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Abstract: Widespread monality of Fitzraya cupressoides {alerce) is found throughout the Coasial Range of south-central
Chile. The main explanations for tree mortality have been fire and climate change. In order to betier understand the dynamics
and mortality of Firzraya in the Cordillera Pelada (“barren range’, within the Coastal Range), we established four study plots
{with varying degrees of Firzroya mortality), from which we collected information on tree regeneration, age and size classes
of living and dead trees, dates of fire scars from tree stumps, and radial growth rates. The abundance of seedlings and saplings
in areas affected by recent, low-intensity fires indicates adequate regeneration of Firzrova, Age class structures of adult
Fitzroya trees from three of the stands show single-cohort populations, suggesting establishment after a stand-devastating
disturbance. Fires from two stands were dated to years ranging between 1397 and 1943, indicating that fires have occorred
repeatedly over the past 600 years. Tree growth increases immediately after fire. Based on the presence of burned saags, soil
charcoal, single-cobon age structures, and numerous dated fire scars, we conclude that repeated fire is the main cause of
widespread Firgrova mortality in the Cordillera Pelada, Since the time of European settlement in southern Chile (ea. 17500,
fires have muinly been caused by Europeans; however, prior to that time, fires were probably caused by both lightning and
nalive people that inhabited the area,
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Résumé: On explique la forte mortalité de Fitzroya cupressoides dans 1a zone citiére du centre-sud du Chili par Iimpact des
feux ou du climat. Des données sur la régénération, la structure d"ige et de taille des individus vivanis et mosts, la croissance
radiale des arbres, ainsi que des cicatrices de feux ont é0é récoltées dans quatre sites (variant selon le degré de mostalité de
Firzreya) pour documenter la dynamique des peuplemnents et identifier les facteurs de mortalité, Une abondance de plantules
et de gaulis dans les sites touchés récemment par des fewx de faibile intensit® indique une régénération adéquate de Fitzropa.
L analyse de la structure d*fige des arbres adultes montre la présence d"une seule cohorte de Firzroya dans trois des quatre
sites, suggérant un établissement aprés feux réussi, Dans deux sites, des feux sont survenus de manidre réeurrente entre 1397
et 1943, Une augmentation subite de la croissance radiale de Fitzropa a ét€ observée 4 la suite de la forte mortaliné liée &
deux feux. D'aprés la présence d"arbres morts calcings, de charbons dans les sols, de structures J'dge dquiennes et des cica-
trices de feux, des incendies récurrents sont A "origine de la forte mortalité de Fitzrova dans la Cordillére de Pelada, Depuis
la colonisation européenne dans le sud du Chili (vers 17500, les incendies sont surtout d"origine anthropique, alors qu”aupa-
ravant ils &taient autant d"origine naturelle qu'anthropigue.

Mat-ciés: Firzrova, dynamique forestigre, feu, régénération de coniféres, dendrochronologie.

Introduction

Fitzroya cupressoides ([Mol.] Johnst., Cupressaceae;
common name “alerce’} is a long-lived conifer endemic to the
temperate rainforests of southern Chile and portions of adja-
cent Argentina (Figure 1). In Chile it occurs thronghout the
Coastal Range between Corral and Chiloé Island (latitudes
39° 50" s - 42° 35' s}, and throughout the Andean Range
between Cerro Puntiagudo, and Rio Yelcho (41° 5 - 43° 30' s;
Figure 1), with several stands occurring on the Argentine side
of the border. Recently, several small, regenerating Fitzrova
stands have been found in the Intermediate Depression near
Puerto Montt. (Silla, [997; Fraver et al., 1999),

More than three centuries of over-exploitation, owing
to the beauty and durability of Firzrova wood, as well as
forest conversion to agricultural use, have significantly
reduced the original abundance of Firzroya forests and have
left extensive harvested arcas (Veblen, Delmastro &

'Rec, 1998-01-06; ace, | 998-08-27,

Schlatter, 1976; Veblen & Ashton, 1982; Donoso et
al.,1993). Due to this exploitation and its reduced abun-
dance, Firzroya is considered a threatened species and today
is protected by law in Chile and Argentina. It is also listed
under the Convention on International Trade in Endangered
Species (CITES) Appendix 1. forbidding its international
trade {Lara & Verscheure, 1957, Lara, Donoso & Aravena,
1996). Despite this protection, illegal cutting of Fitzroya in
Chile still occurs (Lara, Donoso & Aravena, 1996).
Fitzrova can attain a size of up to 3 m in diameter and
=30 m in height, often appearing as an emergent when
mixed with other species. In the Coastal Range, it occurs in
pure stands or mixed with Nothofagus nitida, Drimys win-
leri, Saxegothaea conspicua, and Podocarpus nubigena
{Donoso ef al., 1993). In the Andean Range it occurs with
Nothofagus benloides at higher elevations, and with N. nitida,
Laureliopsis philippiana and 8. conspicua at mid and low
elevations. In extremely poorly drained areas it grows with
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Fioure 1. Location map of the study area in south-central Chile, indi-
cating the distribution of Firzraya forests,

