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Abstract

South American high-mountain ecosystems are greatly
influenced by human disturbance. In the mountains
of Córdoba, Argentina, Polylepis australis (Rosaceae)
woodlands are currently highly fragmented and subject to
extensive burning and livestock grazing, resulting in
severe changes of habitat characteristics, which hamper
natural regeneration. In order to find out how to achieve
successful reforestation, we compared P. australis seed-
ling survival and growth and the development of a shrubby
habit for two seed provenances and different planting mi-
crosites. Survival of planted seedlings after 5 years was
70%, with most deaths (19%) in the first year and declin-
ing mortality with ongoing establishment. Survival did not
show any relationship with seed provenance or microsite
characteristics. Height growth averaged 34.6 ± 1.2 cm in

5 years. Seedlings produced from seeds collected in a
well-preserved woodland grew taller and showed a higher
tendency for development of shrubby habit than those
produced from seeds collected in a degraded woodland.
Seedlings planted in more degraded microsites with
exposed soil or rock due to past grazing pressure grew less
and developed a more shrubby habit than those planted in
better preserved microsites. Our results show that restora-
tion of degraded areas with P. australis is possible and
that there is potential to improve restoration success
with a careful selection of seed provenance and planting
microsites.
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Introduction

Humans have greatly changed the appearance of moun-
tain forest ecosystems, reducing and fragmenting the for-
est landscape through burning, cutting, and livestock
rearing (Ellenberg 1979; Spies 1998; Zak & Cabido 2002).
Forest reduction and fragmentation is usually accompa-
nied by changes in floral and faunal composition, loss of
litter cover, compaction of soils, reduction in soil mois-
ture, and increases in soil erosion. As a consequence, the
forest ecosystem functions of retaining and cycling limit-
ing resources, such as water and nutrients, and the mainte-
nance of biodiversity may be seriously affected. In these
cases, the recovery of the forest is desirable (Yates et al.
2000; Kauffman et al. 2003).

When anthropogenic modifications are long-lasting and
widespread, there may be little potential for a natural or
assisted recovery due to the following causes: (1) if seed
dispersal is limited, seed rain can be diminished due to
the low density of the remaining trees (Holl & Kappelle
1999); (2) anthropogenic transformations of the habitat
may prevent seedling establishment because environment
and soil characteristics are no longer adequate for the ori-
ginal species (Amaranthus & Perry 1987; Aide & Cavelier
1994; Fiedler & Laven 1996; Yates et al. 2000); (3) seeds
developed in degraded and/or highly grazed areas may be
smaller or lighter (Cierjacks & Hensen 2004), which in
turn can negatively influence seedling establishment and
growth rate (Tripathi & Khan 1990; Hendrix et al. 1991;
Milberg et al. 1996, 1998); and (4) seed viability can be
diminished with the degradation of the soil around the
mother plant (Renison et al. 2004).

Consequently, degraded areas are commonly planted
with alien tree species, which are often more successful.
The advantages aliens can have over natives are that they
grow more rapidly in a wide range of sites, they are easier
to manage silviculturally, their seeds are genetically imp-
roved and readily available, and they are better studied
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than native trees (Richardson 1998). However, alien tree
species often do not supply the ecosystem services provided
by natives and may negatively affect the environment and
biodiversity (Poore & Fries 1987) or may invade non-
planted areas (McEvoy & Coombs 1999). If native species
are to be established in degraded areas, it is necessary to
develop appropriate techniques. In particular, quick and
effective restoration procedures are especially important in
most degraded South American mountains, where human
populations depend on the mountains for livestock rearing
and water supply.

