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ABSTRACT

In forest ecosystems where infrequent, severe fires have been an important process in
shaping ecosystem structure, understanding the effects of introduced livestock on post-fire
recovery of the vegetation is essential for effective forest resource management and pres-
ervation. In Nahuel Huapi National Park in northwestern Patagonia, we studied the effects
of livestock on the post-fire recovery of a Nothofagus dombeyi-Austrocedrus chilensis forest
that was burned in 1999. We experimentally excluded cattle by fencing plots and compared
the vegetation characteristics of fenced and unfenced control plots over a 5-year period.
Although cattle did not significantly reduce total plant cover or total species richness, they
did reduce maximum heights of woody species including the dominant tree species.
Chusquea culeou, a tall understory bamboo, can impede establishment and height growth
of the dominant tree species. Although C. culeou accounts for the largest percentage of cat-
tle diet, its mean cover and mean maximum height were not strongly affected by cattle.
The reduction in the height growth of seedlings of N. dombeyi and Austrocedrus in the
unfenced areas implies that presence of cattle in the recently burned areas may contribute
to a post-fire transition from tall forest to bamboo-dominated shrubland that is already
widespread in this landscape. Thus, these results provide support for the fencing of
recently burned Nothofagus and Austrocedrus forests in the national parks for periods long
enough to allow the dominant tree species to grow to heights at which they are no longer
severely inhibited by cattle browsing.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

centuries (Attiwill, 1994; Perera and Buse, 2004). It is widely
recognized that in many temperate forests, severe fires occur-

A major challenge in community ecology is improved under-
standing of species interactions in the context of fluctuating
environmental conditions created by large, severe distur-
bances (Agrawal et al., 2007). In many ecosystems infrequent,
broad-scale natural disturbances are important in driving
ecological processes and patterns that persist for decades or

ring at intervals of many decades or centuries are key natural
disturbances that trigger massive tree establishment and al-
low the development of long-lasting ecological structure.
However, in widespread areas of temperate forests in the
southern Andes of Argentina and Chile, the introduced large
herbivores (livestock and deer) have potentially altered the
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early phases of plant community responses to wildfire in for-
ested habitats (Ramirez et al., 1981; Veblen et al.,, 1989;
Raffaele and Veblen, 2001). Although infrequent, severe fires
may be an inherent process consistent with preservation of
many native forest ecosystems, the effects of introduced ani-
mals on post-fire recovery patterns are often uncertain. Thus,
where land management goals include preservation or resto-
ration of native forest structures and processes, knowledge of
how introduced animals may alter community response to
infrequent, severe fires is critical.

In most terrestrial habitats worldwide, fire and large herbi-
vores are major influences on the composition and structure
of vegetation through their roles as consumers of plant mate-
rial. Fire as an abiotic consumer and herbivores (e.g. large
mammals) as biotic consumers may create negative feed-
backs between these two disturbance types and/or may result
in synergistic and more extreme influences on vegetation
composition and structure (Bond, 2005). However, the nature
of the interactions between these disturbance types and their
consequences for plant community composition and struc-
ture are highly context specific (Bond, 2005; Agrawal et al.,
2007).

In northwestern Patagonia (Argentina), two of the most
important disturbances are fire (Kitzberger and Veblen, 1999;
Veblen et al.,, 2003; Alauzis et al., 2004) and herbivory by large
introduced mammals, such as livestock and red deer (Martin
et al., 1985; Veblen et al., 1989, 1992a,b; De Pietri, 1995; Relva
and Veblen, 1998, 2001; Vazquez, 2002). Fire, both natural
and human-set, historically has played a major role in creat-
ing landscape patterns in northwestern Patagonia along the
gradient from dry steppe to wet Andean rain forests (Veblen
et al., 2003). The relative importance of fires set by Native
Americans prior to European settlement in the late 19th cen-
tury versus fires ignited by lightning, as well as the effects of
fire exclusion during the 20th century, is highly variable
according to ecosystem type and location along the gradient
from steppe to Andean rainforests (Kitzberger et al., 1997;
Veblen et al., 1999, 2003; Kitzberger and Veblen, 2003). The
focus of the current study is on the Nothofagus dombeyi-
Austrocedrus chilensis mixed forest type which occupies an
intermediate position along the precipitation gradient from
xeric Patagonian plains to the wet Andean cordillera. Most
stands of N. dombeyi-A. chilensis originated after widespread
fires during the 19th and early 20th centuries ignited either
by humans or lightning and associated with exceptional
drought (Kitzberger and Veblen, 2003; Veblen et al., 2003).
However, following establishment of infrastructure for sup-
pressing fires in the 1940s, the extent of burning in this forest
type has been relatively small compared to the extent over
the previous 150 years (Veblen et al., 2003).

Overlapping with the reduction of fire occurrence in these
forests in the second half of the 20th century has been a ma-
jor change in the use of the N. dombeyi-A. chilensis forest type
by large mammalian herbivores. Native large mammals in
this region include the guanaco (Lama guanicoe) and the hue-
mul deer (Hippocamelus bisulcus) both of which are believed to
have preferred open habitats of the steppe or the alpine tim-
berline (Povilitis, 1978; Caviares and Fajardo, 2005) over dense
forests of N. dombeyi and Austrocedrus. Among native ungu-
lates, the miniature pudu deer (Pudu pudu) occurred in dense