Filgerodendron uvifera in the Coastal Range and in the
Andes (Lara, 1991; Donoso et al., 1993), Due to the varia-
tion in topography, geology, and soils throughout its range,
Fitzroya is found in a variety of habitats with elevations
ranging from sea level to 1200 m. However, all sites are
characterized by high precipitation, typically with poorly-
drained, low-fertility soils where competition from other
tree species is minimal (Peralta, Ibarra & Ovyanedel, 1982;
Veblen er al., 1995,

Fitzroya can live longer than 3600 years, making it the
second longest-lived species worldwide, after Pinus longaeva
of western United States (Lara & Villalba, 1993).
Dendrochronological studies using Fitzroya have produced
a 3620 year summer temperature reconstruction, and there
are currently more than 20 tree-ring chronologies over 1000
years in length (Villalba, 1990; Lara & Villalba, 1993;
1994; Villalba er al., 1996),

Fitzroya is a shade-intolerant species that regenerates by
seed as well as vegetatively; however seed production is spo-
radic, with a high percentage of trees producing non-viable
seeds {Donoso, 1993; Donoso, Cortés & Escobar, 1993). In
Chile, Fitzrova regeneration modes (sensu Veblen, 1992)
vary between the Andean and the Coastal Ranges. In the
Andes, Fitzrova regeneration under closed-canopy, undis-
turbed forests is essentially absent, and the main regeneration
mode is catastrophic, following large-scale disturbances such
as landslides and volcanic ash deposition (Veblen, Delmastro
& Schlatter, 1976; Lara, 1991; Donoso er al., 1993). In addi-
tion to this catastrophic regeneration mode, Fitzrova also
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regenerates at a slow, sporadic rate in open-canopy, undis-
turbed forests located over 800 m of elevation (Lara, 1991).
Some authors have reported regeneration in fine-scale tree-
fall gaps, although there is no agreement about its signifi-
cance for the persistence of the species (Donoso et al., 1993;
Veblen et al, 1995). In the Coastal Range Fitzrova regener-
ates following low-intensity fires and in some cases logging,
provided that parent trees remain and intensive cattle grazing
does not occur {(Veblen & Ashton, 1982; Cortés, 1990;
Parker & Donoso, 1993). Conversely, in the Andes Fitzrova
regeneration does not oceur after selective logging, clearcuts,
or human-set fires (Veblen, Delmastro & Schlatter, 1976:
Lara, 1991; Donoso et al., 1993),

One of the most striking features of Firzroya forests in
the Coastal Range is the widespread mortality. Here, espe-
cially on gentle slopes at higher elevations, the landscape is
dominated by stands of barkless, semi-bleached Fitzrova
snags mixed with varying proportions of living trees. The
local name of this range which lies between 39° S0 5 and
41° 30’ s is Cordillera Pelada meaning ‘barren range’, refer-
ring to this landscape pattern. The widespread mortality of
Fitzroya in this area was reported at least since the 1860s by
Philippi (1865). After a botanical reconnaissance of the
Cordillera Pelada, Philippi described the extensive dead
Firzroya stands, and although he did not report evidence of
fire, he speculated about an old extensive fire as a possible
cause of stand mortality {Philippi, 1865).

Palynological studies (Heusser, 1966; 1982) indicate
that Firzrova has decreased in abundance since 3000 BP as
a result of a regional decline in precipitation. Heusser
{1982} suggested that the death of the Fitzroya stands in the
Cordillera Pelada may have resulted from climate change,
although he acknowledged the occurrence of fire in the
area. Heusser's idea is consistent with the hypothesis pro-
posed by Schmithiisen (1960) that Fitzrova is a climatic
relict, which is being replaced by broad-leaved species.

Other studies from Cordillera Pelada present a different
explanation for Fitzrova mortality in Cordillera Pelada.
Veblen & Ashton (1982) mainly attributed the widespread
Fitzroya mortality to fire, pointing to the presence of fire-
scarred trees and burned stumps. Similarly, a study of dis-
turbance history and vegetation along a soil-fertility gradient
in the Cordillera Pelada indicates that fire is the main distur-
bance type in low-fertility sites occupied by Firzroya
forests, whereas blowdowns dominate on more fertile sites
where Nothofagus nitida forests occur (Lusk, 1996).
Although this study does not provide information on fire
dates, ages of post-fire stands indicate that fires were an
important disturbance even before the European settlement
in southern Chile (i.e., before ca. 1750, Lusk, 1996).

