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Abstract

The regeneration pattern and dynamics of two emergent southern beech trees (Nothofagus alpina, Nothofagus dombeyi) were
inferred from population age structure and spatial patterns in a forest dominated by the deciduous N. alpina in Conguillio
National Park, south Chile. Diameter—frequency, diameter—age relations, and analysis of radial growth patterns of N. alpina
(“rauli”’) and evergreen N. dombeyi (“‘coihue’) were examined at a montane elevation site in the Andean Range. The present
age structure indicates that the oldest N. alpina established before 1463 and the oldest N. dombeyi between 1480 and 1520. The
forest was uneven-aged as were the populations of rauli and coihue. N. alpina dominated the overstory layer, with few N.
dombeyi dominant trees, and had fairly continuous recruitment between 1463 and 1984. Since 1885, tree recruitment in the forest
has been dominated by both N. alpina and N. dombeyi. The master tree-ring chronology of N. alpina exhibited abrupt growth
changes from 1650 to 1725. Increased growth rates occurred after a major volcanic explosion of Volcan Llaima around 1640,
followed by a relatively sharp decline in growth from 1730 to 1850; growth remained high from the 1850s to the 1990s. Releases
in radial growth, indicative of moderate- and small-scale disturbances occurred in most of the oldest trees during the last 400
years. Multiple periods of release and suppression indicate that N. alpina may take advantage of gaps to reach the main canopy.
Gap turnover times in this N. alpina—N. dombeyi forest were estimated at >500 years, although gap formation was highly
episodic and possibly associated with regionally strong windstorms, volcanic activity, and stand-level dieback. Gap and treefall
characteristics in the forest are similar to results from other mixed Nothofagus forests in northern Patagonia, southern Chile and
Tierra del Fuego. As the vegetation of the surveyed forest was homogenous over the last five centuries, it is concluded that
regeneration and coexistence of long-lived Nothofagus spp. depends primarily on fine- and moderate-scale single treefall gaps.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Long-lived pioneer species; Nothofagus; Regeneration pattern; Forest dynamics; Temperate rainforest

1. Introduction

The study of tree-ring chronologies from old-
growth forests has greatly improved our understanding
of stand dynamics and tree species coexistence (Fritts
and Swetnam, 1989; Abrams and Copenheaver, 1999).
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There have been numerous studies of ecological his-
tory of forests in terms of population dynamics, spe-
cies recruitment patterns, periodicity and intensity of
disturbance (such as wind, fire, volcanism, and insect
outbreaks), impact of climate, and successional
dynamics (e.g. Veblen et al., 1981, 1999; Frelich
and Graumlich, 1994; Abrams et al., 1995; Villalba
and Veblen, 1997; Freléchoux et al., 2000; Fujita and
Sano, 2000). Studying tree-ring chronologies coupled
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with stand and age structures, land-use history, cli-
matic data, and ecological attributes of individual
species has proven to be a particularly strong approach
for understanding long-term forest dynamics (Orwig
and Abrams, 1994; Abrams et al., 1998; Ruffner and
Abrams, 1998).

The northern Wintero-Nothofagetea region, where
deciduous Nothofagus alpina (Poepp. et Endl.) Oerst.
forms an altitudinal belt on montane elevation sites, is
distributed in the major part of the cool-temperate
zone with winter-rainfall in southern South America
(Oberdorfer, 1960; Eskuche, 1999; Pollmann, 2001).
In this area, the stand and age structures, and regen-
eration process of mixed old-growth Nothofagus betu-
loides—N. pumilio forests were studied by many
scientists (Gutiérrez et al., 1991; Veblen et al.,
1992; Rebertus and Veblen, 1993a,b; Rebertus et al.,
1993); however, there have been only few studies in N.
alpina forests under steady-state conditions.