forests; however, it is not believed to have been abundant and
probably did not have a major influence on forest structure
(Vazquez, 2002). Thus, the introduction of cattle and several
species of Eurasian deer (Cervus elaphus, Dama dama and Axis
axis) and their abundance in dense forests, at least locally, is a
major departure from the conditions under which the
N. dombeyi and A. chilensis-dominated forests originated. Cat-
tle were present in the steppe of northwestern Patagonia as
early as the late 18th century, but were not abundant in for-
ested areas until the phase of intensive European settlement
and forest burning of the late 19th and early 20th century
(Veblen and Lorenz, 1988). Eurasian deer were introduced as
early as 1917 to create a game resource and by the 1940s they
were abundant in some areas (Daciuk, 1978; Ramilo, 1985). A
survey of the large area of Nahuel Huapi National Park
(706,000 ha approximately) in northwestern Patagonia esti-
mated that about 56% of the park’s terrestrial surface is
affected by cattle to some degree (Lauria Sorge and Romero,
1999). Studies conducted mostly during the 1980s and early
1990s have shown that cattle and cervids have greatly af-
fected the vegetation of the northern Patagonia landscape,
including Nothofagus and Austrocedrus forests (Martin et al.,
1985; Veblen et al., 1989, 1992b; Relva and Veblen, 1998). This
research has shown that heavy cattle pressure may locally
impede or dwarf the regeneration of some arboreal species,
shift dominance toward spiny shrubs, favor the abundance
of introduced plants, and under some circumstances may
shift community structure from tall forests to shrublands
(Veblen et al., 1992b, 2003; Relva and Veblen, 1998; Kitzberger
et al., 2005). Most studies have examined deer and livestock
impacts on mature plant communities with relatively few
studies focusing on the earliest and probably most critical
stages of vegetation recovery following fire (but see Raffaele
and Veblen, 2001).

The widespread occurrence of fires during the extreme
drought of the late 1990s in forests in northwestern Patagonia
(Administracién de Parques Nacionales, 1999) provided a rare
opportunity to examine the effects of introduced animals on
patterns of early post-fire regeneration in the N. dombeyi-A.
chilensis forest type. Our research presents the first experi-
mental results on livestock browsing on early post-fire recov-
ery in this forest type in northwestern Patagonia. Over a
5-year period, we studied the effects of cattle on post-fire veg-
etation by monitoring exclosures and control plots in a
N. dombeyi and Austrocedrus mixed forest, situated in Nahuel
Huapi National Park. The objective of this study is to
determine how introduced cattle affect, directly and
indirectly, the processes of early post-fire regeneration in a
N. dombeyi-Austrocedrus mixed forest. Because both dominant
tree species are obligate seeders that lack the ability to re-
sprout vegetatively (Kitzberger and Veblen, 1999; Veblen
et al., 2003), the post-fire recovery of this forest type may be
particularly vulnerable to the effects of introduced cattle.

2. Methods
2.1.  Study area

The study was conducted in a N. dombeyi-A. chilensis forest,
located on the eastern side of Lago Espejo, in Nahuel Huapi
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National Park, Argentina (40°38’S, 71°42'W; c. 850 m above sea
level). Physiographically, this area is subdivided from west to
east into the main Andean Cordillera, the precordillera foot-
hills and glacial lakes, and the Patagonian plains. Pleistocene
glaciers at this latitude retreated 12,000-13,000 years B.P.
(Markgraf, 1983). Soils throughout the region are derived from
volcanic ash, and in the area studied there are fine sandy
loams that are at least 80 cm deep. At this latitude, mean an-
nual precipitation declines steeply from west to east, from
over 4000 mm in the Andes to <1000 mm in the Patagonian
steppe (Barros et al., 1983). Along this precipitation gradient,
mixed evergreen forests co-dominated by the angiosperm N.
dombeyi and the conifer A. chilensis (mean annual precipita-
tion c. 1500-2200 mm) occur at the elevation of the lakes
and plains (i.e. at c. 800-850 m).

At the site studied, mean annual precipitation interpolated
from nearby climate stations is approximately 2000 mm
(Barros et al., 1983); it occurs mainly during autumn and win-
ter months, and summer precipitation is scarce. Mean
monthly temperatures range between 2.81°C in July and
15.15°C in January (mean, 1996-2006; Bariloche Aerodrome
Station, unpublished data).

The unburned forest at our study site is dominated by N.
dombeyi and A. chilensis reaching heights of 40 and 35m,
respectively. Dominant individuals of both species are
1-1.2 m diameter-at-breast height (dbh), and probably origi-
nated after the same severe fire in the early part of the 19th
century that originated nearby stands (Veblen, 1989). The
understory of the unburned forest is dominated by the
3-6 m tall bamboo Chusquea culeou. Other common species
include the shrubs Azara lanceolata, Desfontainia spinosa and
Berberis spp., and a great number of forb species. In the
burned area, the shrubs Aristotelia chilensis and Ribes magellan-
icum, and the semi-woody climber Vicia nigricans are also
abundant (Blackhall, 2006). Plant nomenclature follows Cor-
rea (1969-1984).

In January 1999, approximately 9 ha of this N. dombeyi-
Austrocedrus forest was affected by an intense wildfire that
killed all trees within the burned area (Administracién de Par-
ques Nacionales, 1999). Due to the proximity of the fire to a
road, it was quickly suppressed before it could spread further.
In this area, cattle are allowed to range freely over extensive
areas, and based on our previous observations cattle have
long been present at the site of the current study (Veblen
et al., 1992b; Lauria Sorge and Romero, 1999).

2.2. Field sampling

In March 2002, eight 25 m x 25 m permanent plots were in-
stalled in the burned site to monitor post-fire vegetation
changes. The eight plots were located in an area of homoge-
neous burn severity within the N. dombeyi-Austrocedrus forest.
Four plots were randomly selected for fencing, while the oth-
ers were left unfenced as control plots. The barbed-wire
fences exclude cattle which is the principal large herbivore
in the area. The fences do not exclude small herbivores
including native rodents and introduced hare (Lepus
europaeus). Although some feces of the introduced hare were
observed at the study site, they were relatively uncommon
in comparison with areas of non-forested vegetation (in the

field, cattle and hare bite can easily be distinguished: cattle
uproot the vegetal tissues, while hare cut the tissues, leaving
bevel shaped apexes). The other introduced large herbivore
that is common in some parts of Nahuel Huapi National Park
is the red deer (C. elaphus), which was not present at the site
studied.

