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a b s t r a c t

Climate and disturbance regimes play key roles in shaping the structure, composition and functioning of
terrestrial ecosystems. Despite this importance, very few stratigraphic studies in the temperate rain-
forests from northwestern Patagonia have explored this relationship in detail along a time continuum
through the entire Holocene. Here we present a high-resolution fossil pollen and charcoal record from
Lago Fonk (median resolution: 20 years), a small closed-basin lake in the lowlands of the Chilean Lake
District (41�S), where wildfires and explosive volcanism have intermittently taken place during the
Holocene, along with pronounced human-induced disturbance in post-colonial time. Our results show
persistence of temperate rainforest throughout the Holocene, with changes in the composition and
structure of Valdivian rainforests (VRF) at millennial timescales. We detect centennial-scale alternations
in dominance between the VRF tree Eucryphia/Caldcluvia and generalist trees found in VRF and North
Patagonian rainforests after ~6.5 cal ka BP. Intervals dominated by VRF coincide with enhanced fire
occurrence signaling negative hydroclimate anomalies with a mean duration of ~150 years, which
alternate with positive hydroclimate anomalies lasting ~312 years on average.

Our results suggest that the magnitude and rapidity of vegetation changes detected at 10.2e9.9, 4.0
e3.0, ~1.0, and ~0.7 cal ka BP were amplified by disturbance regimes, and led to the establishment and
maintenance of Eucryphia/Caldcluvia-dominated forests in the Longitudinal Valley of the Chilean Lake
District. On several occasions the higher incidence of fire disturbance during warm/dry climate intervals
coincided with episodes of heightened explosive volcanic activity from multiple eruptive centers within
the Southern Andean Volcanic Zone.

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

Disturbance across spatial and temporal dimensions plays a very
fundamental role in shaping the composition, structure and dy-
namics of natural communities (Sousa, 1984). Disturbances can be
caused by natural factors of climatic or non-climatic origin
limate, Universidad de Chile,

Henríquez).
(volcanic ash fall, earthquakes, fire, landslides, floods, wind gusts,
insect outbreaks, etc.), and normally vary across time and space,
producing heterogenous landscapes. Varying climatic, geologic,
and anthropogenic influences tend to cause shifts in disturbance
regimes, some of which can only be identified and analyzed
through the use long-term direct observations, or through the
development of time series of environmentally sensitive proxies.
Palynologic studies from sediment sequences accumulated within
bogs and lake basins afford a unique perspective for examining the
relationship between climate, terrestrial ecosystems, and distur-
bance regimes along a time continuum through centuries and
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millennia (�Alvarez-Barra et al., 2020; Henríquez et al., 2015; Iglesias
et al., 2018; Jara and Moreno, 2014; Moreno et al., 2018a).

The Pacific slope of northwestern Patagonia (40�-44�S) is ideally
suited for examining the temporal evolution of vegetation, climate,
and disturbance regimes during the Holocene, considering: (i) the
abundance of organic-rich sediment accumulating in closed-basin
lakes, which offers the possibility of developing well-dated re-
cords of past vegetation change with comparatively high spatial,
temporal, and taxonomic resolution; (ii) stratigraphic evidence for
past changes in hydroclimate; (iii) changes in fire occurrence at
centennial and millennial timescales; (iv) the presence of multiple
volcanic centers located along the Cordillera de los Andes, some of
which, have historically erupted and inundated adjacent western
(upwind) sectors with ash-fall and acid aerosols; and the (v) the
presence of indigenous inhabitants in the region throughout the
Holocene, with more intensive land clearance and farm settlement
during colonial times, particularly from the mid-19th century
onwards.

Paleovegetation studies conducted in northwestern Patagonia
have identified amulti-millennial warm/dry phasewith intense fire
activity during the early Holocene (~11.5e7.8 cal ka BP,
ka ¼ 1000 yr), followed by a cooling/wetting trend and decline in
fires since ~7.8 cal ka BP, overprinted by the alternation of warm/
dry and cold/wet phases at centennial timescales since ~5.3 cal ka
BP (Moreno, 2004; Moreno and Le�on, 2003; Moreno and Videla,
2016; Pesce and Moreno, 2014). The warm/dry phases feature
enhanced fire activity and were interpreted by Moreno and Videla
(2016) as centennial-scale megadroughts, the most recent of which
overlaps with the Medieval Climate Anomaly, a prominent warm
and/or dry interval of global significance during the last millennium
(Bradley et al., 2003; Stine, 1994).

Palynologic studies conducted in the vicinity of active volcanic
centers in northwestern Patagonia reported intense explosive vol-
canic activity (relative to more distal sites) through the Holocene,
and identified statistically significant relationships between tephra,
fire, and certain forest taxa (Henríquez et al., 2017; Jara and
Moreno, 2014), adding a new dimension to the vegetation,
climate and fire-regime history of the region. A central role of
disturbance regimes has recently been emphasized for the estab-
lishment and maintenance of Eucryphia/Caldcluvia-dominated for-
ests in inland sites during the mid-Holocene (~7.0e4.0 cal ka BP)
(Jara and Moreno, 2014; Moreno et al., 2018a). This vegetation
signal is strongly divergent from neighboring coastal sites
(Henríquez et al., 2015; Moreno, 2004, 2020; Moreno and Le�on,
2003; Moreno and Videla, 2016; Pesce and Moreno, 2014), where
fire and explosive volcanism are absent or greatly diminished
during that interval.

Here we report results from Lago Fonk, a small closed-basin lake
located in the lowlands of the Chilean Lake District, in north-
western Patagonia. Our aim is to examine the vegetation, climate
and fire history at ecological (bidecadal) timescales through the
Holocene, and address the following questions: (a) Do vegetation
and wildfires follow multimillennial trends in regional hydro-
climate? (b) Is there evidence for the onset of centennial-scale
hydroclimate variability during the most recent half of the Holo-
cene? (c) Did explosive volcanism and fire contribute to vegetation
changes at centennial and millennial timescales? (d) Were distur-
bance regimes involved in the generation and maintenance of
terrestrial plant communities? (e) Did disturbance amplify the
rates of vegetation change? and (f) Is there stratigraphic evidence
for human disturbance and how does this differ from natural
processes?
2

1.1. Study area

The Chilean Lake District is located on the Pacific sector of
northwestern Patagonia (40�-41�30’S) and features three main
physiographic units: the high-elevation, glaciated and volcanically
active Andes Cordillera to the east, a lower-elevation, unglaciated
and volcanically inactive Coastal Range to the west, and the Lon-
gitudinal Valley, a north-south trending tectonic depression that
develops between the aforementioned mountain ranges. This
sector is located immediately adjacent to the Southern Andean
Volcanic Zone that extends north-south between 33� and 46�S,
with more than 50 historically and potentially active volcanoes
(Stern, 2004). Lago Fonk itself is located on the eastern side of the
Longitudinal Valley, adjacent to the Andean foothills where
numerous volcanic centers of rhyodacite to basaltic composition
are known to have repeatedly erupted during the Holocene and
historic times. Lago Fonk is located west of Volc�an Puntiagudo
(~37.8 km), NW and NNW of the historically active Osorno and
Calbuco volcanoes (~23.4 and ~38.9 km, respectively), and SW of
the historically active Antillanca-Puyehue-Cord�on Caulle volcanic
centers (~53.5, ~67.2 and ~70 km, respectively). While the eruptive
histories of some adjacent centers are reasonably known (i.e.,
Puyehue-Cord�on Caulle; i.e., Singer et al. (2008)) however, for a
substantive number of volcanic centers their histories beyond the
late Holocene are poorly known.