N. alpina is a broad-leaved deciduous species
known to be the most competitive species along with
laurophyllous tree species (such as Laurelia philippi-
ana, Aextoxicon punctatum, Persea lingue) and small-
leaved evergreen Nothofagus dombeyi, respectively
(Pollmann, 2001). Generally, N. alpina is a light-
demanding tree (Donoso, 1993; Veblen et al.,
1996), and grows rapidly in height when favorable
conditions occur (Read and Hill, 1985; Donoso et al.,
1993). Being a pioneer species in the submontane belt,
N. alpina often replaces laurophyllous tree species
(e.g. L. philippiana) as a dominant species following
large-scale disturbances (Veblen et al., 1979a, 1980).
In the Valdivian Andes, the longevity of Nothofagus
spp. and the frequency of periodic catastrophic dis-
turbances promoted Nothofagus-dominated forests
replaced by Laurelia—Aextoxicon climax forests
(Veblen et al., 1981; Veblen, 1985a). Many studies
suggest that large-scale disturbances and treefall gap
dynamics favored Nothofagus-dominated forests (cf.
Veblen et al., 1996). In southern Chile, frequency and
intensity of canopy disturbances have been assessed
by age structure and by using radial growth analysis,
and tree species population dynamics at stand and
landscape scales in many forests (Brun, 1969; Miiller-
Using, 1973; Veblen et al., 1977a, 1979a, 1980, 1992;
Veblen and Ashton, 1978; Uebelhor, 1984; Veblen,
1985a, 1989a; Donoso et al., 1993; Rebertus and
Veblen, 1993a,b; Rebertus et al., 1993; Lusk,

1996a,b, 1999). However, few studies have examined
the succession and forest development in pure N.
alpina—N. dombeyi stands at higher altitudes in
south-central Chile, where no laurophyllous trees
occur.

In this study, a 535-year history of species recruit-
ment and dendroecology for an old-growth N. alpina—
N. dombeyi forest at the Conguillio National Park in
south-central Chile is reported. The specific objectives
of the study are: (1) to quantify the present composi-
tion and structure of the forest, (2) to describe on the
long-term patterns of species recruitment and radial
growth variation, (3) to investigate the impacts of
natural and anthropogenic disturbances on the long-
term forest dynamics, and (4) to come to an under-
standing of the forest history and successional status of
the stand. The results of the study will improve our
understanding of the ecology, dynamics, and succes-
sion of old-growth mixed Nothofagus forests in south-
ern  South America. For nomenclature, see
Marticorena and Quezada (1985).

2. Methods
2.1. Study area

The study site is located at 1200 m a.s.l. in the
Conguillio National Park surrounding Volcan Llaima
(38°38'20"S, 71°36'30"W, 3125m a.s.l) in the
Andean Range, southern Chile (Fig. 1). Volcan Llaima
originated during the Pleistocene and its base is from
the Tertiary Age. Parent rocks are igneous, such as
granits, diorits and andesits (Clapperton, 1993). Large
expanses of lava flows attest the activity of Volcan
Llaima. More than 40 eruptions occurred since 1852
(Casertano, 1963; Moreno and Varela, 1985). The
soils are classified as andosols being derived from
either pyroclastic deposits or lava; these young soils
lack a well-developed structure and consist of thin
organic horizons only (Besoain, 1985; Veit and Gar-
leff, 1995). Mean annual precipitation is 2500-
3000 mm. The relatively high elevations of the park
result in a cool climate. The mean monthly maximum
temperature at 100 m a.s.l. (at Temuco weather sta-
tion, the nearest weather observatory to the study site)
is highest in January (15.1 °C) and lowest in July
(7.6 °C). Snow falls from May to September and
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Fig. 1. Study site near Volcan Llaima in the Conguillio National Park, southern Chile.

reaches a depth of 200-300 cm from June to August
(Miller, 1976). As to temperature and rainfall regime,
the area belongs to the mesotemperate bioclimatic belt
and the humid ombrotype (Amigo and Ramirez,
1998).

N. alpina forests occur between 900 and 1300 m
a.s.l. in the Conguillio National Park. However, they
are now rare below 1000 m a.s.]. because of human
land use (Gajardo, 1994). Phytosociologically, the
forests are classified as Nothofagetum dombeyi-alpi-
nae (Pollmann, 2001). Bamboo such as Chusquea
culeou dominate the understory of the stand. Within
the Chilean forest type system, the forest belongs to
the “N. obliqua—N. alpina—N. dombeyi” type
(Donoso, 1981). Near the study site, there was a
woodworker’s community some 250 years ago. First
settlers selectively harvested N. alpina for material
woods, and seeds of Araucaria araucana as food
while occupying the banks of the Estero El Claro
(Martin, 1923; Fig. 1). In 1927 they moved out, when a
lava flow from a parasitic cone of Volcan Llaima