In each plot a grid was used to systematically locate 20 per-
manent subplots of 2m? each for recording vegetation
parameters over 5 years in late summer (March, 2002-2006).
Data recorded in each subplot were percent cover of all vascu-
lar plant species and maximum heights of all woody and
climber species. In 2004-2006, the numbers of short tree seed-
lings (<5 cm tall, including the cotyledon stage), tall tree seed-
lings (5-200 cm tall), and tree saplings (>200 cm tall but <5 cm
dbh) were also counted in each subplot. Seedlings in the cot-
yledon stage were only abundant during 2006. In each sub-
plot, the degree of browsing by cattle was estimated by
observing the number of browsed branches on each woody
and climber species and by assigning a browse rating of 3
(heavy, most of the branches browsed), 2 (moderate, more
than two branches browsed), 1 (light, one or two branches
browsed) or 0 (none, no evidence of browsing) (following Rose
and Burrows, 1985).

2.3. Data analyses

Dependent variables analyzed were mean cover (%) of all vas-
cular plants; mean maximum height (cm) of all woody and
climber species; mean maximum height (cm) of common
woody and climber species; and mean species richness. For
some analyses (e.g. comparison of mean cover), plants were
grouped into four life-form groups: forbs, graminoids, woody
species (including the bamboo C. culeou) and semi-woody
climbers. To assess tree regeneration we considered mean
covers, mean maximum heights and mean number of sap-
lings and seedlings per plot for the two dominant arboreal
species: N. dombeyi and Austrocedrus.

The combined effects of treatments (fenced and unfenced)
and time (year, 2002-2006) were analyzed using repeated-
measures ANOVA (Gurevitch and Chester, 1986). This test
determines if differences between treatments in trends over
time in the response variables are statistically significant.
For selected variables, one way ANOVAs were performed for
identifying statistically significant differences within the
same year. Mean cover and mean maximum height of six
common woody and climber species were evaluated, includ-
ing C. culeou, V. nigricans, Aristotelia chilensis, Berberis darwinii,
R. magellanicum and Buddleja globosa. Repeated-measures AN-
OVAs could only be performed for the most abundant species
(present in almost all plots). An alternative analysis was used
for species that despite their importance in the understory
were not very frequent. For these less ubiquitous species,
bootstrapped 95% and 99% confidence intervals of the mean
differences between treatments (fenced and unfenced) were
computed (Manly, 1997). All bootstrapped confidence inter-
vals were estimated from 1000 to 5000 Monte Carlo simula-
tions (i.e. 95% and 99% confidence intervals, respectively;
Manly, 1997).

Due to low numbers of tree seedlings and saplings, boot-
strapped 95% and 99% confidence intervals of the differences
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between treatment means (Manly, 1997) were computed to
evaluate mean values of cover, maximum height and seed-
lings, and saplings number of both tree species (N. dombeyi
and Austrocedrus). Means of fenced and unfenced plots were
compared for each year (2002-2006). The combined effect of
cattle and the indirect effect of the bamboo C. culeou on the
mean number of seedlings and saplings of N. dombeyi in
2006 were tested by using C. culeou mean cover (%) as a covari-
able (Sokal and Rohlf, 1981). These ANCOVA were performed
at the scale of the 2 m? subplots and compared with fenced
and unfenced treatments (n = 160). ANCOVAs were performed
at a different scale because the aim was to evaluate what was
occurring with the establishment of cotyledons and seedlings
of the tree species at the scale of microsite (subplot), and not
at the scale of stand (plot; as the other variables under study).
Cotyledons and seedlings of N. dombeyi occur in a patchy dis-
tribution and not in a homogeneous way, so, ecologically,
cotyledons were studied at microsite scale, and for this pur-
pose the cover of C. culeou was analyzed as a descriptor of
the microsite conditions. Statistically, the experimental unit
was changed because the sampling scale changed. A
square-root transformation was applied to densities of seed-
lings and saplings (Sokal and Rohlf, 1981) to improve homoge-
neity of variance. N. dombeyi seedlings in the cotyledon stage
were abundant in only a single year (2006), and consequently
they were analyzed separately from category “short seed-
lings.” ANCOVA was not performed for Austrocedrus due to
the small numbers of seedlings and saplings of this species.
Normality of residuals of all variables was evaluated using
Shapiro-Wilk’s test (Shapiro and Wilk, 1965), and homogene-
ity of variances was analyzed with Levene’s test (Sokal and
Rohlf, 1981).

Browsing rates were used to compute the following indices
(Rose and Burrows, 1985; Veblen et al., 1989, 1992b):

1. Browse index (BI): estimate of the total amount of brows-
ing on a species in the area sampled. BI=)(browse
ratings).

2. Percentage total browse (%TB): amount of browsing on a
species as a proportion of total browsing on all species in
the area sampled. %TB = 100 BI/Y_(BI of all species).

3. Browse pressure index (BPI): measure of the degree of
browsing on a species in relation to the abundance of that
species. BPI = Bl/n, where n is the number of plots in which
a species is present.

4. Mean browse index (MBI): summary statistic indicating the
intensity of browsing on all species in the area sampled.
MBI = Y (BI for all species)/N, where N is the total number
of plots in the area.

3. Results
3.1.  Cattle effects on post-fire community structure

In 2002, 3 years after the fire, mean cover of all vascular plants
was 32.7% + 3.9 SE in unfenced plots and 31.4% + 1.2 SE in
fenced plots (Table 1). By 2006, 7 years after the fire, plant
cover reached 123.6% + 6.2 SE and 126% + 3.8 SE in unfenced

and fenced plots, respectively. Cattle did not significantly af-
fect mean cover of all vascular plants over time (Cat-
tle x Time: F4 94 = 1.40, p = 0.26).

