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Understanding the factors that determine altitudinal distribution of species is very important to evaluate
the influence of global change. Although climate is the major driver of vegetation distribution, other fac-
tors, such as herbivory by livestock, can be more important locally and regionally. Despite its importance,
the altitudinal range distribution of species and how it is influenced by climate and livestock are gener-
ally unknown. In the Sierras Grandes Mountains of central Argentina, woodlands of lower and upper alti-
tudes are interrupted by an intermediate vegetation belt devoid of forest. Traditionally, this pattern was
assumed to be determined by climate, although recent studies suggest that forest distribution would be
driven by livestock grazing. However, the potential altitudinal range distribution of the principal woody
species of these forests and how it is affected by livestock are still poorly known. In this study, we used an
experimental approach to evaluate seedling survival and growth – with and without livestock presence –
of the three principal woody species of the mountain woodlands along the entire altitudinal gradient of
Sierras Grandes. In January 2009, we planted seedlings of Polylepis australis, Maytenus boaria and
Escallonia cordobensis inside and outside livestock exclosures at seven altitudinal sites established every
200–400 m asl, from 940 m asl to 2700 m asl (i.e., maximum altitude of Sierras Grandes). During the
three following winters, we evaluated seedling survival and height and measured stocking rates.
Although the three species were able to sprout after browsing, livestock markedly reduced seedling
survival and height. Inside the exclosure, the three species successfully survived and grew along the
entire gradient, including the altitudinal belt devoid of forest. Furthermore, after three growing seasons
P. australis and E. cordobensis flowered inside the exclosure at the altitudes where seedlings reach greater
heights (2200 m asl and 1200 and 1600 m asl, respectively). We suggest that under the current high
stocking rates, livestock would strongly hinder seedling establishment of the three principal woody
species at most altitudes of Sierras Grandes. Our findings are in agreement with the assumption that
the present altitudinal belt devoid of forest is not climatically driven; rather, livestock is the major factor
of current forest distribution.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Vegetation patterns along altitudinal gradients are primarily
driven by a decrease in temperature with increasing elevation
(Crawford, 1989; Körner, 1999; Tranquilini, 1979). Far less atten-
tion has been paid to the influence of anthropogenic distur-
bances such as livestock grazing (Cairns and Moen, 2004;
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Ellemberg, 1979), despite the importance of livestock rearing in
many mountain areas of the world (Hofgaard et al., 2010). Both
altitude and livestock can markedly affect several stages of forest
development. However, since seedling establishment is foremost
sensitive to environmental conditions, this stage can become a bot-
tleneck due to the increasing unfavorable conditions towards the
altitudinal limits of distribution (Hofgaard et al., 2009; Cierjacks
et al., 2007; Cuevas, 2000; Jump et al., 2009). Additionally, live-
stock grazing might well prevent tree seedling growth, maintain-
ing grasslands in sites with potential for forest development
(Anderson, 1981; Bond, 2005; Vera, 2000). In fact, differences
between current and potential climatically determined vegetation
show that ecosystems dominated by woody plants would be mor-
e extended if climatic conditions were the major constraint and no

http://dx.doi.org/10.1016/j.foreco.2012.11.030
mailto:paulamarcora@hotmail.com
mailto:drenison@conicet.gov.ar
mailto:drenison@conicet.gov.ar
mailto:aipais@hotmail.com
mailto:mcabido@imbiv.unc.edu.ar
mailto:mcabido@imbiv.unc.edu.ar
mailto:ptecco@efn.uncor.edu
http://dx.doi.org/10.1016/j.foreco.2012.11.030
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco


P.I. Marcora et al. / Forest Ecology and Management 291 (2013) 300–307 301
other factors such as fire and livestock were also at play (Bond
et al., 2005). However, the influence of livestock grazing on vegeta-
tion structure depends on a number of factors. Chief among them
are the resistance of woody species to browsing, the ability of
recruiting woody seedlings to succeed in the face of the distur-
bance and competition limitation imposed by herbivores, and the
preference of herbivores for tree species over surrounding vegeta-
tion (Cairns and Moen, 2004).