Neither fire history from tree-rings nor their specific
influence on forest dynamics have been studied in southern
Chile. Conversely, the adjacent northern Patagonia region
of Argentina has provided fire chronologies from
Austrocedrus chilensis tree-rings since AD 1439, demon-
strating climatic influences on fire frequency, especially
related to drought episodes, in fires set by lightning and
human native populations prior to the 1890s and European
settlers thereafter (Kitzberger, Veblen & Villalba, 1997,
Kitzberger & Veblen, 1997). To our knowledge, the present
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sty is the first published work from southem Chile that pro-
vides fire-history data obtained from tree-rings and specifical-
ly addresses the influence of fire on forest stand dynamics.
The purpose of this study was to determine the role of
fire in the dynamics and mortality of Fitzrova stands in the
Cordillera Pelada. If fire played an important role in the
dynamics of Fitzrova, then: ) stand structure would reflect
single, relatively even-aged cohorts that originated after fire,
if) Fitzroya seedlings and saplings would be abundant in
stands opened by recent fires, indicating successful recruit
ment, and iif) tree growth patterns would show marked
periods of rapid growth releases following dated fires.

Study area

The Cordillera Pelada extends roughly between the
WValdivia and the Rio Bueno rivers, reaching its highest eleva-
tion at Bl Mirador (1048 m), at ca. 40° 107 5. The Cordillera
consists of gentle slopes and flat mountain plateaus, with
metamorphic bedrock of Paleozoic to Precrambrian age
(Villagrin er al., 1993). Soils vary considerably in the upper
elevations of the Cordillera {i.e., above 800 m), influencing
important variation in vegetation patterns {Lusk, 1996),
Higher fertility sites are represented by well-drained brown
loams, and are covered by mixed valdivian forests dominat-
ed by Nothafagus nitida, Laureliopsis philippiana,
Saxegothaea conspicua, and Weinmannia trichosperma.
Poor sites have thin, acidie, sandy, and poorly drained soils
with varying degrees of gley formation, and are typically
covered by Fitzrova cupressoides, mixed with varying pro-
portions of Nothofagus nitida, N. betuloides, 5. conspicua,
W. trichosperma, and Drimys winteri. In the most poorly
drained sites, Fitzroya occurs with Pilgerodendron uvifera
and N. beruloides. Fitzroya can attain a height of 30 to 40 m
at lower elevations or in deeper soils in the Cordillera, but
dwarfs dramatically towards the summit of El Mirador
where it grows in very thin and infertile soils in almost pure
stands with height < 5 meters.

In the Cordillera Pelada, Fitzroyva stands are often open
(crown cover < 50%), with a dense shrub cover, consisting
principally of bamboo, Chusquea nigricans, along with
Desfontainea spinosa, Berberis servato-dentata, and other
species (Ramirez & Riveros, 1973; Heusser, 1982). The
understory is also characterized by a dense layer of epi-
phytes dominated by Philesia magellanica, as well as a
dense mat of bryophytes such as Sphagnum spp. and
Rhacomitrium lanuginosum (Veblen & Ashton, 1982). This
dense understory becomes very dry during episodic summer
droughts. The Cordillera Pelada’s climate is classified as
cold-temperate maritime, with very high annual precipita-
tion. Average July and January temperatures are 8°C and
16°C, respectively (Almeyda & Sdez, 1958). Annual precip-
itation exceeds 4000 mm, with 40% occurring during the
winter months (Heusser, 1982). Snowfall is common
between June and August,

The Fitzroya stands we sampled are located in
Monumento Natural Alerce Costero and in adjacent private
land of the Cordillera Pelada. We selected four stands that
represent different degrees of fire disturbance: stands A
{most recently disturbed) through D (disturbance-free for a
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long period). The stands are located on fairly level terrain
(slopes ranging from 3° to 16%) and at similar elevations
i(from 800 to 990 m), near the local landmark known as
Piedra del Indio, and directly west along the road to El
Mirador. Sites are separated by a distance < 5 km. Due 1o
probable differences in soil properties {nuirients and
drainage) that affect potential basal areas and canopy struc-
ture, the sites cannot be regarded as a chronosequence. The
degree of dominance of Firzroya in the various stands range
from almoest pure to mixed stands with species such as
Nothofagus betloides, Nothofagus nitida, Drimys winreri,
and Pilgerodendron wvifera. Canopy cover varies among
the sampled stands. Stand A has an open canopy, whereas
stands B and D are semi-dense and stand C is dense,

Material and methods

In 1993 we established one study plot in each of the four
stands. Plots ranged in size from 200 w 1000 m?, depending
on the stage of stand development and tree density. We
collected information on seedling frequency and sapling den-
sity, age and size stroctures of living and dead trees, dates of
fire scars from stumps, and radial growth rates of living trees.

In each plot we measured tree diameters of living and
dead trees > 5 cm diameter at breast height (dbh). From
these same trees, we extracted one or two increment cores at
ca. 30 cm height above ground for age determination and
construction of tree-ring width chronologies. We recorded
the number of saplings (individuals of tree species < 5 em
dbh and = 2 m in height} per species in the entire plots and
we determined frequency of seedlings (individuals of tree
species < 2 min height) based on 20 4 m? subplots (2 x 2 m)
arranged at 5 m intervals along the inside borders of plots,
or in belt transects in the case of 200 m? plots.

