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c Institute of Ecology and Biodiversity Universidad de Chile, Las Palmeras 3425, Ñuñoa, 7800003 Santiago, Chile 
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A B S T R A C T   

Resolving the history of vegetation, fire, and glaciation on the eastern slope of the central Patagonian Andes (44◦- 
49◦S) since the Last Glacial Termination (T1) has proved difficult. This is due to the steep environmental gra-
dients, vegetation heterogeneity, and scarcity of dated glacial deposits and geomorphic features. Unsurprisingly, 
published records show important heterogeneities which limit our understanding of the timing and magnitude of 
climate and vegetation changes, and their driving mechanisms since T1. In this paper, we describe sediment 
cores from small closed-basin lakes located in the deciduous Nothofagus forest zone near Coyhaique, Chile. Our 
results indicate that the Coyhaique glacier lobe abandoned its final Last Glacial Maximum position just before 
~17.9 cal kyr BP and underwent a step-wise recession that included a halt/readvance that culminated at ~16.8 
cal kyr BP, contemporaneous with the formation of an ice-dammed proglacial lake in the Coyhaique/Balmaceda 
sector. This glacial lake stood at its highest level between ~17.9–17.2 cal kyr BP (<726 and > 650 m.a.s.l.), 
lowered between ~17.2–16.2 cal kyr BP (<650 and > 570 m.a.s.l.), and disappeared thereafter. Herbs and 
shrubs, currently dominant in high Andean and Patagonian steppe environments, colonized the ice-free terrains 
distal to the glacier margins and proglacial lakes under cold and dry conditions. This was followed by a steady 
increase in Nothofagus between ~16.6–14.8 cal kyr BP that led to the establishment of forests starting at ~14.8 
cal kyr BP. The Holocene started with a sudden increase in Nothofagus and disappearance of conifers in the 
context of increase fire activity between ~11.7–9.4 cal kyr BP. Closed-canopy Nothofagus forests persisted 
virtually unaltered from ~9.4 cal kyr BP to the present day, despite frequent explosive volcanism and millennial- 
scale variations in fire regimes, attesting to their extraordinary postglacial resilience which contrasts with their 
behavior during T1. Recent large-scale deforestation by fire, livestock grazing, and the spread of non-native 
invasive plant species drove the fastest and largest-magnitude shifts seen during the last ~16,500 years.   

1. Introduction 

The Andean region of central Patagonia (44◦-49◦S) has been the 
focus of stratigraphic and geomorphologic studies over the last ~30 
years aimed at deciphering the patterns of change in vegetation, ento-
mology, fire, glacier, and climate since the Last Glacial Maximum (LGM: 
between ~35.0 and ~ 18.0 cal kyr BP (Ashworth et al., 1991; Bennett 
et al., 2000; de Porras et al., 2012; Haberle et al., 2000; Iglesias et al., 
2016; kaplan et al., 2004; Lumley and Switsur, 1993; Markgraf et al., 
2007; Nanavati et al., 2019; Szeicz et al., 1998; Turner et al., 2005; Van 
Daele et al., 2016; Villa-Martinez et al., 2012). Together with New 

Zealand’s South Island, these are the only landmasses in the Southern 
Hemisphere in the path of the Southern Westerly Winds (SWW) that 
feature evergreen rainforests dominated by species of the genus Notho-
fagus, glaciers and icefields, along with steppe environments downwind 
from the north-to-south trending mountain ranges. Studies of these re-
gions and adjacent oceans (Alloway et al., 2007; Lamy et al., 2004, 
2010) have shed light into the climate evolution of the southern mid- to 
high latitudes, and their effects on terrestrial ecosystems (McGlone 
et al., 2004; Moreno et al., 2019; Newnham et al., 2003; Vilanova et al., 
2019; Wilmshurst et al., 2002) and the glacier system (Barrell et al., 
2019; Kaplan et al., 2004, 2008; Kaplan et al., 2010; Palacios et al., 
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2020; Putnam et al., 2013). 
Studies in central Andean Patagonia indicate that a large Patagonian 

Ice Sheet (PIS) (Holling and Schilling, 1981) extended ~2000 km along 
the crest of the Southern Andes, between 38◦S and 55◦S. The PIS was the 
largest ice mass in the Southern Hemisphere outside Antarctica, 
extending from the Pacific coast inland toward the Patagonian plains 
east of the Andes; according to Davies et al. (2020) the PIS attained a 
thickness of ~2200 m over the continental divide in Central Patagonia 
during the LGM. Deglaciation, understood as sustained glacier recession 
through the Last Glacial Termination (Termination 1 = T1, between 
~18.0 and ~ 11.7 cal kyr BP), led to the expansion of terrestrial eco-
systems (Heusser, 2003) toward ice-free sectors, and formation of 
multiple proglacial lakes (Palacios et al., 2020). Fossil pollen studies 
from central Patagonia have documented this process and have provided 
key evidence for elucidating the presence (Heusser and Rabassa, 1987; 
Massaferro et al., 2009; Moreno et al., 2001) or absence (Bennett et al., 
2000; Markgraf, 1993) of climate reversals, using the modern distribu-
tion and climatic tolerance of key indicator taxa as the primary criterion 
for interpreting paleoclimate. 

Most palynological studies from the eastern slope of the Patagonian 
Andes have utilized the abundance of Nothofagus as an indicator of past 
precipitation changes and regional shifts in atmospheric circulation 
patterns (de Porras et al., 2012; Henríquez et al., 2017; Markgraf et al., 
2007; Nanavati et al., 2019; Villa-Martinez et al., 2012). This criterion 
relies on the modern transition from Nothofagus-dominated forests, 
woodlands, and scrublands toward xeric environments east of the Andes 
featuring grass- and shrub-dominated Patagonian Steppe. In this case, 
the eastward distribution of Nothofagus is limited by a trans-Andean 
decline in precipitation delivered by the SWW, the only source of 
moisture to sustain mountain glaciers, icefields, and temperate forests 
along western Patagonia. The Andean tree line, on the other hand, es-
tablishes the upper distribution limit of Nothofagus-dominated plant 
communities, above which High Andean vegetation dominates in the 
alpine zone under cold/wet conditions with prolonged snow cover. In 
this case the upslope distribution of Nothofagus is limited by low tem-
peratures along the cordillera, considering that precipitation increases 
with elevation at any given latitude in the temperate Andes (Lara et al., 
2005). 

Recent studies detected important heterogeneities for the onset of 
ice-free conditions after the LGM, and the spatial/temporal patterns for 
the deglacial rise in Nothofagus pollen east of the central Patagonian 
Andes (Moreno et al., 2019; Palacios et al., 2020). These heterogeneities 
generate large divergences for understanding the timing and magnitude 
of climate changes through T1, their driving mechanisms, and for the 
interpretation of past variations in SWW strength at regional scale since 
the LGM. A synthesis and analysis of the deglacial Nothofagus rise in this 
region (Moreno et al., 2019) concluded that this event was modulated by 
factors such as the site’s distance to the Andean divide, persistence of 
residual ice caps upwind in the Andes during T1, and local depositional 
environments. The latter factor is of importance considering that fossil 
pollen records from bogs tend to impose an azonal, site-specific, paly-
nological signature in detriment of an extra-local or regional vegetation 
signal. That same study reported results from Lago Churrasco (45◦41′S, 
71◦49′W, 800 m.a.s.l.), a small closed-basin lake that shows (i) the onset 
of a Nothofagus rise at ~16.0 cal kyr BP, the earliest dated signal in the 
region, along with (ii) the establishment of forests at the beginning of 
the Holocene, and (iii) their persistence virtually unaltered until the 
arrival of European/Chilean settlers. This extraordinary resilience, un-
derstood as the stability in floristic composition and physiognomy of 
Nothofagus-dominated forests, occurred despite changes in climate and 
natural/cultural disturbance regimes (paleofires, tephra fallout, ancient 
human activities). 

A subsequent study by Vilanova et al. (2019) from Lago Unco 
(45◦34′S, 71◦43′W, 756 m.a.s.l.), a small closed-basin lake located ~15 
km northeast of Lago Churrasco, placed the timing for the abandonment 
of the Triana moraine (LGM) at ~17.9 cal kyr BP, reported on the 

development of a large ice-dammed proglacial lake that covered the Río 
Coyhaique, R. Simpson, R. Pollux, and R. Huemules valleys during the 
earliest portion of T1 (Fig. 1) and replicated the early Nothofagus rise at 
~16.0 cal kyr BP. These findings, and their contrasts with previous 
studies, underscore the importance of site type, morphostratigraphic 
position, and location along temperature and precipitation gradients for 
deciphering the glacial, vegetation, and paleoclimate history in central 
Patagonia. The validity and regional applicability of these in-
terpretations, however, awaits replication with detailed and indepen-
dent stratigraphic records from sensitive sites constrained by precise 
chronologies. 

The resilience of deciduous Nothofagus forests in central Patagonia 
was terminated by the clearance and burning practices by Chilean- 
European settlers early during the 19th century, which caused a 
strong impact on the extent, composition and natural dynamics of these 
forests. Stratigraphic studies (Szeicz et al., 1998; Moreno et al., 2019; de 
Porras et al., 2012; Villa-Martinez et al., 2012) suggest that this change 
took place over a few decades. Available data, however, impede 
assessing whether these ecosystems have been subject to or have 
responded in similar manners to environmental change during the Ho-
locene and T1. The range of environmental factors bounding a resilient 
response of terrestrial ecosystem have not been studied in the region 
and, thus, are unconstrained and poorly understood. Studies from 
northwestern Patagonia have identified fires, explosive volcanism, and 
hydroclimate variability as important drivers of change in the compo-
sition, structure, and dynamics of terrestrial ecosystems since the LGM 
(Henríquez et al., 2021; Moreno et al., 2021). Examination of this phe-
nomenon requires records of terrestrial ecosystem change subject to 
varying disturbance regimes through multiple climate states. Of 
particular interest for this study is quantifying the rates (magnitude and 
rapidity) of vegetation change and their relationship with shifts in 
climate and disturbance regimes at centennial scale along a continuum 
since the LGM. So far, however, there are no published studies from 
high-sediment accumulating closed-basin lakes spanning that interval 
on the eastern slope of the central Patagonian Andes (~45◦S). This type 
of records allows detailed examination of past vegetation changes hav-
ing high spatial and temporal-resolution, typically in the order of de-
cades between samples and some few square kilometers surrounding the 
site, thus circumventing the taphonomic biases and areal averaging 
imposed by vegetation growing on the bog surfaces or in vast areas 
surrounding large lakes, respectively. 