Among the four life-form classes, forbs and woody species
accounted for most of the plant cover during the 5 years of the
experiment (2002-2006). Mean cover of forbs in 2002 was
13.2% +2.3 SE and 16.6% + 1.0 SE in unfenced and fenced
plots, respectively; in 2006 these values reached 37.6% + 1.9
SE and 36.4% + 2.3 SE (Table 1). Mean cover of all woody spe-
cies at the beginning of the experiment was similar to forbs:
16.7% + 1.1 SE in unfenced plots and 11.7% + 0.9 SE in fenced
plots (Table 1). However, mean cover of woody species in
2006 was higher than forbs percentages: 57.7% + 2.8 SE in un-
fenced plots and 56.6% + 4.1 SE in fenced plots. Cattle did not
significantly affect the mean cover of any life-form group over
the full period of the experiment (Cx T, forbs: F4,4=1.04,
p=0.40; graminoids: F4,,=2.06, p=0.12; woody species:
F424=1.04, p=0.41; climber species: F454=2.31, p=0.09).
Nevertheless, mean cover of climber species in 2004 was
significantly higher in fenced plots than in unfenced ones
(C: F1,6=10.02, p =0.019). Also during 2004 the highest cattle
impact was recorded.

Cattle did not significantly affect the mean number of spe-
cies over the time of the experiment (2002-2006; CxT:
F404=1.66, p=0.19). Richness values ranged from 21.5+2.5
SE species 2m~2 and 21.2 + 0.3 SE species 2 m~2 in unfenced
and fenced plots, respectively, in 2002 to 32.5 + 1.3 SE species
2m~? and 27.3 + 2.7 SE species 2 m~? in unfenced and fenced
plots, respectively, in 2006 (Table 2). In 2006, the majority of
the species recorded were forbs (17.0 +2.2 SE species 2 m~2
in unfenced plots and 14.5 + 1.2 SE species 2m~? in fenced
plots) and woody species (7.5 + 0.3 SE species 2m 2
fenced plots and 7.0+ 1.5 SE species 2m ™2 in fenced plots)
(Table 2). Cattle did not significantly affect mean richness of
life-form groups over time (Cx T, forbs: F4,4=1.07, p=0.39;
graminoids: F404=1.81, p=0.16; woody species: F44=0.09,
p =0.98; climber species: F4 4 = 0.27, p = 0.84).

in un-

3.2.  Cattle effects on woody and climber species post-fire
regeneration

Cattle significantly affected the mean maximum height of all
woody and climber species as shown by the greater mean
heights in fenced plots in the year 2006 (C: Fi6=28.22,
p=0.03) and the trend over the period of the experiment
(CXT: Fap4=5.34, p=0.003; Fig. 1). In contrast, at the begin-
ning of the experiment, in 2002, there were almost no differ-
ences in mean maximum heights of woody and climber
species between unfenced and fenced plots (4.4% more height
in fenced than in unfenced plots; C: F;=0.07, p =0.80). In
2004, the year of the greatest cattle impact, the mean maxi-
mum heights in fenced plots were almost twofold greater
than the mean maximum height in unfenced plots (73.2%
higher in fenced than in unfenced plots; C: F;¢=11.91,
p=0.01).

Among woody and climber species, the only species suffi-
ciently abundant to allow analyses of trends over time in
mean cover and height using repeated-measures ANOVAs
were C. culeou, V. nigricans and Aristotelia chilensis. Other spe-
cies were not abundant or in some cases were not present
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Table 1 - Mean total cover (%) and by life-form class (forbs, graminoids, woody and climber species) + 1 SE, in unfenced and

fenced plots, from 2002 to 2006

Cover Treatment 2002 2003 2004 2005 2006
Mean +SE Mean +SE Mean +SE Mean +SE Mean +SE
Mean total cover Unfenced 32.70 3.94 108.36 14.32 85.85 9.47 97.84 15.11 123.59 6.24
Fenced 31.37 1.26 106.93 6.56 124.64 14.36 105.98 19.43 125.97 3.86
Life-form:
Forbs Unfenced 13.23 2.29 44.66 7.47 25.74 4.64 29.42 6.50 37.63 1.96
Fenced 16.65 1.01 42.56 1.91 40.15 6.50 34.23 6.63 36.42 2.27
Graminoids Unfenced 0.29 0.15 14.60 2.95 11.71 1.17 15.77 3.03 14.46 1.56
Fenced 1.29 0.37 25.40 5.85 23.96 7.16 15.22 6.02 13.92 5.46
Woody species Unfenced 16.71 1.13 38.97 3.46 44.02 2.45 4391 5.64 57.69 2.76
Fenced 11.66 0.93 28.90 4.00 46.65 3.89 41.80 5.67 56.55 4.11
Climber species Unfenced 2.46 1.45 10.13 5.05 4.38 2.38 7.75 3.32 13.82 4.70
Fenced 1.78 0.00 10.06 1.37 13.88 1.83 14.73 3.74 19.07 3.69