Tao determine tree ages, we used standard tree-ring
methods of Stokes & Smiley (1968). Since most tree cores
did not reach the pith, the number of rings to center was
estimated by Duncan’s (1989) method. The main limitation
of this method is that it assumes that rings form concentric
circles around the pith, and that ring width is constant in the
missing part of the sample (Villalba & Veblen, 1997;
Kitzberger, Veblen & Villalba, in press). Most of the esti-
mated emor of the number of rings-to-center is due to differ-
ences in growth rate between the missing radius and the
measured part of the core (Duncan, 1989). From our tests
on Fiizrova cross-sections and given that we selected
50 year age classes, we accepted a maximum estimate of
25 rings-to-center using Duncan’s (1989} method. Samples
that presented a higher number of estimated rings-to-center
were treated as minimum ages. Cores with rotten centers, in
which the intact portion represented at least 75% of the
radius length, were also included under the minimum ages;
samples with a smaller percentage of intact core were dis-
carded. All ages for the age structure analysis are expressed
at coring height (30 em from the ground). No data were col-
lected in the Cordillera Pelada 1o determine the number of
years required for a Fitzroyva seedling to reach coring
height. Available data from the Andes, where radial growth
of Firzrova is much slower than in the Cordillera Pelada,
indicate that it takes 16 to 26 years for a seedling to reach



coring height (Lara, 1991). Therefore, age estimates from
samples at coring height in the Cordillera Pelada probably
underestimate the actual ages (i.e., age since germination)
by 10 to 20 years.

We used standard dendrochronological methods to pro-
duce tree-ring width chronologies for each site in order to
investigate growth patterns as well as the occurrence of
growth releases and suppressions and their relation to fire
and Fitzroya regeneration events. These methods include
cross-dating in order to identify the exact calendar year in
which each ring was formed. (Stokes & Smiley, 1968;
Fritts, 1976). Visual cross-dating and possible measurement
errors were checked and improved using the COFECHA
program (Holmes, 1983). Cross-dated tree-ring series were
standardized, and an average tree-growth series for each site
was developed by converting ring widths to a non-dimen
sional index. Standardization consisted of transforming each
tree-ring width series from individual trees by dividing the
measured values from individual trees by the value of a hor-
izontal line fit through them. This procedure does not
remove a tree's biological growth trend (decreasing tree
ring width attributable to tree age): it was chosen because it
preserves most of the low-frequency ring-width variation
and is particularly useful in identifying periods of release
such as those related to canopy disturbance (Veblen et al.,
1991). Standardization, as well as the construction of
tree-ring chronologies, was carried out using the ARSTAN
program {Cook & Holmes, 1984),

The various sampled stands and neighboring areas were
searched for stumps with fire scars, following methods
described by Dietrich & Swetnam (1984). The fact that
Fitzroya is a protected species precluded the collection of
samples from living trees with fire scars. The collection of
cross sections from stumps with fire scars was restricted to
stand B and Piedra del Indio, a burned and logged area
located about 800 m from stand C, where scarred stumps
were available. The search area in stand B was ca. 0.3 ha,
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and in Piedra del Indio, ca. 0.5 ha, thereby emphasizing fire
history at a stand seale. The year in which each fire scar
was formed as well as the inner and outermost rings on
stumps were determined by measuring ring widths on the
cross-sections and using COFECHA (Holmes, 1983) which
statistically compares the measured ring-width series with
a master tree-ring chronology developed for El Mirador
(Neira, 1995), following the methods described by
Kitzberger & Veblen (1997), and Kitzberger, Veblen &
Villalba (in press). We followed Schulman's {1956} con-
vention and assigned dates of annual rings to the year in
which ring formation begins. Therefore for Firzroya, the
calendar year is that of October through December. A fire
scar in earlywood or latewood of a particular year would
indicate fire occurrence between October of that year and
March of the following year, Fire scars in the dormant sea-
son were not found. Fire records kept by CONAF (1997)
since 1978, indicate that fires occur mainly between
December and March of the following vear. On several
samples, fires could not be dated to a particular year, since
the rings around the scar were rotten. In these cases, fire
dates were treated as approximations, and were adjusted to
match exactly-dated fire years when they fell within five
years from them. Fire dates obtained in this way were used
to produce a fire chronology for stands B and Piedra del
Indio following the methods described by Dietrich (1980).