The Sierras Grandes Mountains in central Argentina provide a
suitable scenario to address the combined effect of both factors,
altitude and livestock grazing, on the distribution pattern of tree
species. In this system, the distribution of lower (400–1300 m asl)
and higher (1700–2800 m asl) mountain forest belts is currently
interrupted by an intermediate altitudinal belt devoid of forests,
occupied by a mosaic of mountain grasslands and shrublands
(1300–1700 m asl) (Giorgis, 2011; Luti et al., 1979). Continuous
forests along the altitudinal gradient are only present in large ra-
vines; outside ravines, the forests of the higher zone, dominated
by Polylepis australis, are often restricted to rocky outcrops (Cingolani
et al., 2004; Renison et al., 2002). This vegetation pattern has been
traditionally assumed to be the consequence of more favorable
climatic conditions in ravines and outcrops and, secondly, to a low-
er human disturbance in the rough relief of the ravines and in
rocky outcrops (Cabido, 1985; Cingolani et al., 2003; Luti et al.,
1979). However, recent studies challenge that assumption. Increas-
ing evidence suggests that human activities, such as logging, fire
management and livestock grazing, are the major drivers of the
present forest distribution. These anthropogenic activities reduce
P. australis growth and survival (Giorgis et al., 2010; Renison
et al., 2002; Teich et al., 2005); forest remnants are far
from the influence of humans, and topography per se cannot fully
explain the present distribution of mountain forests (Cingolani
et al., 2008). On the other hand, according to global patterns de-
fined by Körner and Paulsen (2004) there should not be a cli-
matic treeline explaining the lack of forests at certain altitudes in
the Sierras Grandes. Treelines in mountains all throughout the
world are expected to be determined by the isotherm of 6–7 �C
of mean ground temperature during the growing season (Körner
and Paulsen, 2004). Considering that at 6–7 �C, air and soil temper-
ature are similar (Körner and Paulsen, 2004), the Sierras Grandes
would not surpass this isotherm since the annual average air tem-
perature at the maximum altitude (i.e., 2800 m asl) is 7.4 �C (Marc-
ora et al., 2008). Accordingly, individuals of P. australis growing at
these maximum altitudes can exhibit tree habit (Marcora et al.,
2008).

Despite this sound evidence of the effects of both livestock graz-
ing and climate on P. australis forests, no studies have still ad-
dressed the combined influence of both factors to explore the
relative influence of each driver on forest distribution in Sierras
Grandes. Furthermore, the potential altitudinal distribution of tree
species still remains unknown, particularly for Maytenus boaria and
Escalonia cordobensis, other representative trees frequently associ-
ated with Polylepis woodlands. Whether tree species present inside
ravines can be established on more unfavorable high topographic
positions, particularly between 1300 and 1700 m asl, also remains
to be elucidated.

In this study we evaluate the combined effect of livestock graz-
ing and altitude on the survival and growth of seedlings of three
tree species occurring in the Sierras Grandes using a manipulative
experimental approach. Unlike most previous studies that have
focused only on P. australis, our study also provides basic informa-
tion of M. boaria and the endemic species E. cordobensis. We
hypothesize that the combined effects of livestock grazing and
harsh weather conditions prevailing at the altitudinal limits of
distribution could greatly retard or completely inhibit forest
establishment.
2. Materials and methods

2.1. Study area

The study was conducted in the Sierras Grandes Mountains,
Córdoba, central Argentina. The experimental plots were placed
on the eastern slope which is more accessible than the western
slope, and along an altitudinal gradient that ranging from
900 m asl up to the highest altitude of the mountain range, at
2700 m asl (Linderos road, 32�50S, 64�90W). The whole gradient
comprises the following vegetation belts described by Cabrera
(1976) for the Mountain Chaco District: (1) the upper portion of
Chaco mountain forest, which is distributed between 400 and
1300 m asl; (2) an intermediate belt devoid of forest currently
occupied by mountain grasslands and shrublands (1300–
1700 m asl; Giorgis, 2011); and (3) a mosaic of high mountain
grasslands and P. australis woodlands (above 1700 m asl). Along
the gradient, mean annual temperature varies between 15.7 �C at
900 m asl and 7.4 �C at 2700 m asl (Marcora et al., 2008)
and annual precipitation at 2100 m asl is about 840 mm (Cabido,
1985). The main economic activity is livestock rearing that began
in the early 17th century and had completely replaced
the native herbivores (Lama guanicoe) by the beginning of the
20th century (Díaz et al., 1994).
2.2. Study species

