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SUMMARY

The 2011 eruption in the Puyehue-Cordén Caulle volcanic complex deposited up to 50 cm of tephra in a plume that intersected the
crest of the Andes along Route 215, offering an excellent opportunity to study disturbance effects on native forests along a gradient
of tephra depth. Our observations focused on short-term, species-level, tree mortality and sprouting and tephra fall effects on foliage
and limb fall. More than 80 % of the thickest deposits were composed of a basal, pumice, gravel layer containing individual clasts up
to 6 cm in length overlain by finer gravel and capped by several cm of sandy tephra. In a sample of four plots with tephra thickness
ranging from 10 to 50 cm, we observed a wide range of tree mortality: about 8 % of stems living at the time of the eruption were killed
by 10 cm of tephra fall and 54 % were killed by 50 cm. However, properties of the affected forest, such as species composition, foliage
sprouting and retention (deciduous versus evergreen) characteristics, and tree size/age, strongly influenced survival. The sites with 35
and 50 cm thick deposits were dominated by the deciduous tree Nothofagus pumilio, which was leafless in the austral winter, season
of the initial phase of the eruption. The evergreen tree N. dombeyi experienced much higher mortality. The low density of the falling
pumice particles appeared to cause minimal abrasion of the canopy.

Key words: forest disturbance, Puyehue-Cordon Caulle, tephra fall, volcanic disturbance.

RESUMEN

La erupcion en el afio 2011 del complejo volcanico Puyehue-Cordon Caulle depositd hasta 50 cm de tefra en la pluma que interceptd
las altas cumbres de Los Andes sobre la ruta 215, ofreciendo una excelente oportunidad para el estudio de los efectos del disturbio
sobre los bosques nativos a lo largo de un gradiente de profundidad de tefra. Las observaciones se enfocaron en el corto plazo, a
nivel de especies, respecto de la mortalidad arborea y aparicion de rebrotes. Mas del 80 % de los depdsitos mas gruesos estuvieron
compuestos de un estrato basal de pumicita y recubierta por varios centimetros de tefra arenosa. En un muestreo de cuatro parcelas
con un espesor de tefra que varié de 10 a 50 cm, se observé un amplio rango de mortalidad arborea: alrededor del 8 % y 54 % de los
arboles vivos al momento de la erupcion murieron, con 10 cm y 50 cm de profundidad de tefra, respectivamente. Sin embargo, ciertos
atributos de los bosques afectados, tales como la composicion de especies, capacidad de rebrote del follaje, capacidad de retencion de
tefra (perennes vs deciduos) y tamafo/edad de los arboles, influenciaron fuertemente la sobrevivencia. Los sitios con un espesor de
depositos de 35 y 50 cm fueron dominados por la especie decidua Nothofagus pumilio, 1a cual se encontraba sin follaje en el invierno
del hemisferio austral durante la fase inicial de la erupcion. La mayor parte de estos arboles sobrevivieron y produjeron follaje
vigoroso al afio siguiente (2012). La especie arbdrea siempreverde N. dombeyi presentd una mayor mortalidad. En sintesis, la respuesta
arborea inicial estuvo determinada tanto por las caracteristicas de las especies como por el espesor de la tefra.

Palabras clave: caida de tefra, disturbio forestal, disturbio volcanico, Puyehue-Cordén Caulle.

INTRODUCTION perate latitudes of Chile and adjacent Argentina (Donoso
et al. 2014). Volcanic eruptions are important disturbance

Active volcanoes surrounded by native forest are a do-  processes in forests globally, and the enormous diversity
minant feature of the landscape of the Andes in the tem-  of volcanic processes has a wide range of physical and
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chemical effects on ecosystems (Ayris and Delmelle 2012,
Donoso ef al. 2014, Crisafulli et al. 2015). This paper ad-
dresses the effects of tephra fall, the aerial deposition of
particulate volcanic ejecta, on native forests; these effects
have received limited attention in forest ecology literature,
despite the broad extent of tephra fall and forest cover.