created Lago Arco Iris (Casertano, 1963). There were
two or three families only. Although the extent and
frequency of cutting was unclear, they likely cut a few
middle or large size trees for regional uses. Through-
out the Conguillio National Park, the effects of human
disturbance such as cutting or fires can be observed in
form of denuded slopes, standing dead trees, and
intensively regenerating second-growth forests. The
fires (mainly caused by humans) originated in the
valleys, sweeping up-slope causing damage that
appears as inverted-V shape on the affected ridges.
In addition, along the entrance road to the park at
lower elevations (~900 m a.s.l.) the effects of recent
fire, livestock grazing, and the substitution of native
forests by plantations of exotic trees (such as Pinus
radiata, Pseudotsuga menziesii, Eucalyptus globulus)
can be seen. There was no human disturbance (such as
fire and selective logging) after 1950, when the Volcan
Llaima area was designated as a National Park (Torres
and Torres, 1998). Old-growth characteristics such as
large diameter trees, a variety of diameter classes and
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canopy layers, gap formation, and coarse woody
debris on the forest floor are common to the forest
in the studied area (Sierra Nevada, Fig. 1). However,
evidence of windthrow and past fires from charring on
several trees was observed; cut stumps from past
logging were not observed at the study site.

2.2. Field survey

On March 1999, a structure plot of 40m x 30 m
(0.12 ha) in the center of the N. alpina community
was used for vegetation and dendroecological sampling
(Schweingruber, 1996). Criteria for selection of this plot
were homogeneous patterned vegetation and enough
trees (>10 overstory trees) for dendroecological inves-
tigations (Rigling and Schweingruber, 1997). Classifi-
cation of tree crowns into three categories (dominant,
codominant, suppressed) was based on the amount and
direction of intercepted light (Smith et al., 1997). A
profile diagram and crown projection map were made of
all recorded trees in the 0.12 ha section (see Lamprecht,
1980 for methods). Within the plot area of 1200 m”
all trees (>5.0 cm dbh) were counted and mapped.
Species, height, and diameter (at breast height;
1.37 m) were recorded. The tree species were cored
(two perpendicular cores were taken at the base cross
section) for age determination and radial growth ana-
lysis, whereas small trees were cut and sliced at their
root collar. All cores and cross-sections were dried,
sanded, and examined (cf. Iseli and Schweingruber,
1989; Leuschner, 1994; Schweingruber, 1996).

2.3. Data and radial growth analysis

For each tree species, a relative importance value
was calculated as an average of the relative frequency,
relative density, and relative dominance based on basal
area (Cottam and Curtis, 1956; Abrams et al., 1998).
In total, 73 samples were aged using a binocular
microscope. For most trees, procedures described in
Norton et al. (1987) and Duncan (1989) were used to
estimate the number of missing rings for cores that did
not include the chronological center of the tree, but
represented at least 70% of the geometric radius. No
correction was applied for time required to grow to
coring height (Abrams et al., 1998; Lusk, 1999).
Analysis of annual growth increments followed an
accuracy of 0.01 mm using Time Series Analysis and

Presentation (TSAP© ) program (Rinn, 1996). Annual
increment series for each tree were skeleton-plotted
and cross-dated using event years (Fritts, 1976;
Schweingruber, 1996; Lorimer et al., 1999). A ring
width index (RWI) was created for each individual tree
chronology by dividing yearly measured growth
values by the expected values obtained from linear
regression (Fritts, 1976; Fritts and Swetnam, 1989).
After crossdating, ring width indices were averaged to
obtain a mean growth chronology from cores per
species (N. alpina, N. dombeyi). All cores (n = 21)
were examined for periods of suppression and release
based on conservative and moderate criteria estab-
lished by Lorimer and Frelich (1989), who defined a
major sustained release as a >100% average growth
increase lasting at least 15 years, and a moderate
temporary release as a >50% average growth increase
lasting from 10 to 15 years. In this study, frequency of
major and moderate releases, mean RWI, and tree
establishment dates were used to distinguish distur-
bance events and forest regeneration dynamics.

3. Results
3.1. Stand structure

The stand structure and tree species-composition
indicated that the contemporary forest overstory is
dominated by deciduous N. alpina (“‘rauli”’) (Fig. 2).
The high importance of rauli was due to its high basal
area and moderate frequency, whereas the importance
of N. dombeyi (“‘coihue’) was due primarily to its
moderate density (Table 1). Average stand density of
451 trees ha~ ' and average stand area of 89.47 m”* ha™'
are somewhat smaller than that reported for other
primeval Nothofagus forests in southern Chile (e.g.
Veblen et al., 1996; CONAF, 1998), but within the
expected range for mixed N. alpina—N. dombeyi forests
(Donoso and Lara, 1998). N. alpina represented 62.9%
of the total importance value.