Restoration of the high-mountain Polylepis woodlands
of South America has been highly recommended by the
World Conservation Monitoring Centre because they
belong to one of the most endangered woodland ecosys-
tems in the world (UNEP-WCMC 2004). Moreover, Poly-
lepis woodlands provide important ecosystem services and
contain a high proportion of endemic species (Fjeldså
1993; Hensen 1995; Fernández & Ståhl 2002). With the
objective of contributing to their conservation, we began
a reforestation project in the high Córdoba mountains,
Argentina, in an anthropogenically degraded Polylepis
australis woodland area. Since the beginning of the pro-
ject, techniques to optimize the restoration process
have been developed (Renison & Cingolani 1998, 2002;
Renison et al. 2002a). In the present communication we
further develop restoration techniques by (1) characteriz-
ing the microsites where we planted the seedlings accord-
ing to natural and human-induced habitat variation; (2)
determining the combined effects of seed provenance and
seedling microsite characteristics on reforestation success;
and (3) discussing the implications of these studies for the
restoration of P. australis woodlands. Because restoration
of degraded mountain forests using native species is still
rare in the Neotropics (Pedraza & Williams-Linera 2003),
we hope that our study will serve as a model for restoring
other high-altitude mountain forests.

Materials and Methods

Study Species and Area

The southernmost stands of Polylepis australis (Rosaceae,
locally called tabaquillo or queñoa) are located in the high
Córdoba mountains of central Argentina (1,200–2,884 m
above sea level [a.s.l.]). Polylepis australis grows in either
a shrubby or tree habit (Enrico et al. 2004), can reach 14
m in height, and is characterized by a striking red-colored
bark, which defoliates in many layers.

Mean temperatures of the coldest and warmest months
in the Córdoba mountains are 5.0 and 11.4�C, respectively,
and there is no frost-free period. Mean annual precipita-
tion is 840 mm, with 83% of the rainfall occurring between
October and April (Cabido 1985). The landscape consists
of a mosaic of granitic outcrops, woodlands, different
types of tussock grasslands, grazing lawns, and eroded

areas with exposed soil and rock surfaces colonized by an-
nuals, mosses, and lichens (Cabido 1985; Cabido & Acosta
1986; Funes & Cabido 1995; Cingolani et al. 2004). Wood-
lands are largely dominated by P. australis, with other less
abundant woody species like the tree Maytenus boaria
(Celastraceae), the shrubs Berberis hieronimii (Berberida-
ceae) and Satureja spp. (Lamiaceae), and the dwarf shrub
Gaultheria poepigii (Ericaceae). Due to its intrinsic fragil-
ity (steep slopes, no frost-free month, intense rains) and
four centuries of domestic grazing, the high Córdoba
mountains are severely degraded (Cingolani et al. 2003).
Around 20% of the mountains now consists of exposed
rock that was formerly covered by soil, including large
areas in steep ravines and valleys, the most typical habitat
of Polylepis woodlands (Cingolani et al. 2004). Erosion
control and vegetation restoration are urgently needed in
the area.

Seed Provenance and Seedling Production

We collected seeds during January–February 1998 from
two woodland areas: (1) 40 trees distributed in four de-
graded woodlands or patches of trees in ‘‘Los Gigantes’’
(2,000 m a.s.l., lat 31�25’S, long 64�48’W; hereafter called
‘‘degraded woodland’’) and (2) 40 trees in a relatively
well-preserved woodland 30 km south-southeast of Los
Gigantes, within ‘‘Quebrada del Condorito’’ National
Park (1,900 m a.s.l., lat 31�40’S, long 64�42’W; hereafter
called ‘‘well-preserved woodland’’). At each location,
we chose P. australis trees or shrubs (hereafter called
‘‘trees’’) that were more than 100 m apart. Because tree
height and growth habit could influence height and growth
habit of their progeny (Renison & Cingolani 2002;
Mahmood et al. 2003), we first collected seeds from the
degraded woodlands and then selected trees in the well-
preserved woodland with height and number of basal
stems (as a growth habit measure) similar to those of
trees in the degraded woodland. To characterize prove-
nance locations, in a subsample of 23 trees in the degraded
woodland and 25 trees in the well-preserved woodland,
we visually estimated percent cover of Polylepis to a dis-
tance of 100 m around each tree, percent rock cover,
and slope under the tree canopy. We sowed seeds in ger-
mination trays in a greenhouse in May 1998, transplanted
them to individual tubes 5 cm in diameter and 15 cm in
height in July, and planted them in a mountain exclosure
(see below) at the start of the summer (November–
December) when they were 6–7 months old (more details
in Renison et al. 2002a). We did not plant older seedlings
because they do not survive the hot summer in the low-
lands (Renison et al. 2002a) and we had no facilities in the
mountains.