The 2011 eruption of the Puyehue-Cordén Caulle vol-
canic complex in south-central Chile provides an excellent
opportunity to assess some aspects of volcano-ecology
interactions. Tephra fall is the most extensive product of
explosive volcanism, as exhibited in the Caulle eruption,
and it has a wide range of effects on natural resources
and human society, as well as ecosystems (Ayris and Del-
melle 2012). This eruption deposited pumice-rich tephra
southeast of the vent, blanketing native forest with up to
50 cm in the area along Route 215 between the Chilean
and Argentinean border crossing stations in areas located
within Puyehue and Nahuel Huapi National Parks.

The objective of our study is to understand effects of
tephra fall on native forests. Initially we hypothesize that
larger tephra deposit thickness results in larger impact on
forests, including tree mortality, but we also anticipate that
properties of tephra, such as bulk density, and species also
affect the response. While this study is limited to the 2011
eruption of Caulle, we examine general concepts about
ecological effects of volcanic eruptions by comparing ob-
servations at Caulle, Chaitén (Pallister et al. 2010, Swan-
son et al. 2013), and Mount St. Helens in the northwestern
US, since its 1980 eruption (Dale et al. 2005). Key points
of comparison include tephra properties (e.g., low-density
pumice vs. dense lithic particles), properties of vegetation
(e.g., evergreen vs. deciduous, presence/absence of ability
to sprout), and eruption timing (e.g., in relation to stage of
phenology and succession of vegetation).

METHODS

Study area. We visited the Route 215 area (figure 1) in
January 2012 and installed plots to assess initial effects of
volcanic processes on forest trees in terms of tree mortali-
ty, damage-induced sprouting, and foliage and limb remo-
val. We revisited the plots briefly in January 2013 and De-
cember 2013 to make qualitative assessments of change.
This work is done in conjunction with our similar studies
of the 2008-2009 eruption of Chaitén volcano, located 265
km to the south (Pallister ez al. 2010, Swanson et al. 2013).

The Caulle eruption began on June 4, 2011, from a vent
in the rift system extending northwest from Puyehue strato
volcano in the Chilean Andes (40.59S, 72.12 W)' (Singer
et al. 2008). This volcanic complex erupted frequently in
recorded history, most recently in 1960. The 2011 eruption
produced a rhyolite lava flow and pyroclastic flows close to
the vent. It sent tephra to the SE to ESE, blanketing parts of
the Chilean Andes, central Argentina, and the southern At-

' http://www.volcano.si.edu/volcano.cfm?vn=357150
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lantic Ocean (Castro ef al. 2013). The axis of the tephra plu-
me intersected Route 215 20 km southeast of the vent where
tephra deposits were approximately 50 cm thick. Route 215
served as a convenient transect over the Andes that permit-
ted sampling along a gradient of tephra fall effects on the
native Valdivian temperate rainforest from approximately
900 to 1,300 m elevation. Forests in the study area, which
we observed only after the eruption, appeared similar to
those along the elevation gradient of forest types described
from nearby Antillanca (Veblen et al. 1977). The lowest ele-
vation site (900 m) was dominated by large individuals of
Nothofagus dombeyi (Mirb.) Blume. and Laureliopsis phi-
lippiana (Looser) Schodde, with an understory dominated
by Chusquea cuoleu Desv. Above 900 m, forests were a mix
between N. dombeyi and N. pumilio (Poepp. et Endl.) Kra-
ser, with an understory including Drimys andina (Reiche)
R.A. Rodr. et Quez. and several other shrub and herb spe-
cies, but little evidence of Chusquea spp. Above 1,100 m,
the forest graded to almost exclusively N. pumilio, with an
understory of D. andina and other shrubs. Mean annual
precipitation at Antillanca, ~16 km to southwest of the stu-
dy area, exceeded 5,600 mm (Veblen 1977).