Table 2 - Mean total species richness (2 m2) and by life-form class (forbs, graminoids, woody and climber species) + 1 SE,

in unfenced and fenced plots, from 2002 to 2006

Richness (2 m_2) Treatment 2002 2003 2004 2005 2006
Mean +SE Mean +SE Mean +SE Mean +SE Mean +SE
Mean total richness Unfenced 21.50 2.53 27.25 2.75 25.25 2.69 26.50 3.50 32.50 1.32
Fenced 24.25 0.25 26.00 1.22 26.75 2.25 25.50 1.04 27.25 2.56
Life-form:
Forbs Unfenced 9.75 1.49 15.50 2.66 13.25 2.78 14.75 2.02 17.00 2.16
Fenced 12.50 1.26 14.50 1.55 13.75 1.25 13.50 0.29 14.50 1.19
Graminoids Unfenced 3.75 0.48 4.00 0.58 4.00 0.00 4.00 1.22 7.00 0.82
Fenced 3.50 0.50 3.75 0.25 4.50 0.87 4.25 0.63 4.75 0.63
Woody species Unfenced 7.00 0.82 6.75 0.48 7.00 0.71 6.75 0.48 7.50 0.29
Fenced 6.75 1.11 6.50 0.96 7.00 1.29 6.25 1.25 7.00 1.47
Climber species Unfenced 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
Fenced 1.50 0.29 1.25 0.25 1.50 0.29 1.50 0.29 1.00 0.00

in all plots. Cattle did not significantly affect the mean
covers of C. culeou, V. nigricans or Aristotelia chilensis over the
time from 2002 to 2006 (Cx T, C. culeou: F4,4=0.81, p=0.53;
V. nigricans: Fsp4=2.39, p=0.08; Aristotelia chilensis: F4,4=
1.81, p =0.16). However, in 2004 and 2005 the mean cover of
V. nigricans was higher in fenced plots than in unfenced ones
(p < 0.01). A similar situation occurred for R. magellanicum, the
mean cover of which in 2004 and in 2006 was higher in fenced
plots than in the unfenced plots (p < 0.05). For the other spe-
cies (Aristotelia chilensis, C. culeou, B. darwinii and B. globosa),
differences in mean cover between treatments were not ob-
served for any year (2002-2006).

The mean maximum height of C. culeou was higher in
fenced than in unfenced plots in 2004-2006 (p < 0.05; Fig. 1),
but significant differences between treatments were not evi-
dent for the full period of the experiment (Cx T: Fy 4 = 1.44,
p=0.25). Cattle significantly affected the mean maximum
heights at the end of the experiment of V. nigricans and
Aristotelia chilensis (V. nigricans: C: Fj,4=12.27, p=0.012;
Aristotelia chilensis: C: F;54=13.68, p=0.01) and over time

(V. nigricans: CxT: Fs54=5.05, p=0.004; Aristotelia chilensis:
CxT: Fa4 =6.84, p=0.0008; Fig. 1). Particularly in 2004, 2005
and 2006, the mean maximum height was higher in fenced
than in unfenced plots (p < 0.01) for both species and also in
2003 for V. nigricans (p < 0.05). In 2004, the year of the highest
cattle impact, the mean maximum height of Aristotelia chilen-
sis in fenced plots was almost threefold greater than that in
unfenced plots (176% higher in fenced than in unfenced plots;
Fig. 1). Similarly, in the same year, the mean maximum height
measured on V. nigricans was more than twofold greater in
fenced plots than in unfenced ones (132% higher in fenced
than in unfenced plots; Fig. 1). The mean maximum height
of B. globosa was significantly greater in fenced plots from
2003 to 2006 (2003: p < 0.05; 2004-2006: p < 0.01; Fig. 1) than
in unfenced plots. Overall, the mean maximum height of B.
globosa and Aristotelia chilensis was the most affected by cattle
among the woody species.

Cattle did not significantly affect the mean maximum
heights of the broad-leaved shrub R. magellanicum or of the
spiny shrub B. darwinii (2002-2006: p < 0.05; Fig. 1). Few R.
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Fig. 1 - Mean maximum height (cm) = 1 SE of all woody and
climber species, and the six most common woody and
climber species in unfenced and fenced plots over time
(2002-2006).

magellanicum saplings were found in unfenced plots, and
most of them were located in almost inaccessible sites for
cattle (mostly between deadwood forming natural refugia).

3.3. Cattle effects on regeneration of tree and bamboo
species

Mean cover of N. dombeyi was not influenced by cattle over the
period from 2002 to 2006 (C x T: F4 24 = 0.87, p = 0.49), but a sig-
nificant difference in mean cover was detected in 2003
(p < 0.05), 2005 (p < 0.05) and in 2006 (p < 0.01). In these 3 years,
mean cover was unexpectedly higher in unfenced than in
fenced plots (Fig. 2a). In contrast, mean maximum height of
N. dombeyi was lower in unfenced plots when the full experi-
mental period was considered (CxT: Fy04=6.8, p=0.0008;
Fig. 2b). Individual years for which the mean maximum
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(/m?) £ 1 SE of Austrocedrus and N. dombeyi in unfenced and
fenced plots over time (2002-2006).

height of N. dombeyi was higher in fenced than in unfenced
plots included 2004-2006 (p < 0.01).

The mean number of seedlings and saplings of N. dombeyi
was also affected by cattle (C: Fy,12=6.95, p =0.04) and over
time (CxT: Fp1=10.43, p=0.002; Fig. 2c). Each year (2004-
2006), the mean number of seedlings and saplings was greater
in unfenced than in fenced plots (p < 0.01). In 2006, on aver-
age, 8.8 saplings and seedlings/m? in unfenced plots and 2.1
saplings and seedlings/m? in fenced plots were recorded.
However, more than 70% of these seedlings and saplings were
cotyledon seedlings, recording 7.7/m? and 1.5/m? cotyledons
in unfenced and fenced plots, respectively. This increment
of seedlings in the last year indicates a new N. dombeyi seed-
ling bank.