We selected three native woody species that grow along the
altitudinal range. E. cordobensis (KUNTZE) HOSSEUS (Escallonia-
ceae) is an endemic shrub of mountains of central Argentina that
grows in both low and highland mountain forest and can reach
up to 5 m in height, whereas M. boaria MOLINA (Celastraceae)
and P. australis BITT. (Rosaceae) are tree species that form forests
at higher altitudes, but may be found as isolated individuals at
lower levels, where other woody species dominate the forests.
The best performance of P. australis (i.e. vitality of adults individu-
als, tree-ring growth, seed mass, seed productivity and seed germi-
nation) in the Sierras Grandes is observed at about 1900 m asl,
where the largest forest areas currently occur (Cingolani et al.,
2008; Marcora et al., 2008). To the best of our knowledge, no stud-
ies regarding the effect of altitude on distribution patterns of E. cor-
dobensis and M. boaria have been conducted. Cattle browse a high
proportion of P. australis stems, even under low stocking rates
(Giorgis et al., 2010; Teich et al., 2005). M. boaria is also browsed by
livestock (Donoso and Wendler, 1985). There are no reports about
the response of E. cordobensis to livestock; however, browsed indi-
viduals have been observed (pers. obs.).
2.3. Experimental design

Seven sites were selected along the altitudinal gradient, placed
at intervals of about 200–400 m asl (963, 1243, 1600, 1803, 2248,
2458 and 2685 m asl). All sites were established on ridges
with similar gentle slopes and high solar insolation (Table 1). Soil
characteristics of each site are summarized in Table 1 (Tecco P.A.,
unpublished data). At each altitudinal site, a 20 � 20 m exclo-
sure was built to exclude domestic livestock. In January 2009, at
each site we planted 50, 34 and 36 seedlings of E. cordobensis,
M. boaria and P. australis, respectively. Half of the seedlings were
planted inside the exclosure, whereas the other half were planted
outside, in a plot adjacent to the exclosure, i.e., exposed to livestock
grazing. Seedlings had been grown in a greenhouse using seeds
from over 30 parent trees per species collected from the study area
at altitudes from 1400 to 1900 m asl. At the moment of transplant-
ing in the field, average seedling height was 14.80(±5.69) cm for P.



Table 1
Summary of soil conditions of the seven study sites (means (SE)) from Tecco et al., unpublished data. Means of samples measured inside and outside the exclosures.

Altitude (m asl) Slope orientation Slope (%) Soil depth (cm) Organic matter (%) C (%) N (%) P (ppm)

963 S 5 36.2(7.6) 3.9(0.3) 2.3(0.2) 0.19(0.01) 3.3(1.6)
1243 E-NE 8 48.2(6.1) 5.5(0.4) 3.2(0.2) 0.26(0.02) 7.7(2.1)
1600 NE 13 35.2(6.2) 3.7(0.9) 2.2(0.5) 0.19(0.04) 1.7(0.2)
1803 N-NE 5 17.2(3.5) 10.3(0.6) 6(0.4) 0.50(0.04) 7.5(0.7)
2248 NE 12 55.4(2.8) 9.6(0.3) 5.6(0.3) 0.45(0.01) 2.1(0.1)
2458 E 5 68.9(1.8) 16.1(1) 9.3(0.6) 0.76(0.06) 1.3(0.4)
2685 W-SW 5 66(1.9) 15(1) 8.7(0.6) 0.73(0.05) 2(0.5)

302 P.I. Marcora et al. / Forest Ecology and Management 291 (2013) 300–307
australis, 17.51(±8.87) for M. boaria, and 17.38(±6.25) for E. cordob-
ensis. Seedlings were randomly assigned to both treatments and all
seedlings were watered immediately after transplanting, but re-
ceived no additional irrigation. We protected planted seedlings
with three rocks 10 cm in height and identified the site with a me-
tal tag. Every winter (May–August) we recorded seedling survival
and total height per individual (at 6, 18 and 33 months after plant-
ing) to estimate growth throughout the growing season (approxi-
mately from December to April). We considered seedlings to be
dead when the aboveground biomass was dry or had disappeared.
To characterize the areas surrounding the exclosure in terms of
stocking rates, at each visit we recorded the number of dung pres-
ent in 30 randomly placed 30 � 30 cm squares (following Cingolani
et al., 2003 and von Müller et al., in press).