Field sampling. We first visited the area in early January
2012 during the first growing season after the main phase
of the eruption, although audible explosions and periodic
tephra fall continued during our visit. We described tephra
stratigraphy at 14 locations between the two border cros-
sing stations and characterized vegetation at four sites on
the Chilean side of the border: in one 100 x 12 m plot at
each of three sites, and a fourth plot was only 80 x 12 m, be-
cause of topographic constraints. Tephra deposit thickness
was approximately 10, 25, 35, and 50 cm at these sample
sites. We identified these sample locations as sites TAN10
(mean thickness + 1 standard deviation = 10.5 £ 2.1 cm,
number of sample pits = 2), TAN25 (25.4 £2.6 cm, n =5),
TdN35 (37 £0 cm, n =3), and TAN50 (47.3 £ 2.1 cm,n=
3). Ideally, we wished to investigate effects of varying te-
phra thickness on forests with similar conditions (i.e., spe-
cies, size/age, stem density), however forest community
composition and structure varied as a function of elevation
and stage of succession in response to earlier disturbance
events, complicating the relationship between tephra thic-
kness and tree response.

Within each plot we tallied all trees larger than 5 cm
diameter at breast height (dbh), recorded species, measu-
red dbh, and indicated whether the tree appeared to be (1)
living, (2) dead before the eruption (based in part on sta-
ge of decomposition), or (3) probably killed in response
to the eruption (absence of live foliage and no significant
decomposition of fine branches evident). We noted extent
and location of sprouting in the crown of each tree by vi-
sually estimating the area occupied by live sprouts as the
percent cover of total available area for sprouting, distin-
guishing tree bole, branch, and twig locations (Swanson
et al. 2013). We also took photographs and counted num-
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Figure 1. Remote sensing images of Caulle vent system and Puyehue strato volcano during the eruption in 2012. A) The Caulle
vent emitting a plume being blown to the northwest. B) Location of sample plots along Route 215 over the Andes south of Puyehue.
Rafts of floating pumice are visible on the lakes. Image from Oct. 22, 2012: http://earthobservatory.nasa.gov/NaturalHazards/event.
php?id=50859.

Imagen satelital del sistema de conductos (chimeneas) del Cordon-Caulle y del estrato volcan Puyehue durante la erupcion en el 2012. A)

El conducto (chimenea) del Caulle emitiendo una pluma arrastrada por el viento hacia el noroeste. B) Ubicacion de las parcelas de muestreo a lo largo
de la ruta 215 en la cordillera andina al sur de Puyehue. Notese la pumicita flotante visible sobre los lagos. Imagen del 22 de octubre, 2012.
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ber of fallen branches on the tephra deposit surface and
measured their maximum diameter along a line extending
down the center of the plot.

RESULTS

Tephra deposit stratigraphy and distribution. The profile
of tephra deposit thickness along the Route 215 transect
generally followed the elevation profile with maximum
deposit thickness approximately one kilometer west of the
crest of the Andes (figure 2). The tephra stratigraphy con-
sisted of a surface layer of 1 to 2 cm of fine sand over 4 to
6 cm of fine gravel, which rested on 4 to 40 cm of gravel
pumice. This coarse-textured, basal layer accounted for
the variation in total deposit thickness along the Route 215
transect; depth of the fine sand and fine gravel layers did
not vary consistently along this transect. Individual clasts
within the basal unit were up to 6 cm in long axis at all four
sample plots. These profile descriptions were made seven
months after the main period of deposition, consequently
some compaction and surface runoff had likely occurred.

Pre-eruption vegetation conditions and initial disturbance
impacts. Environmental factors, such as temperature and
precipitation influenced by elevation, and disturbance his-
tory before the 2011 eruption produced varied composi-
tion and size structure of pre-eruption forest vegetation in
the sample sites (figure 3, table 1). Consequently, effects
of the 2011 tephra fall reflected effects of differences in
site environmental factors and pre-eruption forest charac-
teristics, as well as variation in tephra deposit thickness. In
this analysis we assumed that by visiting the site very soon
after the main phase of the eruption we could interpret the
forest composition and structure immediately before the
eruption, although absence of foliage on some trees pre-

TdN2s  TdNs0
TdN10 | | TAN3S

800
20 72

7195
longitude {* W)

719

vented confident identification of species, hence we repor-
ted them as unknown. We report our interpretation of live
vs. killed tree status as of January 2012, but in follow up
visit, such as December 2013, two and a half years after
the eruption began, we observed limited sprouting of small
understory trees and some large N. dombeyi at TAN35 and
TdN50 that we interpreted as killed in the first sampling.