We present a high-resolution, precisely dated, and continuous record 
from Lago Mellizas (45◦32′S, 71◦48′W, 760 m a.s.l., 23 ha, radius: 300 
m), a small closed-basin lake located on the Coyhaique sector of central 
Andean Patagonia (Fig. 1), which allow us examine the timing, struc-
ture, and rates of vegetation change, fire, and climate change in un-
precedented detail since the onset of T1. We also report the sediment 
stratigraphy and basal radiocarbon date from Lago Baguales (45◦29′S, 
71◦55′W, 650 m.a.s.l., radius: 290 m), a moraine-dammed closed-basin 
lake, and establish comparisons with other closed-basin lake records 
from the eastern Andean foothills to constrain the timing of glacier 
fluctuations and evolution of ice-dammed proglacial lakes during the 
earliest stages of T1. These data allow addressing the following ques-
tions: (1) When did ice-free conditions develop along the Río Coyhaique 
basin following glacier recession from the LGM moraines?, (2) Is there 
evidence for glacier stillstands or readvances during T1?, (3) When did 
arboreal vegetation expand into the newly deglaciated landscapes of the 
Río Coyhaique watershed during T1?, (4) Was the inception of Notho-
fagus-dominated forests a gradual and irreversible process?, (5) Did 
natural disturbance (fire, explosive volcanism, pre-European human 
inhabitants) induce changes in the composition/dynamics of Nothofa-
gus-dominated forests/woodlands? (6) Is there evidence for changes in 
SWW influence during and since T1? (7) Did the magnitude and rapidity 
of vegetation changes during the historical colonization of the Coyhai-
que area exceed natural (Holocene, T1) levels? and (8) What are the 
regional, zonal, and hemispheric significance and implications of these 
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findings? 

2. Study area 

Central Andean Patagonia (44◦-49◦S, Fig. 1) features numerous 
fjords, channels, rivers, lakes and broad valleys formed during and 
following multiple Pleistocene glaciations. This sector harbors multiple 
valley glaciers along with the North and South Patagonian icefields, the 
largest modern ice masses in the Southern Hemisphere outside 
Antarctica. Several active volcanoes occur in this region, including 
Volcán Melimoyu, V. Mentolat, V. Macá, V. Cay, and V. Hudson (Stern, 
2004). Stratigraphic and geochemical studies on pyroclastic layers 
contained in lake sediment cores from the Coyhaique sector show that 
these volcanoes have had several explosive events since T1 (Weller et al., 
2015). 

The Coyhaique and Balmaceda sectors, located on the eastern slope 
of the central Patagonian Andes of Chile (Fig. 1), were covered by 
mountain glaciers and glacier lobes that originated from the PIS during 
the last glaciation. Previous studies identified the El Diablo, Triana, La 
Nicolasa, and Baguales moraines east and northeast of Coyhaique and 
interpreted them as advances of the Coyhaique glacier lobe during and 
shortly after the LGM (Arqueros, 2004; Miranda, 2015; Vilanova et al., 
2019). 

Central Patagonia is under the permanent influence of the SWW, 

which interact with the Andes cordillera and generate a myriad of en-
vironments and climate gradients along, across, and upslope this 
formidable mountain chain. An important gradient in precipitation and 
relative humidity is evident along a west-to-east transect through lati-
tude ~46◦S: annual precipitation diminishes from 4200 mm at sea level 
on the Pacific coast (Isla San Pedro, 47◦43′S; 74◦55′W, 26 m.a.s.l.) to 
2600 mm in Puerto Aysén (45◦27′S; 72◦49′W, 11 m elevation), and 
declines to 1016 mm in Coyhaique (45◦34′S; 72◦03′W, 310 m elevation) 
along a distance of 61 km. Only 37 km east of Coyhaique the precipi-
tation diminishes to 666 mm in Coyhaique Alto (45◦29′S; 71◦35′W, 730 
m elevation) (Hepp et al., 2018). On the Atlantic coast annual precipi-
tation reaches 230 mm in Comodoro Rivadavia (45◦51′S, 67◦28′W, 65 
m.a.s.l.), located 315 km east of Coyhaique Alto (www. explorador.Cr2. 
cl). Therefore, the climate of the Coyhaique area is transitional between 
the extremely wet oceanic climates on the Pacific coast and the xeric 
continental sectors east of the Andes. Climate analyses have revealed 
strong positive correlations between zonal wind speeds and local pre-
cipitation in west-central Patagonia, including the Coyhaique area (Moy 
et al., 2009). This correlation diminishes to zero and turns negative with 
increasing distance east of the Andes. 

Plant communities follow the climatic and topographic gradients in 
Central Patagonia discussed above, resulting in conspicuous altitudinal 
and trans-Andean zonations. Several studies (Gajardo, 1994; Luebert 
and Pliscoff, 2006; Quintanilla, 2005; Schmithüsen, 1956) distinguish 

Fig. 1. Upper half: Satellite image of the central 
Patagonian Andes (44◦S-48◦S) showing the location 
of Lago Mellizas (yellow star) and other sites 
mentioned in the main text (yellow circles), and the 
location of urban centers for reference (red circles). 
The lower half shows a detail of the Coyhaique sector 
where Lago Mellizas and Lago Baguales are located in 
relation to the El Diablo (1), Triana (2), La Nicolasa 
(3) and Baguales (4) LGM moraines (features depicted 
in red with black triangles representing the ice con-
tact slopes). Also shown are neighboring sites 
mentioned throughout the text. The dashed black line 
represents the reconstructed margin of the Coyhaique 
glacier lobe, and the light blue arrows the direction of 
inferred glacier flow (Modified from Vilanova et al., 
2019). (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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the following macro-vegetation units along a west-to- east precipitation 
gradient: 1) Evergreen Rainforest with conifers (North Patagonian 
rainforest): in the numerous islands of the Chonos Archipelago, the 
landscape is dominated by dense forests, where the dominant trees are 
Nothofagus nitida and N. betuloides, along with Pilgerodendron uviferum in 
water-logged areas, Podocarpus nubigena, Drimys winteri, Raukaua laete-
virens, Embothrium coccineum, Weinmannia trichosperma, Fuchsia magel-
lanica, and Gunnera tinctoria. This vegetation unit occurs in 
environments characterized by low temperatures and precipitation 
values ranging between 2000 and 4000 mm/year. 2) Mixed forests: are 
located in western slopes of the Andes and the landscape is dominated 
by evergreen trees (N. dombeyi, E. coccineum, D. winteri, Myrceugenia 
chrysocarpa, and Tepualia stipularis), winter deciduous trees (Nothofagus 
pumilio and N. antarctica) and shrubs (Berberis ilicifolia). This vegetation 
unit occurs below 1000 m.a.s.l. in sectors where the mean annual pre-
cipitation ranges between 3000 and 1000 mm/yr. 3) Deciduous forests: 
this unit establishes the transition between evergreen rainforests and the 
Patagonian steppe and occurs on the eastern slopes of the Andes be-
tween elevations 500 and 1250 m.a.s.l. and the annual precipitation 
ranges between 1000 and 400 mm. The dominant tree is Nothofagus 
pumilio, which may form monospecific stands and presents a species- 
poor understory. 4) Patagonian steppe: this species-rich unit is domi-
nated by bunchgrasses of the Poaceae family (Festuca gracillima, Stipa 
brevipes), shrubs (Mulinum spinosum), and herbs (Acaena splendens) and 
occurs in flat lowland areas with annual precipitation lower than 500 
mm. 5) High Andean Vegetation: a sparsely vegetated unit dominated by 
herbs (Poaceae [Poa, Festuca, Deschampsia], Asteraceae [Nassauvia, Se-
necio, Perezia], Cyperaceae [Carex], Gunnera), and shrubs (Apiaceae 
[Bolax, Azorella], Ericaceae [Gaultheria, Empetrum]) develops above the 
treeline, at 900–1000 m elevation, along with isolated individuals of 

N. antarctica. 
The vegetation near Lago Mellizas is dominated by fragmented de-

ciduous forests dominated by Nothofagus pumilio, with an understory 
consisting of shrubs (Berberis microphylla, Berberidaceae), herbs (Acaena 
sp., Fragaria chiloensis), and the fern Blechnum penna-marina (Blechna-
ceae). Intense disturbance by settlers since 19th century led to the 
establishment of pasturelands (Martinic, 2005) and non-native tree 
plantations. 

3. Methods 

We obtained multiple overlapping sediment cores from Lago Melli-
zas and Lago Baguales (Fig. 1), both sites are small closed-basin lakes at 
water depths of 740 cm and 650 cm, respectively. We retrieved the 
sediment cores from an anchored raft equipped with a 10-cm wide 
aluminum casing tube, using a sediment-water interface piston corer 
with a 7.5-cm diameter Plexiglas chamber and a 5-cm diameter modified 
Livingstone piston corer (Wright, 1967). The sediment core stratigraphy 
was characterized by lithological descriptions, X-radiographs, and Loss- 
On-Ignition (LOI) analysis following overnight drying at 105 ◦C. 
Sequential burns at 550 ◦C (2 h) and 925 ◦C (4 h) in a muffle furnace 
allowed quantification of the organic (LOI550), siliciclastic, and car-
bonate content (LOI925) of the sediments (Heiri et al., 2001). 