Resulis

AGE AND SIZE STRUCTURES

Stand structure varied significantly among stands in
terms of age range, dominance of Fitzroya, and prevalence of
dead Fitzrova, Age of oldest trees on each site ranged from
59 to 959 years (Table I), considering only total age from
cores that reached the pith or cores with < 25 years-to-center
estimated according to Duncan’s (1989) method. In stands A,
B and C, Firzrova was the dominant tree species, with a

TasLk I Age and dbh ranges, densities, basal areas, percentage of fire-scarred trees, and other structural features of the four sampled
stands. Age range refers to total age with pith and total age estimated by Duncan’s (1989) method

Stand Species Live trees Live = Dread Percentage of  Percentage of  Canopy
DBHrange Agerange  density Basal area  density Basal area  dead basal living rees density
{em) {veurs) (Mo.Ma) {m¥ha)  (Nosha) {m*ha) Area over with fire
total (9] scars (o)
A Flizrova cupressoides (5-21} [50-86) 2250 25.2 B850 109.7 | 5 Crpen
Dirineys winteri (6200 {47-70) 350 4.5 50 07 13
ToraL 260} 20.7 S 110.4
B Fitzrava cupressoides (13-46) (117-257) T3 41.7 650} 309 45 24 Semi-dense
Nothofagus betuloides {6-30) (21-103) 25 1.3
Dirtemys winteri (8] {32) 25 0.2
Weinmanmnia irichospenma  (5-6) (31-50) a0 0.1
ToraL B&3 49.3 650 309
C Firzrova cupressoides {10-55) (130-296) 2550 Q5.0 1400 32 25 ] Densa
Newhafagus betloides {36-48) (223-273) 150 19.3
Neathofapus nirida {111y (95-117 1043 1Y)
Saxegotheca conspicua {6-T) (B2-194) 100 0.4
TotaL s L] 1163 14060 32
¥ Firzrova cupressoides (5-65) (190-959% 310 228 90 18.8 45 3 Semi-dense
Nothafagus bendoides {B-42) {30-186) 430 15.6 50 1.6 9
Dirienys winteri {5-19% (50-194) 130 1.8
Pilgerodendron wvifera (6-173 (138-755%) 230 4.8
ToTtaL 1100 45 140 0.4

*: Minimum age
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relative basal area of 85% (the three stands pooled); however,
in stand D it shared dominance with other species, where it
represented 51% of the live basal area (Table I}. The abuon-
dance of dead Fitzrova ranged between 25 and 81% (dead
basal area expressed as a percent of the total basal area;
Table T). The stands also varied greatly in the percentage of
living Firzrova trees showing fire scars (from 0 to 84%).

Age and size class distributions for Fitzroya in each
stand are shown in Figure 2. Most total ages in every stand
required estimates of rings-lo-center reflecting the difficul-
ties in reaching the pith with an increment borer. Stand A
was the youngest of the four stands. There, Firzroya
regenerated after a stand-devastating fire as indicated by the
presence of a dead Fitzroya cohort with dbh-classes ranging
from 35 to 70 cm (Figure 2) and the presence of charred
dead standing and fallen trees. The age-class distribution for
stand A indicated a young single-cohort, even-aged popula-
tion of Fitzrova (with total age between 59 and 86 years old
and dbh from 5 to 21 cm) that regenerated synchronously
following fire (Figure 2, Table I). A relatively wide size
class distribution for Fitzroya reflects variation in growth
rates within a single cohort (Figure 2). The young cohort
replaced a former Fitzrova population represented today by
the dead trees. The amount of dead basal area (expressed as
a percentage of the total) is 81%.

Stand B was a young post-fire stand as indicated by the
presence of charred snags, fallen logs and large dead trees,

3 - -
30007 Alp=45) 1 Minimum age (> 75% radius)
2 (1) o Bl Total age (Duncan's method)
M Total age with pith
1000 4
0 = T T T Li T T T ¥ T T T T T T T T T T 1
400 7 B (n=38)
300 4
£ 2004
'@ 100 - |
E 0 4 ———r—r— 111
S 4004 C(n=50)
'E 300 4
Z 200 -
106
n h i T T T T T T T T T L i T 1
509 Dn=3I)
40 ~
30 1
20 ~
110 1
ﬂ -
7 =4 7 = 7 2 7
L} [ad] wy L= L= o

Age (50-vear classes)

It had a left-skewed, bell-shaped age-class distribution,
indicating an even-aged stand with total age ranging from
117 to 257 years and dbh from 13 to 46 ¢cm (Figure 2,
Table I). The size distribution was also bell-shaped. rein-
forcing its single-cohort character (Figure 2). In this stand,
84% of the living trees had one or two fire scars, reflecting
Firzrova's ability to survive low-intensity fires. Fire dates
of 1876 and 1943 were determined from cut stumps
(Figure 3).The percentage of dead basal area was 45%, and
the presence of abundant dead trees in the small size class-
es suggests that these trees belonged to the same cohort as
the living trees and that they were killed by 1876 and/or
1943 fires (Figure 2, Table I).