2.4. Data analyses

We analyzed two response variables for each species and grow-
ing season: (1) proportion of live seedlings and (2) seedling height.
Both response variables were analyzed with univariate General
Linear Models (GLMs). Livestock exclosure was included as a fixed
categorical factor and altitude as a continuous variable. We also
added the term ‘squared altitude’ as another term to determine
whether variables had an optimum at intermediate altitudes. We
included main effects and the interaction between exclosure and
altitude. We performed manual backward selection to eliminate
non-statistically significant variables and terms from the mod-
els. When necessary, we applied log10 transformations to meet
assumptions of homoscedasticity and normality, which were
checked with Levene and Kruskal Wallis tests, respectively. We
analyzed variables of the three years separately because the
assumptions of Repeated Measures GLMs were not met. Since
seedling survival in plots outside the exclosure was achieved in
less than three sites, we did not include the ‘altitude � exclosure’
interaction in the case of seedling height of P. australis and M. boa-
ria after the second and third growing seasons and for E. cordoben-
sis after the third growing season. The exclosure factor was not
included in the analysis of seedling height of M. boaria after the
third growing season.

3. Results

For the three species, both seedling survival (Table 2) and
height (Table 3) were significantly affected by altitude, livestock
grazing and/or the interaction of both factors. The response of
seedling survival and height to altitude differed between species.
By contrast, seedling survival and height of the three species were
significantly lower at most sites with livestock grazing and on most
dates (Figs. 1–3).

3.1. Altitude

Seedling survival of P. australis decreased toward lower alti-
tudes on all sampling dates (Fig. 1a–c). In contrast, the response
of seedling growth to altitude differed between dates (Fig. 1d–f).
After three growing seasons, seedling height decreased towards
both altitudinal extremes (Fig. 1f), with the highest values of seed-
ling survival and growth being recorded inside the exclosure at be-
tween 2200 and 2400 m asl. Maximum accumulated seedling
survival after three growing seasons reached 60% inside the exclo-
sure at 2200 and 2400 m asl, with no survival being recorded be-
low 2200 m asl outside the exclosure (Fig. 1c). The highest mean
growth rate was 10 cm/year at 2200 m asl. Moreover, the situation
at 2200 m asl was unique in that we recorded flowering in 8% of
the seedlings inside the exclosure in the third spring (2011).

Seedling survival of M. boaria decreased towards both altitudi-
nal extremes after the first growing season, with the highest seed-
ling survival recorded at 1200 and 1600 m asl (Fig. 2a). After the
second growing season, seedling survival decreased towards lower
altitudes (Fig. 2b) and after the third growing season, it was not re-
lated to altitude (Fig. 2c; Table 2). By contrast, seedling height de-
creased toward upper altitudes after each growing season (Fig. 2d–
f). Maximum seedling survival after three growing seasons was
40% inside the exclosure at 2400 m asl, with no seedling survival
outside the exclosure (except at 2400 m asl) or inside the exclosure
at 900 and 1800 m asl (Fig. 2c). The highest mean growth rate was
23 cm/year in 1200 m asl.

Regarding seedling survival of E. cordobensis, altitude was not
statistically significant at any of the three growing seasons (Table 2;
Fig. 3a–c). However, seedling survival decreased toward both alti-
tudinal extremes, although such pattern was interrupted by a high
mortality at 1800 m asl (Fig. 3b and c). On the other hand, seedling
height of E. cordobensis decreased toward both altitudinal extremes
after each growing season (Fig. 3d–f). After three growing seasons,
maximum seedling survival reached 87% at 1600 m asl inside the
exclosure, with no survival outside the exclousure except at
900 and 2400 m asl (Fig. 3c). The highest growth rate was 20 cm/
year inside the exclosure at 1200 m asl. In the spring of the
third year (2011), we recorded flowering in 4% and 15% of the sur-
viving seedlings inside the exclosure at 1200 and 1600 m asl,
respectively.
3.2. Livestock

All seedlings outside the exclosure were browsed and the three
species were able to sprout after browsing. After the three growing
seasons, seedling survival was 66%, 95% and 80% lower outside
than inside the exclosure for P. australis, M. boaria and E. cordoben-
sis, respectively. In turn, mean seedling height was 58%, 29% and
83% lower outside than inside the exclosure for P. australis, M. boa-
ria, and E. cordobensis, respectively. The differences in survival and
height between inside and outside the exclosure were significant
in all seasons (Figs. 1–3), except in M. boaria after the second grow-
ing season (Tables 2 and 3).

