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We present a detailed record from Lago Pichilafquén to unravel the vegetation, climate and disturbance
history of the lowlands of northwestern Patagonia (40 °S) since 14,500 cal yr BP. The presence of 30
tephras throughout the record attest for the proximity of the site to active volcanic centres and allows
assessment of the role of volcanic disturbance on past vegetation and fire regime shifts. We
interpret alternations in dominance between North Patagonian and Valdivian rainforests driven by
changes in temperature and precipitation of westerly origin at multi-millennial and millennial time-
scales. These trends were punctuated by centennial-scale changes, most of which were coeval with or
immediately followed the deposition of tephras and/or paleofires. We identify departures of the local
vegetation from the regional trend between 2400 and 7100 cal yr BP, which we interpret as a response of
rainforest vegetation and local fire regimes to the disturbance effect of tephra deposition near Lago
Pichilafquén. We also find that volcanic disturbance promoted consistent increases in Eucryphia/Cald-
cluvia within 30 years and paleofires between 60 and 120 years following tephra deposition. Compari-
sons with palynological records having similar span, time resolution and age control suggest that
regional climate has played a central role on the establishment, composition and maintenance of
temperate rainforests. This influence is overprinted by disturbance regimes at the local and landscape

level, driving divergences and heterogeneity especially at times of relatively weak climatic forcing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Highly-resolved pollen and charcoal records from western
Patagonia (38—52 °S) are a prerequisite to assess the impact of
climatic and disturbance regime shifts on the rainforest vegetation
at centennial and millennial timescales. Although several studies in
this region have examined the long-term influence of climate var-
iables such as temperature and precipitation, only a few have
enough detail to resolve millennial-scale changes in moisture bal-
ance associated with variations in the position/intensity of the
Southern Westerly Winds (SWW) through the Last Glacial termi-
nation and the Holocene (Huber et al., 2004; Whitlock et al., 2007;
Moreno et al, 2010). None of those, however, have explicitly
examined the impact of disturbances driven by volcanic and
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paleofire activity on the structure and composition of the vegeta-
tion despite the abundance of active volcanic centres in the Andes.
Such endeavour requires distinguishing between local and regional
volcanic, vegetation and paleofire signals to identify the distur-
bance agent(s) behind divergences among sites at the landscape
level.

Volcanic activity is an important driver of vegetation change in
the proximity of eruptive centres in the Southern Andes (Veblen
and Ashton, 1978). Ash fallout associated with explosive volca-
nism can lead to massive defoliation, canopy gaps, hydrologic
changes, wildfires or understory burials that might generate
favourable conditions for the recruitment, establishment and pro-
liferation of fast-growing, shade-intolerant pioneer species (Veblen
et al.,, 1981; Wilmshurst and McGlone, 1996). Veblen and Ashton
(1978) reported that extensive sectors in the mid-elevation (600—
900 masl) of the north Patagonian Andes were dominated by even-
aged Nothofagus stands, and interpreted them as early succession
stages resulting from frequent catastrophic disturbances such as
mass movement and volcanic eruptions. How low-elevation rain-
forests have responded to catastrophic disturbance events could
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not be assessed with traditional ecological approaches, considering
their virtual disappearance from the landscape since the beginning
of European settlement. Veblen and Ashton (1978) suggested, yet
were unable to test the hypothesis, that the tree Eucryphia cordifolia
might exhibit a similar behaviour to species of the genus Nothofa-
gus in the lowlands, thanks to its facility to colonize disturbed areas.

Wildfires are another important disturbance agent in the forest
communities of northwestern Patagonia, especially in more conti-
nental areas where seasonal moisture stress is most pronounced
allowing desiccation of fuels. The influence of precipitation
anomalies over fire regimes in northern Patagonia has been ana-
lysed at multiple timescales. For instance, tree ring-dated fire-scar
records have correlated extensive fire years with regional warm/
dry conditions induced by poleward shifts of the Southeastern
Pacific Anticyclone and the SWW associated with modes of climate
variability such as El Nifio Southern Oscillation and the Southern
Annular Mode (Veblen and Kitzberger, 2002; Gonzalez and Veblen,
2006; Holz and Veblen, 2011). At longer timescales, sedimentary
charcoal records have linked multi-millennial fire anomalies with
moisture changes driven by variations in the position/intensity of
the SWW during the last 12,000 years (Whitlock et al., 2007; Power
etal., 2008; Moreno et al., 2010). Assessment of the role of volcanic
disturbance over fire regimes under different climatic regimes
since the last glaciation requires detailed stratigraphic records in
the vicinity of active eruptive centres.

In this study we present a high-resolution paleoenviromental
record from Lago Pichilafquén (40°44’S, 72°28'W; 218 m.a.s.l.), a
small closed-basin lake (22.2 ha) situated in an intermorainal
depression in the narrow land corridor between L. Puyehue and L.
Rupanco, two glacial lakes located west of the Andean foothills of
northwestern Patagonia (Fig. 1). L. Pichilafquén is located near four
volcanic centres: Puyehue-Cordén Caulle complex (~36 km), Vol-
can Antillanca (~28 km), V. Puntiagudo (~31 km) and V. Osorno
(~41 km) (Fig. 1), making it highly susceptible to the fallout of
pyroclastic materials, and thus offers the opportunity to explore the
role of volcanic disturbance on the vegetation and fire regimes

Fig. 1. Map plot of the northwestern sector of Patagonia based on a digital elevation
model. The map shows the main physiographic units of the region and the location of
the study site.

under different environmental scenarios. This study builds upon
the results and discussion reported in Jara and Moreno (2012),
extending the analysis until ~ 14,500 cal yr BP.

2. Study area
2.1. Physical setting

Northwestern Patagonia (38—42 °S) features three main phys-
iographic units: (1) the high-elevation, glaciated and volcanically
active Cordillera de los Andes to the east; (2) the lower-elevation,
unglaciated and volcanically inactive Cordillera de la Costa to the
west; and (3) the Valle Longitudinal, a north-south trending tec-
tonic depression that develops between the aforementioned
mountain ranges (Fig. 1). The Valle Longitudinal is filled with glacial
and volcanic deposits of Quaternary age and contains several large
lakes of glacial origin that extend westward from the Andean
massif. The north Patagonian Andes range in elevation between
2000 and 3000 m.a.s.l, with some of the highest glaciated peaks
corresponding to volcanoes with known postglacial and historic
activity in what has been described as the central segment of the
Southern Volcanic Zone (Gonzalez-Ferran, 1994; Stern, 2004).