The chronology of the sediment cores is constrained by 210Pb ages, 
AMS radiocarbon dates on bulk organic sediment (Tables 1 and 2, 
Fig. 2), and chronostratigraphic correlation of tephra from neighboring 
sites (Weller et al., 2014, 2015). The radiocarbon ages were calibrated to 
calendar years before present using CALIB 7.0 (Reimer et al., 2013) and 
the SHCal13 calibration dataset (Hogg et al., 2013). 

We processed 2 cc of sediment from 1-cm thick sections along the 

Table 1 
Radiocarbon dates from Lago Mellizas (PC1106) and Lago Baguales (PC1104) sites. The radiocarbon dates were calibrated to calendar years before present using the 
CALIB 7.1 program. We correlated radiocarbon dates from Lago Churrasco (*) and Lago Unco (**), based on tephrostratigraphy relations documented by Weller et al. 
(2014, 2015), which we incorporated in the age model from Lago Mellizas.  

Laboratory code Core Tephra free depth 
(cm) 

Original depth 
(cm) 

Material 14C (yr 
BP) 

±1σ 
error 

Median Probability (cal 
yr BP) 

range (2σ) (cal yr 
BP) 

UCIAMS-133063 PC1106SC 27 27 bulk 285 20 302 155–435 
CAMS-159616 PC1106SC 44 44 bulk 590 35 548 522–631 
UCIAMS-133064 PC1106SC 65 65 bulk 975 15 861 794–910 
UCIAMS-133065 PC1106SC 75 75 bulk 1145 15 1012 959–1057 
UCIAMS-122979 PC1106AT1 89 89 bulk 1250 20 1124 1067–1175 
UCIAMS-122980 PC1106AT1 120 123 bulk 1830 20 1715 1614–1749 
UCIAMS-145956 PC1201AT1* 134 143 bulk 2555 20 2590 2489–2722 
CAMS-159610 PC1106AT2 160 178 bulk 3060 35 3211 3076–3328 
CAMS-159604 PC1106AT3 227 253 bulk 3890 30 4267 4154–4382 
UCIAMS-177610 PC1106AT3 257 284 bulk 5185 15 5910 5759–5984 
UCIAMS-122981 PC1106AT3 289 316 bulk 6860 20 7649 7594–7674 
UCIAMS-177611 PC1106AT3 314 341 bulk 7330 20 8101 8024–8161 
CAMS-159605 PC1106AT4 334 362 bulk 8120 35 9009 8815–9126 
UCIAMS-171541 PC1106AT4 347 381 bulk 8660 25 9562 9529–9662 
UCIAMS-171542 PC1106AT4 361 396 bulk 9575 25 10,874 10,702-11,066 
UCIAMS-171543 PC1106AT4 361 396 plants 

macrofossils 
9540 25 10,756 10,617-11,069 

UCIAMS-177612 PC1106AT4 365 404 bulk 9985 25 11,333 11,244-11,599 
UCIAMS-177613 PC1106AT4 383 422 bulk 11,325 40 13,171 13,089-13,268 
UCIAMS-171544 PC1106AT4 399 437 bulk 12,090 30 13,949 13,800-14,023 
UCIAMS-177614 PC1106AT5 450 501 bulk 12,695 30 15,132 14,958-15,271 
CAMS-159614 PC1103ET8** 527 582 bulk 13,720 45 16,561 16,424-16,809 
CAMS-159606 PC1106AT6 539 595 bulk 13,810 110 16,708 16,330-17,057 
UCIAMS-122999 PC1106BT7 567 696 bulk 14,670 45 17,86 17,683-18,014 
UCIAMS-123030 PC1106BT7 569 700 bulk 14,800 90 18,009 17,763-18,270 
UCIAMS-123033 PC1106BT7 576 707 plants 

macrofossils 
14,795 55 17,997 17,825-18,184 

UCIAMS-123034 PC1106BT7 579 713 plants 
macrofossils 

14,860 60 18,067 17,887-18,267 

CAMS-154875 PC1106BT7 582 716 bulk 14,680 35 17,874 17,707-18,015 
CAMS-154873 PC1104AT3 216 250 bulk 13,910 30 16,798 16,573-17,002  
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sediment cores for pollen and spore analysis using standard techniques, 
which include KOH, HF, and acetolysis (Faegri and Iversen, 1989). The 
concentrates were mounted on glass slides using silicon oil (2000 cs) and 
analyzed at 400× and 1000× magnification with a Zeiss Axiolab ste-
reomicroscope. The terrestrial pollen sum (TPS) for each level includes 
at least 300 pollen grains of upland herbs, shrubs, and trees. We calcu-
lated the percent abundance of aquatic and fern taxa from a sum that 
included the TPS with the addition of aquatic/paludal taxa and pteri-
dophytes, respectively. In the case of Pediastrum, a planktonic green 
microalga, we calculated its percent abundance from a separate sum that 
included all pollen and spores. We defined pollen zones to aid in the 
description of the palynological record on the basis of major transitions 
in the pollen stratigraphy, supplemented with a stratigraphically con-
strained cluster analysis applied to the terrestrial taxa with abundance 
≥2% (Grimm, 1987). In addition, we calculated the rates of change 
parameter on the same dataset by smoothing with a moving average 
window (≤5 ≥ 3) and interpolating every 100-year regular steps 
(Grimm and Jacobson, 1992). We applied a regime shift detection al-
gorithm to the calculated means of the time series using a minimum of 
20 adjacent levels (Rodionov, 2004). The palynomorph Pilgerodendron 
type includes the species Fitzroya cupressoides and Pilgerodendron uvife-
rum, the latter mainly distributed in the Pacific coasts and western slopes 
of the Andes in central and southern Patagonia; Nothofagus dombeyi type, 
includes the species N. dombeyi, N. nitida, N. betuloides, N. pumilio and 
N. antarctica, only the last two distributed on the eastern slopes of the 
Andes in central Patagonia. 

We analyzed the macroscopic charcoal content of the sediments to 
document past fire activity at local scale (Millspaugh and Whitlock, 
1995). For that purpose, we sampled 2 cc of sediment from contiguous 1- 
cm thick sections, rinsed the sample in a 10% KOH solution, sieved 
through 106 and 212-μm brass meshes, and counted the macroscopic 
charcoal particles individually on a Zeiss KL1500 LCD stereomicroscope 
with the aid of gridded Petri dishes and a dissection needle (Millspaugh 
and Whitlock, 1995). The abundance of macroscopic charcoal is 
expressed as charcoal accumulation rates, calculated by standardizing 
the concentration data by depositional time. 

4. Results 

4.1. Stratigraphy and chronology 

The spliced sedimentary record from Lago Mellizas (cores PC1106SC 
+ PC1106A) is 850 cm long and includes a basal inorganic unit 
(850–598 cm) overlain by an organic unit (598–0 cm) (Fig. 2a). The 
lower portion of the stratigraphy features gravel (850–750 cm) and sand 
(808–792 cm), that gives way to a finely laminated inorganic silts sec-
tion (750–728 cm) through a gradual fining-upward transition. We 
observe an increasing frequency and thickness of laminated carbonates 
(728–700 cm), within which we find the MEN0 tephra (711–709 cm), 
overlain by the thick and coarse H0 tephra (694–617 cm). Organic-rich 

sedimentation starts just above H0 and persist until today with 21 tephra 
layers, among which we highlight MEN1 (401–398 cm) and H2 
(251–246 cm). The majority of the 26 tephra found in the sediment 
record from Lago Mellizas were described by Weller et al. (2015). 

The sediment record from Lago Baguales (PC1104A, Fig. 2b) is 331 
cm long and consists of basal gravel (331–250 cm) overlain by coarse 
organic detritus silts through a gradual fining-upward transition. 
Further up in the stratigraphy we find seven tephra layers, among which 
we emphasize the presence of H2 (81–64 cm) and a black tephra be-
tween 28–20 cm. 

We obtained 25 AMS radiocarbon dates on bulk organic samples and 
11 210Pb ages from Lago Mellizas, all of which are in stratigraphic order 
and span from the beginning of organic sedimentation to the present 
(Fig. 2 and Tables 1, 2). Five of them underlie the MEN0 tephra and 
yielded a mean pooled age of ~17.9 cal kyr BP. Hence, our data docu-
ment continuous sedimentation at the site from ~17.9 cal kyr BP to the 
present. One AMS radiocarbon date from Lago Baguales pinpoints the 
beginning of organic sedimentation at ~16.8 cal kyr BP. 

We developed an age model for the Lago Mellizas record to assign 
interpolated calendar ages to the tephra, pollen, and charcoal levels 
(Fig. 3). We use a tephra-free depth scale that explicitly acknowledges 
the instantaneous nature of tephra fallout deposition by subtracting 
their thickness from the depth of the radiocarbon dates and pollen/ 
charcoal levels. This age model includes all radiocarbon dates and 210Pb 
ages from the Lago Mellizas record, along with two dates from lake 
sediment cores located near this site: 1) Lago Churrasco (UCIAMS- 
145956, Moreno et al., 2019), and 2) Lago Unco (CAMS-159614, Vila-
nova et al., 2019) (Fig. 2, Table 1). 