The present-day climate in the region is temperate and wet,
with a mean annual temperature of 10 �C and 10.5 �C, along with
annual precipitation of 1823 mm/yr and 1318 mm/yr according the
Puerto Montt (41.46�S, 72.93�W, 90 m.a.s.l.) and Osorno (40�S,
73�W, 55 m.a.s.l.) meteorological stations, respectively (http://
explorador.cr2.cl/).

Northwestern Patagonia is under the influence of the Southern
Westerly Winds (SWW), which deliver year-round precipitation
with a maximum during winter and a decline during summer. This
seasonality results from a southward contraction of the SWW to
latitudes south of ~48�S during summer and a northward expan-
sion during winter (Garreaud et al., 2009). The mountainous
physiography of northwestern Patagonia, causes local precipitation
maxima on the western slopes (orographic rainfall) and lower
precipitation on the eastern slopes (rain shadow effect), inducing a
marked zonation of the vegetation at regional scale. Sites located
north of Río Maullín in the Longitudinal Valley are under the rain
shadow effect exerted by the Cordillera de la Costa, promoting
desiccation of biomass and enhanced fire activity which, in turn,
promotes local vegetation change and fine-scale divergences at the
landscape level (Moreno et al., 2018a).

Local precipitation measured along western Patagonian mete-
orological stations shows positive correlations with zonal 850 hPa
wind speeds (Garreaud, 2007; Moy et al., 2008), implying that local
precipitation is a good diagnostic for the behavior of the SWWover
a large portion of the southern middle latitudes. Interannual
climate variability in this region is related to tropical (the El Ni~no
Southern Oscillation: ENSO) and extratropical oscillations (the
Southern Annular Mode: SAM). Of special interest is a marked
positive trend in SAM during the last 50 years (Kwok and Comiso,
2002; Thompson et al., 2000), which correlates with warm and
dry conditions in northwestern Patagonia during the summer
months. The prolonged droughts have generated a large amount of
flammable material, promoting the occurrence of fires, the main
agent of disturbance along the eastern slope of the northwestern
Patagonian Andes (Kitzberger et al., 1997). Studies along the
hyperhumid sectors of the western Patagonian Andes revealed an
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association of wildfires and anomalously dry summers, a relation-
ship governed by SAM variability (Holz and Veblen, 2011). There-
fore, intense and extensive drought could tip rainforest
communities more susceptible to wildfires.

The native vegetation in the Chilean Lake District includes
temperate rainforests, whose distribution and composition along
environmental gradients afford modern analogues for interpreting
palynological records and inferring past climate conditions. Several
studies describe in detail the vegetation composition and distri-
bution in northwestern Patagonia (Heusser, 1989; Schmithüsen,
1956; Villagr�an, 1985), here we provide a brief description of the
three most pertinent modern forest communities in the study area:

- Valdivian Rainforest: distributed from the lowlands of the
Longitudinal Valley upslope to ~400 m.a.s.l., this forest community
has the highest plant diversity. The forest canopy is dominated
mainly by Eucryphia cordifolia, Aextoxicon punctatum, along with
tree species as Nothofagus dombeyi and its mistletoe Misodendrum
sp., several species of the Myrtaceae family (Myrceugenia planipes,
Amomyrtus luma, Luma apiculata), other angiosperms such as
Caldcluvia paniculata, Persea lingue, Lomatia hirsuta, Gevuina avel-
lana and Weinmannia trichosperma, and numerous vine species
including Hydrangea serratifolia, Cissus striata andMitraria coccinea.
There is a high diversity of ferns such as Polypodium feuillei,
Lophosoria quadripinnata and multiple species of the genus Hyme-
nophyllum occur on the forest floor and on standing and fallen trees.

- North Patagonian Rainforest: Currently this forest replaces
the Valdivian Rainforest at about 400 m.a.s.l., and extending up-
slope to about 800e1000 m.a.s.l. In the Andes, these forests are
dominated by the evergreen beech Nothofagus dombeyi, along with
N. betuloides, Weinmannia trichosperma, Drimys winteri, Tepualia
stipularis, Amomyrtus meli, and A. luma. Above 600 m.a.s.l.
N. dombeyi is accompanied by the cold-tolerant conifers Sax-
egothaea conspicua, Podocarpus nubigena, Fitzroya cupressoides and
Pilgerodendron uviferum.

- Deciduous Subantarctic Forests: The dominant tree is
Nothofagus pumilio, which intermingles with N. betuloides in
western sites and grades into the High Andean Desert in the alpine
zone. N. pumilio forms monospecific stands and presents a species-
poor understory (Escallonia alpina, Berberis spp., Drimys andina,
Maytenus disticha). A study of the spatial and temporal variation in
N. pumilio growth at treeline along its latitudinal range (from 35� to
55�S) in the Chilean Andes (Lara et al., 2005) showed that tem-
perature has a spatially larger control on tree growth than precip-
itation, and that this influence is particularly significant in the
southern Andes (>40�S).
2. Methods

We obtained overlapping sediment cores from Lago Fonk
(40�58038.400S, 72�4300600W, 156 m.a.s.l.) a small (<1 km2) and
shallow lake (<20 m water depth) (Fig. 1), using an Uwitec coring
system equipped with a 6-cm diameter piston corer, and a 7.5 cm
diameter sediment-water interface corer. Once retrieved, the
sediment cores were stored at 4 �C at the Quaternary Paleoecology
Laboratory of Universidad de Chile. The organic, siliciclastic, and
carbonate content of the sediments were determined by loss-on-
ignition analysis following the procedure documented by Heiri
et al. (2001), on 1-cm thick contiguous sediment samples of
known volume (1 cc). The chronology of the sedimentary record is
constrained by 18 AMS radiocarbon dates obtained from bulk
organic samples retrieved from 1-cm-thick sections throughout the
cores. These data constitute the basis for a Bayesian age model
(Blaauw and Christen, 2011) using the Bacon package for R (www.
R-project.com). The age model takes into account the
3

instantaneous deposition of pyroclastic levels by subtracting the
cumulative thickness of all tephra layers. We also calibrated the
radiocarbon dates to calendar years before present using the
SHCal20 calibration dataset (Hogg et al., 2020) included in CALIB
8.20.

We obtained 1 cc sediment samples from 1-cm-thick contiguous
sections throughout the cores for palynological analysis. The sam-
ples were processed following standard procedures, which include
deflocculation with 10% KOH, sieving (106 mm), silicate dissolution
with 40% HF, and acetolysis (Faegri and Iversen, 1989). We counted
at least 300 grains produced by terrestrial plants in each palyno-
logical sample, at 400 � magnification under a Zeiss Axioscope A1
stereomicroscope. We identified the fossil pollen grains with the
aid of modern reference samples stored at the Paleoecology labo-
ratory at the Universidad de Chile, along with descriptions and
taxonomic keys by Heusser (1971) and Villagr�an (1980). Several
pollen grains were identified at the species level, the vast majority
to the genus or family level. The palynomorph Nothofagus dombeyi-
type includes the species Nothofagus dombeyi, N. betuloides, N.
pumilio, N. antarctica, N. alessandri, N. leoni and N. nitida. We will
refer to this morphotype as Nothofagus for the remainder of the
paper, considering the absence of grains belonging to the Notho-
fagus obliqua-type morphotype. The Eucryphia/Caldcluvia group
includes the species Eucryphia cordifolia and Caldcluvia paniculata.
Lomatia/Gevuina includes Gevuina avellana and several species of
the genus Lomatia, the conifers Fitzroya cupressoides and Pilger-
odendron uviferum are grouped in the palynomorph Fitzroya/
Pilgerodendron.

The palynological results are presented in percentage pollen
diagrams made with Tilia 2.0.38. These percentages were calcu-
lated from the sum of all terrestrial taxa. The percentages of aquatic
pollen and fern spores were obtained from sums that included all
pollen and spores respectively. We defined pollen zones to facilitate
the description of the pollen record aided with a stratigraphically
constrained cluster analysis (CONISS) on all terrestrial pollen
exceeding 2%.