Northwestern Patagonia is under the influence of the SWW,
which deliver abundant precipitation through the annual cycle,
with increasing degrees of seasonality toward the north owing to
the influence of the Southeastern Pacific Anticyclone (Garreaud
et al., 2009). The present-day climate in the Valle Longitudinal is
temperate and wet, annual precipitation over the last 30 years
ranges from 900 to 2100 mm with an austral autumn—winter
(May—August) maximum and a summer minimum that, in some
continental sectors, is expressed as droughts lasting for up to 2
months (Direccién meterolégica de Chile, 2013).

Rainfall variability at inter-annual and decadal timescales affects
hydrologic balance mainly through negative anomalies in summer
precipitation which, in turn, modulates the occurrence of natural or
human-induced wildfires. Instrumental records and reanalysis data
have revealed a reduction in annual precipitation over the last 60
years, as a result of an intensification and poleward shift of the
SWW, which has been widely attributed to the depletion of the
ozone layer as well as the increase of atmospheric greenhouse gas
emissions (Fogt et al., 2009; Thompson et al., 2011).

The interaction of the westerly storm tracks and the moun-
tainous physiography in northwestern Patagonia leads to precipi-
tation maxima along the western margins of the Coastal and
Andean Ranges, and to local minima on their downwind sectors.
This precipitation gradient, in conjunction with adiabatic cooling,
induces a marked altitudinal zonation of the vegetation at regional
scale.

2.2. Regional native vegetation

Broad-leaved evergreen rainforests were the dominant vegeta-
tion in northwestern Patagonia prior to European settlement. At
least three centuries of agrarian and forestry activities have deci-
mated lowlands native vegetation which today is confined to the
Andean flanks and foothills. The distribution and composition of
the forest communities along environmental gradients in these
sectors can be used as modern analogues for interpreting palyno-
logical records and inferring past climate changes. Detailed de-
scriptions of the native vegetation in northwestern Patagonia can
be found on Heusser (2003), Oberdorfer (1960) and Schmithiisen
(1956). Here we present a brief description of the two forest com-
munities that will be mentioned further on the text.

The evergreen Valdivian rainforest is distributed from the low-
lands of the Longitudinal Valley upslope to ~400 m.a.s.l, and
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boasts the highest floral diversity among the rainforest commu-
nities in the region. The forest canopy is dominated by E. cordifolia,
Aextoxicon punctatum and, to a lesser degree, by the evergreen
beech Nothofagus dombeyi and its mistletoe Misodendrum sp.,
several species of the myrtle family (Myrceugenia planipes, Amo-
myrtus luma, Luma apiculata), the trees Caldcluvia paniculata, Persea
lingue, Lomatia hirsuta and Gevuina avellana, along with the vines
Hydrangea serratifolia, Cissus striata and Mitraria coccinea. A diverse
array of ferns such as Polypodium feuillei, Lophosoria quadripinnata
and multiple species of Hymenophyllum occur on the forest floor
and on standing and fallen trees. Dominant species in forest gaps
are E. cordifolia, Aristotelia chilensis, and Chusquea quila.

The evergreen North Patagonian rainforest community occurs in
the Andes between 400 and 900 m.a.s.l. and is dominated by the
evergreen beech N. dombeyi, along with Weinmannia trichosperma,
Drimys winteri, Tepualia stipularis, Amomyrtus meli, and A. luma.
Above 600 m.a.s.l. N. dombeyi is accompanied by the cold-resistant
conifers Saxegothaea conspicua, Podocarpus nubigena, Fitzroya
cupressoides and Pilgerodendron uviferum.

3. Methods
3.1. Core retrieving and sediment analysis

We obtained overlapping sediment cores from an anchored
platform set over the deepest sector of Lago Pichilafquén (16—19 m
water depth) using a Wright square-rod piston corer and a water-
sediment interface corer. Sediment texture was documented
through visual description and with the aid of X-radiographs to
identify possible sedimentary structures. We performed loss-on-
ignition (LOI) analysis following the procedure documented by
Heiri et al. (2001) to quantify the organic, silicilastic and carbonate
content of the sediments. These data facilitated correlation be-
tween cores to produce a spliced record devoid of hiatuses asso-
ciated with core breaks.

3.2. Chronology

The chronology of the record is constrained by 13 AMS radio-
carbon dates calibrated to calendar years before present using the
software CALIB 6.01 (Stuiver, 1993) (Table 1). We used the SHcal04
dataset for samples younger than 11,000 cal yr BP and the IntCal09
dataset for dates older than 11,000 cal yr BP (McCormac et al.,
2007). We developed a Bayesian age model using the Bacon pack-
age for the software R (Blaauw and Christen, 2011) and subtracted
the thickness of all tephras (distal pyroclastic layers) to explicitly
account for their instantaneous deposition. This age model allowed
us to calculate median probability (calendar) ages and associated

Table 1

95% confidence intervals for all pollen, charcoal, and tephra layers.
Pollen and charcoal data are plotted using the median probability
age series.

3.3. Pollen and charcoal analyses

All procedures involved in the acquisition and handling of pollen
and charcoal data are described in Jara and Moreno (2012). Pollen
data are presented in percentage units, charcoal data are presented
as charcoal accumulation rates (CHAR = particles/cm?*year).

We conducted time-series analysis of the macroscopic charcoal
data to identify local fire events using the software CharAnalysis
(Higuera et al., 2009). For that purpose, we interpolated samples at
regular time intervals corresponding to the median time resolution
of the entire record. We modelled the background charcoal signal
(charcoal accumulation not associated with local fires) by using a
LOWESS robust to outliers smoothing with a 500-yr window width.
We used a locally defined threshold to identify charcoal peaks
exceeding the 99 percentile of a Gaussian distribution (i.e. local fire
events; for more details see Jara and Moreno, 2012).