Stand C was also a single cohort, even-aged stand with
age and size class distributions similar to stand B: age
ranged from 130 to 296 years and dbh from 10 to 55 cm
(Figure 2, Table I). The presence of large dead trees in
stand C, together with its age class distribution, indicate that
it rapidly became established after a stand devastating dis-
turbance, perhaps fire. The lack of fire scars on living trees
reflecis the absence of recent fire. Stand C was a dense,
closed-canopy stand with the highest living basal area
among all the stands (116.5 m*ha) and the lowest percent-
age of dead basal area (25%, Table 1),

Stand [ was an old-growth mixed-species stand where
Fitzroyva shares dominance with Nethofagus betuloides,
FPilgerodendron uvifera, and Drinys winteri (Figures 2 and 4).

A(n=62)

3000 I Living [ ] Dead

40K B{n=113)
C (r = 66)
IRUEVE
U L} 1._|I-I._|I L] 1 L T T T T 1

M) D (n=47)
&0
30
0

5 15 30 45 al) 75 90

dbh {5-cm classes)

FIGURE 2, Age- and size-class distribution of Firzreve in the four sampled stands (A-D),
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a) Piedra Del Indio Tree N°
- X Y LY A 4 4 PI-1
1364 1849
‘ AV AV ; Pl-2
1417 1518
. ¥ | Pl-3
1615 1773
A : PI-4
1667 1834
$ 'r i 4 1
wl [ = o — L1
£3 2 g 2 8 RP
b) Stand B
. h i BE-1
1551 1801
(P) , : h 4 - B-2
1756 v 1953
; i £ ¥ B-3
¥ Fire date 1749 1949
%/ Approximate fire date (P} o ¥ B-4
£— [Inside date 1755 'IR‘J?
. -— B-5
— Quiside date 1749 1953
- | £ h 4 R B-6
(P) Pith S 1744 1951
(P) <« L A h / B-7
1753 1950
(P) = A J i B-8
1735 1948
(P} « Y Y. B-9
1755 1953
2 y Y . Bow0
1754 1991

Figure 3, Fire chronologies for () stand Piedra del Indio and (b) stand B showing for each tree the length of the series and the cecurrence of fire,

The presence of Pilgerodendron suggests poorer drainage
than on the other study sites. The age class distribution for
Fitzrova and Pilgerodendron showed wide age ranges (190
to 959 and 138 to 755 years, respectively, Figures 2 and 4,
Table 1} probably indicating slow or sporadic regeneration
in a poorly-drained site. Nothofagus betuloides and Drimys
winteri have younger and narrower age class distributions
compared to Fitzroya and Pilgerodendron (Figure 4). Fire
scars were present in 3% of the living trees, indicating that
the stand has been little affected by fire. Nevertheless, since
some trees were over 900 years in age, earlier fire scars
might have been fully covered by tree growth. Although
stand origin is not clear, the presence of Fitzrova snags with

diameter much larger than living trees, may indicate a post-
fire origin. This stand had a percentage of dead basal area of
45%, and a relatively low tree density for Firzroya com-
pared to the total (Table [D.

SEEDLING AND SAPLING ABUNDANCE

Fitzraya seedling frequencies and sapling densities var-
ied significantly among the stands (Table II). Fitzrova
saplings were abundant in stand A (2950 individuals/ha),
under the stand’s open canopy, which is due to its young
age. Other tree species have low sapling densities and low
seedling frequencies (Table 11). Although age was not deter-
mined for Fitzrova saplings, it is likely that many of them
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Fioure 4. Age-class distibution for Drimys wineeri, Pilgerodendron
wviferum, and Nothofagus beraloides in stand D,

are suppressed individuals that belong to the main post-fire
cohort shown in Figure 2. In addition, stand A had the high-
est frequency of Fitzroya seedlings (909%) among all the
studied stands, suggesting that tree establishment is still
taking place. Although the origin of seedling-sized
Fitzroya (vegetative reproduction or seed) was not deter-
mined, several individuals were from root suckers as also
noted by Veblen & Ashton (1982) in the Cordillera Pelada.
No Fitzrova saplings were present in stand B, although
seedling frequency was 35% (Table I1). Conversely, we
found abundant regeneration of other tree species, such as
Weinmannia trichosperma with 550 saplings/ha and sever-
al individuals reaching the size of small trees < & cm dbh
(Tables I and IT).

TasLe 11 Seedling frequency (from 20 subplots of 4m? gquadrats)
and sapling density for the sampled stands