In general, mean cover, mean maximum height and mean
number of seedlings and saplings were considerably greater
for N. dombeyi than for Austrocedrus (Fig. 2). Abundance and
cover parameters for Austrocedrus were not analyzed with re-
peated-measures ANOVAs because this species was not pres-
ent in all plots. However, bootstrapped analysis showed that
the mean cover of Austrocedrus was significantly greater in un-
fenced than in fenced plots from 2003 to 2005 (2003 and 2005:
p < 0.01; 2004: p < 0.05; Fig. 2a). Cattle significantly affected the
mean maximum height of Austrocedrus; from 2004 to 2006 the



BIOLOGICAL CONSERVATION I41I (2008) 2251-2261

2257

mean maximum height was greater in fenced than in un-
fenced plots (p < 0.01; Fig. 2b). In 2005, the mean maximum
height of seedlings and saplings in fenced plots was twofold
greater than that in unfenced plots (100.7% higher in fenced
than in unfenced plots). And finally, from 2004 to 2006, the
mean number of seedlings and saplings of Austrocedrus was
higher in unfenced than in fenced plots (p < 0.05; Fig. 2c). In
2006, on average, 0.4 saplings and seedlings/m? in unfenced
plots and 0.2 saplings and seedlings/m? in fenced plots were
recorded.

There is a negative relationship between the density of N.
dombeyi juveniles and the cover of bamboo (C. culeou) as
shown by linear regression. In 2006, a significant negative
regression (F; 157 =16.82, p =0.00006) of the bamboo mean
cover (X) on the number of N. dombeyi seedlings and saplings
(Y), at the scale of 2 m? subplots, was recorded (Fig. 3a). AN-
COVA results evidenced a significant effect of cattle on the
number of seedlings and saplings of N. dombeyi corrected
for the effect of C. culeou mean cover, as a covariable
(F1,157 =8.59, p=0.004). These results also showed a higher
number of N. dombeyi seedlings and saplings in unfenced
than in fenced plots (Fig. 3a). On the other hand, in 2006
the number of cotyledons of N. dombeyi was significantly af-
fected by the interaction of herbivory and C. culeou mean
cover (CxC. culeou mean cover: Fjq56=4.15 p=0.043;
Fig. 3b). At a low mean cover of C. culeou, the number of coty-
ledons was higher in unfenced than in fenced plots; while at
a high mean cover of C. culeou, the number of cotyledons
was fewer, and similar in both types of treatments. Given
that the relationship between 2006 cotyledons of N. dombeyi
and mean cover of C. culeou in fenced and unfenced plots
was not parallel (test of homogeneity of slopes model; Mead,
1994), it was not possible to evaluate the covariable-cor-
rected main effects of herbivory.

3.4.  Browsing patterns

The highest cattle impact was recorded for 2004 (mean browse
index (MBI) = 4.7; Table 3). The species that provided the larg-
est percentages of the diet of browsing animals were C. culeou,
N. dombeyi, Aristotelia chilensis, V. nigricans and Austrocedrus
(Table 3). Despite the fact that C. culeou was the main woody
food species in the study area (mean percentage of total
browse (%TB) for the 3 years = 30.1), it was not the most heav-
ily browsed species in relation to its availability; moreover, its
large %TB was directly related to its great percentage.

On the other hand, the two tree species, N. dombeyi and
Austrocedrus, were moderately to heavily browsed in relation
to their abundance. Although these species did not have high
cover values, they accounted for high percentages of TB (Table
3). Aristotelia chilensis was the species that presented the high-
est %TB in relation to its cover. Together with R. magellanicum,
browse pressure indexes (BPI) of Aristotelia chilensis were the
highest. BPI of Aristotelia chilensis remained similar over the
period from 2004 to 2006 in contrast to the declining pattern
for other species as shown by the lower MBI in 2006. Other
species such as B. darwinii and Solanum brevidens showed light
or no evidence of browsing, especially after the MBI
decreased.
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Fig. 3 - Plots of (a) numbers of seedlings and saplings
(excluding cotyledons) versus mean cover of C. culeou in
2006 and (b) numbers of cotyledons of N. dombeyi in 2006
versus mean cover of C. culeou. Regression lines are shown
for fenced (solid circles/dashed line) and unfenced (empty
circles/solid line) micro-plots.

4. Discussion
4.1.  Cattle effects on post-fire community structure

Experimental exclosure of cattle from 2002 to 2006 revealed
that in general, following the burning of this N. dombeyi-
Austrocedrus forest in 1999, heights of shrubs and juveniles
of the dominant tree species were significantly affected by
livestock. Nevertheless, mean cover and mean number of vas-
cular plant species were not altered by cattle. However, when
different life-form groups were considered, it was evident
that climber species were vulnerable to cattle-induced
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Table 3 - Mean cover, percentage of total browse (%TB) and browse pressure index (BPI) of woody and climber species from
2004 to 2006

Species 2004 2005 2006

Cover %TB BPI Cover %TB BPI Cover %TB BPI
Austrocedrus chilensis 4.01 8.82 1.57 3.28 11.37 1.95 2.20 8.33 0.73
Nothofagus dombeyi 12.01 24.33 1.69 15.99 22.16 1.49 17.88 13.02 0.34
Aristotelia chilensis 5.18 15.51 2.07 4.73 21.28 2.61 4.55 33.85 2.10
Berberis darwinii 0.91 1.34 1.00 0.97 0.29 0.20 0.96 0.00 0.00
Buddleja globosa 0.91 3.74 2.33 0.12 0.58 1.00 0.53 1.04 0.25
Chusquea culeou 66.64 31.55 1.66 58.81 30.61 1.42 53.41 28.13 0.69
Ribes magellanicum 0.13 1.07 2.00 0.12 1.46 2.50 0.18 1.04 0.67
Solanum brevidens 0.65 1.34 1.00 0.49 0.00 0.00 0.35 0.00 0.00
Vicia nigricans 9.04 10.96 1.46 15.00 11.66 1.38 19.33 14.06 0.50
MBI 4.67 4.29 2.40

Mean browse index (MBI) is indicated for each year (2004-2006). Species with frequencies not >2.5% for each of the 3 years are not shown. For

definitions of %TB, BPI and MBI see the text.

reductions in abundance and cover. Yet, the vulnerability of
the climber life-form varied with the degree of cattle pressure.
Cattle pressure in the year of peak browsing (2004) strongly
reduced the mean cover of climber species, but during the
years of less browsing pressure there were no significant
reductions in the mean cover of this life-form. Despite the
strong effect in 2004, no subsequent effects of cattle on the
mean cover of climbers were evident because these are an-
nual species. Similarly, in a nearby study of cattle impacts
on a recently burned tall shrubland, abundance and cover of
climber species were significantly reduced by heavy browsing
(Raffaele and Veblen, 2001).