We calculated the rates of change to quantify the divergence of
adjacent pollen samples per unit time (Jacobson et al., 1987). We
considered all terrestrial taxa (>2% abundance) excluding pteri-
dophytes and aquatics, and interpolated the pollen data at regular
100-year intervals. We also conducted time series analysis on
selected taxa since ~6.5 cal ka BP to investigate the presence and
structure of centennial-scale variability. The pollen time series
were linearly interpolated to equidistant 20-year time steps and
then linearly detrended. Finally, we band-passed the detrended
time series between 100 and 1000 years to examine the centennial-
scale variability in selected taxa.

We tallied macroscopic charcoal particles (>106 mm) from 2 cc
sediment samples taken from 1 cm-thick contiguous sections,
deflocculating them at 10% KOH, and sieving through 106 and
212 mm-diameter meshes (Whitlock and Anderson, 2003). Those
results were examined with a time series analysis tool (Char-
Analysis, Higuera et al. (2009)) to examine the temporal structure
of local fire events, deconvoluted from the Charcoal Accumulation
Rate (CHAR) record. We interpolated samples at regular time in-
tervals (corresponding to the median time resolution of the record,
i.e., 20 years). Then we modelled the low-frequency trend (i.e., the
background charcoal signal, which reflects changes in the rate of
total charcoal production, secondary charcoal transport, and sedi-
ment mixing) by using a LOWESS robust to outliers smoothing with
a 1000-yr window width. To calculate minCountP we use a proba-
bility of 0.05. We used a locally defined threshold to identify
charcoal peaks exceeding the 99th percentile of a Gaussian
distribution.
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Fig. 1. Satellite image of the Chilean Lake District, indicating the name and location of pollen records obtained from lakes (L.) and discussed in this paper, volcanoes (Vn.), and major
water bodies.
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We conducted Superposed Epoch Analyses (SEA) (Prager and
Hoenig, 1992) on selected pollen taxa, macroscopic charcoal, and
tephra to examine potential causal relationships. We selected
Eucryphia/Caldcluvia, W. trichosperma, Nothofagus, Myrtaceae, Hy-
drangea, and Poaceae, considering their high abundance and
ubiquity throughout the pollen record, as well as their positive/
negative potential responses to disturbance (Donoso, 2013;
Gonz�alez et al., 2002; Jara and Moreno, 2014; Veblen et al., 1981).
We considered each tephra and statistically significant charcoal
peak as potential triggering events, assigned them a time zero, to
compare the abundance of selected taxa we used a 160-years-
window centered at the key event, then interpolated pollen sam-
ples to 20-year intervals, from �80 to þ80 years relative to each
event at 95% and 99% confidence level (CL). We grouped tephra
layers and local fire events spaced <160 years to avoid potential
overlap of their responses (Tables 2 and 4 show the definition of
Tephra and Fire events for SEA, respectively). To minimize the
statistical weight of outliers we normalized by dividing all the
values for each window series by its absolute maximum value; in
addition, we scaled the data by dividing all interpolated values by
the absolute maximum across each window (Adams et al., 2003;
4

Genries et al., 2009).
3. Results

3.1. Stratigraphy and chronology

The sedimentary record retrieved from Lago Fonk comprises a
~686 cm-thick sequence of carbonate-free organic lake mud (<5%),
with an average of 28% organic matter (max: ~50%). The lowest
values of organic matter coincide with the high values of inorganic
density and MS, which correspond to tephra layers (Fig. 2). Chro-
nologic control of this record is provided by eighteen radiocarbon
dates, which suggest undisturbed and continuous deposition of
organic-rich lake sediment since ~11.6 cal ka BP (Fig. 3, Table 1),
punctuated by 15 macroscopically visible tephra layers of variable
composition (basalt to rhyodacite) and texture (fine ash to fine
lapilli grade) that range in thickness between 1 and 10 cm (Table 2).
3.2. Fossil pollen and macroscopic charcoal

The palynology and macroscopic charcoal record from Lago



Table 1
Radiocarbon dates from Lago Fonk, along with results from the age calibration conducted with CALIB 8.20.

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

UCIAMS-171536 1401SC 22e23 22e23 200 ± 20 196 163e229
UCIAMS-171537 1401SC 36e37 36e37 260 ± 15 284 278e305
UCIAMS-171538 1401SC 55e56 55e56 445 ± 15 480 451e501
UCIAMS-171539 1401SC 79e80 79e80 700 ± 15 598 563e598
UCIAMS-171540 1401SC 97e98 97e98 710 ± 15 596 565e596
CAMS-180335 1403AT1 104e105 102e103 1120 ± 30 977 1012e1056
CAMS-180336 1403AT1 138e139 134e135 1375 ± 30 1242 1259e1302
CAMS-180337 1403AT1 200e201 194e195 2080 ± 30 1998 1924e2063
CAMS-179767 1403AT1 219e220 21e214 2280 ± 30 2230 2140e2275
UCIAMS-177605 1403DT1 276e277 270e271 2970 ± 15 3089 2992e3172
CAMS-179768 1403ET1 364e365 357e358 3830 þ 35 4180 4077e4299
UCIAMS-177606 1403ET1 447e448 431e432 5100 ± 20 5818 5733e5905
CAMS-179784 1403ET1 498e499 481e482 6265 þ 40 7114 6996e7138
UCIAMS-177607 1403ET2 578e579 558e559 8235 ± 20 9145 9025e9155
CAMS-179785 1403ET2 621e622 600e601 8795 þ 35 9749 9552e9905
CAMS-179786 1403ET2 632e633 611e612 9090 þ 35 10,220 10,164e10,279
CAMS-179787 1403ET2 651e652 629e630 9655 þ 35 10,944 10,773e10,975
CAMS-179788 1403ET2 655e656 632e633 9660 þ 35 10,946 10,774e10,974

Table 2
Tephra layers found in the Lago Fonk record, including their depth range, thickness and age (LFT¼ Lago Fonk Tephra). SEA event corresponds to event considered to Superposed
Epoch Analysis. (See Methodology to more details about grouping criteria of SEA event).

Definition of SEA event Tephra code Original depth (cm) Thickness (cm) Core Median age (cal yr BP)

1 LFT-1 98e100 2 1403AT1 716
2 LFT-2 133e135 2 1403AT1 1193
3 LFT-3 197e199 2 1403AT1 1963
4 LFT-4 329e330 1 1403DT1 3755
5 LFT-5 394e395 1 1403ET1 4835
6 LFT-6 433e434 1 1403ET1 5620

LFT-7 438e445 7 1403ET1 5706
7 LFT-8 490e491 1 1403ET1 6852
8 LFT-9 556e557 1 1403ET2 8545
9 LFT-10 567e569 2 1403ET2 8820
10 LFT-11 607e608 1 1403ET2 9621
11 LFT-12 637e638 1 1403ET2 10,254
12 LFT-13 654e655 1 1403ET2 10,858
13 LFT-14 667e677 10 1403ET2 11,369
14 LFT-15 682e685 3 1403ET2 11,627

Table 3
Summary of pollen zones from Lago Fonk record, including their age range and dominant taxa.