Seedling Transplantation and Microsite Characteristics

The reforestation area occupied part of the degraded wood-
land area in Los Gigantes that has a general south aspect.
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In the past the area was used for firewood extraction, live-
stock rearing, and tourism. Firewood extraction stopped in
the 1970s, when no more accessible trees remained, and
livestock was excluded in September 1998 when we built a
10-ha exclosure. At present the only human economic activ-
ity in the area is tourism (one tourist lodge and a trekking
trail). We visually estimated that one-third of the soil in the
exclosure has been lost, as evidenced by erosion gullies,
edges, and exposed rock surfaces that had soil over them in
the past. Most of the remaining vegetation consisted of
grazing lawns with variable degrees of soil degradation
(Cingolani et al. 2003). After exclusion, short grasses and
forbs began to be replaced by large tussocks, and some
shrubby species increased their cover, as described in
Pucheta et al. (1998) for a similar situation. The natural
regeneration of P. australis was poor, limited to an increase
in size of a few seedlings already present but which before
livestock exclusion grew very slowly due to browsing, and
the emergence of a few seedlings in sites very close to one
big tree present in the area, with no regeneration being
observed under or near the 15 remaining trees of the
reforestation area probably due to their low or null seed
viability (Renison et al. 2004).

Before planting P. australis seedlings in the reforesta-
tion area, we first marked 655 sites using labeled metal
pins. Sites were chosen in a random manner regarding
field pattern, but always at least 3 m apart, and were
selected for the largest possible variety of microsites with
respect to aspect, slope, substrate, and surrounding vege-
tation. During November and December 1998 (the begin-
ning of the growing season), we carried the seedlings to
the area in backpacks (3-hr walk) and planted them beside

the pins in a random manner with respect to provenance.
The number of seedlings per microsite type and prove-
nance is shown in Table 1. We watered the seedlings and
measured their initial height the day they were planted.
Seedlings were never watered or attended to after plant-
ing. Every winter (June–August 1999–2003) we assessed
survival for all seedlings (n ¼ 655) and measured shoot
height in a subsample of 455 seedlings (out of which 339
lived for the five seasons of the study). In 2003 we also
determined the number of basal stems and canopy widths
from two perpendicular diameters.

For all 655 planted seedlings, microsite characteristics
were measured in a radius of 30 cm around the seedling
and included:

(1) sun incidence measured as the trajectory of the sun
not covered by mountains, rock outcrops, or other ob-
stacles (in a flat area with no obstacles, 180�);

(2) soil depth, by hammering a 1-m iron bar into the soil
until rock was reached (deeper soils are rare); depth
was estimated from three locations per seedling and
then averaged;

(3) substrate type visually estimated at the surface as the
percentage of massive rock (>200 mm), stones (200–5
mm), sand (5–2 mm), black soil, and red clay;

(4) vegetation cover: percentage of lawns (perennial short
graminoids and forbs), degraded lawns (sparse annu-
als, mosses, and lichens), tussocks less than 30-cm tall,
tussocks more than 30-cm tall, and ferns;

(5) proportion of bare soil; and
(6) slope inclination and aspect (degrees); slope and

aspect were reduced to two variables: relative north

Table 1. Mean characteristics of the eight microsite types as classified by K-means clusters nonhierarchical method (Norušis 1992), and number

of microsites planted with seedlings from degraded and well-preserved provenances (N: degraded–well preserved).