3.4. Superposed epoch analyses

We performed Superposed Epoch Analyses (SEA) (Prager and
Hoenig, 1992) on selected pollen taxa and macroscopic charcoal
data with respect to tephra deposition to assess the influence of
volcanic ash fallout on local vegetation change and fire activity. SEA
allows the detection of time-consistent responses of an environ-
mental variable to discrete recurrent events by averaging a set of
different individual responses occurring at different periods. We
tested the responses of N. dombeyi type, Eucryphia/Caldcluvia, W.
trichosperma and Poaceae because of their abundance and ubiquity
throughout the pollen record, and because they have been previ-
ously documented as pioneer, fast-growing species that usually
colonize disturbed areas (Veblen et al., 1981; Gonzalez et al., 2002;
Donoso Zegers, 2006). We considered each tephra as a “key event”
(represented as time “0” in Fig. 5A) and then compared the abun-
dance of each taxon around a 240-year window centred at the key
event. For each key event we interpolated pollen samples to eight
fixed 30-year intervals (median sample resolution of the record),
running from 120 years prior to 120 years after tephra occurrence.
To minimize the statistical weight of outliers we normalized the
pollen data by subtracting the mean value to every individual value
at each window (Genries et al., 2009). Since pollen percentages
were calculated in reference to a shared total, any change in one
taxon lead to changes in rest of them. To minimize this bias, the
data was scaled by dividing all interpolated values by the absolute
maximum across each window (Adams et al., 2003). By virtue of

Information on the radiocarbon dates from Lago Pichilafquén. Age calibration was carried with the aid of the software CALIB 6.01.

Laboratory code Core Original depth (cm) Depth without tephras (cm) 14C yr BP + 10 Median probability (cal yr BP) 20 range (cal yr BP)
CAMS-137863 0601B1 38—-39 37-38 340 + 35 390 301461
CAMS-137864 0601B2 51-52 50—-51 560 + 35 533 500—622
CAMS-128989 0601A0 77-78 73-74 1345 + 30 1232 1152—-1292
CAMS-137865 0601B2 111-112 95-96 2425 + 30 2406 2333-2676
CAMS-128990 0601A1 143—-144 122—-123 2770 + 30 2813 2753-2875
CAMS-144448 0601B3 211-212 179-180 4365 + 40 4880 4822-5037
CAMS-128968 0601A2 249-250 206—207 6100 + 35 6893 6756—7003
CAMS-128970 0601A2 288—289 226-227 6245 + 30 7084 6970—7206
CAMS-144449 0601B4 327-328 265—266 7685 + 45 8426 8366—8540
CAMS-144450 0601B5 373-374 307—-308 8905 + 40 9957 9737-10,163
CAMS-144451 0601B5 399-400 330-331 9755 + 35 11,145 10,822-11,226
CAMS-128970 0601A4 429-430 355—356 11,055 + 40 12,950 12,744-13,101
CAMS-144452 0601B7 472—473 388—389 12,935 + 40 15,452 15,073—-16,088
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Fig. 2. Stratigraphic column of the sedimentary record from Lago Pichilafquén shown in this study, including the position and age of radiocarbon-dated levels and results of the Loss
on Ignition analysis (LOI). Note the correspondence between tephra layers and peaks in the siliciclastic density curve. All radiocarbon dates are expressed as '“C yr BP.

being percentages, the palynological time series used in these an-
alyses are interdependent data, aspect that we deem adequate for
assessing the responses of specific taxa to alloctonous forcing in the
context of an entire plant community.

Superposed epoch analyses excluded tephras from intervals
where the resolution of the record was lower than 30 yr/cm and
when pollen and charcoal abundance were lower than 1% or 4
particles/cm?*yr, respectively. Tephras occurring within less than
120 years of difference between them were analysed as single key
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Fig. 3. Bayesian age model of the Lago Pichilafquén record showing the probability
distribution of the calibrated radiocarbon dates in blue and the confidence interval in
grey. The x axis shows the modified depth scale after subtracting the thickness of all
tephras to explicitly account for their instantaneous deposition. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.).

events. The total number of key events that met these criteria were
16 for Eucryphia/Caldcluvia, 20 in the case of W. trichosperma, 22 for
Poaceae, 20 for N. dombeyi type, and 20 events for macroscopic
CHAR.

4. Results
4.1. Stratigraphy

The sedimentary record from Lago Pichilafquén shown in this
paper consists of ~470 cm of predominantly organic-rich lake mud
devoid of carbonates (LOlgy5 <5%) that grades into basal sand/
gravel. Tephra layers feature discrete increases in siliciclastic den-
sity and abrupt declines in organic content (Fig. 2). The X-radio-
graphs and Loss on Ignition data allowed detection of 30 tephras
with sharp upper and lower contacts and thicknesses that ranged
between 1 and 19 cm (Table 2). Detailed descriptions and
geochemical fingerprinting of these pyroclastic layers are currently
underway.

The stratigraphy and age model applied to the radiocarbon dates
suggest continuous pelagic sedimentation of organic-rich mud
since ~14,500 cal yr BP, with an average deposition time of
30 years/cm.

4.2. Pollen and charcoal zones

We analysed the pollen, spore, macroscopic and microscopic
charcoal content of 351 samples from Lago Pichilafquén (Fig. 4),
resulting in an average time resolution of 30 years per sample. We
divided the pollen record in 9 zones on the basis of conspicuous
changes in the pollen stratigraphy to facilitate the description of the
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pollen record. In the following paragraphs we describe the main
features of each zone, indicating their depth and age ranges (depths
without tephras). Whenever pertinent, we indicate in parentheses
the mean, maximum or minimum abundances of taxa, or the
magnitude of a noteworthy variation.