Site TAN10 (10 cm deposit thickness) was located at
912 m elevation, which is over 150 m lower than the other
sample sites. The forest was dominated by Myrceugenia
planipes (Hook. et Arn.) O. Berg and Laureliopsis philip-
piana, which were common at this elevation, though ab-
sent from the other higher elevation sampling sites. Notho-
fagus dombeyi was a significant component of the stand
(10 out of the 84 trees sampled and a dominant contributor
to basal area), however N. pumilio trees, which were pre-
sent at the other three sites, were absent. Most of the trees
were living (86 %) at the time of January 2012 sampling.
Sprouting of foliage was dominantly from twigs at the tips
of the branch system (table 1). Branch-sized litter on the
forest floor was uncommon (table 2). In general, the stand
appeared not to have been strongly affected by the 10 cm
of tephra deposition.

The TAN2S5 site was notable for high mortality: 88 % of
trees interpreted as living at the time of the eruption were
scored as killed by the eruption when observed January
2012. This site was dominated by N. dombeyi in terms of
both stem density and basal area at the time of the erup-
tion, and all the individuals identified as killed by tephra
deposition were N. dombeyi (table 1). Only five N. pumilio
trees occurred in the plot, but these were large-diameter
trees (mean dbh 58 cm), and all were living and exhibi-
ted some sprouting from branches and tree boles. Branch
litterfall density was the highest of the four sample sites,
although still had rather low values (table 2).

&l

]
—s—glevation (m)

~o—tephra depth
(em)

20

T1.85 T18

Figure 2. East-west transect of topography and tephra thickness plotted by longitude. Tephra thickness is shown for 10 sites in addi-

tion to the four plot sites.

Transecto Este-Oeste de topografia y espesor de tefra dibujado de acuerdo a la longitud. El espesor de la tefra es mostrado para 10 sitios

adicionales a los cuatro sitios estudiados.
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Figure 3. Photographs of forest conditions at sites: A) TdN10, B) TdAN25, C) TdN35, and D) TdN50. All photos taken in Jan. 2012 by
J Jones and F Swanson.

Fotografias de las condiciones del bosque en los sitios: A) TdN10, B) TdN25, C) TdN35 y D) TdN50. Todas las fotografias tomadas en
enero 2012 por J. Jones y F. Swanson.
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Table 1.Characteristics of trees in sample sites affected by tephra fall from Caulle sampled in January 2012. All transects are 100 m x
12 m, except TAN10 which was limited by topography to 80 m length. Percent of trees alive at the time of sampling, dead before the
eruption and presumably killed as a result of tephra deposition, based on observations during the visit. Absence of foliage on some
trees prevented confident identification of species, thus we report them as “unknown.” Locations of sprouts on trees are noted as twigs,
major branches, or trunk. “Total” row includes rare species. sd = standard deviation.

Caracteristicas de los arboles en los sitios afectados por caida de tefra del Caulle muestreados en enero 2012. Todos los transectos son de 100
m x 12 m, excepto TdN10 el cual fue limitado por la topografia a un largo de 80 m. Porcentaje de arboles vivos al momento del muestreo, muertos
antes de la erupcion, y arboles presumiblemente muertos como resultado del depdsito de tefra, basado en observaciones durante la visita. La ausencia de
follaje en algunos arboles no permiti6 una interpretacion confiable de la especie, asi esto se reporta como “desconocido”. La ubicacion de los rebrotes

de los arboles son registrados como ramillas, ramas mayores, o tronco. “Total” incluye especies raras. sd = desviacion estandar.