The average dung counts from 2008 to 2011 were moderate
(sensu Teich et al., 2005) at the highest altitude (2700 m asl) and
were high at the other six sites (900–2400 m asl) (Fig. 4). At all alti-
tudes, the highest proportion of dung was of cattle, and at some
altitudes and in a lower proportion, of horses, sheep and goats.



Table 2
Summary of the effect of altitude, exclosure and their interaction on seedling survival of Polylepis australis, Maytenus boaria and Escallonia cordobensis, for each growing season
analyzed with General Lineal Models. Significant P-values (<0.05) are marked in bold. Factors without P-value were removed manually in backward procedure.

Seedling survival

Species Growing season Altitude(Altitude2) Exclosure Altitude � exclosure Adj R2

P. australis First 0.432 (0.221) 0.005 0.030 0.710
Second 0.012 0.471
Third 0.015 0.033 0.482

M. boaria First 0.025 (0.018) 0.009 0.569
Second 0.034 0.266
Third 0.040 0.249

E. cordobensis First 0.170 0.004 0506
Second 0.839 (0.690) 0.048 0.267
Third <0.001 0.670

Table 3
Summary of the effect of altitude, exclosure and their interaction on seedling height of Polylepis australis, Maytenus boaria and Escallonia cordobensis, for each growing season
analyzed with General Lineal Models using backward stepwise selection of best models. Significant P-values (<0.05) are marked in bold. Factors without P-value correspond to
those removed manually in backward procedure. The ‘altitude � exclosure’ interaction was not included in the case of seedling height of P. australis and M. boaria after the second
and third growing seasons, and E. cordobensis after the third growing season. Exclosure factor was also not included in the analysis of seedling height of M. boaria after the third
growth season (see details in Section 2.4).

Seedling height

Species Growing season Altitude(Altitude2) Exclosure Altitude � exclosure Adj R2

P. australis First <0.001 0.206
Second 0.056 0.013 0.148
Third 0.012 (0.015) <0.001 0.381

M. boaria First 0.016 (<0.001) <0.001 0.495
Second <0.001 0.249 0.556
Third 0.028 (0.056) 0.454

E. cordobensis First <0.001 (<0.001) 0.026 0.431
Second 0.034 (0.001) 0.002 0.027 0.603
Third 0.021 (0.001) 0.013 0.604
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3.3. Interaction between altitude and livestock

The differences in P. australis seedling survival between inside
and outside the exclosure increased toward lower altitudes after
the first growing season (Fig. 1a). Differences in seedling height
also increased towards lower altitudes for M. boaria and E. cordob-
ensis after the first growing season (Figs. 2d and 3d, respectively).
By contrast, differences in M. boaria seedling survival increased to-
wards upper altitudes after the first growing season (Fig. 2a).
4. Discussion

This study provides clear evidence about the negative effect of
livestock grazing on seedling establishment of the three principal
woody species of Sierras Grandes in central Argentina. Contrary
to the uniform response of seedlings to livestock, the response to
altitude differed among species and between seedling survival
and height.
4.1. Altitude

Inside the exclosures, seedling survival of the three species de-
creased toward lower altitudes and toward both altitudinal limits
in the case of M. boaria and E. cordobensis. In the case of P. australis,
our result is consistent with a previous study that found lower
rates of seedling emergence toward lower altitudes (País Bosch
et al., in press). To the best of our knowledge, this is the first report
on the response of M. boaria and E. cordobensis to altitude.