Our results did not show a significant influence of cattle on
total species richness in this recently burned forest. Over this
5-year study, the mean number of species remained similar
between fenced and unfenced burned sites, suggesting that
cattle do not affect species richness at these sites. In contrast
with our results, studies in other ecosystem types have
shown large differences in species richness in relation to live-
stock pressure. For example, grazing increased species rich-
ness in seasonally flooded grasslands in the pampas of
Argentina (Rusch and Oesterheld, 1997), in German-managed
grasslands (Klimek et al., 2007), in grazed pastures of south-
west Sweden (Gustavsson et al., 2007), and in short-grass
prairies in Oklahoma, USA (Collins, 1987), where species rich-
ness increased with increasing intensity of disturbance by fire
and grazing. Overall, our results showed no differences in the
number of vascular plant species between fenced and un-
fenced plots. However, the number of species in the burned
area was greater than those in the unburned N. dombeyi-
Austrocedrus forest that was also subject to browsing and
grazing by livestock (Blackhall, 2006). Thus, as expected, se-
vere disturbance by fire appears to increase species richness.

4.2.  Cattle effects on post-fire regeneration of woody
shrubs and climber species

The variable that showed the greatest differences between
fencing treatments and controls was mean maximum height
for woody and climber species. The mean maximum height
for almost all woody and climber species was significantly

higher inside the exclosures than in unfenced plots. In addi-
tion, many woody species were strongly affected by cattle
browsing (e.g. Aristotelia chilensis, B. globosa, and N. dombeyi).
Analogous to other studies conducted in N. dombeyi-
Austrocedrus forests in Patagonia and in Nothofagus forests in
New Zealand, the most severe impacts of introduced mam-
mals (deer) were on subcanopy tree and shrub species (Veblen
and Stewart, 1982; Veblen et al., 1989).

Under cattle pressure, each woody species presented a
particular response. During the years with highest MBI, the
mean cover of R. magellanicum was reduced by cattle, while
its mean maximum height was not affected. Although R.
magellanicum plants showed evidence of browsing, most of
these plants, particularly in unfenced plots, were situated in
piles of fallen trees that were almost inaccessible to livestock.
A similar observation has been made for the highly palatable
Aristotelia chilensis under deer pressure in the nearby N. dom-
beyi forests and Austrocedrus forests (Barrios Garcia Moar,
2005; Lopez Westernholm and Relva, 2005). It has been
reported in Pinus spp. forests in Sweden, that dead woody
aggregations formed after fire and windthrow can work as
physical and visual obstructions, allowing seedlings and sap-
lings to grow in an area relatively free of browsing (de Chantal
and Granstrém, 2007). Similar results were found for Aspen
(Populus tremuloides) after 1988 fires in Yellowstone National
Park, Wyoming, USA, where post-fire coarse woody debris
created “safe zones” free of elk browsing (Turner et al., 2003).

Cattle did not affect either the mean cover or mean maxi-
mum height of B. darwinii. Browsing patterns indicated that B.
darwinii, together with S. brevidens, were not preferred by cat-
tle, since they presented scarcely any browsing when MBI de-
creased. It is known that species from these two taxonomic
families, Berberidaceae and Solanaceae, present either phys-
ical or chemical defenses against herbivores (Gowda and
Raffaele, 2004; Cipollini and Levey, 1997).

Field observations suggest that Aristotelia chilensis was one
of the most affected woody species under cattle pressure. The
BPI of this palatable subcanopy tree was high, including in
2006, when all the other species presented light or no evi-
dence of browsing. The relative decline in browsing in 2006
probably reflects post-fire recovery of the vegetation to the
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degree that it physically impeded access by cattle. Other stud-
ies in northwest Patagonian forests have also recorded high
herbivore pressure on Aristotelia chilensis, mainly due to exotic
deer and domestic cattle (Veblen et al., 1989; Veblen et al.,
1992b). Furthermore, it has been noted that in N. dombeyi
and Austrocedrus forests under heavy deer pressure, this pal-
atable species grows mainly inside natural refugia (e.g. dead-
wood aggregations) (Barrios Garcia Moar, 2005).

Despite the fact that the bamboo C. culeou was the species
that provided the largest percentage of the diet of browsing
animals (%TB), its mean cover and its mean maximum height
over time were not strongly affected by cattle. Similarly, its
BPI showed only moderate to light browsing. All these results
imply that C. culeou is an essential species in cattle diet, but it
is not preferred as other woody species that evidenced
higher BPI values and lower %TB (e.g. Aristotelia chilensis,
R. magellanicum, N. dombeyi, and Austrocedrus). It is well known
that Chusquea bamboos are keystone species in southern
Chilean and Argentinean temperate forests, principally due
to their dominance in forest understories, their importance
as fuels and their ability to inhibit tree regeneration and other
woody species (Veblen, 1982, 2003; Pearson et al., 1994;
Gonzalez et al., 2002; Raffaele et al., 2007). In this study, the
relatively moderate impact of livestock on the cover and
height of C. culeou implies that it will continue to play an
inhibitory role on tree regeneration following fire when the
site is exposed to livestock grazing and browsing.