Mean

Basal

Sprouting from

. Stems Stems/ha  diameter area Live Dead  Killed Twigs Branches Trunks
Species (no.) (cm<sd) (m?ha') % % % o " %
Site: TAN10
Nothofagus dombeyi 10 83 91+68 102 80 0 20 70 40 0
Laureliopsis philippiana 20 167 22+16 12 100 0 0 75 55 20
Myrceugenia planipes 42 350 16 +7 10 88 0 12 88 69 0
Podocarpus nubigena 1 8 23+0 0 100 0 0 100 100 0
Unknown 5 42 64 +51 25 0 100 0 0 0 0
Total 84 875 30+ 37 155 86 6 8 76 57 6
Site: TAN25
Nothofagus dombeyi 87 725 19 +21 45 6 9 85 6 1 0
Nothofagus pumilio 5 33 58 + 34 11 100 0 0 75 50 25
Unknown 12 100 24 +31 12 0 100 0 0 0 0
Total 104 867 21+£24 67 10 18 72 8 3 1
Site: TAN35
Nothofagus dombeyi 0 0 -- 0 -- -- -- -- -- --
Nothofagus pumilio 267 2225 16 £8 53 75 22 75 75 2
Unknown 1 8 9+0 0 0 100 0 0 0
Total 268 2233 16 +8 53 75 23 75 74 2
Site: TANS0
Nothofagus dombeyi 35 292 27 +32 40 3 89 3 3 0
Nothofagus pumilio 42 350 25+23 31 83 17 76 14 0
Unknown 8 50 14+7 1 0 50 33 0 0 0
Total 85 708 25+26 74 43 8 50 39 8 0

Table 2. Number of branches on the ground per 100 m and ave-
rage of maximum branch diameters in transects at Caulle sample
sites. Sampling methods followed those used at Chaitén (Swan-
son et al. 2013). Observations made Jan. 6-9, 2012.

Numero de ramas sobre el piso del bosque cada 100 m y diame-
tro promedio de ramas en transectos en los sitios de muestreo en el Caulle.
Los métodos de muestreo siguen aquellos usados en el volcan Chaitén
(Swanson et al. 2013). Observaciones realizadas en enero 6-9, 2012.

Site Transect Branches Average
length (m) per 100 m  diameter (cm)
TdN10 80 5 3.6
TdN25 100 20 2.7
TdN35 100 8 33
TdN50 100 17 2.7

The forest at TAN35 was notable for the complete do-
minance of N. pumilio (all but a single tree of unknown
species) in this young stand (mean dbh 16 cm) and its high
stem density (2,233 ha'), which was about three times the
density of the other sites. Low variation in tree diameter
(table 1) indicated that the forest established after a high-
severity disturbance in the 1920s, based on dendrochrono-
logy observations?, such as wildfire or the 1920-1921 Caulle
eruption. Apparent survival from disturbance by 35 cm of
tephra fall was high (only 2 % of 268 trees sampled in the
plot were killed by the eruption). After the main period of
tephra deposition, sprouting appeared to be typical foliage
production from terminal buds of branching networks rather

2 Mauro Gonzalez, unpublished data, 28 May 2014.
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than epicormic buds sprouting in response to disturbance.
The number of branches on the tephra deposit surface in-
tercepted along the transect was very small, and these may
be from the numerous trees that were dead at the time of the
eruption (23 % of all upright tree stems in the plot) (table 2).

The TdN50 forest was composed of both Nothofagus
species and, despite half a meter of tephra deposition, only
about half the trees appeared to have been killed by the
tephra fall. However, the immense majority of survivors
were N. pumilio, and only a small fraction of N. dombeyi
survived. Foliage sprouted from typical terminal buds at
branch tips, and branch litter fall was low (table 2).

At both TdN35 and TdN50, we removed tephra at se-
veral locations and discovered evergreen D. andina shrubs
with erect stems and green leaves in growth position within
the tephra deposit (figure 4). The plants we had excavated
in January 2012 still retained live foliage when we observed
them again in December 2013. Moreover, the tops of shrubs
emerged in many locations above the tephra deposits, but
these twigs and leaves, even when connected to twigs with
green foliage beneath the tephra, were dead (figure 3C).

The study transect along Route 215 presents an op-
portunity to study effects of a gradient of intensities of
a single volcanic disturbance process — tephra fall — on

native forest vegetation, but interpretation is complicated
by variation in the structure and composition of the forest
vegetation at the time of the eruption. Among the study si-
tes the thickness of surface deposits and size of the largest
pumice particles appeared to be uniform, but the thickness
of the basal pumice gravel layer varied. In contrast with
eruptions at Mount St. Helens and Chaitén, where ecolo-
gical studies have addressed effects of diverse volcanic
processes such as lateral blasts, mudflows, and pyroclastic
flows as well as tephra fall (Dale et al. 2005, Swanson et
al. 2013), we were able to observe only tephra fall effects
in the Caulle study sites.

