., 2012; Mendelová et al., 2020; Moreno et al., 2009; Reynhout 
et al., 2019; Sagredo et al., 2018) and New Zealand (Kaplan et al., 
2010; Putnam et al., 2010), while marine sediment cores from the 
Southeast Pacific and Indian oceans show a stall of the warming 
trend or cooling (De Deckker et al., 2012; Haddam et al., 2018), and 
Antarctic ice cores show cooling and a halt in the atmCO2 rise 
(Marcott et al., 2014; Stenni et al., 2003) (Fig. 14). Northern 
Hemisphere records show gradual and modest cooling during the 
Bölling-Alleröd event.  

4. Northwestern Patagonian sites show a shift toward drier conditions 
and enhanced fire activity between ~12.6–10.8 ka (Fig. 14), indi-
cating diminished SWW influence during the Younger Dryas period 
(~12.9–11.5 ka) (Björck et al., 1998) and, potentially, higher at-
mospheric temperature. This interval features widespread recession, 
albeit interrupted by minor stabilization/advances, of Andean and 
New Zealand glaciers (Kaplan et al., 2010; Koffman et al., 2017; 
Mendelová et al., 2020; Putnam et al., 2010; Reynhout et al., 2019; 
Sagredo et al., 2018), SST warming in the southern mid latitudes, air 
temperature maxima in multiple Antarctic ice cores, and a resump-
tion of the atmCO2 rise (Marcott et al., 2014). Northern Hemisphere 
records show a cessation in AMOC, sudden cooling, and multiple 
glacier advances throughout North America and Europe (Denton 
et al., 2010).  

5. Warming and further decline in SWW influence between ~10.8–7.5 
ka led to peak fire activity in northwestern Patagonia, correlative of 
higher-than-present sea-surface and atmospheric temperature re-
cords in the southern mid- and high latitudes (De Deckker et al., 
2012; Haddam et al., 2018), and a modest reversal in atmCO2 
(Fig. 14). Comparable results from other mid-latitude landmasses 
suggest a zonally symmetric Early Holocene SWW minimum 
(Fletcher and Moreno, 2011; Moreno et al., 2021a). Centennial-scale 
cold reversals could explain advances by mountain glaciers across 
Patagonia during this warm interval (Reynhout et al., 2019; Sagredo 
et al., 2021). Northern Hemisphere records show widespread 
warming and profound glacier recession (Kaufman et al., 2004).  

6. Cooler and wetter conditions since ~7.5 ka in multiple northwestern 
Patagonian sites suggest strengthening of the SWW, coeval with 
multiple glacier advances in the southern Andes and New Zealand's 
South Island (Kaplan et al., 2016; Reynhout et al., 2021; Sagredo 
et al., 2021; Schaefer et al., 2009), mid- and high latitude sea-surface 
and atmospheric cooling in the Southern Hemisphere, and a gradual 
and sustained atmCO2 rise (Fig. 14). A trend toward more extensive 
glacier advances is evident in Europe and North America throughout 
the Holocene, the so called Neoglaciation, the last of which corre-
sponds to the Little Ice Age that culminated during the 19th century. 

5. Conclusions 

In this section we summarize the results of this paper in the context of 
the questions posed in the introduction.  

1- When did land plants expand into the newly deglaciated landscapes 
of IGC during T1? Land plants colonized the eastern coast of central 
and southern IGC and Isla Lemuy immediately following recession of 
the Golfo Corcovado ice lobe from the COR4 margin and establish-
ment onset of ice-free conditions. Primary succession led to the 
establishment of Nothofagus forests within ~400 years after glacier 
withdrawal in Pantano Pindal. Similar results are evident in sites 
located further north and east throughout northwestern Patagonia.  

2- What do the composition, timing, and rate of plant colonization 
during T1 inform us about the geographic source of migrants, 
expansion routes, and physical constraints for the early plant colo-
nizers? The results reported in this paper, along with previously 
published studies throughout the region, suggest a widespread and 
abrupt expansion of early successional trees at the onset of T1 and 
ice-free conditions, consistent with the idea that forest taxa inhabited 
the periphery of the Patagonian Ice Sheet in low population numbers 
through the LGM. Near-synchronous vegetation changes throughout 
the region occurred despite gradients in temperature, precipitation, 
the influence of explosive volcanism, and seaways that currently 
establish barriers to dispersal. This implies that dispersal must have 
taken place before deglacial sea level rise, contemporaneous and in 
direct association with the receding glacier margins back to the 
Andean foothills and valley headwaters.  

3- When did deglacial warming reach its maximum/maxima? We 
detect warm conditions between ~15–14.5 ka, and an accentuation 
that led to peak warmth between ~10.8–7.5 ka.  

4- Is there evidence for climate reversals at millennial timescales since 
T1? We detect a reversal to cold/wet conditions between 
~14.5–12.6 ka, a transitional phase between ~12.6–10.8 ka, and a 
multi-millennial cooling trend that started at ~7.5 ka and intensified 
at ~3.6 ka.  

5- How did the SWW influence vary since T1? The Chilotan archipelago 
has been under the permanent influence of the SWW since ~17.8 ka 
with maximum influence between ~14.5–12.6 ka and ~ 3.6–0 ka, 
and minimum influence between ~10.8–7.5 ka. These extreme 
conditions resulted from millennial-scale reversals and accentuations 
that shaped the composition and structure of terrestrial ecosystem 
and modulated fire regimes. 
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6- What are the regional, hemispheric, and global implications of these 
findings? The data reported in this paper, along with previously 
published studies from Patagonia, other mid-latitude landmasses 
(New Zealand, Tasmania), and high-latitude paleoclimate records 
(Southern Ocean, Antarctica, and amphi-North Atlantic region) 
suggest that multiple times since the LGM, Patagonian terrestrial 
ecosystems and glaciers changed in unison with climate at regional, 
hemispheric, and global scales. At regional scale, the observed dis-
parities appear to be modulations resulting from geomorphologic 
and drainage heterogeneities, along with gradients in climate and 
disturbance regimes. Our results support the notion that millennial- 
scale variations in the SWW represent a key component of the 
climate system capable of linking the response of the bio and cryo-
sphere across the southern mid-latitudes, climate change in the mid- 
and high southern latitudes, and at interhemispheric scale through 
teleconnections that involve the atmospheric concentration of 
greenhouse gases, latitudinal shifts in the Intertropical Convergence 
Zone, and deep-ocean circulation (Denton et al., 2006; Denton et al., 
2021; Soteres et al., 2022a). 
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