4.2. Pollen stratigraphy 

The pollen record from Lago Mellizas consists of 304 levels, and has a 
mean time resolution of ~56 years between levels. Below 600 cm the 
sediments contained extremely low pollen concentrations and did not 
yield sufficient counts to complete the minimum TPS. We defined eight 
pollen zones in the Lago Mellizas record (Fig. 4) which we describe in 
the following section, indicating the leading terrestrial components and 
their mean percentage (×) in parenthesis. 

Zone LM-1 Poaceae-Empetrum-Acaena (597–579 cm, ~16.9–16.6 cal 
kyr BP). This zone features the highest Non-Arboreal Pollen sum (=NAP, 
× = 94%) and the three most abundant taxa that dominate this zone 
contribute with a cumulative sum of ~74% of the TPS. After reaching its 
maximum values, Poaceae shows a sustained decline until the end of the 
zone, while Empetrum and Acaena show the opposite trend. Gunnera 
(6.1%) achieves its maximum values of the entire record. Other shrubs 
and herbs (Ericaceae, Perezia, Valeriana, Phacelia secunda, Asteraceae 
subfamily Asteroideae, Caryophyllaceae, Apiaceae, Mulinum, and Dys-
opsis) have low abundances and their summed abundance does not 
exceed 10%. Trees are present in low abundance (Nothofagus dombeyi 
type: × = 5.2%, Pilgerodendron type: × = 0.8%) and the mean Arboreal 

Table 2 
210Pb measurements and age estimates from Lago Mellizas. The concentration of the 210Pb were indirectly measured by alpha spectrometry of its daughter isotope 
(210Po) and the ages were estimated using a constant rate supply model (CRS).  

MyCore Sc. Laboratory code Core 210Pb (Bq g-1) Tephra free depth (cm) Original depth (cm) Age (AD) Age (cal yr BP) ±1σ error 

271 PC1106SC 0.071 0 0 2011 -61 0 
272 PC1106SC 0.083 1 1 2009 − 59 0 
273 PC1106SC 0.073 2 2 2005 − 55 1 
274 PC1106SC 0.071 3 3 2003 − 53 1 
275 PC1106SC 0.078 4 4 1999 − 49 2 
276 PC1106SC 0.070 5 5 1994 − 44 2 
277 PC1106SC 0.068 6 6 1985 − 35 4 
278 PC1106SC 0.077 7 7 1977 − 27 4 
279 PC1106SC 0.048 8 8 1958 − 8 12 
280 PC1106SC 0.039 9 9 1948 2 19 
281 PC1106SC 0.030 10 10 1938 12 43 
282 PC1106SC 0.029 11 11 1924 26 62  
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Pollen (AP) sum is 6%, which is the lowest value of the entire record. The 
aquatic Myriophyllum (10.9%) and the microalga Pediastrum (82%) 
achieve their maximum abundance in this zone. 

Zone LM-2 Nothofagus-Poaceae-Empetrum (577–509 cm, ~16.6–15.5 
cal kyr BP) shows increases in the arboreal taxa Nothofagus (×= 39.7%), 
Pilgerodendron type (× = 3%), along with Podocarpus nubigena, Miso-
dendrum, and Drimys. The mean AP during LM-2 is 45%. We observe 
decreases in the most abundant herbs and shrubs (Poaceae: × = 24%, 
Empetrum: × = 10.1%, Acaena: × = 6.6%, Gunnera × = 2%) relative to 
the previous zone, while other herbs exhibit increases (Valeriana: × =

1.5%, Phacelia secunda: × = 2%). The pteridophytes Blechnum (9.8%) 
and Lycopodium (1%) increase and achieve maximum abundance during 
this zone. The aquatic Myriophyllum (0.8%) and Pediastrum (53.4%) 
show important declines. 

Zone LM-3 Nothofagus-Poaceae-Pilgerodendron type (507–435 cm, 
~15.5–13.6 cal kyr BP). During this zone some arboreal taxa (Nothofa-
gus: × = 57.6%, Pilgerodendron type: × = 3.9%) maintain the increasing 
trend observed in the previous zone, while Drimys (0.3%), other herbs 
(Poaceae: × = 19.9%, Acaena: × = 3.5%) and shrubs (Empetrum: × =

3.3%, Escallonia: × = 1%) show declines in their abundance. A similar 
behavior is evident in the ferns and fern allies (Blechnum: × = 7.9%, 
Lycopodium: × = 0.5%), and aquatic taxa (Cyperaceae: × = 0.4%, 
Myriophyllum: × = 0.3%, Pediastrum: × = 41.1%), which become less 
abundant relative to the previous zone. 

Zone LM-4 Nothofagus-Poaceae-Pilgerodendron type (433–411 cm, 
~13.6–11.8 cal kyr BP). Nothofagus (62.7%) shows a modest increase, 
along with increments in the conifers Pilgerodendron type (6%) and 
Podocarpus nubigena (3.1%), which achieve their maximum abundance 
of the entire record. Most herbs and shrubs decline during this zone, 

except for Caryophyllaceae (0.8%) and Ericaceae (1.2%) which exhibit 
modest increases. After a pronounced decline, Blechnum (6.1%) recovers 
its original abundance at the end of this zone. Pediastrum (60.5%) shows 
a sustained increase and reaches maximum abundance at the end of this 
zone. 

Zone LM-5 Nothofagus-Poaceae-Misodendrum (409-372 cm, 
~11.6–9.4 cal kyr BP). Noteworthy aspects of this zone are a generalized 
decline in trees, herbs, shrubs and ferns, and increases in Nothofagus 
(80%), Misodendrum (3%) and Escallonia (0.6%). The conifers (Podo-
carpus nubigena: × = 1.7%, Pilgerodendron type: × = 1.5%) and Poaceae 
(8.7%) show prominent declines and achieve their lowest abundance at 
the end of LM-5. Pediastrum (68.8%) reached its highest abundance early 
in LM-5 and decreases toward the end of this zone. 

Zone LM-6 Nothofagus-Misodendrum-Poaceae (369–148 cm, 
~9.4–2.5 cal kyr BP). Nothofagus (93%) increased and reached 
maximum values with little variation. Misodendrum (2.6%) and Podo-
carpus nubigena (1.1%) are the only additional arboreal taxa with rela-
tively high abundances during this zone. NAP remains low and most taxa 
appear sporadically, except for Poaceae (2%) that is present in a 
continuous manner. Ferns and aquatic plants disappear at the beginning 
and reappear at the end of this zone. Pediastrum (42.8%) shows a decline 
and large fluctuations. 

Zone LM-7 Nothofagus-Poaceae-Misodendrum (142–16 cm, ~2.5–0.1 
cal kyr BP). In this zone Nothofagus (94%) and Poaceae (2.2%) maintain 
their high abundance, while Podocarpus nubigena (0.5%) and Misoden-
drum (2%) exhibits modest declines. Blechnum, Cyperaceae, and Myr-
iophyllum re-appear maintaining low values. Pediastrum (59.3%) shows 
an initial increase from 20% to 80% and declines from 77% to 18% near 
the end of this zone. 

Fig. 2. Stratigraphic column, radiocarbon dates, and loss on ignition data from Lago Mellizas (A) and Lago Baguales (B). The labels on the left show the stratigraphic 
position, age, and 1 sigma error of the radiocarbon dates, in some cases the labels were displaced vertically to facilitate visualization. The labels on the right indicate 
the identity of each core segment, and the dashed horizontal lines represent the sediment core boundaries. The open triangle shows the fining-upward sequence of 
clastic material. 
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Zone LM-8 Nothofagus-Poaceae-Rumex (15–0 cm, ~0.1 cal kyr BP- 
present). Nothofagus shows an abrupt decline from 88% to 56%, along 
with a sustained increase in Poaceae (from 6.2% to 12.7%) and Miso-
dendrum (3%). A noteworthy aspect of this zone is the appearance and 
rapid increase of non-native taxa (Pinus: × = 4.1%, Plantago: × = 0.9%, 
and Rumex: × = 7%). The aquatic taxa (Cyperaceae: × = 1.7%, Myr-
iophyllum: × = 0.7%) and Blechnum (0.5%) show modest increases, 
while Pediastrum (51%) increases from 34% to >50% at the beginning of 
zone and persists with relatively high values and minor fluctuations. 

4.3. Macroscopic charcoal 

The macroscopic charcoal accumulation rates (CHAR) (Fig. 5) 
approach zero values and show absence of peaks prior to ~12.8 cal kyr 
BP, followed by a steady increase until a modest maximum at ~11.3 cal 
kyr BP. CHAR increases between ~10.8–9.3 cal kyr BP, reaching the 
highest values of the entire record at ~9.5 cal kyr BP, then declined and 
remained at low values with intermittent increases that led to moderate 
maxima between ~8.3–8.0 cal kyr BP, ~7.2–6.6 cal kyr BP, ~5.6 cal kyr 
BP, ~5.2–4.9 cal kyr BP, ~3.7–2.7 cal kyr BP, and multiple maxima 
during the last ~1700 years. 

4.4. Rates of change 

The rates of change (ROC) parameter (Fig. 5) starts with a rise that 
culminated in peak values between ~17.0–16.6 cal kyr BP, coincident 
with a turnover from herbs/shrubs to trees, chiefly Nothofagus, but also 
Drimys, Pilgerodendron, and Podocarpus nubigena. ROC declined to in-
termediate values between ~16.5–14.0 cal kyr BP and reached mini-
mum values between ~14.0–9.5 cal kyr BP. ROC shows intermittent 
increases between ~9.4 and ~ 8.0 cal kyr BP, then declined and 
remained at low values. A sustained rise started at ~5.0 cal kyr BP and 
culminated during the 19th century, establishing the second largest- 
magnitude peak in the entire record. This maximum captures a major 
shift in the vegetation during historical time. Minor shifts in ROC are 
associated with the deposition of volcanic ashes at ~16.0 cal kyr BP, 
~14.5 cal kyr BP, ~10.4 cal kyr BP, ~8.4 cal kyr BP, ~4.5 cal kyr BP 
and ~ 2.5 cal kyr BP and increases of the fire activity at ~3.5- ~ 2.8 cal 
kyr BP, ~1.7 cal kyr BP, ~1.4 cal kyr BP, and 0.8 cal kyr BP (Fig. 5). 