Zone LP1 (353—390 cm; 12,500—14,500 cal yr BP). This zone is
dominated by arboreal pollen (mean 91%), chiefly N. dombeyi type
(mean 29%), Myrtaceae (mean 24%) and Hydrangea (mean 19%). The
zone begins with high abundance of Myrtaceae and the aquatic
Isoetes, followed by prominent declines reaching to their minima
(minimum between 10 and 15 and 1-5% respectively) at
12,700 cal yr BP, while N. dombeyi type and Hydrangea show sus-
tained increases that peaked at 12,700 (42%) and 13,300 cal yr BP
(40%), respectively. The mistletoe Misodendrum increased to a

maximum (7%) in parallel with N. dombeyi type, demonstrating the
local presence of both taxa during this part of the record. The co-
nifers Fitzroya/Pilgerodendron and P. nubigena increased at
~14,000 cal yr BP and attained maximum abundance at
~12,500 cal yr BP. Macro- and microscopic CHAR remained close to
zero throughout the entire zone.

Zone LP2 (329—352 cm; 11,200—12,500 cal yr BP). The main
pollen taxa are W. trichosperma (mean 49%), N. dombeyi type (mean
21%) and Poaceae (mean 8%). This zone begins with a short-lived
increment of Poaceae (maximum 25%), A. chilensis (maximum 3%)
and Blechnum type (maximum 3%), causing a sudden decline in the
arboreal pollen sum (minimum 70%) at 12,500 cal yr BP. This was
immediately followed by a rapid increase of W. trichosperma (from
5 to 76%) commencing at 12,400. W. trichosperma reached
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maximum abundance between 11,200 and 12,000 cal yr BP
contemporaneous with increases in CHAR. N. dombeyi type (mean
21%) and Hydrangea (mean 4%) decline with respect to the previous
zone, reaching minimum values during the middle part of this zone
(11,600 cal yr BP). Fitzroya/Pilgerodendron and P. nubigena show
major reductions, attaining values close to zero by 12,300 cal yr BP.

Zone LP3 (314—328 cm; 10,300—11,200 cal yr BP). This zone
features dominance of W. trichosperma (mean 41%), N. dombeyi type
(mean 23%) and Poaceae (mean 8%). W. trichosperma shows a rapid
decline (from 44 to 10%) which is compensated by increments in
N. dombeyi type (from 12 to 35%) and Hydrangea (from 5 to 9%).
Macroscopic and microscopic CHAR are relatively low, attaining
maxima at the beginning and end of this zone.

Zone LP4 (288—313 cm; 9200—10,300 cal yr BP). The most
abundant taxa in this zone are Eucryphia/Caldcluvia (mean 26%),
N. dombeyi type (24%) and W. trichosperma (15%). This zone is char-
acterized by an abrupt rise of Eucryphia/Caldcluvia (from 3 to 40%), a
plateau in N. dombeyi type (20—30%), an increase in Hydrangea (from
1 to 14%), a steady increase in T. stipularis (from 1 to 3%) and a
persistent decline of W. trichosperma. Macro and microscopic CHAR
show a slight increment with respect to the previous zone.

Zone LP5 (224—287 cm; 7100—9200 cal yr BP). This zone is
dominated by N. dombeyi type (mean 37%), Eucryphia/Caldcluvia
(mean 21%) and W. trichosperma (mean 9%). The beginning of this

interval features an increase in N. dombeyi type (from 18 to 40%) that
led to a stable plateau around 35—40%, contemporaneous with a
decline in Eucryphia/Caldcluvia (from 34 to 20%) that culminated in a
stabilization around 20%, and a drop in Hydrangea (from 14 to 3%). We
observe gradual increments in Misodendrum and T. stipularis (from
0to 5% and 4 to 8%, respectively), and a stabilization of W. trichosperma
between 5 and 15%. Isoetes features a gradual and persistent increase
(from 0% to 10%) contemporaneous with distinctive peaks in macro-
scopic (7200, 7700, 7900 and 9100 cal yr BP) and microscopic (7700,
8600 and 9100 cal yr BP) CHAR.

Zone LP6 (107—223 cm; 2400—7100 cal yr BP). This zone is
characterized by the dominance of Eucryphia/Caldcluvia (mean
44%), N. dombeyi type (mean 27%) and W. trichosperma (mean 6%). A
sudden increment in Eucryphia/Caldcluvia (from 18 to 41%) and
rapid declines in T. stipularis (from 6 to 1%) and Isoetes (from 8 to
1%) mark the beginning of this zone. Eucryphia/Caldcluvia exhibits
rapid (<50 yr) high-magnitude (from 30 to 60%) variations in anti-
phase with N. dombeyi type. Macroscopic and microscopic CHAR
attain relative high values at the beginning of this zone (between
7100 and 6800 cal yr BP), then plummet to their minima until
5000 cal yr BP, and increase again to reach prominent peaks at
~3100, 3600, 4300 and 5000 cal yr BP.

Zone LP7 (70—105 cm; 1100—2400 cal yr BP). This zone is
dominated by Eucryphia/Caldcluvia (mean 27%) N. dombeyi type



LA. Jara, PI. Moreno / Quaternary Science Reviews 90 (2014) 217—228 223

Table 2
List of tephras found in the Lago Pichilaquén record discussed in this study
(LPT = Lago Pichilafquén Tephra), including their depth range, thickness and age.

Tephra code Depth (cm) Thickness (cm) Median 20 range

age (cal yr BP) (cal yr BP)
LPT-1 35-36 1 377 313—463
LPT-2 74-77 3 1209 1133-1303
LPT-3 79—-86 6 1315 1199-1387
LPT-4 89-93 4 1403 1265—1605
LPT-5 106—-107 1 1970 1784—-2249
LPT-6 123-124 1 2405 2276—2751
LPT-7 130-131 1 2569 24422914
LPT-8 135-137 2 2691 2544-2999
LPT-9 167—168 1 3669 3456—4116
LPT-10 171-172 1 3911 35544219
LPT-11 182—-185 3 4258 3917—-4602
LPT-12 186—187 1 4309 3962—4644
LPT-13 190—191 1 4362 4083-4773
LPT-14 193-195 2 4436 4154—4842
LPT-15 199-200 1 4655 4301-5006
LPT-16 204—205 1 4794 4476—-5139
LPT-17 237-248 11 6793 6101-6791
LPT-18 266—285 19 7098 6824—-7204
LPT-19 228-330 2 8516 8342—-8604
LPT-20 359-360 1 9396 93009823
LPT-21 364—365 1 9558 9479—-9972
LPT-22 394-397 3 11,210 10,821-11,219
LPT-23 405—407 2 11,581 11,298-11,763
LPT-24 409—-410 1 11,812 11,380—11,953
LPT-25 413-415 2 11,945 11,541-12,186
LPT-26 433-437 4 12,889 12,782—13,287
LPT-27 441-443 2 12,998 12,922—-13,632
LPT-28 444—445 1 13,034 12,966—13,726
LPT-29 448—450 2 13,099 13,082—13,940
LPT-30 453—-454 1 13,210 13,211-14,186