Species Seedling percentape

Sapling denzity
frequency * (MNoha)
Site Site
A B C [ A B C D

Fitzroya cupressaides X 35 2650 50 175
Nothafagus betuloides 15 45 50 125 425
Nothafagus nitida 10 5 H
Dirimys winieri 20 40 50 63 175
Embothrium coccineumn 5 25 63 50
Lomatia ferruginea 15 5 150 25
Ovidia pillo-pillo 10 38
Pilgeradendron uvifera 25
Podadearpus nubigena 0 275
Prendopanax lactevirens 35 25
Sexegothuaca conspicra 25 400
Tepualia stipularis 13
Weinmannia trichosperma 5 40 350
* See text
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In stand C, only one Firzrova sapling was present
{which translates to 50 individuals/ha), and no seedlings
were present. This lack of recruitment can be explained by
the dense canopy and a living basal area twice that of
stands B and D (Table I}). Shade-tolerant Saxegothaea con-
spicua shows better recruitment, with a sapling density of
400 individuals/ha and a seedling frequency of 25%. The
low abundance of Fiizroya saplings (175 individuals/ha)
and the absence of suuﬂlings in stand D, indicate a low rate
of Firzroya recruitment in this semi-dense stand {Table 11).
Sapling densities indicate that other more shade-tolerant
species such as Nothofagus betuloides, Podocarpus nubi-
gena, and Drimys winteri are also regenerating in this
mixed stand,

FIRE HISTORY

With the fire dates determined from fire-scarred
Fitzroya stumps, we produced a fire chronology for stand B
and for Piedra del Indio (Figure 3). These chronologies
show that some fires could be dated exactly, whereas others
were dated only approximately, since the nings around the
scar were rotten. We dated a total of 21 fire scars. Our
results indicate that Firzroya can survive low-intensity fires,
forming up to four fire scars on the same tree (iree PI-1,
Figure 3). The oldest dated fire occurred in 1397 (Piedra del
[ndio) and the most recent in 1943 (stand B; Figure 3. The
lack of stumps where fire scars could be seen in stands A,
C, and D prevented fire dating.

In stand B, the oldest fire scar was dated to 1739, from
a tree that formed part of a previous cohort. In this stand,
the trees that formed the main cohort became established
between the vears 1744 and 1756 (based on innermost rings
and pith dates at ground level) (Figure 3). These dates indi-
cate that most Fitzroya trees became established between 5
and 17 years after the 1739 fire. The relationship between
fire and Fitzroya establishment in Piedra del Indio could not
be determined because the area was completely logged and
no age structure data were collected.

In addition, growth patterns in stand B since 1795 are
clearly related to the occurrence of fire (Figure 5). The two
sharp and rapid growth releases on the trees that survived
both fires, one beginning in 1878 and the other in 1945,
follow the fires dated in 1876 and 1943 and are probably
the result of reduced competition among the survivors, fol-
lowing the fire-caused mortality of many trees. Growth
patterns from the remaining three stands do not show
increases in growth that may be associated with fires, and
are therefore not shown.

Discussion

The presence of trees with fire scars in stands A, B, and
D (with 84% of the living trees showing fire scars in stand
B). as well as the abundance of charred trees and charcoal
on the forest floor suggests that fire has been a major distur-
bance in the Fitzrova forests in the Cordillera Pelada. Fire
has occurred repeatedly in the area, with the earliest dated
fire occorring in 1397 and the most recent in 1943, It should
be noted that due to the declining number of fire-scarred
stumps of trees that lived prior to ca. 1750, the number of



4qa)

g

% 3

0 5 | 1876 1943

=

$ 14 l \'f""“»\-

& k]
I] T T 1 L] ] T T T T T 1 T T T T I L 1 T

g 20 b)

215 —_—

El'|:f

c 104"

2

E 57

i
ﬂ T T 1 L) L] 1] T T L) L] 1] T T T T T L] T T
WU WS W W W W WG W W W W W W W W W W e
SEFEREE LR RS2 Y

Year

Fioure 5. {a) Tree-ring chronology for stand B using a horizontal stan-
dardization. Tree-ring indices provide a non-dimensional value that repre-
sents growth patterns. Meuan series inmtercorrelation from COFECHA
{Holmes, 1983) is 1457, Arrows indicate the occurrence of fires, (b}
MNumber of radii in the tree-ring chronology.

fires occurring during this period is probably underestimat-
ed. Similarly, since only one stump covers the post-1953
period, and all samples came from dead trees, fires occur-
ring after this date would not have been recorded. Reliable
fire records from the area that could provide information for
recent decades are not available. The recurrence of fire in
the area and its potential role in forest dynamics is reflected
by fire intervals of 67 and 137 years in stand B, and 104,
107, and 147 years for Piedra del Indio. These intervals take
into account only those fires that could be precisely dated
(Figure 3), and given the small number of samples, should
be considered only as rough estimates.

Age class structures for stands A, B, and C indicate sin-
gle-cohort, even-aged stands that originated after stand-dev-
astating fires. This post-fire origin is especially clear in
stand B, where the pith dates of the trees that were part of
the main cohort indicate that they became established after
the 1739 fire recorded on one tree (Figure 3). The even-
aged character of the stands A, B, and C, (which are clearly
dominated by a single cohort of Firzrova, with a2 maximum
age of 296 years) contrasts with the uneven-aged structure
of stand D, a mixed-species, old-growth stand where
Firzrova represents 519 of the living basal area (sharing its
dominance with N. betulpides) and has 4 maximum age of
959 years. In this stand the uneven-aged structure of
Fitzroya and Pilgerodendron is probably due to slow or
sporadic regeneration under a semi-open canopy and
reduced competition in a poorly-drained site.