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

LFH-13 0.2 e present Eucryphia/Caldcluvia-Poaceae-Nothofagus
LFH-12 0.4e0.2 Eucryphia/Caldcluvia-Nothofagus -Weinmannia trichosperma
LFH-11 0.7e0.4 Nothofagus -Eucryphia/Caldcluvia-Weinmannia trichosperma
LFH-10 1.0e0.7 Nothofagus -Eucryphia/Caldcluvia-Myrtaceae
LFH-9 1.5e1.0 Eucryphia/Caldcluvia-Nothofagus -Myrtaceae
LFH-8 2.0e1.5 Nothofagus -Eucryphia/Caldcluvia-Myrtaceae
LFH-7 3.8e2 Eucryphia/Caldcluvia-Nothofagus-Myrtacea
LFH-6 4.2e3.8 Eucryphia/Caldcluvia-Myrtaceae-Nothofagus
LFH-5 6.5e4.2 Eucryphia/Caldcluvia -Nothofagus -Hydrangea
LFH-4 7.2e6.5 Eucryphia/Caldcluvia -Nothofagus -Hydrangea
LFH-3 8.3e7.2 Nothofagus - Eucryphia/Caldcluvia -Hydrangea
LFH-2 10.0e8.3 Eucryphia/Caldcluvia-Hydrangea-Myrtaceae
LFH-1 11.6e10.0 Weinmannia trichosperma-Poaceae- Myrtaceae
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Fonk consist of 650 contiguous samples (excluding the tephra
layers) that span the last ~11,600 years, with a median time reso-
lution of 14 years between samples. The most recent ~6500 years of
the record feature 460 palynological samples with amean time step
of 14 years and a range of 6e32 years. We defined 13 pollen
assemblage zones based on the main changes in the pollen stra-
tigraphy and a stratigraphically constrained CONISS cluster analysis
(Figs. 4 and 5, Table 3).

In the following paragraphs we describe each zone, indicating
5

their original depth and age ranges, the sequence of the three most
abundant pollen taxa, the mean abundance of taxa in parentheses,
and comments on noteworthy variations.

Zone LFH-1 (686e631 cm, ~11.6e10.0 cal ka BP, 41 samples).
This zone is dominated byWeinmannia trichosperma (42%), Poaceae
(11%) and Myrtaceae (9%). W. trichosperma and Poaceae reach their
maximum abundance and Eucryphia/Caldcluvia is present with
values of <5%.

Zone LFH-2 (629e550 cm, ~10e8.3 cal ka BP, 75 samples). This



Table 4
List of statistically significant charcoal peaks identified by CharAnalysis, specifying their median age and magnitude. SEA event corresponds to a stratigraphic realization
evaluated through the use of Superposed Epoch Analysis (See Methodology to more details about grouping criteria of SEA event).

Definition of SEA
event

Fire
event

Median Age (cal yr
BP)

Peak magnitude (# cm-2
peak-1)

Definition of SEA
event

Fire
event

Median Age (cal yr
BP

Peak magnitude (# cm-2
peak-1)

1 FLF1 256 10.04 11 FLF23 6436 28.19
2 FLF2 716 2530.65 12 FLF24 6656 287.35
3 FLF3 1096 428.18 FLF25 6856 25.80
4 FLF4 1536 71.27 13 FLF26 7576 137.72

FLF5 1636 72.66 14 FLF27 7896 72.45
FLF6 1756 118.80 FLF28 7996 16.65
FLF7 1896 262.54 FLF29 8076 32.59
FLF8 2056 45.65 15 FLF30 8296 51.42
FLF9 2156 204.86 FLF31 8376 104.24
FLF10 2236 15.70 FLF32 8496 49.06

5 FLF11 2876 6.24 FLF33 8716 68.80
6 FLF12 3316 410.68 16 FLF34 9156 50.15

FLF13 3456 221.92 17 FLF35 9396 109.84
FLF14 3556 57.30 18 FLF36 9676 23.31

7 FLF15 3816 11.41 FLF37 9776 241.64
8 FLF16 4096 661.10 FLF38 9936 692.21

FLF17 4236 423.79 FLF39 10,116 57.13
9 FLF18 4536 24.92 19 FLF40 10,336 26.94

FLF19 4716 227.41 FLF41 10,456 55.58
10 FLF20 5556 43.56 FLF42 10,576 217.23

FLF21 5656 6.28 20 FLF43 11,036 67.45
11 FLF22 6296 153.83 FLF44 11,256 338.09

Fig. 2. Stratigraphic column showing the position and uncalibrated age of radiocarbon dates, along with results of the loss-on-Ignition analysis of the Lago Fonk record. The solid
black lines indicate the sediment core boundaries whose identity is shown in the far right. The red dashed lines indicate the position of tephra layers shown as red rectangles in the
stratigraphic column. Note the correspondence between tephra layers and peaks in the siliciclastic density and magnetic susceptibility records.
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zone is characterized by the dominance of Eucryphia/Caldcluvia
(27%), Hydrangea (16%) and Myrtaceae (11%). This zone starts with
6

an abrupt rise of Eucryphia/Caldcluvia (from 3% to 27%) and a rapid
decline in W. trichosperma (from 38% to 4%), accompanied by



Fig. 3. Age model from the Lago Fonk record reported in this study. The blue zones
represent the probability distribution for individual calibrated radiocarbon dates, the
black line represents the median probability, and the dotted lines represent the con-
fidence interval of the Bayesian age model.

C.A. Henríquez, P.I. Moreno, F. Lambert et al. Quaternary Science Reviews 258 (2021) 106890
increases in Tepualia stipularis, Raukaua laetevirens, Lomatia/
Gevuina and Lepidoceras kingii. The abundance of Podocarpus
nubigena drops below 2%.

Zone LFH-3 (549e508 cm, ~8.3e7.2 cal ka BP, 42 samples). This
zone features dominance of Nothofagus (24%), Eucryphia/Caldcluvia
(21%) and Hydrangea (13%). The Nothofagus hemiparasite Miso-
dendrum more than doubled its abundance relative to the previous
zone (from ˂1%e2%). The fern Lophosoria quadripinnata attains its
maximum abundance (4.5%) at ~7.9 cal ka BP. Hydrangea, Raukaua
laetevirens and Lepidoceras kingii show slight decreases compared
to previous zone.

Zone LFH-4 (507e480 cm, ~7.2e6.5 cal ka BP, 27 samples). The
main pollen taxa are Eucryphia/Caldcluvia (28%), Nothofagus (18%)
and Hydrangea (17%). Drimys decline (<1%) along with Myrtaceae,
Raukaua laetevirens, Poaceae, and the ferns Blechnum, Lophosoria
quadripinnata and Polypodium feuillei. In contrast, Hydrangea and
Tepualia stipularis increased their abundance, the latter achieved its
maximum (8%).

Zone LFH-5 (479e368 cm, ~6.5e4.2 cal ka BP,103 samples). This
zone features dominance of the same taxa as in zone FONK-4, and
shows an abrupt rise in Eucryphia/Caldcluvia (from 28% to 51%),
while Nothofagus (13%) and Hydrangea (10%) remain relatively
invariant. Myrtaceae, Lomatia/Gevuina, Raukaua laetevirens, Tepua-
lia stipularis and Poaceae declined relative to LFH-4.

Zone LFH-6 (367e339 cm, ~4.2e3.8 cal ka BP, 29 samples). This
zone is dominated by the assemblage Eucryphia/Caldcluvia-Myrta-
ceae-Nothofagus. We observe a decrease in Eucryphia/Caldcluvia
(from 51% to 38%), a rise in Myrtaceae (from 5% to 12%), and little
change in Nothofagus and Hydrangea. Tepualia stipularis declined
below 1%.

Zone LFH-7 (337e205 cm, ~3.8e2.0 cal ka BP,132 samples). This
zone features dominance of Eucryphia/Caldcluvia (39%), Nothofagus
(15%) and Myrtaceae (11%). Drimys reache maximum abundance
(5%), Weinmannia trichosperma and Lomatia/Gevuina increased
slightly, Tepualia stipularis persist with low values ˂1%, and the ferns
Polypodiaceae and Blechnum increased in this zone. The alga
Pediastrum increased and reached a conspicuous peak (27%).