On the other hand, the seedling growth of the three species fol-
lowed a unimodal pattern in response to altitude, at least in one of
the three growing seasons studied. In the case of P. australis, our
results are in agreement with Marcora et al. (2008) who have re-
ported radial growth of P. australis adults following a unimodal
pattern in response to altitude, with maximum growth rates re-
corded between 2100 and 2400 m asl and decreasing toward both
altitudinal extremes.

The decline in survival and height growth with increasing alti-
tude is at least in part due to extreme events such as late spring
frosts and low temperatures (Cárdenas and Lusk, 2002; Körner,
2007; Körner and Paulsen, 2004). Towards the lower altitudes, loss
of carbohydrates and water stress would be the reasons for lower
seedling growth and survival (Bruelheide and Lieberum, 2001;
Jump et al., 2009; Mäkinen et al., 2002). Accordingly, in the upper
belt of the Córdoba Mountains, the climate is cold and damp,
whereas it is warmer (Marcora et al., 2008) and drier (País Bosch
et al., in press), with decreasing altitude and the vegetation is
increasingly xeromorphic (Cingolani et al., 2003). Similar unimodal
patterns in response to elevation were found in other mountain
systems for tree growth of Nothofagus solandri and Picea abies
(Mäkinen et al., 2002; Norton, 1984) and for seedling establish-
ment of Nothofagus pumilio (Cuevas, 2002).

The increasing temperatures and drought stress towards lower
altitudes would also explain the decrease in survival of the three
species toward lower altitudes. On the other hand, while a reduc-
tion in survival toward the highest extreme would be expected,
seedling survival of P. australis increased with altitude. This re-
sponse could be related to the capacity of this species to grow at
altitudes beyond the upper altitudes of the Sierras Grandes
(2800 m asl). In fact, P. australis reaches 3500 m asl at its northern
distribution in northwestern Argentina (Renison et al., unpub-
lished data).

The highest values of different fitness parameters of P. australis
in mountains of central Argentina were recorded between 1800
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Fig. 1. Proportion of seedling survival (a–c) and seedling height (f–g) of Polylepis australis in response to altitude and exclosure effects in the three growing seasons. Solid lines
show GLM for seedlings inside exclosure (without livestock) and dotted lines, for seedlings outside exclosure (with livestock).
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and 2400 m asl (Marcora et al., 2008; this study). Hence, this alti-
tudinal belt would be optimum for this species in Sierras Grandes.
Accordingly, seedlings of P. australis at 2200 m asl produced flow-
ers after the third spring. In the case of M. boaria and E. cordobensis,
our data are not enough to determine optimum altitudes for both
species. However, highest values of seedling survival and height
at 1200 and 1600 m asl, as well as the event of fruit production
of E. cordobensis inside these plots, suggest that these altitudes
are better for seedling performance. Accordingly, we observed
small forests of M. boaria on inaccessible slopes and valley bottoms
at about 1200 m asl (personal observation).

Seedling growth and survival could be better at the altitude
where seeds were collected (1400–1900 m asl) because the effect
of local adaptation (Mátyás, 1994). However, only seedling survival
of E. cordobensis was higher within this altitudinal range. More-
over, seedling response of P. australis was consistent with patterns
previously reported (Marcora et al., 2008), suggesting that in our
study the provenance effect is lower than the altitudinal effect.

4.2. Livestock

Our results show that livestock grazing markedly reduced seed-
ling survival and height of the three principal woody species of the
Sierras Grandes. Although seedlings of the three species were able
to sprout after browsing, livestock effect was enough to hinder
seedling establishment in most sites along the gradient (Figs. 1–
3). Moreover, flowering of P. australis and E. cordobensis recorded
inside the exclosure further supports the negative effects of live-
stock grazing on seedling fitness.

The marked livestock effect on seedlings could be due to live-
stock preference for these species or to the high stocking rates in
most sites (Fig. 4). In the case of P. australis, previous studies
showed that livestock browse most of the annual shoot production
both under moderate and high stocking rates, maintaining trees
within livestock reach for several years (Giorgis et al., 2010; Teich
et al., 2005). Likewise, many browsed old trees of E. cordobensis
persist within livestock reach (personal observation). However,
this would not be the case of M. boaria, because no dwarf trees
were found. Moreover, previous studies found that M. boaria is se-
lected by livestock (Donoso and Wendler, 1985); hence, we could
speculate that under livestock pressure immature trees of this spe-
cies might not persist as dwarf trees and would die. Considering
that M. boaria does not form a seed bank (Cabello and Camelio,
1996), livestock effects on population of this species would be
severe.