In general, Fitzroya seedling frequencies and sapling
densities indicate that recruitment takes place in open
stands that have been more recently disturbed by stand-
devastating fires (stand A for example). Although there is a
trend toward reduced Fitzrova recruitment in older stands,
as the canopy closes and competition by other species
increases, there are some variations to this pattern, and the
interpretations are limited by the fact that no seedling or
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sapling ages were determined. In particular, under the
semi-open canopy of stand B, which was affected by fires
in 1739, 1876, and 1943, we would have expected a higher
density of Firzroya saplings and young trees established
following the last two fires. It is not clear why they are not
present at this site, where other relatively shade-intolerant
species such as Weinmannia trichosperma, Lomatia ferrug-
inea, and N. betuloides are present as saplings. The pres-
ence of Fitzroya saplings in the old-growth stand D might
be related to poor drainage and reduced competition under
a semi-open canopy.

As predicted, we found growth releases that immediately
followed dated fires, indicating that individual Fitzroyva
trees can survive fire, taking advantage of the reduced com-
petition and increase in resources that typically follow fires.
Veblen & Ashton (1982) also report that Firzroya is capable
of surviving low-intensity fires, yet seems unable to survive
high-intensity fires,

In the Chilean Andes, Firzroya establishment occurs
after landslides, volcanic ash deposition, and lava flows;
however, adequate regeneration does not occur after
human-set fires or timber exploitation (Veblen, Delmastro
& Schlatter, 1976; Lara, 1991; Veblen ef al., 1995). The
results from this study and those of Veblen & Ashton
(1982) indicate that Fitzrova regeneration in Cordillera
Pelada can follow stand-devastating fire, provided that the
fire is not high-intensity, and that there is a nearby coloniz-
ing source that provides either seeds or sucker sprouts.
Thus, Firzrava forests of the Cordillera Pelada, and proba-
bly of other areas in the Coastal Range differ from those of
the Chilean Andes in both their disturbance regime and
their ability to regenerate following fire. Differences in
Fitzroya forest responses to fire between both areas suggest
reduced competition from other species under lower soil
nutrient availability of the Cordillera Pelada compared to
the Chilean Andes, but this interpretation needs to be
investigated,

The dated fires reported here indicate that some fires
occurred prior to the European settlement of the Chilean
Lake District which began ca. 1750, despite the fact that the
city of Valdivia (80 km from our study site) was funded in
1547. It was not until ca. 1850 that extensive settlement
took place in the Central Depression, which led to massive
burning and exploitation of alerce forests (Elizalde, 1970:
Wilhelm, 1968). In the pre-European settlement period (i.e.,
prior to ca. 1750), fircs may have been started both by the
native Huilliches, who traveled through the Cordillera
Pelada, as well as by lightning that occasionally occurs dur-
ing spring and summer storms. Both sources of iznition
have also been mentioned for this period in Cordillera
Pelada by Lusk (1996) who points out the difficulties in dis-
tinguishing them. The occurrence of extensive fires in the
wet climate that characterizes Fitzrova forests of the
Cordillera Pelada can be explained by the Mediterranean
influence that brings summer drought as far south as lati-
tude 42° s in Chile, and by the flammability of Fitzrova
(Lusk, 1996). Moreover, the dense understory dominated by
Chusquea nigricans and by mats of epiphytes and
bryophytes becomes very dry and prone to fire during
episodic summer drought,
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Evidence from historical documents of fire ignition by
native American hunters in northern Patagonia, Argentina,
during pre-European Settlement {i.e., prior to ca. 1890-
1900) has been presented by various authors (Veblen &
Lorenz. 1988; Veblen & Markgraf, 1988; Markgral &
Anderson, 1994}, Studies based on fire chronologies devel-
oped from Austrocedrus chilensis in northern Patagonia,
Argentina, beginning in 1439 AD, demonstrated that
changes in fire regimes are the result of both climate vari-
ability and changes in human activities (Kitzberger &
Veblen, 1997; Kitzberger, Veblen & Villalba, 1997),

Our results show that repeated fires have played a
major role in the dynamics of Fitzrova forests in Cordillera
Pelada, at least during the last 600 years, and that fire is the
main cauwse for widespread Fitzrova mortality in this area.
These results corroborate those of Yeblen & Ashton (1982)
who implicate intense fire as the cause of Firgroya mortality
in this area, and those of Lusk (1996) who reports that fire
has been the main disturbance that has shaped the present
structure of Fitzrova stands in Cordillera Pelada. These
findings do not seem consistent with Heusser’s {1982)
claims that Fitzroya mortality and decline are mainly due to
a reduction in precipitation since 3000 BP. Nevertheless,
further research is needed to better understand the influence
of climatic fluctuations on the fire regimes and on the
dynamics of Fitzroya forests throughout its range,
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