(mean 32%) and W. trichosperma (mean 11%). Eucryphia/Caldcluvia
declines steadily (from 59 to 26%) as N. dombeyi type (from 10 to
45%), Poaceae (from 3 to 11%), A. chilensis (from 0 to 3%), Myrtaceae
(from 2 to 5%) and the fern Blechnum type (from 0 to 5%) increase
altogether. W. trichosperma and Misodendrum exhibit slight in-
crements. Macro and microscopic CHAR decline and remain low
during this zone except for a conspicuous peak at 2300 cal yr BP.

Zone LP8 (34—69 cm; 350—1100 cal yr BP). This zone is domi-
nated by Eucryphia/Caldcluvia (mean 14%), N. dombeyi type (40%)
and Poaceae (mean 11%). The onset of this interval features a rapid
increment of Poaceae (from 3 to 18%) and declines in Eucryphia/
Caldcluvia and W. trichosperma (from 23 to 14% and 23 to 10%,
respectively). The rising trend in N. dombeyi type persists until
reaching peak abundance (47%) in parallel with Misodendrum (6%).
Microscopic CHAR remains stable while macroscopic CHAR rose
between 350 and 600 cal yr BP, punctuated by a drop between 400
and 500 cal yr BP.

Zone LP9 (133 cm; present-350 cal yr BP). The main taxa of this
zone are Poaceae (mean 25%), N. dombeyi type (mean 21%) and
Eucryphia/Caldcluvia (mean 12%). Salient features of this zone are
abrupt increments in Poaceae (from 12 to 22%), Asteraceae subf.
Cichorioideae, Rumex and Plantago, along with prominent declines
in N. dombeyi type, Eucryphia/Caldcluvia, W. trichosperma, Hydran-
gea and Misodendrum, causing a major decrease in the arboreal
pollen sum (minimum 62%). Microscopic CHAR attains relatively
low values while macroscopic CHAR shows prominent peaks
at —50, 190 and, 360 cal yr BP.

4.3. Local fire events

Time-series analysis of the macroscopic CHAR record with
CharAnalysis software led to the identification of 40 statistically
significant fire peaks throughout the record (Fig. 6; Table 3). The

interpolated charcoal curve replicates the millennial and
centennial-scale features of the raw macroscopic CHAR data.
Charcoal peak magnitude varies from 5 to 1500 particles/cm®*yr
(see Table 3). We observe high frequency of fire events between
11,500 and 12,500, 6000 and 8000, 3500 and 4500, 1000 and 2500
and over the last 500 years.

4.4. Superposed epoch analysis (SEA)

Eucryphia/Caldcluvia abundances were consistently higher dur-
ing the first 30 years after tephra deposition (9 of 16 peaks above
the 95% confidence interval), while macroscopic CHAR showed a
similar response between 60 and 90 years (11 of 20 peaks) and
between 90 and 120 years after tephra deposition (10 of 20 peaks).
N. dombeyi type, W. trichosperma and Poaceae, on the other hand,
did not show consistent significant changes (Fig. 5). The individual
statistically significant increments detected by SEA are spread
uniformly throughout the record, suggesting lack of climatic
modulation in the multi-decadal responses of Eucryphia/Caldcluvia
and macroscopic CHAR to volcanic disturbance. We corroborated
the validity of these findings running all analyses in a modified
depth scale with no tephras domain (not shown). The satisfactory
performance and replicability of this test in a non-interpolated
scale, independent of a specific choice of age models, suggests to
us a genuine ecological response in the variables under
consideration.

5. Discussion
5.1. Vegetation and climate history

The pollen record reveals the continuous presence of temperate
rainforest communities around Lago Pichilafquén over the last
~14,500 years, with variations in floristic composition reflecting
responses of the vegetation to climatic and non-climatic drivers
(Moreno, 2004; Abarztia and Moreno, 2008). Pollen assemblages
indicate alternating dominance and floristic admixture of taxa
characteristic of modern North Patagonian and Valdivian rain-
forests. Present-day transitions between these forests reflect, pri-
marily, responses to climatic variables such as ability to withstand
low/high temperatures or presence/absence of summer moisture
stress (Villagran, 1984; Heusser, 2003) and, secondarily, to light-
demanding attributes or response/vulnerability to disturbance
events.

A pollen assemblage dominated by the North Patagonian taxa
Myrtaceae and Lomatia/Gevuina, together with high abundance of
the littoral macrophyte Isoetes is observed prior to
~14,000 cal yr BP, suggesting temperate and humid conditions
similar to the modern environments found on the lower portions of
the Andes Cordillera at 41 °S. The record then shifts to a North
Patagonian assemblage featuring abundant N. dombeyi type, in-
creases in the conifers Fitzroya/Pilgerodendron and P. nubigena at
~14,000 cal yr BP, and a major decline in Isoetes between 12,500
and 13,300 cal yr BP. We interpret this change as reflecting a shift
toward cooler and wetter conditions that promoted the spread of
cold-resistant conifers and a decline in littoral macrophytes. The
latter trend is indicative of a transgressive lake-level phase that led
to a displacement of littoral macrophytes away from the lake
centre, causing a decline of its abundance in the deepest part of the
lake basin, the area where the sediment cores were retrieved.

The record then shows an abrupt increase in W. trichosperma
between 11,200 and 12,400 cal yr BP, accompanied by Poaceae,
Asteraceae, A. chilensis and Blechnum type, coeval with declines in
all other taxa. W. trichosperma is a tree with broad geographic
distribution and climatic tolerance in northwestern Patagonia,
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Table 3
List of statistically significant charcoal peaks identified by CharAnalysis, specifying
their age and magnitude.