Plant Cover Low Intermediate High

Microsite 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2

Sun trajectory (degrees) 111.4 130.4 119.5 124.1 114.8 103.4 107.5 114.1
Soil depth (cm) 75.7 19.3 15.5 54.9 64.1 32.8 35.7 87.3
Massive rock (%) 1.2 9.7 65.9 0.8 5.8 12.2 1.0 1.0
Stones (%) 6.3 22.9 5.9 0.8 2.0 2.5 0.6 0.4
Sand (%) 9.9 35.4 8.3 24.2 12.7 9.6 7.9 7.8
Red soil (%) 82.5 7.4 0.3 48.8 1.2 0.4 0.0 0.1
Black soil (%) 0.1 24.6 19.7 25.4 78.3 75.4 90.5 90.8
Lawn (%) 1.9 5.2 6.8 61.7 13.8 59.2 92.0 88.2
Degraded lawn (%) 9.2 15.5 3.6 18.5 38.1 5.4 0.3 2.0
Ferns (%) 0.0 0.4 1.5 0.0 1.2 1.2 0.3 0.0
Tall tussocks (%) 0.0 0.1 0.1 3.2 0.8 1.0 0.3 0.9
Short tussocks (%) 0.3 0.3 0.8 0.7 1.0 1.1 0.8 1.9
Bare soil (%) 81.3 46.2 15.7 14.3 37.4 17.7 4.8 5.7
Slope (degrees) 14.2 5.3 10.2 8.4 9.0 8.4 9.9 7.8
Relative north aspect –3.3 –3.7 –5.3 –5.0 –5.9 –4.7 –6.9 –5.3
Relative east aspect 5.6 –1.7 –1.7 –3.8 –3.8 –4.6 –3.4 –2.8
N 17–41 27–41 26–39 16–21 58–80 26–45 63–64 55–56

Microsite types correspond to: 1.1, bare soil; 1.2, sand and stones; 1.3, massive rock; 2.1, lawns on red and/or sandy soils; 2.2, lawn with bare black soil; 2.3, lawn with
bare soil and massive rock; 3.1, lawn on black and shallow soil; 3.2, lawn on deep black soils.
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and relative east aspects through cosine and sine
transformations, multiplied by the slope inclination
(according to Cingolani et al. 2002; Cushman & Wallin
2002).

Data Analysis

To compare provenance woodland characteristics we used
t tests. We classified microsites where we planted the seed-
lings into eight groups that we considered appropriate to
describe microsite variability. We used the K-means clus-
ters nonhierarchical method (Norušis 1992), with the 16
variables detailed in Table 1. Because many of the 16 vari-
ables were correlated, we summarized the variability
among microsite types using principal component analysis
(PCA), according to the mean values detailed in Table 1.
In this way, we obtained three axes (compound variables)
that summarized the main variations in the average char-
acteristics of the microsites.

Five seedling response variables were analyzed. The
first (1) was survival (n ¼ 655 seedlings), which was com-
pared among two provenances and eight types of micro-
sites using a Chi-square test. The remaining four response
variables (see below) were compared among provenances
and microsite types with a two-way analysis of variance
(ANOVA) on 339 seedlings. The variables were (2) total
growth, estimated as final height (July 2003) 2 height
when planted (November–December 1998); (3) shape of
the growth curve, estimated by arbitrarily dividing the 5
years into two periods, 1998–2001 and 2001–2003, and cal-
culating a shape index as (second growth period 2 first
growth period)/total growth; and two shrubbiness indices,
(4) number of basal stems, which was square root trans-
formed to better approximate normality of residuals, and
(5) s ¼ (w1 + w2)/2 3 h where s is the shrubbiness index,
w1 and w2 are the two estimates of crown width, taken at
perpendicular angles, and h is the height.

In all cases we tested for interactions between prove-
nance and microsite. We considered post hoc comparison
among microsite types not to be meaningful because we
classified microsites in types whose characteristics varied
in a continuous fashion, and which can be described by
three PCA axes. Hence, when we found significant differ-
ences with the ANOVA, we performed multiple regres-
sions among mean values of the dependent variables for
each type of microsite, with the mean position of each mi-
crosite type in the three PCA axes as independent varia-
bles. In this way we determined what microsite properties
were relevant in explaining the differences among them.
We preferred this approach rather than directly analyzing
all data with ordination and regressions because microsite
categories are easier to identify in the field than continu-
ous variables, and thus more useful for applying the infor-
mation. All means are reported ± their standard errors.
All residuals were checked for normality and homogene-
ity of variances.