Fig. 2. (continued). 
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5. Discussion 

5.1. Inferences on glacier, vegetation, and fire history 

Lacustrine sedimentation in Lago Mellizas started when the Coy-
haique glacier lobe abandoned the El Diablo moraines (~800 m.a.s.l.), 
which were deposited during its final LGM advance in the Río Coyhaique 
valley, retreated ~13 km and exposed an extensive ice-molded, 
bedrock-controlled landscape. Lago Mellizas is a closed-basin lake 
located on a bedrock depression on a relatively high plateau (~700 m.a. 
s.l.) just south of Río Coyhaique. Sedimentation of inorganic lake sedi-
ments began shortly before ~17.9 cal kyr BP in a closed-basin lake 
environment, followed by deposition of the MEN0 and H0 tephra, 
overlain in turn by organic-rich lake sediments that persist until the 
present. We interpret the basal date of ~17.9 cal kyr BP as a close 
minimum limiting age for local ice-free conditions at the onset of T1. 
Lago Baguales (654 m.a.s.l.), in contrast, is a closed-basin lake located 
on the proximal side of a 5-m high terminal moraine (Baguales moraine) 
that sits at the brink of a hanging glacial valley formerly occupied by a 
tributary of the main Coyhaique glacier lobe (Fig. 1). We refer to this 
tributary glacier as the Baguales sublobe of the Coyhaique glacier lobe. 
A natural outcrop on the distal side of the Baguales moraine shows 
crudely stratified pebbly mud with matrix-supported clasts topped by a 
till layer that corresponds to the base of the moraine, through a 
deformed and glaciotectonized transition (Arqueros, 2004; Miranda, 
2015). Sedimentation of organic-rich lake mud began in Lago Baguales 
when the glacier withdrew from this position just before ~16.8 cal kyr 
BP, establishing a minimum age constraint for the Baguales moraine. 

The pollen record from Lago Mellizas suggests an open landscape 
dominated by herbs and shrubs (Poaceae, Empetrum, Acaena, Aster-
aceae), along with low abundance of Gunnera, Ericaceae, Asteraceae 
subfamily Asteroideae, Perezia, Valeriana, Phacelia, Apiaceae, Car-
yophyllaceae, Mulinum, Dysopsis, and traces of arboreal taxa between 
~17.0–16.6 cal kyr BP. Most of these herbs and shrubs are common in 
High Andean and Patagonian Steppe communities (Villa-Martinez et al., 
2012), some of them (Apiaceae, Gunnera, Caryopyllaceae, Asteraceae, 
Empetrum) have been reported as pioneer species during the early stages 
of plant colonization in newly deglaciated terrains (Dollenz et al., 2012; 
Heusser, 2003). Hence, we interpret rapid colonization by cold-tolerant 
herbs of the newly exposed, ice-free sectors upstream from the El Diablo 
moraines (Fig. 1) following retreat of the Coyhaique glacier lobe from its 

youngest LGM position. The submerged macrophyte Myriophyllum fea-
tures its highest abundance of the entire record prior to ~16.6 cal kyr BP 
and plummeted to minimum values as Nothofagus rose from <2% to 
~60% between ~16.6–15.0 cal kyr BP. Nothofagus persisted at its 
highest level (~60%) with minor fluctuations until ~11.8 cal kyr BP 
(Figs. 4 and 5). The Nothofagus rise was accompanied by increases in the 
mistletoe Misodendrum, a hemiparasite specific to species of the genus 
Nothofagus, the fern Blechnum, the tree Drimys, along with the conifers 
Pilgerodendron type and Podocarpus nubigena. These cold-tolerant hy-
grophilous trees co-occur today in North Patagonian rainforests along 
the hyperhumid Pacific coasts of central Patagonia. Nothofagus and 
Podocarpus nubigena produce abundant pollen which is susceptible to 
long distance transport by the SWW from potential western sources. The 
local occurrence of these trees near Lago Mellizas prior to ~14.5 cal kyr 
BP is implied by the presence of Misodendrum, and the highest abun-
dance of the angiosperm Drimys in the entire Lago Mellizas record. 
Species of this genus produce low amounts of large (45–50 μm diameter) 
and heavy pollen grains which are released as tetrads (Haberle and 
Bennett, 2001; Heusser, 1971). Pilgerodendron type increased and 
reached its maximum in the Lago Mellizas record between ~14.8–11.7 
cal kyr BP, accompanied by peak abundance of Podocarpus nubigena 
between ~13.2–11.7 cal kyr BP in the context of a Nothofagus plateau at 
~60%. 

We observe a step increase in Nothofagus at ~9.5 cal kyr BP that led 
to mean values of 94%, contemporaneous with a general decline in cold- 
tolerant hygrophilous conifers, shrubs, herbs and ferns. Our data suggest 
the establishment of species-poor closed-canopy Nothofagus forests near 
Lago Mellizas at ~9.5 cal kyr BP, lacking conifers and any significant 
understory cover. This vegetation has remained virtually unaltered over 
the last ~9400 years despite explosive volcanism (8 tephra) and local 
fire activity, see below (Fig. 5). We note a minor but statistically sig-
nificant increase in Podocarpus nubigena between ~7.5–2.5 cal kyr BP 
that reached approximately half its mean maximum abundance during 
T1 (1.4% vs 3%), followed by a decline which was coeval with the 
reappearance of Cyperaceae, Myriophyllum and Blechnum in trace 
abundance. 

An abrupt ~30% decline in Nothofagus started during the mid-19th 
century (~91 cal yr BP) and persists until today, coeval with rapid in-
creases in herbs, littoral macrophytes, and non-native plants (Rumex, 
Plantago, Pinus). The genus Rumex contains native and non-native spe-
cies in the modern flora of central Patagonia, its recent rise probably 

Fig. 3. Age model of the Lago Mellizas record using a tephra-free depth scale. The blue zones represent the probability distribution of the calibrated radiocarbon 
ages. The gray zones correspond to the calculated confidence interval of the Bayesian age model. We developed a tephra-free depth scale that takes into account the 
instantaneous deposition of pyroclastic levels. This was done through a sequential and cumulative subtraction of the thickness of all tephra layers ≥1 cm from the 
original depth of all radiocarbon dates, loss-on-ignition, pollen, and charcoal samples. (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. 4. Percentage pollen diagram from Lago Mellizas. The labels on the right indicate the identity and stratigraphic span (dashed horizontal lines) of each pollen 
assemblage zone. The gray horizontal lines indicate the position of tephra layers. Black triangles on the left show the stratigraphic position of the radiocarbon dates. 
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represents a major contribution from the introduced species 
R. acetosella. This rapid shift coincides with the arrival European and 
Chilean settlers to the study area during historical time (Martinic, 2005). 

The charcoal record indicates absence of fires prior to ~12.8 cal kyr 
BP (Fig. 5), followed by a modest increase that culminated at ~11.3 cal 
kyr BP. CHAR increased between ~10.8–9.4 cal kyr BP, then declined 
and remained low with intermittent increases that led to moderate 
maxima between ~8.3–8.0 cal kyr BP, ~7.2–6.6 cal kyr BP, ~5.6 cal kyr 
BP, ~5.2–4.9 cal kyr BP, ~3.7–2.7 cal kyr BP, and multiple maxima 
during the last ~1700 years. NAP shows slight, statistically insignificant 
increases during some of these CHAR maxima, suggesting minimal in-
fluence of wildfires on the forest vegetation surrounding Lago Mellizas 

since ~9.4 cal kyr BP. 
The ROC parameter shows prominent peaks at ~16.6 cal kyr BP and 

during the 19th century (Fig. 5). The former was coeval with a major 
increase in AP, which took place after the deposition of three tephra 
layers between ~16.9–16.6 cal kyr BP. The latter peak coincides with an 
abrupt ~30% decline in Nothofagus, spread of non-native invasive plant 
species, and increase of fire activity related to the arrival of European 
and Chilean settlers. The 19th century shift constitutes the fastest/ 
largest-magnitude change in the composition and physiognomy of the 
vegetation over the last ~16,500 years, driven by fire, livestock grazing, 
and land-use changes. We observe an association between low- 
frequency, multi-millennial variations in the ROC parameter and 

Fig. 5. Selected variables from the Lago Mellizas record shown in the time scale. Also shown are the calculated rates-of-change (ROC), the macroscopic charcoal 
accumulation rate (CHAR), and the silicilastic density (the sharp peaks correspond to tephra layers). The red line shows results of the regime shift detection algorithm 
applied to the calculated means of Nothofagus and Podocarpus nubigena. The vertical-colored ribbons illustrate our climatic or ecologic interpretations (yellow: cold/ 
dry, light aquamarine: temperate/wet; dark aquamarine: temperate/wetter, light red: warm/dry), and the age of the El Diablo, Triana and La Nicolasa moraines. The 
light green ribbon highlights an interval of persistent dominance of closed-canopy Nothofagus forests with sporadic, short-lived, centennial-scale intervals of limited 
openness. This interval of forest resilience contrasts with the profound physiognomic and floristic changes during T1. The white triangles with black borders depict 
the stratigraphic position of volcanic ashes. The rectangle encompassed by the black dashed lines indicate the duration of the Coyhaique/Balmaceda proglacial lake. 
(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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clusters of tephra layers (Fig. 5). This is evident during the 16.2–14.0 cal 
kyr BP, 11.0–8.0 cal kyr BP, and 5.0–1.5 cal kyr BP intervals, which 
feature a concentration of 5, 4, and 6 tephra layers respectively. We note 
that the ROC maxima took place during a millennium that includes 8 
tephra at the beginning of the record, and during the last millennium 
which features no tephra deposition in the study area. Multiple shifts in 
the ROC parameter through the Holocene contrast with non-significant 
variations in herbs and shrubs, attesting to the resilience of closed- 
canopy Nothofagus forests near Lago Mellizas, which experienced spo-
radic openings of short duration and magnitude in response to climate 
and disturbance regimes. 