Along Route 215 transect tephra fall impacts on the fo-
rest ranged from negligible effects in areas that received
a few centimeters of deposits to substantial mortality in
areas where tephra thickness equaled or exceeded 25 cm.
Pre-eruption forest composition and structure varied subs-
tantially among sample sites, and this had a strong effect on
tree mortality. For example, the young, vigorous deciduous
N. pumilio trees were leafless at the initial stage of the erup-
tion during the austral winter of 2011 (June — September),
consequently they experienced very low mortality, even
with 35 cm of tephra deposition. Conversely, the evergreen
N. dombeyi trees exhibited substantial mortality even at the

Figure 4. Removal of the new tephra deposits exposed the forest understory plant Drimys andina, which retains its growth form and
green foliage, despite deposition of 35 cm of tephra with individual pumice clasts up to 6 cm (site TAN35). Photo: F Swanson, Jan. 2012.

Remocion de los depositos recientes exponiendo la planta de sotobosque Drimys andina, la cual mantiene su forma de crecimiento y follaje
verde, a pesar del deposito de 35 cm de tefra con clastos individuales de pumicita de hasta 6 cm (sitio TdN35). Fotografia: F Swanson, enero 2012.
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sites that received 10 and 25 cm of tephra. Clearly, tree spe-
cies, age and season of eruption influence forest response
along the gradient of tephra deposit thickness.

Many studies have examined effects of tephra deposi-
tion on forests, including physical and chemical effects of
tephra on foliage and effects of tephra burial on survival
and growth rates (Seymour et al. 1983, Antos and Zobel
1984, Hinckley ef al. 1984, Segura et al. 1994, 1995, Ayris
and Delmelle 2012). In our study tree survival/mortality
was not simply related to total tephra fall depth, although
the observed mortality patterns are consistent with the no-
tion that thicker deposits are associated with higher forest
mortality (Burt 1961, Ayris and Delmelle 2012, Swanson
et al. 2013). At Mount St. Helens, growth decline depen-
ded on the depth of the fine tephra layer (Seymour et al.
1984). The depth of the fine tephra at Caulle did not vary
consistently among plots and our study period was brief,
thus we cannot examine that variable with our data.

Effects of deposition of the pumice-rich, gravel tephra
on the forest near Caulle differ strikingly from canopy
abrasion resulting from deposition of a lithic-rich gravel
tephra NNE of Chaitén volcano (the beta tephra unit of
Alfano et al. 2011, Swanson et al. 2013). During the 2008
eruption of Chaitén, deposition of 5 to 10 cm of tephra
consisting of dense, lithic gravel fragments severely abra-
ded the forest canopy, resulting in a high concentration of
foliage and twigs in the lower part of the tephra deposit
profile (Swanson et al. 2013). We looked for similar de-
posits of organic matter in the Caulle deposits beneath
evergreen N. dombeyi trees, but we observed relatively
low concentrations of foliage throughout the tephra pro-
file, except in the upper few centimeters. In these upper
layers, tephra entrained in the canopy may have fallen with
abscised foliage, and throughfall drop splash may have mi-
xed leaves and tephra once they were on the ground. We
interpret the absence of a concentration of canopy organic
matter in the lower tephra profile as an indicator of only
minor canopy abrasion because the low bulk density of pu-
mice gravel falling during the Caulle eruption apparently
lacked the force necessary to detach foliage.