On the other hand, under high stocking rates, livestock diet is
expected to become broader, including less preferred groups such
as shrubs (Mobæk et al., 2009). In most areas on high topographic
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Fig. 2. Proportion of seedling survival (a–c) and seedling height (f–g) of Maytenus boaria in response to altitude and exclosure effects in the three growing seasons. Solid lines
show GLM for seedlings inside exclosure (without livestock) and dotted lines, for seedlings outside exclosure (with livestock).
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positions in the Sierras Grandes, stocking rates are high, as ob-
served in our study sites, especially near houses and roads (Cingo-
lani et al., 2008; Renison et al., 2010). Altogether, this evidence and
our findings about seedling performance suggest that browsing at
such high stocking rates might be reducing seedling survival and
maintaining seedling height within livestock reach. In turn, this
might increase the time a plant needs to reach a size that can be
out of the reach of herbivores, overall delaying forest development.
A similar livestock effect on woody vegetation has been reported
for Sorbus aucuparia, Abies alba, Acer pseudoplatanus, Fagus sylvati-
ca, and P. abies (Motta, 2003; Vandenberghe et al., 2007). In con-
trast, other woody species (including other Polylepis species)
occurring in similar ecosystems are not browsed by livestock.
Hence, in those systems, unlike in the Sierras Grandes, livestock
might have far less influence on forest distribution (Cierjacks
et al., 2007, 2008).

Our data regarding the combined influence of altitude and
livestock suggest a higher effect of livestock on seedling survival
and growth at lower and intermediate altitudes. Livestock influ-
ence is expected to increase toward the upper limit of distribu-
tion, especially on mountains and cold ecosystems because the
susceptibility of vegetation to livestock pressure would be in-
creased under harsh weather conditions that delay growth
(Körner, 2003; Hofgaard et al., 2009; Speed et al., 2011). On the
other hand, the combined effect of climate and livestock on seed-
lings could well increase towards the lower edge of distribution
(e.g., browsing suppresses both shoot and root growth, reducing
likelihood of surviving to drought of lower altitudes). This would
be the case of P. australis, which reaches its lower limit at the
lowest altitudes included in our study. Unfortunately, since stock-
ing rates at lower and intermediate altitudes were higher than at
upper altitudes (Fig. 4), we cannot infer if this response is due to a
higher effect of livestock at these altitudes or just to higher stock-
ing rates.

Alternatively to the idea that at high altitudes forests in the
Sierras Grandes are climatically restricted to deep ravines (Cabido
et al., 1985; Cingolani et al., 2003; Enrico et al., 2004), recent stud-
ies suggest that vegetation of these mountains would be strongly
‘‘consumer controlled’’ at present and that the forest could be more
extensive under lower pressure of livestock and fire (Cingolani
et al., 2008; Renison et al., 2006). In line, our results do not support
a climatic altitudinal limit of species distribution between 1300
and 1700 m asl. or the overlapping of altitudinal limits and live-
stock effects. The results rather stress livestock as the major driver
of the lack of forest in this altitudinal belt (Cingolani et al., 2008;
Renison et al., 2006).
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Fig. 3. Proportion of seedling survival (a–c) and seedling height (f–g) of Escallonia cordobensis in response to altitude and exclosure effects in the three growing seasons. Solid
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Finally, although temperatures can explain vegetation patterns
at a global scale (Körner and Paulsen, 2004; Körner, 2007), other
factors, such as livestock grazing, can determine patterns at local
and regional scales (Aune et al., 2011; Bond, 2005; Hofgaard
et al., 2009; Speed et al., 2010). While the Sierras Grandes are be-
low the global position of treelines (Körner and Paulsen, 2004), our
results support the idea that the current lack of forests in most of
the area, and perhaps in similar mountain regions with palatable
tree species (Byers, 2000; Cuevas, 2002; Hensen, 2002; Hofgaard
et al., 2010; Kessler, 1995), is possibly due to the occurrence of dis-
turbances, such as livestock grazing.
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