Zone LFH-8 (204e162 cm, ~2.0e1.5 cal ka BP, 41 samples). This
zone features a rapid increase in Nothofagus (from 15% to 31%), a
slight increase in Tepualia stipularis, a decline in Eucryphia/Calcluvia
(from 39% to 30%), persistent abundance of Myrtaceae, and minor
7

decreases in Hydrangea, Raukaua laetevirens, Blechnum and Lopho-
soria quadripinnata.

Zone LFH-9 (161e121 cm, ~1.5e1.0 cal ka BP, 39 samples). This
zone is characterized by the dominance of Eucryphia/Caldcluvia
(30%), Nothofagus (26%) andMyrtaceae (12%). We observe increases
in Hydrangea, Lomatia/Gevuina, Raukaua laetevirens, Asteraceae
subfamily Asteroideae and Blechnum.

Zone LFH-10 (120e101 cm, ~1.0e0.7 cal ka BP, 20 samples). This
zone features a Nothofagus increase (34%), an Eucryphia/Caldcluvia
decline (22%), and relatively stable Myrtaceae (11%) abundance. We
also observe increases in Poaceae and Maytenus distichia-type,
along with decreases in Tepualia stipularis and Hydrangea.

Zone LFH-11 (98e63 cm, ~0.7e0.4 cal ka BP, 36 samples).
Nothofagus and Eucryphia/Caldcluvia dominate with mean abun-
dances of 32% and 24%, respectively. Weinmannia trichosperma
increased from 7% to 11%, while Hydrangea persist with low values,
as Raukaua laetevirens, Tepualia stipularis and Asteraceae subfamily
Asteroideae rose relative to LFH-10. Polypodiaceae (5%) and
Pediastrum (34%) attained their maxima in this zone.

Zone LFH-12 (62e30 cm, ~0.4e0.2 cal ka BP, 33 samples). This
zone features dominance of Eucryphia/Caldcluvia (34%), Nothofagus
(32%) and Weinmannia trichosperma (11%), accompanied by the
maximum abundance ofMisodendrum in the entire record (8%). We
observe declines in the ferns Blechnum and Polypodiaceae, along
with Maytenus distichia-type and Poaceae, whose abundance drop
from 9% to 4%, and Myrtaceae (5%). This zone features traces of
Plantago and Rumex.

Zone LFH-13 (29e1 cm, ~0.2 cal ka BP -present, 29 samples).
This zone is characterized by the dominance of Eucryphia/Cald-
cluvia (35%), Nothofagus shows a rapid decline (from 31% to 13%),
which is compensated by increases in Poaceae (from 4% to 15%),
along with non-native Plantago and Rumex (maximum abundance
of 9% and 2.3%, respectively).

The rate-of-change (ROC) analysis applied to the pollen stra-
tigraphy reveal multiple increases above the mean between
~10.0e9.5 cal ka BP, at ~7.2 cal ka BP, and from ~5.0 cal ka BP to the
present. The largest-magnitude values occurred at ~9.9 and ~0.7 cal
ka BP, and we note a trend toward larger ROC values from ~5.0 to
~0.7 cal ka BP (Fig. 9).

Time series analysis on selected taxa since ~6.5 cal ka BP reveal
centennial-scale changes in the pollen stratigraphy with strong
anticorrelation between Eucryphia/Caldcluvia and Poaceae (�0.56),
Eucryphia/Caldcluvia and Nothofagus (�0.57), as well as Eucryphia/
Caldcluvia and Myrtaceae (�0.52) (Fig. 6). We detect fourteen in-
tervals where the abundance of Eucryphia/Caldcluvia surpassed its
~6500-year mean, with amean duration of ~150 years spaced every
~312 years on average. A different mode of variability occurs be-
tween ~11.6 and ~6.5 cal ka BP, before the establishment of Eucry-
phia/Caldcluvia-dominated forests, with weak and positive
correlation between Eucryphia/Caldcluvia and Poaceae
(0.22), �0.34 for Eucryphia/Caldcluvia and Nothofagus, and �0.21
for Eucryphia/Caldcluvia and Myrtaceae. The positive Eucryphia/
Caldcluvia anomalies over this interval show a mean duration of
~262 years, separated by ~350 years (Table S1, Material
supplementary).

The CHAR record shows persistently high values between ~11.2
and ~9.6 cal ka BP, followed by a steady decline until ~7.5 cal ka BP,
with a cluster of relativelyminor increases between ~6.9 and 6.3 cal
ka BP. Low values persisted until ~5.0 cal ka BP, followed by a high
frequency of large-magnitude fires between ~4.7 and ~3.3 cal ka BP,
a subsequent decline, and high frequency of low-magnitude events
between ~2.1 and ~1.5 cal ka BP.We detect isolated increases at ~1.1,
~0.7, and ~0.3 cal ka BP. Time-series analysis of these data reveals 44
statistically significant fire peaks (Fig. 9, Table 4), with high fre-
quency of events between ~10.5e7.7, ~4.5e3.3, and ~2.5e1.5 cal ka



Fig. 4. Arboreal pollen percentage diagrams of the Lago Fonk record. The dashed horizontal lines mark the boundaries of the pollen assemblage zones described in the main text.
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BP. The high-frequency interval between ~4.5 and ~3.3 cal ka BP
features predominance of large-magnitude events, which contrasts
with the low-magnitude events evident between ~2.5 and ~1.5 cal
ka BP, and the heterogeneity between ~10.5 and ~7.7 cal ka BP. We
note that the low-frequency interval ~1.2e0.7 cal ka BP features
two large-magnitude events, including the most prominent peaks
in the entire record at ~0.7 cal ka BP.
8

3.3. Superposed Epoch Analysis (SEA)

SEA applied to selected pollen taxa and CHAR from the Lago
Fonk record spanning the last ~11,600 years reveals a significant
relation between an increases in Poaceae 80 years after tephra
deposition, (þ80 years ¼ 80 years following the disturbance event,
hereafter, þ80 yr), and a decrease in Weinmannia trichosperma
at þ80 yr of tephra deposition.

We partitioned the analysis in three time intervals



Fig. 5. Non-arboreal pollen percentage diagrams of the Lago Fonk record. The dashed horizontal lines mark the boundaries of the pollen assemblage zones described in the main
text. The upper panel shows herbs and shrubs, and the lower panel shows ferns, and aquatics.
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(~11.6e10.0 cal ka BP, ~10e6.5 cal ka BP, and ~6.5 cal ka BP -present)
to examine potential influences of the mean climatic or vegetation
state on the response to tephra deposition. This segregation also
reflects stratigraphic differences in tephra frequency and thickness
9

(Table 2). SEA constrained between ~11.6 and 10.0 cal ka BP show
that Eucryphia/Caldcluvia and W. trichosperma dropped to low
abundance at þ20 yr and þ80 yr, respectively. SEA results between
~10.0 and ~6.5 cal ka BP shows that Eucryphia/Caldcluvia declined to



Fig. 6. Bandpassed centennial-scale variations in selected taxa from the Lago Fonk
record since ~6.5 cal ka BP. The data are detrended and filtered in the 100-1000-year
bandwidth. The grey rectangles identify intervals with persistently positive Eucryphia/
Caldcluvia anomalies, suggesting relatively warm/dry conditions (ECC ¼ Eucryphia/
Caldcluvia cycle).
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low anomalies at þ20 yr, whereas Hydrangea and Poaceae rose to
high abundance at þ40 yr and þ80 yr, respectively. SEA applied to
the interval ~6.5 cal ka BP -present show a significant increase to
high abundance in CHAR atþ40 yr, and Hydrangea toþ80 yr. While
W. trichosperma shows a significant decrease to low abundance
at þ80 yr (Fig. 7).