5.2. Inferences on climate history 

Our results indicate that the Coyhaique glacier lobe retreated at least 
~13 km west from its final LGM moraine (El Diablo ~800 m.a.s.l.) in the 
Río Coyhaique valley before ~17.9 cal kyr BP, exposed the relatively 
high plateau area where Lago Mellizas (760 m.a.s.l., measured with 
geodetic GPS) is located, and dammed a proglacial lake at lower ele-
vations (Figs. 5, 6). Moreno et al. (2019) reported the onset of organic- 
rich lake sediments at ~17.9 cal kyr BP in Lago Quijada (45◦42′54.58”S, 
71◦54′27.50”W, 726 m.a.s.l., measured with geodetic GPS), a small 
closed-basin lake located ~21 km southwest from Lago Mellizas and ~ 
15 km upstream from the local LGM moraine (Triana 770 m.a.s.l., 
measured with geodetic GPS) along the Río Pollux valley (Fig. 1). The 
absence of glaciolacustrine sedimentation in Lago Quijada and Lago 
Mellizas immediately after the onset of local ice-free conditions affords 
maximum limiting elevation estimates for the proglacial lake that 
developed during T1. A subsequent study by Vilanova et al. (2019) re-
ported results from Lago Toro (45◦31′46.36”S, 71◦51′16.77”W, 654 m.a. 
s.l., measured with geodetic GPS), a small closed-basin lake located 
~3.2 km northwest from Lago Mellizas (Fig. 1), which indicates local 
glaciolacustrine sedimentation since the onset of local ice-free condi-
tions until ~17.2 cal kyr BP, affording minimum limiting elevation and 
age estimates for the highest known stand of the ice-dammed proglacial 
lake that covered the Río Coyhaique and Río Pollux valleys during the 
earliest portion of T1. In addition, lake sediment cores from Lago Élida 
(45◦50′24.81”S, 71◦43′12.30”W, 570 m.a.s.l., measured with geodetic 
GPS), located ~34 km southeast from Lago Mellizas (Fig. 1), indicate 
glaciolacustrine sedimentation following the abandonment of the local 
LGM moraines (La Nicolasa, ~780 m.a.s.l.) until ~16.2 cal kyr BP along 
the Río Huemules valley (Vilanova et al., 2019). We refer to this ice- 
dammed lake, informally, as the Coyhaique/Balmaceda proglacial lake. 

The basal radiocarbon date of ~16.8 cal kyr BP from Lago Baguales 
(654 m.a.s.l., measured with geodetic GPS) affords a minimum limiting 
age estimate for an advance of the Baguales sublobe of the Coyhaique 
glacier lobe (Fig. 1). This glacier advance occurred at times when the 
Coyhaique/Balmaceda proglacial lake stood at its highest level (<726 
and > 650 m.a.s.l.) and flooded the Río Coyhaique valley, thus ac-
counting for the deformation of the glaciolacustrine beds during the 
deposition of the Baguales moraine, and the lack of fluvioglacial de-
posits on the environments distal to this moraine. The glacier abandoned 
the Baguales moraine and retreated to an unknown location ~1200 
years after the onset of T1 and ~ 500 years after the onset of the 
regressive phase of the Coyhaique/Balmaceda proglacial lake from its 
highest stand. Altogether, available data from the Coyhaique and Bal-
maceda sectors of Central Patagonia allow identification of a step-wise 
pattern of glacier recession of the Coyhaique glacier lobe that started 
at ~17.9 cal kyr BP, continued with a glacier stabilization event that led 
to the highest proglacial lake level stand between ~17.9–17.2 cal kyr 
BP, followed by glacier recession and a proglacial lake level drop, a 
readvance of the Baguales sublobe that terminated at ~16.8 cal kyr BP, 
and a glacier stabilization event that led to a lower-elevation proglacial 
lake, between <650 and > 570 m.a.s.l., between ~17.2–16.2 cal kyr BP. 

The pollen record from Lago Mellizas shows dominance of cold- 
tolerant and pioneer herbs/shrubs between ~17.0–16.6 cal kyr BP, 

with taxa commonly found today in the High Andean vegetation belt, 
and peak abundance of the submerged macrophyte Myriophyllum. The 
latter signal suggests that shallow-dwelling littoral macrophytes shifted 
toward the deep sectors of Lago Mellizas, near the coring site, suggesting 
a low lake-level stand at the time. This was followed by a statistically 
significant and irreversible increase in AP at ~16.6 cal kyr BP that 
included trees characteristic of the North Patagonian rainforests present 
in the modern hyperhumid coasts of central Patagonia. This AP increase 
was contemporaneous with a rise in the fern Blechnum, the organic 
content of the lake sediments, and a statistically significant decline in 
Myriophyllum (Fig. 5). The latter change suggests a lake level rise in Lago 
Mellizas that shifted the distribution of the former littoral zone away 
from the depths of the coring site. We interpret all these changes as 
unequivocal evidence for an increase in precipitation under warming 
conditions during the early stages of T1 east of the Central Patagonian 
Andes, and infer a rise in the regional treeline at ~16.6 cal kyr BP. 

These results and interpretations replicate, refine, and expand upon 
the conclusions reported from nearby Lago Churrasco and Lago Unco 
(Moreno et al., 2019; Vilanova et al., 2019), which document (i) 
dominance of herbs and shrubs between ~17.8–16.0 cal kyr BP, and (ii) 
an early arboreal colonization event at ~16.0 cal kyr BP that included 
hygrophilous trees and ferns. Unlike Lago Mellizas, however, the Lago 
Unco record shows that the Nothofagus rise at ~16.0 cal kyr BP occurred 
after a precursor “wetting event” at ~16.6 cal kyr BP marked by a 
conspicuous increase in Blechnum (Vilanova et al., 2019), also evident in 
Lago Mellizas (Figs. 4 and 5). This ~600-year delay for the Nothofagus 
rise in Lago Unco, relative to Lago Mellizas, might represent a migra-
tional lag from western sourced populations along the ~8 km separating 
the sites or, alternatively, differences in local precipitation and/or wind 
exposure. We note that the ~16.6 cal kyr BP shift in Lago Mellizas and 
the ~16.0 cal kyr BP increase of AP in the Lago Churrasco and Lago 
Unco records were contemporaneous with the step-wise pattern of 
glacier recession and stabilizations of the Coyhaique glacier lobe dis-
cussed in the preceding paragraphs, including recession of the Baguales 
sublobe from its ~16.8 cal kyr BP position. 

Nothofagus increased steadily between ~16.6–14.8 cal kyr BP and 
attained a relatively stable ~60% plateau between ~14.8–12.8 cal kyr 
BP, marking the establishment of Nothofagus-dominated forests (× AP: 
67%) near Lago Mellizas under cool-temperate and wet conditions. Peak 
precipitation over this interval is substantiated by the maximum mean 
abundance of the conifers Pilgerodendron type (6.4%) and Podocarpus 
nubigena (4.4%) in the entire record (Fig. 5). A subsequent ~20% in-
crease in Nothofagus at ~11.7 cal kyr BP, in concert with a Misodendrum 
rise, declines in hygrophilous conifers, and enhanced fire activity, attest 
to a temperature rise and precipitation decline at the beginning of the 
Holocene. Nothofagus forests (× AP = 83%) persisted between 
~11.7–9.4 cal kyr BP along with a modest herbaceous understory and 
enhanced fire and volcanic activity. This was followed by a decline in 
fires between ~9.4- ~ 8.5 cal kyr BP (Fig. 5), that permitted a rapid 
densification of the forest canopy (× AP = 97%) and disappearance of 
herbs. Forest vegetation persisted near Lago Mellizas virtually unaltered 
until the arrival of Chilean/European settlers in the 19th century, 
attesting to the extraordinary resilience of Nothofagus forests despite 
frequent explosive volcanism and millennial-scale variations in fire re-
gimes (Fig. 5). Large-scale deforestation by fire, livestock grazing, 
spread of non-native invasive plant species, and land-use changes caused 
the fastest/largest-magnitude shift in the composition and physiognomy 
of the vegetation surrounding Lago Mellizas of the last ~16,500 years. 