The diameter distribution of trees exhibited a
roughly negative exponential or inverse-J pattern typi-
cal of uneven-aged forests (Fig. 3; Smith et al., 1997).
N. alpina dominated the larger diameter classes
and was poorly represented among the middle dia-
meter classes from 21 to 60. N. dombeyi occurred in
almost every class with diameter <60 cm, but was best
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the studied plot (outer boundary of 40 m x 30 m; evergreen N. dombeyi trees are colored in black while the deciduous N. alpina trees remain

white).
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Table 1

Frequency, density and basal area, and dominance (relative
importance value) for tree species in an old-growth N. alpina—N.
dombeyi forest at Conguillio National Park, south Chile

N. alpina N. dombeyi  Total
Frequency (no. in plot)* 37 21 58
Density (trees ha™ ha 253.7 197.3 451.0
Basal area (m* ha™')* 63.3 26.1 89.5
Relative density (%) 56.3 43.7 100
Relative frequency (%) 61.6 38.4 100
Relative basal area (%) 70.8 29.2 100
Relative importance value (%) 62.9 37.1 100

# Individuals > 10 cm dbh.

represented in the smaller classes (5—30 cm diameter);
coihue also occurred in the larger diameter classes. N.
alpina is most important in the dominant class as is
evident from the canopy class distribution (Fig. 4).
Both N. alpina and N. dombeyi are common tree
species in the codominant and suppressed classes;
however, rauli occurred most frequently among the
suppressed trees with diameter <10 cm.
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3.2. Age structure

The age data from all samples (n = 73) and recruit-
ment history at the study site suggested an uneven age
of the forest (Fig. 5). N. alpina exhibited continuous
establishment since 1725 with peak numbers in the
1950s. In the stand, intensive tree establishment con-
tinued for at least 100 years between the 1870s and
the 1970s. Unfortunately, heart rot was very prevalent
in many of the larger and older N. alpina and
N. dombeyi trees, which limited the ability to age
what may have been some of the older trees in the
stand (cf. Lusk, 1999). Gap turnover times in the N.
alpina—N. dombeyi forest were estimated at >500
years, although gap formation was highly recurrent
and possibly associated with regionally extensive
windstorms, volcanic activity, and stand-level dieback
(Veblen et al., 1996). The oldest tree present in the
stand was a 535-year-old N. alpina (Fig. 6). All other
trees in the forest were <500 years old, except for a
509-year-old N. alpina. Rauli had fairly continuous
recruitment between 1463 and 1984 (Fig. 6). On the
other hand, N. dombeyi reproduced irregularly before
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Fig. 3. Diameter (at 1.37 m) distribution of tree species in an old-growth N. alpina—N. dombeyi forest at Conguillio National Park in southern

Chile.
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1741, but more continuously after 1885. The majority
of aged coihue trees (85%, n = 28) entered the popu-
lation during the 19th and 20th century (since 1885);
only four trees cored were older than 250 years, and
only two of these were older than 500 years (Fig. 6).

3.3. Developmental processes

The radial growth pattern showed a strong positive
relationship with reported forest disturbances, with
most N. alpina trees showing major growth releases
after large-scale canopy openings. For example, the
master tree-ring chronology comprising the ten oldest
N. alpina trees in the forest exhibited an increase in
growth rates from 1650 to 1725, released from abrupt
growth changes after the major volcanic explosion of
Volcan Llaima around 1640, indicative of extensive
canopy openings throughout the stand (Fig. 6).
Growth then decreased sharply from 1730 to 1850.
N. alpina trees, however, were consistently sup-
pressed. Between the 1850s and the 1990s growth
remained high with much year-to-year variation and
N. alpina trees might have reached canopy layer. A
similar analysis for N. dombeyi revealed some differ-
ences with the N. alpina chronology (Fig. 6). Growth
in the oldest N. alpina was high and fluctuated around
the mean increment (RWI = 1) during the last 250

years; between 1960 and 1995, the RWI increased
considerably resulting in some of the highest RWI
values during the last 250 years. It is likely that the
dramatic growth variation in some N. alpina trees
during that period were due to an interaction of
disturbance-caused damage to trees and openings in
the canopy layer (Foster, 1988; Rebertus and Veblen,
1993a; Abrams and Orwig, 1995). However, after
1880, the recruitment of tree species evenly was not
clear associated with releases in either the N. alpina or
N. dombeyi chronology (Fig. 6).