We examined the influence of local fires (statistically significant
macroscopic charcoal peaks) on plant taxa over the last ~11,600
years, and found a strongly significant (CL ¼ 99%) increase in
Eucryphia/Caldcluvia coincident with the event, and a Poaceae in-
crease at þ60 yr. The interval ~11.6e10.1 cal ka BP features high
values at þ60 yr in Eucryphia/Caldcluvia. SEA results between ~10.1
and ~6.8 cal ka BP show low Weinmannia trichosperma at þ80 yr.
Eucryphia/Caldcluvia shows a strongly significant increment at 0,
and Poaceae shows a decline at 0. SEA applied to the interval
~6.8 cal ka BP-present shows an increase in Poaceae at þ60 yr
(Fig. 8).

4. Discussion

4.1. Paleovegetation inferences

The pollen record from Lago Fonk suggests that evergreen
temperate rainforests have persisted in the lowlands of the Chilean
Lake District over the last ~11,600 years, with generalist taxa found
today in North Patagonian rainforest (NPRF) and Valdivian rain-
forest (VRF) communities. We note the persistence of the NPRF
conifers Fitzroya/Pilgerodendron, Podocarpus nubigena, and Sax-
egothaea conspicua in low abundance (~2%) throughout the entire
record, and an overwhelming dominance of the VRF palynomorph
Eucryphia/Caldcluvia, which includes the trees Eucryphia cordifolia
and Caldcluvia paniculata, since ~10.2 cal ka BP. Hence, our record
shows that VRF communities have dominated the lowlands of the
Chilean Lake District adjacent to Lago Fonk during most of the
Holocene. We detect centennial-scale alternations between Eucry-
phia/Caldcluvia, Poaceae, and Nothofagus since ~6.5 cal ka BP.

The palynological record shows predominance of Weinmannia
trichosperma between ~11.6 and ~10.0 cal ka BP, which declined
gradually as Escallonia and Poaceae rose and reached peak abun-
dance between ~10.7 and ~10.4 cal ka BP. Eucryphia/Caldcluvia
sharply increased at ~10.2 cal ka BP (~60% rise in ~350 years),
attained a prominent peak at ~9.8 cal ka BP (61%), and declined to a
stable plateau around ~22% until ~6.8 cal ka BP (Figs. 4 and 5). In the
meantime, several trees and epiphytes increased their abundance
(Drimys, Myrtaceae, Hydrangea, Tepualia stipularis, Lepidoceras
kingii), attesting to the establishment of a diversified, multi-layered
forest canopy in several pulses between ~11.5 and ~6.8 cal ka BP.
The oldest portion of the record features lowabundance (mean: 6%)
of Nothofagus, followed by a sudden rise at ~9.4 cal ka BP that led to
a brief maximum of 49% at ~7.3 cal ka BP through multiple, step-
wise increases that were contemporaneous with increases in
Misodendrum, Lomatia/Gevuina, Raukaua, and the fern Lophosoria
quadripinnata (Figs. 4 and 5).W. trichosperma, Eucryphia/Caldcluvia,
and some species of Nothofagus such as N. pumilio, N. dombeyi, have
been described as opportunistic, shade-intolerant taxa, capable of
regenerating in forest gaps and edges in response to natural
disturbance regimes under different climatic conditions. Of these,
Eucryphia/Caldcluvia is distributed in well-drained sectors of the
lowlands, withstands pronounced summer moisture deficit, and is
able to resprout after fires.

Eucryphia/Caldcluvia rose again at ~6.8 cal ka BP, reached a
maximum abundance of 77% at ~6.1 cal ka BP, and persisted with a
mean abundance of 60% between ~6.5 and ~5.9 cal ka BP (Fig. 9).
Then, a steady multi-millennial decline from the 60% plateau
ensued to a minimum of 6% at ~0.5 cal ka BP. Centennial-scale



Fig. 7. Superposed Epoch Analysis applied to selected pollen taxa from the Lago Fonk record spanning the last ~11,600 years. Year zero corresponds to the tephra deposition event
(red vertical dashed lines). The 99% (black horizontal line) and 95% (grey horizontal dashed line) confidence levels were calculated with Monte Carlo randomization using 5000
iterations. Results using other taxa are show in supplementary Fig. 1.
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fluctuations started at ~6.5 cal ka BP and alternated with similar
oscillations in Poaceae (Fig. 6). Among these fluctuations, we
highlight prominent, statistically significant increases in Eucryphia/
Caldcluvia (Fig. 6) between ~3.8e3.6 cal ka BP, ~1.8e1.5 cal ka BP,
~1.2e1.1 cal ka BP, ~0.7e0.6 cal ka BP, and ~0.3e0.1 cal ka BP, along
with Poaceae maxima between ~4.2e3.8 cal ka BP, ~3.5e3.2 cal ka
BP, ~1.6e1.3 cal ka BP, ~1.0e0.8 cal ka BP, ~0.6e0.5 cal ka BP, and
~0.24 cal ka BP to the present. The Eucryphia/Caldcluvia decline was
contemporaneous with a modest rise in the shade-tolerant Myr-
taceae that started at ~5.0 cal ka BP and achieved a variable plateau
around ~10% between ~4.2 and ~0.5 cal ka BP (Fig. 9).

Nothofagus shows a steady rise that started at ~2.7 cal ka BP and
led to peak abundance (50%) at ~2 cal ka BP, followed by centennial-
scale alternations with Eucryphia/Caldcluvia and Poaceae, the most
recent of which culminated with the highest abundance of Notho-
fagus (61%) at ~0.5 cal ka BP in the Holocene record from Lago Fonk.

The most recent maximum in Eucryphia/Caldcluvia occurred
between ~0.3 and ~0.1 cal ka BP after which arboreal pollen
11
declined to the lowest recorded Holocene values (63.4%), along
with peak abundance in Poaceae and increases in the fast-growth,
invasive, non-native herbs Rumex, Plantago, and Asteraceae sub-
family Cichorioideae marking the onset of deforestation and large-
scale disturbance by Chilean/European settlers (Fuentes et al.,
2014).
4.2. Paleoclimate and disturbance history

The sedimentary record retrieved from Lago Fonk record con-
tains 15 macroscopic scoriaceous (basalt) to vitric-rich (rhyodacite)
tephra layers of Holocene age (Fig. 2, Table 2) and demonstrates
that explosive volcanism in the Chilean Lake District has been a
frequent phenomenon involving different magma compositions
and multiple Andean sources during the last ~11,600 years. Despite
the fact that the Lago Fonk tephra record provides a concise and
well-dated record of overall eruptive activity affecting this sector, it
remains difficult to ascribe eruptive source(s) for many tephra



Fig. 8. Superposed Epoch Analysis (SEA) applied to selected pollen taxa from Lago Fonk over the last ~11,600 years. The years 0 indicated the fire events (red vertical dashed lines).
The 99% (black horizontal line) and 95% (grey horizontal dashed line) confidence level were calculated with Monte Carlo randomization using 5000 iterations. Results using other
taxa are show in supplementary Fig. 2.
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layers represented on account of the sheer number of adjacent
eruptive centers/vents in this Andean sector, the paucity of prox-
imal tephrostratigraphic detail (cf. Puyehue-Cord�on Caulle, Singer
et al. (2008)) and geochemical similarities and/or overlap that
appear to exist between adjacent centers and juxtaposed vents.
While the eruptive locations of Lago Fonk tephra will eventually
emerge from future studies, it can be reasonably assumed that most
are locally sourced (i.e., Antilllanca-Osorno) and that some tephra
are from further away (i.e., LFT-1, Puyehue-Cord�on Caulle and Cal-
buco, and LFT-14, Michimahuida). Irrespective of origin, the
occurrence of the Lago Fonk tephra layers does not diminish their
temporal connection with, and influence upon, vegetation distur-
bance events recorded in this study.