Conspicuous variations in the microalga Pediastrum are evident 
through the Holocene record from Lago Mellizas (Fig. 4). Interpretation 
of these changes is challenging considering that their indicator value for 
reconstructing hydrologic change relies on the species identity of the 
fossil material, and their covariation with other microalga not recorded 
in the Lago Mellizas record (Komárek and Jankovská, 2001; Sarmaja- 
Korjonen et al., 2006). The abundance of tephra fallout events in our 
study site and our identification of this alga to the genus level further 
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Fig. 6. Left column: comparison of the percent abundance of arboreal pollen from palynological sites located in northwestern (Moreno et al., 2018) and Central 
Patagonia (Bennett et al., 2000; Haberle and Bennett, 2004; Vilanova et al., 2019; Moreno et al., 2019), along with a spliced atmospheric CO2 record (Bereiter et al., 
2015) from Antarctic ice cores. The records are aligned from north (upper portion) to south (lower portion). Data curves with black lines come from sites located 
along the Pacific side of the Andes, the neon red and purple lines indicate records located on the eastern slope of the Central Patagonian Andes. The vertical cyan 
ribbon highlights the spread of ages for the onset of the initial arboreal rise in central Patagonian sites, the dashed lines denote the rise of arboreal pollen on the 
different sites. Right column: abundance of conifers (Pilgerodendron type + Podocarpus nubigena) in the same palynological sites as in the left column, and the δ 
Deuterium record from the Antarctic EDC site (Stenni et al., 2010). The vertical-colored ribbons illustrate the interpreted climatic conditions (yellow: cold/dry, light 
aquamarine: temperate/wet; dark aquamarine: temperate/wetter, light red: warm/dry), and the age of the El Diablo, Triana and La Nicolasa moraines. The light 
green ribbon highlights the interval with highly resilient closed-canopy Nothofagus forests. The interval encompassed by the dashed lines indicate the duration of the 
Younger Dryas Chron and the Antarctic Cold Reversal. (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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complicates the task. We note that the variations in Pediastrum were 
contemporaneous with a modest increase of the conifer Podocarpus 
nubigena between ~7.5–2.5 cal kyr BP, aspect that may indicate in-
creases in precipitation. The intermittent increases of charcoal over the 
same interval (Fig. 5), however, suggest changes in the opposite direc-
tion. Perhaps the co-ocurrence of these signals imply high variability in 
precipitation regimes between ~7.5–2.5 cal kyr BP. If correct, we note 
that the variations in Pediastrum occur in a non-consistent manner with 
the hydrologic balance changes inferred above. 

5.3. Regional and hemispheric implications 

The Coyhaique ice lobe attained its final LGM position just before 
~17.9 cal kyr BP and retreated at the onset of T1 (Figs. 5, 6), exposing 
sectors of the Río Coyhaique, Río Pollux, and Río Huemules valleys, 
where a large ice-dammed proglacial lake developed. Deglaciation of 
the Coyhaique ice lobe was contemporaneous with previous studies 
from northwestern (Denton et al., 1999; Moreno et al., 2018), central 
(Bendle et al., 2017; Kaplan et al., 2008; Thorndycraft et al., 2019), and 
southwestern Patagonia (Sagredo et al., 2011) that place the onset of T1 
between ~17.9–17.5 cal kyr BP, indicating a coherent Patagonian-wide 
signal (Moreno et al., 2015; Palacios et al., 2020). A step-wise retreat of 
the Coyhaique glacier lobe, including a halt/readvance that terminated 
at ~16.8 cal kyr BP, took place early during T1 judging from the evo-
lution of Coyhaique/Balmaceda proglacial lake that featured a high 
stand between <726 and > 650 m.a.s.l. constrained between 
~17.9–17.2 cal kyr BP, followed by a lower stand between <650 and >
570 m.a.s.l. dated between ~17.2–16.2 cal kyr BP. The origin, timing, 
and extent of this proglacial lake differ from the proglacial lake that 
developed in the Lago General Carrera/Buenos Aires and Lago 
Cochrane/Pueyrredón during T1, which is unsurprising, considering the 
~250 km distance between Río Aysén and Río Baker (the major rivers in 
each sector), and the high topographic divide between both basins in the 
Cerro Castillo area. We observe that the timing for the transition from 
clastic to organic-dominated sedimentation in Lago Castor (~16.8 cal 
kyr BP) (Van Daele et al., 2016), located at ~700 m elevation in the Río 
Pollux valley and 6 km southeast from Lago Mellizas (Fig. 1), is broadly 
consistent with our reconstruction for the high stand of the proglacial 
lake early during T1. We note, however, that Van Daele et al. (2016)’s 
estimate for this transition is not directly dated and relies on an age 
model interpolation. 

The Lago Mellizas and Lago Baguales closed-basin records reveal 
cold conditions and low lake level between ~17.0–16.6 cal kyr BP, 
followed by warming, recession of the Baguales sublobe of the Coyhai-
que glacier lobe, and a rise in precipitation. Comparison with the Lago 
Unco (Vilanova et al., 2019) record, which yielded a more complete 
pollen stratigraphy for the earliest portion of T1, reveals that this in-
terval was dominated by cold-tolerant herbs and shrubs starting at 
~17.9 cal kyr BP, immediately after the onset of local ice-free condi-
tions. The AP rise at ~16.6 cal kyr BP might represent a local accentu-
ation of the temperature rise that began at T1, probably triggered by the 
disintegration/ fragmentation of the PIS in Andean sectors upwind from 
Coyhaique. We interpret an increase in SWW strength at ~16.6 cal kyr 
BP, considering the modern correlation between local precipitation and 
zonal wind speeds in the Coyhaique area. This “wetting signal” at ~16.6 
cal kyr BP replicates the inferences from Lago Unco in the same general 
area (Vilanova et al., 2019), as well as the Lago Edita record in Valle 
Chacabuco (~180 km south of Lago Mellizas) (Henríquez et al., 2017), 
and several sites in northwestern Patagonia (Moreno, 2020; Moreno 
et al., 2018; Pesce and Moreno, 2014). The pollen record from Lago 
Edita (Henríquez et al., 2017) shows dominance of cold-tolerant herbs 
and shrubs along with low abundance of rainforest trees between 
~19.4–13.3 cal kyr BP, followed by a prominent rise in AP that led to the 
local establishment of Nothofagus forests in the early Holocene. These 
data contrast with the reported timing for AP expansion along the Pacific 
coastal sites Lago Stibnite, L. Oprasa and L. Fácil at ~15.8 cal kyr BP 

(Fig. 6) (Bennett et al., 2000; Haberle and Bennett, 2004). The results 
reported in this paper indicate that the AP rise in the Coyhaique area 
occurred ~3300 and ~ 800 years earlier than the statistically significant 
increases in AP recorded in Lago Edita and the records located along the 
Pacific coast and archipelagoes from central Patagonia, respectively 
(Fig. 6). These difference in timing suggest that: (i) deglacial warming 
was delayed in Valle Chacabuco, but not in the Coyhaique area, owing to 
the climatic influence of residual ice masses in sectors downwind from 
the Central Patagonian Andes during T1; and (ii) afforestation of the 
Central Patagonian region started east of the Andes and proceeded 
westward into the Chilean channels and archipelagoes. These conclu-
sions contrast with Nanavati et al. (2019)’s biogeographic and climatic 
interpretations of published palynological records east of the Andes 
between ~39◦S and ~ 55◦S, which relies on the late expansion of 
Nothofagus between ~14.5–13.0 cal kyr BP documented by previous 
studies in the Coyhaique sector of central Patagonia (de Porras et al., 
2012; de Porras et al., 2014; Markgraf et al., 2007). 

We note that the Mallín Fontanito pollen record (Fig. 1, Nanavati 
et al., 2019), located ~70 km north of Lago Mellizas, shows the presence 
of Nothofagus (30–40%) between ~17.9–16.9 cal kyr BP. This finding 
represents the earliest and highest abundance of this taxon in central 
Patagonia during T1, followed by abundance values between ~40–70% 
between ~16.9–15.2 cal kyr BP in that same record. These results, in 
conjunction with our data from Lago Mellizas and those reported from 
nearby L. Unco and L. Churrasco, suggest that Nothofagus persisted in 
small, scattered, palynologically inconspicuous populations in favorable 
sites such as Mallín Fontanito during the LGM in central Andean Pata-
gonia, and expanded out of those “sheltered oases” at ~16.6 cal kyr BP 
driven by milder temperatures and increased precipitation delivered by 
enhanced SWW influence. 

A comparison with the northwestern Patagonian site Lago Pichila-
guna (Moreno et al., 2018), located 485 km north of Lago Mellizas, re-
veals that the deglacial AP rise was earliest in northwestern Patagonia 
(~17.8 cal kyr BP), and that Lago Mellizas lags ~1200 years behind. We 
attribute this difference, on one hand, to the warmer climate in this 
northern region and, on the other hand, to the fact that cool-temperate 
and wet conditions allowed the persistence of scattered, low-density 
populations of Nothofagus and other trees on the ice-free sectors pe-
ripheral to the PIS in northwestern Patagonia during the LGM. The 
~16.6 cal kyr BP wetting event appears to be a broad scale feature in 
northwestern and central Patagonia, aspect that suggests a strenghten-
ing or northward shift of the SWW following its southward shift during 
the initial millennium of T1 (Moreno 2020). 

Our findings of a final LGM advance of the Coyhaique glacier lobe 
followed by recession and arboreal expansion in central Patagonia at 
~17.9 cal kyr BP and ~ 16.6 cal kyr BP (Figs. 5, 6), respectively, match 
the timing and direction of paleoclimate signals reported from New 
Zealand’s South Island (Barrell et al., 2019; Putnam et al., 2013), and the 
onset of a decisive warming trend in Antarctic ice core records (Stenni 
et al., 2010). Furthermore, we note that the lake level drop of the 
Coyhaique/Balmaceda proglacial lake at ~17.2 cal kyr BP, the steady 
increase in Nothofagus between ~16.6–14.8 cal kyr BP, the cessation of 
its rising trend between ~14.8–12.8 cal kyr BP, followed by a sharp 
increase at ~11.7 cal kyr BP, correlate with prominent centennial and 
millennial-scale features of the atmospheric CO2 record from the West 
Antarctic Ice Sheet Divide Ice Core (Bereiter et al., 2015; Marcott et al., 
2014). The synchrony of these events strongly suggests tight paleo-
climate coupling of the middle and high latitudes of the Southern 
Hemisphere during T1 via changes in strength/position of the SWW, and 
atmospheric temperature changes via the atmospheric rise in green-
house gas concentrations. 