Radial growth pattern and release dates of indivi-
dual trees varied among and within the two Nothofa-
gus species (Figs. 7 and 8). N. alpina and N. dombeyi
trees showed marked differences in growth histories,
with differences in radial growth releases for each of
the trees, which indicates that each tree was influenced
mainly by moderate- and small-scale disturbances that
had local impacts on the forest during the last 400
years (cf. Schweingruber et al., 1990a, 1991; Schwein-
gruber, 1996). N. alpina growth rates varied from
0.09 mm per year (Fig. 7F) to 4.18 mm per year
(Fig. 7D and H). Average growth was 1.04 mm per
year. In comparison, N. dombeyi trees had maximum
growth rates of 4.54 mm per year (Fig. 8B) and
minimum growth of 0.15 mm per year (Fig. 8A), while
the average was 1.16 mm per year.
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There were some substantial intraspecific diffe-
rences in radial growth patterns and releases. For
example, the 535-year-old N. alpina exhibited mode-
rate growth rates, ranging from 0.4 to 2.0 mm per
year, with much year-to-year variation (Fig. 7A).
Another N. alpina tree had an initial growth
<0.6 mm per year and a major release in 1668,
followed by declining growth the next 300 years,
except in 1865 when growth was 2.44 mm per year
(Fig. 7B). Abrupt growth changes and prolonged
periods of suppressed growth were also found in other
N. alpina chronologies. For example, a 362-year-old
tree (Fig. 7E) exhibited a 200-year period of growth
suppression < 0.61 mm per year, followed by a major
release in 1845. The annual increment of a 360-year-
old tree (Fig. 7F) fell below 0.35 mm per year in the
1720s and below 0.11 mm per year in the 1750s.
A major release did not occur before 1861. Other

N. alpina exhibited moderate rather then declining
growth rates, followed by its maximum rates of 2.78 and
4.18 mm per year, respectively, after a major release in
1850 (Fig. 7C and D). A 218-year-old dominant rauli
had an initial growth exceeding 2.7 mm per year, fol-
lowed by four decades of declining growth (Fig. 7G);
since 1820 the annual increment in this tree varied
between 0.8 and 3.66 mm per year, with much year-
to-year variation. A similar pattern was reported for
another relatively young dominant N. alpina (Fig. 7TH)
that had high initial growth (2.64 mm per year). During
the next 75 years growth decreased. The annual incre-
ment in this tree fell below 1.0 mm per year (in 1799,
0.44 mm per year), until moderate releases in 1839,
1863, 1878, and 1890. All N. alpina chronologies
presented in Fig. 7 were from dominant and codominant
canopy trees. Among these trees, growth similarities
were found for only a few pointer years. Thus, event
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Fig. 7. Radial growth chronologies of selected N. alpina. Black arrows: major release dates; arrows: moderate release dates (based on
conservative and moderate criteria established by Lorimer and Frelich, 1989); : event years (calculated for the present study using the
methods given in Schweingruber et al., 1990b; Schweingruber, 1996).

years (sensu Schweingruber et al., 1990b; Schweingru-
ber, 1996) were identified and quantified on the basis of
abrupt growth changes and ring width. For example
in the 19th and 20th century, the single tree increment of

N. alpina for which the skeleton-plot was available,
there were some common positive reactions apparent.
Some of these reactions were reflected in different
chronologies: 1862, 1878, and 1965 (Fig. 7).
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Fig. 8. Radial growth chronologies of selected N. dombeyi. Black arrows: major release dates; arrows: moderate release dates (based on
conservative and moderate criteria established by Lorimer and Frelich, 1989); *: event years (calculated for the present study using the
methods given in Schweingruber et al., 1990b; Schweingruber, 1996).