Fire event# Age (cal yr BP) Peak magnitude (#cm =2 yr~1)
1 -55 38
2 365 285
3 635 473
4 1145 293
5 1445 354
6 1865 39
7 1985 343
8 2315 437
9 2375 193
10 2825 1233
11 3095 419
12 3605 66
13 3905 382
14 4325 1545
15 4445 263
16 4745 193
17 5045 182
18 5705 319
19 6005 18
20 6425 77
21 6695 66
22 6785 6
23 7025 125
24 7085 270
25 7685 49
26 7925 449
27 8075 64
28 8675 627
29 9125 66
30 9875 164
31 10,175 60
32 10,745 5
33 11,225 648
34 11,555 67
35 11,915 90
36 12,215 39
37 12,485 499
38 12,875 23
39 13,235 30
40 13,715 93

currently found in both North Patagonian and Valdivian rainforest
communities. Ecological studies have described W. trichosperma as
a long-lived, slow-growth, shade-intolerant emergent tree with
wind-dispersed seeds capable of colonizing disturbed terrains
(Lusk, 1999). Hence, we interpret this palynological change as the
opening of a North Patagonian rainforest community that allowed
the spread of herbs and trees favoured by disturbance starting at
12,400 cal yr BP. The fact that cold-resistant trees persisted over
this interval, that no thermophilous trees increased, and that
littoral macrophytes remained low during this interval suggest to
us the persistence of cold and humid conditions between 11,200
and 12,400 cal yr BP. The charcoal record shows contemporary
increases in the accumulation of micro- and macroscopic particles,
suggesting an increase in fire activity. We attribute these increases
in local and regional fire to enhanced precipitation seasonality and/
or high-frequency variability in rainfall regimes (higher than our
sampling resolution) that allowed the desiccation of fuels neces-
sary for fire ignition and spreading.

The Valdivian taxon Eucryphia/Caldcluvia increased rapidly at
10,300 cal yr BP, following a steady decline of W. trichosperma from
its maximum at 11,500 cal yr BP, along with increments in
N. dombeyi type and Hydrangea. These changes suggest diversifi-
cation and establishment of thermophilous species characteristic of
the Valdivian rainforest, able to withstand summer-moisture stress
that today are confined to the lowlands of northwestern Patagonia.

Eucryphia/Caldcluvia then attained a high-abundance plateau until
7100 cal yr BP, coeval with increases in T. stipularis, Poaceae, Isoetes
and CHAR. T. stipularis commonly forms dense thickets in water-
logged soils or poorly drained slopes (Donoso Zegers, 2006), with
some individuals even growing partially submerged along the lake
margins (P. I. Moreno personal observations). The fact that
T. stipularis reached its maximum and covaried with Isoetes sug-
gests centripetal expansion of littoral environments driven by a
regressive lake-level phase between 7100 and 10,300 cal yr BP.
Thus, dominance of thermophilous species tolerant to summer-
moisture stress, lake-level lowering and increase in fire activity
suggest to us a multi-millennial warm/dry phase during this
interval.

Between 2400 and 7100 cal yr BP Eucryphia/Caldcluvia under-
went large-magnitude, centennial and sub-centennial-scale oscil-
lations in antiphase with N. dombeyi type and W. trichosperma, and
concurrent with a permanent decline in T. stipularis and the
disappearance of Isoetes. We interpret the former trend as re-
sponses of the upland vegetation to repeated volcanic and paleofire
disturbance (see following section), under overall cool-temperate
conditions, and the latter as an outward shift of littoral taxa away
from the lake centre driven by a transgressive lake phase in
response to a multi-millennial increase in precipitation. The
observation, however, that some oscillations in the upland vege-
tation and paleofire occur in the absence of tephras (e.g. high-
amplitude swings of Eucryphia/Caldcluvia and N. dombeyi centred
at 3500, 5500 and 6500 cal yr BP, shown in Fig. 6) suggests that
centennial-scale climate variability and enhanced fire activity (fire
events detected at 3605, 5705, 6425, 6695 and 6785 cal yr BP) could
account for the highly dynamic nature of the pollen record between
2400 and 7100 cal yr BP.

The last 2400 years of the pollen record feature centennial-scale
alternations between Eucryphia/Caldcluvia and N. dombeyi type as
the dominant taxa of the record. Such centennial-scale oscillations
are superimposed to a longer-term increase (decline) in N. dombeyi
type (Eucryphia/Caldcluvia) until the arrival of European settlers
(~390 cal yr BP). The most recent 350 years of the record are
characterized by an abrupt decline in arboreal pollen and rapid
increases in Poaceae, macroscopic CHAR, and the exotic herbs
Plantago and Rumex. Overall, these results suggest a multi-
millennial-scale trend toward dominance of North Patagonian
rainforest trees between 350 and 2500 cal yr BP interrupted by the
onset of deforestation by European settlers in the 17th century.
Detailed discussion of this period in the Lago Pichilafquén record
can be found in Jara and Moreno (2012).

5.2. Disturbance history

The pollen record from Lago Pichilafquén is largely dominated
by species described in the literature as pioneer, shade intolerant
and/or fast-growers. Given these ecological attributes, we expect
them to exhibit stratigraphically discernible responses to tephra
deposition or wildfires at ecological timescales, as well as longer-
term responses driven by the cumulative effects of short-term
changes in the same direction. Vegetation changes attributable to
disturbance agents might be especially detectable during periods of
relatively stable climate or in the absence of large-magnitude
climate transitions. In the following paragraphs we will describe
the temporal distribution of tephras and local fire events
throughout the record, then we will assess whether there is a
discernible stratigraphic association between these disturbance
agents and vegetation change.