4.3.  Cattle effects on regeneration of dominant tree species
and bamboos

In general, the mean cover of N. dombeyi and Austrocedrus seed-
lings and saplings was higher outside exclosures than inside
them. However, field observations indicated that cattle brows-
ing turned saplings and seedlings into dwarfed and mis-
shapen trees. This is also reflected in the lower mean
maximum heights of both species in unfenced than in fenced
plots. Similar results were found in the previous studies,
which evaluated exotic deer and livestock effects on tree
regeneration in N. dombeyi and Austrocedrus forests (Veblen
et al.,, 1989; Relva and Veblen, 1998). In this study, N. dombeyi
seedlings and saplings grew substantially in height in 2003
and 2004 in fenced but not in unfenced plots. These results
are consistent with browsing indexes showing the highest val-
ues in 2004. A reduction in browsing impact could release
vegetation growth, as was recorded in the field (e.g. N. dombeyi,
V. nigricans, and R. magellanicum; see periods 2004-2005).
Numbers of seedlings and saplings of both N. dombeyi and
Austrocedrus were unexpectedly greater in unfenced than in
fenced plots. Potentially, reduced competition from highly pal-
atable woody species in unfenced areas indirectly resulted in
increased seedling establishment of the two dominant tree
species. By increasing the area of bare mineral soil and reduc-
ing the shade produced by palatable understory plants, cattle
may improve conditions for tree seedlings establishment.
Similar results have been recorded for N. dombeyi under deer
impact, where near elimination of the subcanopy tree
Aristotelia chilensis by deer browsing benefited N. dombeyi seed-
lings establishment (Veblen et al., 1989). Likewise, Tercero-
Bucardo et al. (2007) recorded in more xeric post-fire

forests than in our study area a higher rate of survival of
N. dombeyi and Austrocedrus seedlings under livestock impact
than without it over a 2-year period.

A probable explanation for the association of higher tree
seedling densities with livestock presence is the indirect ef-
fects of cattle mediated through their reduction in the under-
story dominance by the bamboo C. culeou. Chusquea bamboos
can impede the regeneration of shade-intolerant species,
such as Nothofagus, that dominate most of the forests in Pat-
agonia and the southern Andes (Veblen, 1982; Gonzélez et al.,
2002; Raffaele et al., 2007). In our study, it is likely that the
competitive influences of C. culeou on tree seedling abun-
dance in areas free of cattle outweigh the inhibitory effects
of cattle on tree seedling establishment. Similarly, Raffaele
et al. (2007) found, in a N. dombeyi forest where a massive
die-off of C. culeou had occurred, that tree seedlings were con-
siderably more heavily browsed in the absence of live bam-
boo. On the other hand, C. culeou, as a rapidly growing
resprouter capable of forming a dense understory cover,
may impede the growth of Nothofagus seedlings through
shading and perhaps inhibit new seedling establishment by
creating a deep and continuous litter layer (Veblen, 1982; Gon-
zalez et al.,, 2002). Thus, at sites of recently burned forests of
both obligate seeders, N. dombeyi and Austrocedrus, regenerat-
ing populations of C. culeou can have complex, both positive
and negative, effects on tree regeneration that are contingent
upon the intensity of herbivory from cattle and time since the
fire. Inhibition of the development of a dense bamboo cover
and exposure of bare mineral soil under heavy cattle pressure
may be favorable for initial establishment of seedlings of the
dominant tree species as appears to be the case in this study.
However, lower height growth rates of seedlings and saplings
in our unfenced plots imply that the probability of tree juve-
niles attaining the main canopy is low due to inhibition by
both cattle and bamboo. Similar results were found in conifer
forests in the Bhutan Himalayas, where a bamboo species
(Yushania microphylla) apparently reduced the maximum pos-
sible recruitment of conifer seedlings on the forest floor,
mainly due to light availability (Darabant et al., 2007). Never-
theless, despite the large number of seedlings established
outside the exclosures, continual cattle browsing impeded
the recruitment of these small seedlings into larger size-clas-
ses, similar to the findings of this study.

5. Concluding remarks

Our experimental results clearly show that cattle affect early
post-fire regeneration of a N. dombeyi-Austrocedrus mixed for-
est. Continuous browsing in recently burned areas, particu-
larly for a long period, may lengthen the time required for
tall tree species to regain dominance and potentially can shift
dominance towards shrub and bamboo species. Thus, this
synergism between introduced livestock and fire in mesic N.
dombeyi-Austrocedrus mixed forests may result in the develop-
ment and maintenance of shrublands dominated by the bam-
boo C. culeou. Such bamboo-dominated shrublands are
common in the mesic tall forest district of the northwestern
Patagonia and potentially may have originated from the
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burning of tall forests followed by prolonged, intensive pres-
sure from livestock.

Although both dominant tree species were negatively af-
fected by cattle, the regeneration of Austrocedrus may be more
vulnerable than that of N. dombeyi. In the rainfall range
represented by our study, the height and diameter growth of
Austrocedrus is substantially less than that of N. dombeyi,
and at post-fire sites Austrocedrus is typically represented by
smaller numbers of seedlings (Veblen and Lorenz, 1987).
Due to its smaller population of seedlings and slower growth
rates, Austrocedrus is less likely to successfully attain canopy
tree size than its more prolific and rapidly growing associate,
N. dombeyi. Clearly, the greater the size and intensity of the
burn and the greater the subsequent pressure from livestock,
the slower the recovery will be to a forest dominated by these
two species. In general in the national park studied, the over-
all management objective following fire is to assure that exo-
tic herbivores do not impede tree regeneration and recovery
of the vegetation to its pre-burn species composition. Thus,
the results of this study and other studies provide support
for the exclusion of cattle from the recently burned
Nothofagus and Austrocedrus forests in the national parks for
periods long enough to allow the dominant tree species to
grow to heights at which they are no longer severely inhibited
by cattle browsing.
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