Results

Seed Provenance and Microsite Description

The surroundings of trees from the degraded wood-
land were characterized by less Polylepis cover (14 ± 2%
compared to 58 ± 4%, t ¼ 10.0; p < 0.001), more rock
cover (59 ± 6% compared to 35 ± 7%, t ¼ –2.6; p < 0.013),
and steeper slopes (40 ± 5� compared to 22 ± 3�, t ¼ –2.8;
p ¼ 0.01) than the surroundings of trees from the well-
preserved woodland.

Microsites around the planted seedlings were classified
into eight groups (described in Table 1), which the PCA
procedure arranged in three main axes according to the
mean values of their abiotic and biotic variables (Fig. 1).
Axis 1 (explaining 37% of variance) was related to total
plant cover, varying from types with low vegetation cover,
generally highly degraded, at the negative end, to non-
degraded microsite types with high vegetation cover at the
positive end. Axis 2 (22% of variance) was determined by
topography and substrate, with sunny types with gentle
rocky slopes at the negative end, and steeper types with
deeper soils and more clay at the positive end. Axis 3
(17% of the variance) was determined by the contrast
between habitats with high massive rock proportion and
shallow soils at the negative end and habitats with deep
soils with low massive rock cover and higher insolation at
the positive end.

Effects of Microsite and Provenance on Seedling

Survival and Growth

Seedling survival over five seasons averaged 70% and no
significant differences were found between seedling mi-
crosite or seed provenance (v2 ¼ 20.9, df ¼ 15, p ¼ 0.14).
Highest seedling mortality was observed during the first
season after planting (19%), whereas postestablishment
mortality was clearly lower (5, 4, 4, and 2%, respectively)
in the next four seasons.

Seedlings were planted with an average height of 3.9 ±
0.1 cm. Growth averaged 34.6 ± 1.2 cm during the five
growing seasons (6.9 cm per season, n ¼ 339 seedlings),
and was fairly similar between seasons, ranging from
a minimum of 5.37 ± 0.41 cm for the second growing sea-
son to a maximum of 7.88 ± 0.42 cm for the fifth season.
Total growth differed significantly both between seed
provenance and between microsite types (ANOVA: F ¼
4.14, df ¼ 15, p < 0.001) and there was no interaction (p ¼
0.43). During the five seasons after planting, seedlings
from the well-preserved woodland grew on average 8 cm
more than those from the degraded woodland (Fig. 2).
The multiple regression procedure with the three PCA
axes as independent variables showed that growth was
positively associated with PCA axis 1 (r2 ¼ 0.72, p <
0.001), whereas axes 2 and 3 were not significant, indicat-
ing that seedling growth increased with vegetation cover
and decreased with site degradation. Mean growth per mi-
crosite type ranged from an average of 25 cm in degraded
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microsite types 1.1 and 1.2 to almost double in microsite
type 3.1 with more vegetation (Fig. 2). The shape of
the growth curves did not differ significantly between
provenance and microsite types (ANOVA: F ¼ 1.26, df ¼
15, p ¼ 0.22).

Both shrubbiness indices gave the same pattern of re-
sults, so we only report the results on the number of basal
stems. This variable differed significantly between prove-
nances and microsites (ANOVA: F ¼ 3.02, df ¼ 15, p <
0.001), and no interaction between both factors was de-
tected (p ¼ 0.62). The number of stems was greater for

seedlings whose provenance was the well-preserved wood-
land (Fig. 3). The multiple regression procedure showed
that mean number of basal stems per habitat type was
negatively associated with axis 1 and positively associated
with axis 3 (r2 = 0.76, p ¼ 0.01), indicating that the devel-
opment of a shrubby habit is favored by microsite degrada-
tion, rockiness, and shallow soils. Axis 2 was not significant.