Likewise, most N. dombeyi showed striking differ-
ences in single tree radial growth patterns. An approxi-
mately 500-year-old dominant N. dombeyi had
maximum growth rates >4.5 mm per year and mini-
mum growth <0.5 mm per year, and exhibited sig-
nificant releases or severe growth depression between
1750 and 1998 (Fig. 8A). For example, the annual
increment of the tree fell below 0.9 mm per year in the
1870s until a moderate release in 1883. Positive event
years were analyzed in 1857, 1925, and 1972. A 225-
year-old codominant coihue had an initial growth of
1.25 mm per year. Then growth declined for more than
a century to <0.4 mm per year. A major and moderate
release followed in 1890 (>3.21 mm per year) and in
1965, respectively (Fig. 8B) that triggered the growth
of this tree into the upper forest canopy. The codo-
minant N. dombeyi tree no. 3 (Fig. 8C) had an initial
growth rate >1.3 mm per year and a moderate release
in 1912. This tree had a relatively short period of
suppressed growth prior to a canopy accession
release in 1963 when growth exceeded 2.5 mm per
year, and probably started life in a treefall gap into
the forest canopy without any significant understory

suppression. A similar pattern was reported for this
species in another codominant tree (Fig. 8D), but
showed a moderate release in 1961 followed by a
declining growth during the next 25 years. The annual
increment in this tree was less than 0.5 mm in 1986,
but without release, which suggests that it has been
suppressed by more dominant trees from 1920 through
1998.

4. Discussion

N. alpina at this study site exhibited continuous
recruitment between 1463 and 1984, and presently
shares overstory dominance with N. dombeyi, this is in
contrast to the lack of recent canopy recruitment of N.
alpina in mid-elevation, transitional forests that con-
tain N. alpina in combination with various laurophyl-
lous species (cf. Veblen and Ashton, 1978; Veblen
et al., 1980, 1981, 1996; Veblen, 1985b; Pollmann
et al., 2000). The N. alpina component in the stand
is therefore uneven-aged, which is unusual for this
species (Veblen et al., 1996). For example, in a
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N. alpina—L. philippiana—Saxegothaea conspicua for-
est at mid-elevations (600-1000 m a.s.l.) in the Pro-
vince of Valdivia, N. alpina were of same age due to
massive past disturbances, mainly landslides and vol-
canic eruptions (Veblen et al., 1980, 1981). It was
suggested that without periodic natural catastrophes
shade-tolerant L. philippiana and S. conspicua would
replace shade-intolerant Nothofagus. The forest would
return to a purely laurophyllous climax. However, in
other Valdivian N. alpina—N. dombeyi—L. philippiana—
S. conspicua forests, the N. alpina component was of
different age following recruitment in moderate tree-
fall gaps after disturbance by windstorms (Burschel
et al., 1976; Uebelhdr, 1984). In steady-state forests in
southern Chile, N. alpina existed via occasional gap-
capture but was a very minor component of the stands
(Kalela, 1941; Oberdorfer, 1960; Brun, 1969, 1975;
Uebelhor, 1984). The persistence of N. alpina and N.
dombeyi at my study site indicates that the community
is not clearly successional to a regional climax, e.g. L.
philippiana-S. conspicua forest.

At higher elevations in the Andes, above the upper
altitudinal limit of the shade-tolerant trees (>1000 m
a.s.l.), the dynamics of the pure Nothofagus forests are
also very likely influenced by massive disturbances
(e.g. volcanic eruptions, mass movements, SHOw ava-
lances) which lead to the formation of extensive even-
aged stands (Veblen et al., 1981, 1996). In pure, old-
growth Nothofagus spp. stands showing no sign of
recent large-scale exogenous disturbances since the
establishment of the oldest trees, Veblen et al. (1981)
observed tree regeneration in gap phases creating a
mosaic of even-aged patches of trees in these Notho-
fagus forests near timberline. However, the uneven-
aged structure and the continuous occurrence of N.
alpina at my study site indicate that the community is
close to a steady-state vegetation, which assumes
long-term stability of site maintaining a relatively
stable species-composition and structure (cf. Whit-
taker, 1975; Peterken, 1996). Many present-day N.
alpina forests in southern South America (Chile and
Argentina) are considered to be caused by cutting and
fire during the last at least two centuries and are now,
after the anthropogenic disturbance ceased, returning
to later successional forests of the Valdivian rainforest
type (Veblen et al., 1981, 1996; Donoso, 1993; Frank
and Finckh, 1999). This is not the situation for this
steady-state forest. It seems likely that the key to