The tephrostratigraphy from Lago Pichilafquén reveals 30
tephras over the last 14,500 years, offering the opportunity to
examine potential responses of the vegetation to volcanic
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disturbance in a variety of climatic contexts. Fig. 2 shows the
stratigraphic position of all tephra layers, Table 2 shows their depth,
thickness and age, while Fig. 6F shows their frequency per non-
overlapping 500-year wide time windows. It is evident from
these data that: (i) relatively thin tephras (<4 cm) were frequent
(n =11, 2.8 events/1000 yr) between 9500 and 13,500 cal yr BP; (ii)
infrequent tephras characterize the interval 5000—9500 cal yr BP
(n = 3, 0.7 events/1000 yr, including the thickest tephras dated at
6700 and 7200 cal yr BP); (iii) relatively thin deposits characterize
the interval with the highest tephra frequency (n = 10, 4.0 events/
1000 yr) between 2500 and 5000 cal yr BP, followed by (iv) a
decline in tephra frequency (n = 6, 2,4 events/1000 yr) over the last
2500 years. We observe millennial-scale variability superimposed
upon these multi-millennial trends, with tephra-free intervals be-
tween 500 and 1000, 3000 and 3500, 5000 and 6500, 7500 and
8500, 10,000 and 11,000 and 12,000 and 12,500 cal yr BP.

Time-series analysis of macroscopic CHAR identified 40 statis-
tically significant charcoal peaks which we interpret as evidence for
local fires. Fig. 6E shows the temporal distribution of those peaks
and their frequency per non-overlapping 500-year long time win-
dows. We note that: (i) relatively low frequency (n = 3, 1.2 events/
1000 yr) of low-magnitude fires between 12,500—14,000 cal yr BP,
(ii) relatively high frequency of low-magnitude fires (n = 4, 4
events/1000 yr) between 11,500—12,500 cal yr BP, (iii) relatively
low frequency (n = 7, 2 events/1000 yr) of fires between 8000 and
11,500 cal yr BP, (iv) a period of high fire frequency between 6000
and 8000 cal yr BP (n = 8, 4 events/1000 yr) including the largest-
magnitude events dated at 6600 and 7100 cal yr BP (v) relatively
low fire frequency between 4500 and 6000 cal yr BP (n = 3, 2
events/1000 yr), (vi) relatively high fire frequency over the last
4500 years (n = 15, 3.3 events/1000 yr).

In the following paragraphs we discuss prominent millennial-
and sub-millennial scale vegetation changes that coincided with
tephras and statistically significant charcoal peaks, which serve as
basis for inferring volcanic and/or wildfire as agents of vegetation
change in the surroundings of Lago Pichilafquén (Figs. 4 and 6):

1 A sustained increase in N. dombeyi type and abrupt declines in
the shade-tolerant Myrtaceae and Hydrangea between 12,000
and 13,000 cal yr BP. This vegetation transition coincided with
the deposition of 5 tephras between 12,900 and 13,200 cal yr BP
and 3 fire events between 12,000 and 13,000 cal yr BP.

2 An abrupt increase in W. trichosperma and Poaceae and decline
in all other trees starting at 12,400 cal yr BP. This vegetation
change coincided with a shift toward permanently high micro-
scopic and macroscopic CHAR values and statistically significant
charcoal peaks at 12,485 and 12,875 cal yr BP.

3 An abrupt increase in N. dombeyi type and gradual decline in W.
trichosperma starting at 11,500 cal yr BP. This shift followed the
deposition of 2 tephras between 11,500 and 11,800 cal yr BP and
2 local fires between 11,600 and 11,900 cal yr BP.

4 An abrupt and long-term increase in Eucryphia/Caldcluvia and
decline in N. dombeyi type between 6000 and 7100 cal yr BP.
This shift occurred in conjunction with the 2 thickest tephras
deposited between 6800 and 7100 cal yr BP and three local fires
over the same time interval.

5 A sustained increase in Eucryphia/Caldcluvia and decline in
N. dombeyi type between 4000 and 5000 cal yr BP. This shift
occurred during and after the deposition of 6 tephras between
4300 and 4800 cal yr BP and 2 large-magnitude local fires at
~4400 cal yr BP.

6 A long-term increase in N. dombeyi type, rise in Poaceae, and
decline in Eucryphia/Caldcluvia starting at 2400 cal yr BP. These
events coincided with multi-millennial declines in the fre-
quency of tephras and local fires.

7 An abrupt increase in Eucryphia/Caldcluvia between 1100 and
1300 cal yr BP. This shift followed 3 closely spaced tephras
deposited between 1200 and 1400 cal yr BP and two local fire
events between 1100 and 1400 cal yr BP.

We note that the response of W. trichosperma was opposite
during the vegetation changes 2 and 3 mentioned above. This
apparent contradictory response may be related to the presence of
a non-analogue climate between 11,500 and 12,400 cal yr BP (high
frequency precipitation variability and colder-than-present condi-
tions), which was followed by an abrupt transition into Holocene
climate at 11,500 cal yr BP (Moreno et al., 2001; Moreno and Ledn,
2003; Moreno, 2004). We also note that the response of Eucryphia/
Caldcluvia over the last 2400 years is superimposed by a multi-
millennial decline in its abundance, aspect that we attribute to a
trend toward cooler/wetter conditions.

At shorter timescales (<100 years) we observe consistent
statistically significant increases in Eucryphia/Caldcluvia be-
tween 0 and 30 years and macroscopic CHAR between 60 and
120 years after the deposition of tephras, respectively (Fig. 5).
E. cordifolia is a fast-growing shade-intolerant tree that rapidly
colonizes disturbed terrains, thanks to its high seed production
rate (Donoso Zegers, 2006) and capacity to resprout (Gonzalez
et al.,, 2002). Our results thus suggest that volcanic ashfalls in
the vicinity of Lago Pichilafquén over the last ~10,000 years
drove changes in the structure/composition of the surrounding
forest vegetation, favouring rapid increases in the shade-
intolerant tree E. cordifolia and subsequent wildfire activity.
These results are comparable with the past pant changes
recorded after volcanic eruptions in similar forest types in New
Zealand (Wilmshurst and McGlone, 1996; Wilmshurst et al.,
1997). In northwestern Patagonia, the long-term fire activity
could have resulted from the accumulation of the dead biomass
generated during the initial volcanic disturbance and enhanced
by the desiccation of fuels during periods with negative anom-
alies in summer precipitation.