Discussion

In terms of seedling survival, Polylepis australis reforesta-
tion in the Córdoba mountains was particularly successful,
because 70% of the planted seedlings survived the first
five seasons, even though they were only 6–7 months old
and on average 3.9 cm high when transplanted to the
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mountains. Survival appeared not to be affected by prove-
nance or seedling microsite but was lowest in the first
season probably due to stresses associated with transplant-
ing (Pakkard et al. 2003). In the following years, how-
ever, survival was as high as that reported for commercial
tree species (e.g., Pinus sylvestris and Pinus nigra; Castro
et al. 2002).

The growth rates we measured for P. australis seedlings
were similar to those of Hensen (1994), who measured
height growth of P. besseri juveniles in Bolivia to be 3–7
cm/year (3,500 m a.s.l.). Unfortunately, these rates are
rather low compared to commercial reforestation with
Pinus sp. in the high Córdoba mountains, which grow an
average of 25–30 cm/year (1,620 m a.s.l.; personal observa-
tion). Fast-growing trees provide more rapid protection to
bare soils, are a quick source of firewood, and are more
likely to achieve acceptance as a reforestation species.
More importantly, fast-growing trees need to be protected
from livestock for a shorter time because they can more
quickly reach a height above which at least parts of the
tree remain unaffected by browsing (approximately 2 m).
Domestic grazing is the most important economic activity
in high-mountain ecosystems, and browsing greatly affects
Polylepis seedling and juvenile growth as well as survival
(Fjeldså & Kessler 1996; Hensen 2002).

Growth has been enhanced through provenance selec-
tion in several forest species (e.g., Montenegro et al. 1997;
Hodge et al. 2002; Mantovan 2002; Mahmood et al. 2003;
Nielsen & Jørgensen 2003; Sotelo Montes et al. 2003). Pol-
ylepis australis also appears to have potential for improved
growth rates through provenance selections, and our data
suggest that even better provenances may be found in a
larger scale provenance trial. Reduced seedling growth
from the degraded woodland provenance may be explained
by factors such as water shortage or lack of nutrients, which
diminish seed reserves and quality (Vaughton & Ramsey
1998), and which in turn could affect seedling growth. We
did not measure seed weight, but in other species, larger
and heavier seeds have been shown to enhance shoot
growth rates (Bonfil 1998; Chacòn et al. 1998). The influ-
ence of genetic factors such as a reduced effective pop-
ulation size in the degraded woodland and concomitant
genetic impoverishment might be a further explanation
(Morgan 1998; Cascante et al. 2002; Reed & Frankham
2003). All these explanations are highly speculative but of
conservation interest, because if true they imply that wood-
land degradation reduces recovery potential of the species.

The well-preserved woodland provenance showed
a higher tendency for basal ramification than that of the
degraded woodland. The difference in growth habit
between provenances is not unique to P. australis because
this factor was found to differ between provenances in
other species (i.e., Alnus glutinosa, DeWald et al. 1983;
Pinus oocarpa, Moura et al. 1998; Prosopis juliflora,
Ræbild et al. 2003). However, all these studies included
provenances that were more geographically separated
than those of our study. A possible explanation is that

there are genetic differences in growth habit between pro-
venances, even though our provenances were only 30 km
apart, and even though shrubbiness in Polylepis is a pheno-
typic trait commonly caused by nongenetic causes such as
browsing, resprouting from fires (Renison et al. 2002b), or
microsite type (this study). Supporting the genetic hypoth-
esis, although we selected parents with a similar number
of basal stems in both seed provenances, the percentage of
multistemmed trees in the well-preserved woodland was
clearly higher than in the degraded woodland (personal
observation). Maternal carryover effects could be another
explanation for differences in growth habits as observed in
Senecio vulgaris for other traits (Aarssen & Burton 1990).
Further studies are needed to determine the causes of dif-
ferences in growth habit between seed provenances.