understanding the coexistence and competition of
N. alpina with N. dombeyi codominants are the
light and disturbance factors at the site. This is a high
elevation forest, above the upper altitudinal limit of
laurophyllous trees. It is intriguing to find typically
sclerophyllous shrubs such as Maytenus magellanica,
M. chubutensis, Pseudopanax laetevirens, Berberis
trigona, and the small-leaved evergreen tree N. dom-
beyi growing on this site. The distribution patterns
of evergreen shrubs and coexistence of microphyllous
N. dombeyi in this forest, may be explained by site
properties, in particular by low minimum tempera-
tures and the duration of snow cover (Weinberger,
1973; Seibert, 1996). Along latitudinal and altitudinal
gradients in south Chilean forests, there is a gradual
retreat of the evergreen foliage from the upper
tree layer to the shrub layer (Hildebrand-Vogel,
2002); the ecological mechanism driving this seems
to be temperature (cf. Woodward, 1987). However, the
relatively high growth rates and large size of N. alpina
is consistent with the idea of generally favorable
growing conditions in the forest (Donoso et al.,
1993). Indeed, a gradient analysis of habitats of
Nothofagus forest types in southern Chile confirmed
that N. alpina was associated with deep relatively
nutrient-rich soils (Weinberger, 1973; Pollmann,
2001).

Because of better light conditions compared to the
N. alpina forest with laurophyllous species (Pollmann
et al., 2000), light-demanding Nothofagus spp. have
very likely persisted as dominants in this forest due to
continuous regeneration and establishment. Small-
and moderate-scale disturbance frequency has prob-
ably supported the recruitment. The relatively high
density of Nothofagus spp. saplings at the study site is
comparable to other N. alpina—N. dombeyi stands in
southern South America (Finckh, 1996; Eskuche,
1999; Pollmann, 2001). N. alpina is known to replace
itself with stump sprouts following the top-killing of
the tree (Veblen et al., 1996); N. dombeyi seedlings
often establish on large decayed logs and elevated root
buttresses (Veblen et al., 1981; Donoso, 1993). In
addition, the dense cover of understory bamboo
(Chusquea spp.) and litter cover reduce the ability
of both Nothofagus species to establish vast numbers
of seedlings found abundantly where the bare mineral
soil has been exposed (Burschel et al., 1976). The
presented dendroecological data suggest that N. alpina
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and N. dombeyi may invade gaps even at low seedling
density. However, this is rather speculative because
past N. alpina canopy recruitment are compared with
present-day regeneration intensity (cf. Abrams and
Copenheaver, 1999). Anyway, if the current regenera-
tion is representative of the past 400-500 years, the
ability of N. alpina to fill gaps in the presence of dense
N. alpina—N. dombeyi forests is intriguing, and prob-
ably related to the impact of small- to moderate-scale
disturbances on the forest floor (e.g. by treefall or ash
deposition) and rapid growth under canopy gaps.

Disturbances occurred frequently in this steady-
state forest studied, with as many as one to nine trees
exhibiting major sustained or moderate temporary
growth releases during the last 500 years. The oldest
N. alpina 1 aged was 535 years (with a dbh of 103 cm).
In an old-growth N. alpina—N. dombeyi forest in the
Valdivian Province, N. alpina reached 126 cm dbh and
were more than 650 years old (Pollmann, unpublished
data). However, the maximum longevity of N. alpina
may exceed 700-800 years (Brun, 1969). It is impor-
tant to note that many N. alpina and N. dombeyi trees
in the forest show extremely individual histories in
increment due to environmental conditions, and radial
growth rates are highly variable, so it is difficult to
generalize about growth environments, such as canopy
openings and competition. However, in this forest,
single tree release data indicate that most of the actual
dominant Nothofagus usually experiences a severe
growth depression before attaining canopy status.
Interspecifically, multiple periods of release and sup-
pression indicate that both N. alpina and N. dombeyi
appear to have taken advantage of gap events to reach
the main canopy (Figs. 7 and 8). Treefall gaps
occurred throughout the forest, and occasionally blow
downs were observed, including some larger N. alpina
and N. dombeyi. This implies the existence of an
uneven-aged pattern of Nothofagus tree populations
in the forest.