5.3. Regional paleoclimate

Comparison of Lago Pichilafquén with pollen records having
similar time span, radiocarbon and stratigraphic control, and
temporal resolution from continental northwestern Patagonia and
Isla Grande de Chiloé (Moreno and Ledén, 2003; Abarzda et al,,
2004; Moreno, 2004; Abarztia and Moreno, 2008) reveals inter-
esting similarities and differences over the last ~14,500 years:

1. All records including Lago Pichilafquén show that Myrtaceae
and other shade-tolerant North Patagonian taxa dominated
prior to ~ 14,000 cal yr BP. We infer temperate and wet condi-
tions from this pollen assemblage.

2. All records show increases in N. dombeyi type and the cold-
resistant conifer P. nubigena between ~12,500 and
14,000 cal yr BP at the expense of relatively thermophilous
North Patagonian rainforest taxa, followed by declines in their
abundance between 11,000 and 12,700 cal yr BP. We interpret
the former event as a decrease in temperature and an increase in
precipitation coincident with the Antarctic Cold Reversal (ACR;
12,900—14,500 cal yr BP) as recorded in the EPICA Dome C ice
core from eastern Antarctica (EPICA, 2006), and the latter as a
decrease in precipitation under cool-temperate conditions
within the Younger Dryas chronozone (11,500—12,900 cal yr BP;
Alley (2000)). We infer intensification of the SWW over north-
western Patagonia during the ACR, in agreement with the re-
sults obtained by Moreno and Leén (2003), and reduced SWW
influence during the Younger Dryas chronozone, consistent with
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a southward shift in the SWW recently postulated by Moreno
et al. (2012) based on a comparison between northwestern
and southwestern Patagonian sites.

3. Most records show abrupt increases in W. trichosperma at the
expense of all other trees and vines between ~11,000 and
12,700 cal yr BP. The exact onset of this increase varies among
sites and, in most cases, was contemporaneous with increases in
fire activity. These changes have been interpreted as cool-
temperate conditions and decline in precipitation that fav-
oured the occurrence of fires which fostered the spread and
increase of pioneer shade-intolerant trees. W. trichosperma then
declined between ~10,200—11,000 cal yr BP, giving way to a
more diverse pollen assemblage including species common to
Valdivian and North Patagonian rainforest communities, sug-
gesting warming at the beginning of the Holocene.

4. All records located in the mainland show abrupt increases and
dominance of the thermophilous Valdivian tree Eucryphia/
Caldcluvia between ~8000 and 10,200 cal yr BP (Moreno and
Ledn, 2003; Moreno, 2004). Sites located in Isla Grande de
Chiloé indicate the establishment of this taxon somewhat later
at ~8900 cal yr BP (Abarzaa et al., 2004; Abarzta and Moreno,
2008), suggesting the establishment of peak interglacial warmth
and substantial reduction in precipitation driven by a regional
weakening of the SWW.

The remarkable similarities in timing and direction of vegeta-
tion changes between Lago Pichilafquén and the regional palyno-
logical pattern discussed above between 7600 and 14,000 cal yr BP
suggest a synchronous, homogeneous response of the regional
vegetation to climate change at millennial timescale through the
Last Glacial-Interglacial transition. Vegetation change between
2400 and 7100 cal yr BP, however, diverges from the regional
pattern and coincides with repeated volcanic and paleofire distur-
bance (see preceding sections).

5.4. Regional fire history

Fig. 6G presents a comparison of the macroscopic CHAR data
from Lago Pichilafquén with a standardized synthesis curve of
paleofires in southern South America (>30 °S) over the last
14,200 years (M. ]. Power, personal communication). Similar
multi-millennial trends between both reconstructions are
evident: (1) near-zero CHAR values at Lago Pichilafquén and
negative  regional anomalies between 13,000 and
14,200 cal yr BP, (2) an upward trend in CHAR and positive
anomalies between 7000 and 13,000 cal yr BP and (3) minimum
CHAR and negative anomalies between 5000 and 7000 cal yr BP.
This synchrony suggests a common large-scale climate driver.
Differences from the southern South America paleofire curve,
however, are evident in Lago Pichilafquén between 7000 and
9500 cal yr BP, when increasing CHAR values occur under a
sustained trend towards negative regional anomalies, and be-
tween 3000 and 4000 and 0 and 1500 cal yr BP when relatively
high CHAR values occur under negative regional anomalies. We
interpret these millennial and multi-millennial scale divergences
as reflecting spatial and temporal heterogeneities in fire occur-
rence resulting from local ignition sources and disturbance re-
gimes in the vicinity of Lago Pichilafquén at times when the
magnitude of regional climatic change may have been relatively
weak.

6. Conclusions

Vegetation change and paleofires in the Lago Pichilafquén re-
cord match the millennial and multi-millennial scale changes

recorded elsewhere in northwestern Patagonia between ~7000
and 14,000 cal yr BP, suggesting a common regional signal driven
by temperature and precipitation shifts associated with changes in
the Southern Westerly Winds. Several of these transitions were
abrupt and occurred in synchrony with volcanic events and
paleofires, suggesting that these local disturbances acted in a syn-
ergistic manner with climate-driven vegetation transformations.
We detect important divergences in the vegetation and paleofire
record from Lago Pichilafquén relative to regional trends, particu-
larly evident between 2400 and 7100 cal yr BP. We also detect a
consistent sequence of events at multi-decadal timescales that
features tephra deposition, increase in Eucryphia/Caldcluvia and fire
occurrence over the last 10,300 years. These responses suggest a
tight coupling between volcanic activity, spread of fast-growth
trees favoured by disturbance, followed by ignition of dead dry
biomass generated by ash fallout events, at the same time that
support Veblen & Ashton’s (1978) hypothesis that the dominance of
E. cordifolia in the lowland rainforest communities might result
from effect of frequent catastrophic disturbances, in a manner
analogous to the behaviour of Nothofagus at mid-elevations in the
Andes.

We propose that large-magnitude climate changes were able to
drive regionally synchronous responses in the terrestrial biota,
overriding or minimizing local-scale drivers. Relatively muted or
smaller-magnitude changes in climate, on the other hand, allowed
local vegetation responses to disturbance agents such as tephra
deposition or wildfires to be discernible in our pollen and charcoal
record, prompting divergent trends with respect to regional vege-
tation and wildfires patterns.
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