The cold-tolerant and hygrophilous North Patagonian rainforest co-
nifers Pilgerodendron type and Podocarpus nubigena achieved maximum 
abundance in the Lago Mellizas record between ~14.8–11.7 cal kyr BP 
(Figs. 5, 6), suggesting peak precipitation under cool-temperate condi-
tions. We interpret maximum SWW influence during this interval, which 
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corresponds in age with the Antarctic Cold Reversal (ACR) and the 
Younger Dryas (YD) chronozones (Fig. 6). Similar results are evident in 
Lago Pichilaguna (Moreno et al., 2018) in NW Patagonia and L. Stibnite, 
L. Fácil, and L. Oprasa (Bennett et al., 2000; Haberle and Bennett, 2004), 
located on the Pacific coast of CPA (Fig. 6), suggesting a broad-scale 
vegetation response to changes in SWW influence. This comparison re-
veals that the abundance of conifers was highest in the hyperhumid 
sectors of central Patagonia during T1 and the Holocene, and declined 
toward northwestern Patagonia and the eastern slope of the central 
Patagonian Andes, reaching similar abundance. These trends suggest to 
us that precipitation gradients similar to modern climate were operative 
during T1 and the Holocene. We note, however, that these conifers 
appear first on the palynological records east of the Andes divide (L. 
Mellizas, L. Unco, L. Edita, Mallín Pollux, and M. Fontanito), suggesting 
that: (i) long distance transport across the Andes was not the primary 
mechanism to account for their occurrence in downwind sites, (ii) these 
species persisted along the eastern margin of the PIS during the LGM, 
and (iii) may have migrated westward during T1. 

Recent studies have reported readvances of Patagonian glaciers 
(Mendelová et al., 2020; Sagredo et al., 2018), and stabilization of ice- 
dammed proglacial lakes (Davies et al., 2020; Palacios et al., 2020) in 
central Patagonia during the ACR, in agreement with our paleoclimate 
inferences. We observe that Pilgerodendron type reached maximum 
abundance during the ACR, declined and lingered through the YD, and 
declined again at ~11.7 cal kyr BP. Podocarpus nubigena, on the other 
hand, rose between ~13.2–12.0 cal kyr BP, and declined thereafter. 
Other pollen records from the eastern slopes of the central Patagonian 
Andes (Henríquez et al., 2017; Nanavati et al., 2019; Vilanova et al., 
2019) also show that the Podocarpus nubigena maximum occurs during 
YD time, after the Pilgerodendron type peak. The climatic significance of 
this pattern is unclear to us, hence we cannot determine whether the 
magnitude of the temperature and precipitation signals changed during 
the YD relative to the ACR. Vilanova et al. (2019) reported a decline in 
conifers in the Lago Unco record between ~14.4–12.8 cal kyr BP and 
conjectured a decline in precipitation within the cool-temperate climate 
context. Our results from Lago Mellizas do not replicate this pattern, 
suggesting that the decline in conifers observed in Lago Unco might 
represent small-scale heterogeneities in vegetation response. 

A sudden increase in Nothofagus and disappearance of conifers 
occurred at ~11.7 cal kyr BP coeval with an increase in fire activity 
(Fig. 5), suggesting warm and dry conditions brought by a decline in 
SWW influence in central Andean Patagonia at the beginning of the 
Holocene. These findings replicate the timing and direction of fire- 
regime and hydrologic balance reconstructions from northwestern and 
southwestern Patagonia during the early Holocene (Moreno et al., 
2021). A subsequent attenuation or decline in fire activity at ~9.4 cal 
kyr BP probably represents an increase in regional precipitation brought 
by stronger SWW influence that led to densification of the forest canopy, 
and persistence of this condition during the last ~9400 years. These 
results replicate findings from other high-resolution studies from 
closed-basin lakes along the Chonos Archipelago (Haberle and Bennett, 
2004) and eastern slope of the central Patagonian Andes (Moreno et al., 
2019; Nanavati et al., 2019; Simi et al., 2017; Villa-Martinez et al., 
2012) (Fig. 6), and diverge from the patterns and interpretations of 
palynological studies carried out in bogs, such as Mallín Pollux (Mark-
graf et al., 2007), Mallín El Embudo (de Porras et al., 2014) and Lago 
Shaman (de Porras et al., 2012). One explanation for this divergence is 
that bog records tend to show vegetation and fire histories skewed to-
ward a local azonal signal, blurring the extra local or regional signals. 
The most recent ~3200 years of the Lago Mellizas record feature 
centennial-scale changes in terrestrial and aquatic vegetation and fire 
regimes that match similar results from Lago Churrasco (Simi et al., 
2017), suggesting centennial-scale changes in precipitation regime with 
negative anomalies between ~3.0–2.7 cal kyr BP and ~ 2.5–2.2 cal kyr 
BP, and over the last ~250 years. 

6. Conclusions  

1. The Coyhaique ice lobe attained its final LGM position just before 
~17.9 cal kyr BP and retreated at the onset of T1, exposing sec-
tors of the Río Coyhaique, Río Pollux, and Río Huemules valleys, 
where a large ice-dammed proglacial lake developed. We refer to 
this ice-dammed lake, informally, as the Coyhaique/Balmaceda 
proglacial lake.  

2. The Coyhaique/Balmaceda proglacial lake featured a high stand 
between <726 and > 650 m.a.s.l. constrained between 
~17.9–17.2 cal kyr BP, followed by a lower stand between <650 
and > 570 m.a.s.l. dated between ~17.2–16.2 cal kyr BP.  

3. We interpret a step-wise recession of the Coyhaique glacier lobe 
that included a halt/readvance of the Baguales sublobe that 
terminated at ~16.8 cal kyr BP, superimposed upon the evolution 
of the Coyhaique/Balmaceda proglacial lake mentioned above.  

4. Cold-tolerant herbs and shrubs, currently found in High Andean 
and Patagonian Steppe communities, colonized the ice-free sec-
tors near Coyhaique under cold and dry conditions immediately 
after the onset of ice-free conditions at ~17.9 cal kyr BP.  

5. Nothofagus increased steadily between ~16.6–14.8 cal kyr BP and 
attained a relatively stable ~60% plateau between ~14.8–12.8 
cal kyr BP, marking the establishment of Nothofagus-dominated 
forests near Lago Mellizas under cool-temperate and wet 
conditions.  

6. The AP rise at ~16.6 cal kyr BP might represent an accentuation 
of the temperature rise that began at T1, probably triggered by 
the disintegration/fragmentation of the PIS in Andean sectors 
upwind from Coyhaique. Moreover, the AP rise suggest that the 
afforestation of the Central Patagonian region started east of the 
Andes and proceeded westward into the Chilean channels and 
archipelagoes.  

7. The AP rise was contemporaneous with an increase in the fern 
Blechnum, and a decline in Myriophyllum we interpret as a lake 
level rise in Lago Mellizas. Altogether these changes document an 
increase in precipitation and increase in SWW influence at ~16.6 
cal kyr BP under warming conditions during the early stages of T1 
east of the Central Patagonian Andes. This event, which is also 
recorded in northwestern and southwestern Patagonia, suggests a 
northward shift of the SWW following their poleward discplace-
ment during the first millennium of T1.  

8. The cold-tolerant and hygrophilous North Patagonian rainforest 
conifers Pilgerodendron type and Podocarpus nubigena achieved 
maximum abundance between ~14.8–11.7 cal kyr BP, suggesting 
peak precipitation under cool-temperate conditions. We interpret 
maximum SWW influence during this interval, which corre-
sponds in age with the Antarctic Cold Reversal and the Younger 
Dryas chrons.  

9. A sudden increase in Nothofagus, disappearance of conifers, and 
intense fire activity between ~11.7–9.4 cal kyr BP, suggest warm 
and dry conditions. We infer a decline in SWW influence in 
central Andean Patagonia over this interval. 

10. Closed-canopy Nothofagus forests have persisted virtually unal-
tered near Lago Mellizas since ~9.4 cal kyr BP, despite frequent 
explosive volcanism and millennial-scale variations in fire re-
gimes. These data attest to the extraordinary resilience of 
Nothofagus forests until the 19th century.  

11. The rates-of-change parameter shows maxima at ~16.6 cal kyr 
BP and during the 19th century, defining the fastest/largest- 
magnitude shifts in vegetation over the entire record. The his-
toric maximum corresponds to deforestation driven by fire and 
livestock grazing brought by the European/Chilean settlers, 
which induced an extraordinarily rapid response of the vegeta-
tion, unprecedented over the last ~16,500 years. 

R. Villa-Martínez and P.I. Moreno                                                                                                                                                                                                          



Palaeogeography, Palaeoclimatology, Palaeoecology 574 (2021) 110459

15

Declaration of Competing Interest 

The authors of this manuscript declare no conflicts of interest. 

Acknowledgements 

This research was funded by FONDECYT 1180815, DRI USA2013- 
0035, and the ANID Millennium Science Initiative/Millennium Nucleus 
Paleoclimate NCN17_079. We thank I. Vilanova, W. Henríquez, M. 
Kaplan, E. Simi, and C. Miranda for providing field assistance, L. 
Hernández for conducting the macroscopic charcoal analysis, and J. 
Ruiz for her contribution to the palynology. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2021.110459. 

References 

Alloway, B.V., Lowe, D.J., Barrell, D.J.A., Newnham, R.M., Almond, P.C., Augustinus, P. 
C., Bertler, N.A.N., Carter, L., Litchfield, N.J., McGlone, M.S., Shulmeister, J., 
Vandergoes, M.J., Williams, P.W., 2007. Towards a climate event stratigraphy for 
New Zealand over the past 30000 years (NZ-INTIMATE project). J. Quat. Sci. 22, 
9–35. 

Arqueros, R., 2004. Evolución Glacial de la Hoya del Río Coihaique: Una Aproximación a 
Partir del Análisis Geomorfológico y Morfoestratigráfico. Universidad de Chile, 
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