Given the proximity of the study site to the Volcan
Llaima (Fig. 1), it is highly probable that periodic
events of volcanic ash deposition (cf. Casertano, 1963)
might play an important role in the maintenance of the
mixed N. alpina—N. dombeyi forests in Conguillio
National Park. For example, the data of the present
study indicate growth releases after the major volcanic
explosion of Volcan Llaima in ca. 1640. In addition,
more than 40 eruptions of Volcan Llaima since 1852

imply that volcanic ash deposition (volcanic ash is the
major component of soils in the region) probably have
profound effects on Nothofagus regeneration and
growth in this forest. Previously, periodic disturbance
by volcanism (even at large intervals) were reported to
contribute to the conditions which favor the regenera-
tion of Nothofagus in the mixed forests of south-
central Chile (Veblen et al., 1977b, 1979b, 1980,
1981, 1992; Veblen and Ashton, 1978; Kitzberger
et al., 1995). The results of this study show that
disturbances such as canopy openings, ash deposition
or fire can have highly variable effects across the
landscape and on the dynamics of mixed Nothofagus
forests; however, these types of disturbance facilitate
the establishment and growth of Nothofagus species
and seem to be sufficient to maintain the presence of
N. alpina in the mixed Nothofagus forest studied (cf.
Veblen et al., 1980, 1981, 1996). The uneven-aged
trees of N. alpina and N. dombeyi in this stand result
from regeneration opportunities on stand-scale that are
common in mature Nothofagus forests at higher ele-
vation (Veblen, 1979, 1989a,b; Rebertus and Veblen,
1993a; Rebertus et al., 1993; Veblen and Alaback,
1996). Thus, this situation is different from the forests
in the Valdivian rainforest district, where Nothofagus
spp. recruitment occurred principally after large-scale
disturbances (Veblen et al.,, 1979b, 1981, 1996;
Veblen, 1985a, 1992; Lusk, 1999).

5. Conclusions

The old-growth N. alpina—N. dombeyi forest at
Conguillio National Park has been dominated by N.
alpina since the 1500s, probably even longer. In the
Andean Range (to the North of 40°S), the postglacial
recolonization of treeless terrain by Nothofagus
spp. and other species has been observed paleoecolo-
gically (Villagran, 1991; Villagran et al., 1995, 1998).
However, the present-day high concentration of spe-
cies and endemism in the study area is mainly a result
of relatively stable climatic conditions that permitted
maintenance of Chilean forest flora during the glacial
periods in the Quaternary (Villagran, 1994). The
composition and dynamics of this forest can be
explained by a complex interaction of climate, soil
conditions and disturbances. It is not very likely that
this forest being in steady-state conditions (until the
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next major disturbance), was greatly disturbed by
anthropogenic factors. Neither logging nor fire scars
were observed, as might be expected in even-aged
forests (e.g. Kitzberger and Veblen, 1999; Veblen et al.,
1999). The relatively favorable light conditions of this
forest interacted with fertile soils and single treefall
gaps. Continuous recruitment of N. alpina was found,
forming an uneven-aged canopy, probably due to a
relatively high frequency of disturbances. However, in
Nothofagus forests, gap turnover times were estimated
at >500 years (Veblen et al., 1981). N. alpina can be
classified as a long-lived light-demanding pioneer
species (cf. Loehle, 1988). Thus, I believe that this
is an example of long-term N. alpina domination as a
pioneer-climax species. The site is typical relative to
the entire range of this species (Eskuche, 1999; Poll-
mann, 2001). This N. alpina forest represents regen-
eration patterns typically situated above the upper
altitudinal limit of laurophyllous species. The results
found for this mixed Nothofagus stand are similar to
other studies that have reported small- and moderate-
scale treefall gap dynamics in pure or nearly pure
Nothofagus forests found at higher elevations (e.g.
Veblen et al., 1996). Therefore, the pattern of pure
Nothofagus regeneration might be representative of
other regions of high altitude mixed N. alpina—N.
dombeyi forests. However, at mid-elevations in the
Valdivian rainforest district, where N. alpina occupies
zonal vegetation units with laurophyllous species
(Pollmann, 2001), both treefall gaps and large-scale
disturbances affect N. alpina forest regeneration
(Veblen et al., 1981). The studied stand serves as a
good example of the potential for N. alpina and N.
dombeyi to regenerate continuously at higher eleva-
tions in the absence of laurophyllous species and
massive disturbances. In this forest, maintaining the
original composition of the forest does not appear to
require large-scale disturbances.
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