SEA reveals that tephra layers deposited over the interval be-
tween ~11.6 and ~10.0 cal ka BP predate declines in the abundance
of Eucryphia/Caldcluvia by 20 years. We note that the abundance of
12
Eucryphia/Caldcluvia did not exceed 5% during this interval. A
similar pattern is evident between ~10.0 and ~6.5 cal ka BP, when
Eucryphia/Caldcluvia reached ~20% abundance. Eucryphia cordifolia
has been documented as a pioneer species capable of colonizing
forest clearings (Donoso, 2013), with high regeneration potential in
low-moisture soils. We note that both intervals in the pollen record
feature dominance of species characteristic of humid environments
(W. trichosperma, Tepualia stipularis, Raukaua, Blechnum), and infer
that the disturbance effect of tephra deposition on the response
capacity of Eucryphia/Caldcluvia was limited by humid climate
conditions between ~11.6 and ~6.5 cal ka BP.

The Lago Fonk record features 44 local fire episodes over the last
11,600 years (Fig. 9, Table 4), allowing the study of potential re-
sponses of the vegetation to volcanic disturbance and fire-regime
shifts. We observe that the Weinmannia trichosperma peak be-
tween ~11.6 and ~10.8 cal ka BP was contemporaneous with three



Fig. 9. Selected pollen and charcoal data from Lago Fonk shown in the age scale domain. The raw percentage values for each taxa are shown in grey, the black solid lines represent
weighted 7-point weighted running means applied to each record. The blue vertical dashed line represents the onset of centennial variability (See Fig. 6). The orange vertical
ribbons denote conspicuous increases in the ROC parameter exceeding 1 standard deviation. The green ribbon highlights rapid vegetation change associated with European/
American settlers starting at ~0.3 cal ka BP. The diamonds represent local fires and triangles indicate tephra deposition.
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closely spaced tephra (LFT15-13), including the ~11.3 cal ka BP LFT-
14 which is correlated with an inter-regional tephra marker bed
(Alloway et al., 2017) sourced from Volc�an Michimahuida (located
~205 km south of Lago Fonk). The W. trichosperma peak was fol-
lowed by an abrupt expansion of Eucryphia/Caldcluvia at ~10.2 cal
ka BP, which took place ~600 and< 100 years after the deposition of
LFT13 and LFT12, respectively. We note these vegetation changes
occurred during a period of high fire activity (~11.6e9.6 cal ka BP)
and the highest recurrence of explosive volcanic events (5 events/
2000 years). The ROC parameter (Fig. 9) quantifies the Eucryphia/
Caldcluvia rise at ~10.2 cal ka BP as the second fastest and largest
magnitude change in Lago Fonk during the Holocene.
W. trichosperma and Eucryphia/Caldcluvia have been described as
opportunistic, shade-intolerant, relatively fast colonizers of
disturbed terrains in the temperate rainforests of northwestern
13
Patagonia. Because W. trichosperma is a generalist tree present in
VRF and NPRF communities, and Eucryphia/Caldcluvia is present
exclusively in the VRF, we interpret this vegetation turnover as a
shift toward warmer conditions and enhanced rainfall seasonality
sometime between ~10.8 and ~10.2 cal ka BP under intense
disturbance.

Eucryphia/Caldcluvia rose again at ~6.8 cal ka BP following
deposition of LFT-8 and a modest resurgence in fire activity be-
tween ~6.9 and ~6.2 cal ka BP (Fig. 9, Table 2). This was followed by
the onset of centennial-scale fluctuations at ~6.5 cal ka BP with
variations in Eucryphia/Caldcluvia anticorrelated with Nothofagus,
Myrtaceae, and Poaceae. The character of these changes suggests
dynamic responses of the vegetation surrounding Lago Fonk to
centennial-scale changes in hydrologic balance and disturbance
regimes of climatic (paleofires) and non-climatic origin (explosive
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volcanism). The former shows peak fire activity between
~4.7e3.3 cal ka BP, ~2.1e1.5 cal ka BP, and ~1.1e0.7 cal ka BP, and the
latter shows a millennial pulsing with a maximum frequency of 4
tephra (LFT7-4) between ~5.7e3.7 cal ka BP (Table 2). The sequence
of events suggests to us that centennial-scale hydroclimate shifts
started at ~6.5 cal ka BP and were overprinted by successive max-
ima in disturbance regimes that favored the transient spread of
Nothofagus (probablyN. dombeyi,N. pumilio) and bamboo species of
the genus Chusquea (Poaceae). Because modern fires in western
Patagonia are linked to intervals with sustained negative anomalies
in summer precipitation (ENSO and/or SAM-related) we interpret
an onset of centennial-scale changes in hydrologic balance starting
at ~6.5 cal ka BP in the Lago Fonk sector of northwestern Patagonia.
We detect fourteen ~150-year long intervals with high abundance
of Eucryphia/Caldcluvia which we interpret as warm/dry phases,
alternating with cold/wet phases with a mean duration of ~312
years (Table S1, supplementary material). The penultimate of these
fluctuations (ECC2) featured a ~40% increase in Eucryphia/Cald-
cluvia between ~0.8 and ~0.6 cal ka BP, coeval with LFT-1, the
largest-magnitude CHAR peak, and the highest value in the ROC
parameter (Figs. 6 and 9; Table 2). This remarkable event stands out
in the filtered centennial-scale data as the largest-magnitude
oscillation in the entire record (Fig. 6). Therefore, we suggest that
the ECC2 fluctuation is the result of a synergistic effect between the
disturbance event driven by the deposition of a 2-cm-thick vitric-
rich tephra (LFT-1) of rhyodacite composition and a large-
magnitude fire episode, which was likely further accentuated by
coincident warm/dry climate conditions.

LFT-1 is tentatively correlated with a distinctive vitric-rich unit
of the multilayered Mil Hojas Tephra (Naranjo et al., 2017; Singer
et al., 2008) derived from Volc�an Puyehue. This tephra is now
becoming increasingly recognized as a distinct regional maker bed
occurring within andic soil-tephra sequences as far south as Volc�an
Osorno and where identified, has proven useful in resolving the age
of encapsulating volcanic layers whose ages are mostly poorly
constrained (i.e., at Antillanca and Osorno) (B.V. Alloway, unpub-
lished data). The interpolated age of ~0.7 cal ka BP (CL: 902-
626 cal yr BP) (see Table 2) from the Lago Fonk correlative provides
the most accurate age so far determined for Mil Hojas Tephra since
the previously chronology was based on three wide-ranging
radiocarbon ages determined from charcoal fragments (min:
587 ± 81 cal yr BP; max: 1113 ± 68 cal yr BP; Naranjo et al. (2017)).