Forests affected by the Caulle eruption also lacked
evidence of substantial limb litterfall. At Chaitén Swan-
son et al (2013) interpreted a high density of limbs on the
ground surface in areas that received more than 10 cm of
silt and sand tephra deposition to be the result of breaka-
ge in response to canopy loading. The 44 and 105 freshly
broken limbs per 100 m transect (mean maximum diame-
ter approximately 10 cm) observed in transects at Chaitén
significantly exceeds the 5 to 20 limbs per 100 m transect
(mean diameter = 3.1 cm) observed in the Caulle transects
(table 2). Several factors may account for the lower limb
fall at Caulle: 1) most of the tephra was gravel-sized pumi-
ce, leaves of the evergreen N. dombeyi are very small and
smooth-surfaced, and twigs are more flexible compared
to those of common species in the Chaitén area, such as
Eucryphia cordifolia Cav., thus they did not retain coarse
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tephra, 2) much less fine sand was deposited at the Caulle
sample sites compared to the sites where abundant limb
fall occurred at Chaitén, and 3) the common species at
Caulle, N. pumilio, is deciduous, hence leaves were not
present to cause tephra retention in the canopy during the
main tephra fall period. At Chaitén, most tephra fall-affec-
ted forest that Swanson et al. (2013) sampled was mature
or old growth, but one plot dominated by young N. dombe-
yi, which received 10 to 15 cm of tephra fall, experienced
very little mortality, indicating that young forests of both
Nothofagus species may be more tolerant to deposition
and burial by tephra (plot TF04, mean diameter 11 cm,
table 2 in Swanson et al. 2013).

The specific causes of tree mortality along our study
transect remains unclear. Tephra fall has been associated
with several mechanisms for tree decline or death, in-
cluding acid deposition, ash deposition effects on foliar
energy and water balances, and alteration of soil gas, ener-
gy, water exchange or chemical properties (Seymour et
al. 1983, Hinckley et al. 1984, Segura et al. 1994, Ayris
and Delmelle 2012). In this study, the larger mortality of
evergreen N. dombeyi compared to deciduous N. pumilio,
which was leafless at the time of the eruption, may provide
indirect evidence that ash effects on foliage contributed to
mortality. However, other mechanisms, such as acid de-
position, are possible as well (e.g., Tognetti ef al. 2012);
although Nelson and Wheeler (2016) did not observe evi-
dence of chemical damage in their study of lichens in our
plots at Caulle.

Few studies have examined initial effects of other re-
cent volcanic eruptions on forest structure in Chile. Ve-
blen et al. (1996) observed snags of N. dombeyi whose
mortality was attributed to the 1960 eruption of Puyehue,
part of the same volcanic complex examined in this study.
The violent eruption of Hudson volcano in the Aysén Re-
gion (45° 50° S) in September 1991 deposited up to 1.8 m
of tephra in some areas (Vogel et al. 1994, Besoain et
al. 1995). Seventeen months after tephra fall Vogel et al.
(1994) reported that Nothofagus spp. forests were able to
tolerate more than 1 m of tephra deposition without visible
damage, and only N. dombeyi trees presented broken bran-
ches. Similarly, limb breakage was observed on evergreen
Nothofagus trees that may have been N. dombeyi or N. be-
tuloides (Le Quesne 2002). The lack of reports of more
severe damage from this eruption might be influenced by
the fact that the remote location of Hudson precluded ex-
tensive observation of tree damage and mortality.

Erosion of new tephra deposits by water runoff has
both facilitated and suppressed vegetation response after
eruptions at other volcanoes. At Mount St. Helens, for
example, rill and gully erosion down to the pre-eruption
soil surface provided opportunity for sprouting of buried
plant parts (Antos and Zobel 1984, Dale et al. 2005), but
deeper and more extensive erosion removed plant propa-
gules. However, we observed very few rills and gullies cut
into the surface of the new Caulle deposits along Route
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215 at the time of our January 2012 visit, indicating that
surface runoff from rainfall or snowmelt had been very li-
mited, and any runoff was by sheet wash. During our 2013
visits we observed patterns of forest litter that indicated
transport by surface runoff, but rills and gullies occupied
a very small percent of the land surface in the vicinity of
our plots and we observed negligible evidence of effects
on vegetation response.

Some studies at other volcanoes report that the presen-
ce of snow at the time of eruption can affect vegetation res-
ponse. At Mount St. Helens, for example, Antos and Zobel
(1984) observed that the presence of late-spring snowpack
suppressed recovery of understory vegetation buried under
air-fall tephra. On the other hand, in the area affected by
the lateral blast of Mount St. Helens, snow on the ground at
the time of the eruption appeared to have protected plants
within the snowpack from the heat of the lateral blast depo-
sits, and subsequent melting of the snow disrupted tephra
stratigraphy, facilitating plant growth to the surface.

Snow conditions during the eruption of Caulle are not
well known, but records from a meteorological station at
Cerro Mirador located in Argentina at 1,250 m a.s.] about
1.4 km from Cardenal Samoré Pass (1,309 m a.s.]) at the
east end of our study transect indicate that snow was falling

during the early phase of the Caulle eruption, with 100 mm
of snow water equivalent accumulated in early June 2011
(AIC 2015, accessed 19 Oct. 2015). Snow water equivalent
reached 1,500 mm in October, which substantially excee-
ded the mean of 1,150 mm for October at Cerro Mirador for
the period 1996-2011. However, snow was incorporated in
only the thin, upper layers of tephra deposits observed on
June 15, 2011, at Cardenal Samoré Pass near our highest
plots where tephra deposits exceeded 30 cm (figure 5).
This suggests that during the main period of tephra fall
snow and tephra fell simultaneously and heat of the tephra
may have been sufficient to melt the snow either as it fell
or while dispersed in the deposits. During our field studies,
we observed no structures within or on the surface of the
tephra deposits indicating disturbance by melting of buried
snow. We urge that studies of future eruptions include detai-
led observations of the interactions among tephra deposits,
snow and vegetation, including attention to the distinction
between low-density, early-winter snow accumulations
versus late-winter and high-density snow patches. Such
studies need to pay close attention to geographic variation
in snow conditions, which is substantial due to effects of
elevation, aspect, forest cover and precipitation gradients
imposed by orographic effects in mountain terrain.

Top of snow + tephra deposit

Figure 5. Tephra and snow profile at Cardenal Samoré Pass at the highest point on the transect shown in figure 2. The deposit is
composed of approximately 30 cm of tephra (approximate length of the shovel blade) with snow interbedded with several thin tephra
deposits at the top of the profile. The faint stratigraphy evident in the main, fine-gravel tephra unit is similar to layering observed in
pits dug at sample plots, indicating that the layering has not been disrupted by melting of snow below or incorporated within the tephra
deposit. Photo: C Baumeister, Patagonia Expeditions, Anticura, Chile, June 15, 2011.

Tefra y perfil de nieve en Paso Cardenal Samoré en el punto mas alto del transecto mostrado en figura 2. El depésito estd compuesto por
aproximadamente 30 cm de tefra (el largo de la hoja de la pala) con nieve intercalada con varios depositos finos de tefra en la parte superior del perfil.
La fina estratigrafia evidente en la principal unidad de tefra de clasto fino es similar a la estratigrafia observada en los hoyos excavados en las parcelas
muestreadas, indicando que las capas no han sido alteradas por el derretimiento de la nieve de abajo o incorporado dentro del depdsito de tefra. Foto:

C Baumeister, Patagonia Expeditions, Anticura, Chile, 15 de junio, 2011.
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The lack of conspicuous physical damage to overstory
and understory vegetation; the lack of breakage of even
fine twigs in tree canopies; the presence of shrubs, even
those with spindly stems, in erect form within and emer-
ging from the tephra; and the presence of leaves in growth
position within the tephra deposits that were able to survive
once excavated, all point to a gradual, gentle deposition of
tephra at Caulle. This contrasts sharply with descriptions
of severe tephra effects observed at Chaitén and other vol-
canoes (Ayris and Delmelle 2012, Swanson ef al. 2013).

Our studies at Caulle, Chaitén, and Mount St. Helens
make the importance of four components in studying eco-
logical responses to eruptions clear. First, an interdisci-
plinary approach is essential to elucidating interactions
between volcanic and ecologic processes. Second, studies
initiated very soon after, and even during eruptions may
reveal evidence of volcanic and ecological mechanisms
and responses, including the roles of snow, that quickly
disappear. Third, repeated observations over many years
(e.g., Segura et al. 1995, Biondi et al. 2003) are essential
to document lagged responses to disturbance, such as dela-
yed mortality or slow expression of survival, as well as the
slow pace of forest succession and influences of secondary
disturbances. Finally, previous surveys of species distri-
butions and ecosystem conditions are a critical foundation
for evaluating ecological responses to any disturbance, so
we strongly support basic ecological inventories.
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