The most recent ~250 years of the Lago Fonk record feature a
decline in all tree taxa and corresponding increase of non-native
plant species introduced by Chilean/European settlers, marking
the onset of large-scale deforestation during historical time. These
changes are indicated by the ROC parameter as the largest-
magnitude/fastest change in the pollen stratigraphy during the
Holocene (Fig.10). Historical records indicate that European settlers
arrived to the Longitudinal Valley of the Chilean Lake District
starting at ~1850 CE, and carried out extensive land clearance for
agriculture largely through the use of fire. Some chronicles docu-
ment a large-scale fire in 1852 CE that burned ~62,000 ha of native
forests over a 3-month period between the town of Osorno and
Lago Llanquihue (Guarda, 1973; P�erez Rosales, 1870), where Lago
Fonk is located.
4.3. Regional implications

Fig. 10 shows a comparison of the percent abundance of Wein-
mannia trichosperma and Eucryphia/Caldcluvia in sites located along
a ~110-km SW-to-NE transect through the Longitudinal Valley of
the Chilean Lake District, between ~40�S and ~41�20’S. This transect
captures a gradient in rainfall seasonality and recurrence of
14
explosive volcanic events (Table S2, supplementary material), the
northernmost sites showing the most pronounced summer rainfall
deficit and the highest number tephra owing to their proximity to
active volcanic centers (Fig. 1). We observe consistently high values
ofW. trichosperma before ~10.2 cal ka BP in all sites, followed by low
abundance with minor and discrete increases in the majority of
sites until the present. Lago Condorito, the southernmost site,
shows a steady increase toward the present that started at ~2.7 cal
ka BP. In the case of Eucryphia/Caldcluvia we observe a remarkable
synchrony in the initial statistically significant increase at ~10.2 cal
ka BP in all sites (Table S2, supplementary material), indicative of
warmer and more seasonal precipitation regime, followed by an
interval with a modest decline and/or relatively stable abundance.
The three northern sites show a subsequent increase at ~6.8 cal ka
BP that led to peak abundance and large-amplitude fluctuations
until ~3.0 cal ka BP. The L. Condorito record differs from the other
sites in showing a decline at ~7.8 cal ka BP, followed by minimum
abundance until ~4.1 cal ka BP, and a modest increase thereafter.
This contrast was first recognized by Jara and Moreno (2014) who
attributed the ~6.8 cal ka BP increase in L. Pichilafqu�en to volcanic
disturbance, following deposition of the thickest tephra at ~7.1 and
~6.8 cal ka BP (LPT-18: 19 cm thick, and LPT-17: 11 cm thick,
respectively). A subsequent study by Moreno et al. (2018a) also
noted this “anomalous” Eucryphia/Caldcluvia increase in L. Pichila-
guna and attributed the ~6.8 cal ka BP rise to high fire frequency
between ~6.8 and ~6.0 cal ka BP in the absence of relevant volcanic
activity. Increased fire activity at ~6.8 cal ka BP in the Longitudinal
Valley of the Chilean Lake District was explained by a combination
of enhanced climate variability and the rainshadow effect of the
Coastal Range in sectors north of Río Maullín, which enhances
precipitation seasonality and continentality toward the interior and
northern sectors. In this context, the lack of an increase at ~6.8 cal
ka BP of Eucryphia/Caldcluvia in the southern coastal sites (L. Con-
dorito, L. El Salto) was attributed to low precipitation seasonality
and low recurrence of explosive volcanic events in a more maritime
climate (Moreno et al., 2018a).

The L. Fonk data support the palynological interpretations from
L. Pichilafqu�en and Pichilaguna, and suggest that the ~6.8 cal ka BP
rise in Eucryphia/Caldcluvia was driven by explosive volcanism
(LFT-8) and frequent, low-magnitude local fire events (FLF-25 and
FLF-24). The maintenance of Eucryphia/Caldcluvia-dominated for-
ests until ~3.0 cal ka BP appears to be related to intense disturbance
(fire and explosive volcanism) and the onset of centennial-scale
hydroclimate variability starting at ~6.5 cal ka BP, in a sector of
the Valle Longitudinal having seasonally warmer and drier sum-
mers. This occurred at times when closed-canopy rainforests
dominated the lowlands, with abundant and continuous coarse
fuels susceptible to desiccation by repeated megadroughts at
centennial timescale. Previous studies in the region (Moreno and
Videla, 2016; Moreno et al., 2018a) and in the southwestern Pata-
gonian site Lago Cipreses (located ~1150 km south from Lago Fonk)
(Moreno et al., 2018b), detected the onset of centennial-scale
variability at various ages between ~6.4 and ~5.3 cal ka BP, sug-
gesting a broad pan-Patagonian signal similar to the modern extent
of SAM influence. This interval also correlates with the documented
onset of ENSO variability in Laguna Pallcacocha, located in the
Andes of southern Ecuador (Moy et al., 2002), suggesting a
confluence of tropical and extra-tropical influences in the Lago
Fonk record over the last ~6500 years.

Themost recent millennium in the Lago Fonk record features: (i)
the largest-magnitude increase in Eucryphia/Caldcluvia between
~0.8 and ~0.6 cal ka BP (ECC2), that we interpret as a stand-
replacing disturbance event driven by intense disturbance in the
context of a warm/dry centennial-scale phase; followed by (ii) the



Fig. 10. Comparison of Weinmannia trichosperma and Eucryphia/Caldcluvia from Lago Pichilafqu�en, Lago Fonk, Lago Pichilaguna and Lago Condorito. The red lines indicate weighted
means of the regimes detected by the RSD algorithm (Rodionov, 2004) using a cutoff length of 10 and a Huber weight function with the tuning constant of 2. Blue dashed lines
represent the onset of the rising trends for Eucryphia/Caldcluvia.
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largest-magnitude increase of Nothofagus between ~0.6 and
~0.4 cal ka BP, that we interpret as a response of the rainforest
vegetation to disturbance during a relatively cold/wet centennial-
scale phase; and (iii) deforestation and proliferation of non-native
weeds we interpret as intense disturbance by Chilean and Euro-
pean settlers during the most recent ~250 years. A similar structure
of events was reported from L. Pichilafqu�en, L. Pichilaguna, L. El
Salto, and L. Proschle, suggesting a broad signal throughout the
Chilean Lake District. We note that the warm/dry phase between
~0.8 and ~0.6 cal ka BP corresponds in timing with the Medieval
Climate Anomaly (Bradley et al., 2003; Stine, 1994), which was
followed by a relatively cold/wet phase between ~0.6 and ~0.4 cal
ka BP in the Lago Fonk record that overlaps in timing with the Little
Ice Age (Lüning et al., 2019; Villalba, 1994). The onset of large-scale
disturbance by settlers was coincident with a widespread and se-
vere drought in 1863 CE that affected the Longitudinal Valley as far
south as 40�S, according to a recent tree-ring based drought-
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severity reconstruction (Morales et al., 2020). Hence, favorable
climate anomalies during the early stages of European colonization
of the region drove a fire-regime shift that facilitated abrupt
deforestation and establishment of pasture for grazing livestock.
5. Conclusions

1. The Lago Fonk record reveals that evergreen temperate rain-
forests have persisted in the lowlands of the Chilean Lake Dis-
trict since ~11.6 cal ka BP. We detect predominance of NPRF
between ~11.6 and ~10.0 cal ka BP followed by a prompt increase
in Eucryphia/Caldcluvia at ~10.2 cal ka BP, suggesting a replace-
ment by VRF that has persisted, with variations, until the
present.

2. Vegetation changes in the Lago Fonk record occurred under
varying disturbance regimes related to explosive volcanism and
wildfires. We find that disturbance acted as a catalyst of
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vegetation change, affecting the composition and dynamics of
the vegetation via proliferation of opportunistic, shade-
intolerant, relatively fast colonizers of forest gaps. The ROC
parameter pinpoints the fastest, largest-magnitude changes in
the vegetation at ~10.2e9.9 cal ka BP, ~4.0e3.0 cal ka BP, ~1.0 cal
ka BP, and ~0.7 cal ka BP.

3. We detect the onset of centennial-scale variability in the Lago
Fonk record at ~6.5 cal ka BP, with alternations between warm/
dry (~150 years duration) and cold/wet (~312 years duration)
phases, modulated by varying disturbance regimes. This vari-
ability was related to changes in hydrologic balance akin to the
modern functioning of ENSO and/or SAM at centennial
timescale.

4. The Lago Fonk record reveals a significant decline in all native
tree taxa and increases of non-native plants over the last ~250
years. We attribute these changes to forest clearance by settlers
and subsequent conversion to pasturelands near our study site.
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