The association between P. australis growth and micro-
site type is similar to the association reported by Bonfil and
Soberón (1999) for Quercus rugosa and Camargo et al.
(2002) for Caryocar villosum and Parkia multijuga. Slower
growth rates in degraded microsites are probably due to
nutrient and moisture deficiency because the degraded
microsites are characterized by high evaporation rates and
run-off due to shallow or missing topsoil (Cingolani et al.
2003). Consequently, we suggest further research on en-
hancing degraded site quality by adding aboveground ob-
structions to rainwater such as plant debris and/or stones to
increase water infiltration (Whisenant et al. 1995; Yates
et al. 2000), seeding (Montalvo et al. 2002) or planting
legumes and/or other nurse-plants, which could facilitate
Polylepis seedling establishment (Castro et al. 2002), or
using fertilizers. Basal ramification of P. australis seedlings
seems to be an adaptation to adverse growing conditions.

High vegetation cover in more favorable sites was asso-
ciated with faster seedling growth, and vegetation did not
appear to negatively influence P. australis survival and
growth through competition. Tall tussock grass coverage
was still relatively low in the restoration area when we
planted the seedlings; however, it remains to be deter-
mined if seedlings planted in microsites with high tussock
cover could be outcompeted.

Because growth curves did not differ between prove-
nances and microsites, we expect the observed differences
among provenances and microsites to remain constant in
the next few years. However, microsite differences are in
part related to characteristics such as vegetation cover, nu-
trients, and water-holding capacity, which in the long term
should improve relatively more in degraded areas and
eventually become less different with time.

Implications for Restoration of PolylepisWoodlands

Where permanent livestock exclusion is a possibility, the
restoration of Polylepis woodlands appears to be possible.
In this manner, and with a large dependence on conser-
vation funding, we have so far expanded our reforesta-
tion area to 30 ha, promoted the restoration of degraded
areas around three local rural schools (5 ha), and are
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collaborating with the reforestation of degraded areas of
Quebrada del Condorito National Park established in
1997. Around 20% of the Córdoba mountains consists of
eroded rock surfaces or soils that are being lost due to low
vegetation cover (Cingolani et al. 2004). Much of this
large area could potentially benefit from the establishment
of Polylepis woodlands and is of low value to livestock
producers so livestock exclusion per se should not be an
issue. Due to government incentives directed to commer-
cial tree species, forestations with exotic commercial trees
(mainly Pinus) have been performed successfully in sev-
eral hundred hectares of the Córdoba mountains (Vischi
et al. 2004) including very degraded areas, suggesting
stronger incentives could help promote reforestation with
native tree species for conservation purposes. Research on
promoting P. australis growth in degraded areas is still
desirable.

At present, most of the Córdoba mountains are used
for livestock rearing (Cingolani et al. 2003) and perma-
nent livestock exclusion is likely not an option in the near
future. So a relevant consideration is whether woodland
restoration and livestock rearing are compatible. If we
extrapolate from our data using an average overall growth
in height of 6.9 cm/year, P. australis trees in our restora-
tion area are going to take 28 years to average a height of
2 m, which would be high enough to allow low livestock
use and avoid severe damage by browsing. This is too long
a period for most producers who need their pasture to
make a living, and our feeling is that livestock reintroduc-
tion into rehabilitated areas should be a very well-studied
process to make sure erosion and woodland retraction is
not triggered once again.

However, the high variability in growth according to
provenance and microsite shows a potential to reduce
exclusion periods. Selection of the best provenance–
microsite combination of our study would reduce the
period of livestock exclusion to 20 years (average growth
in height of 10.6 cm/year; Fig. 2). The exclusion period
may be further reduced by selection of the best seeding
trees within a provenance (Renison & Cingolani 2002), by
further experimentation to identify even faster growing
provenances, or by planting larger seedlings. Also, Polyle-
pis juveniles may grow faster when older (Hensen 1994)
so the scenario might be better than predicted with the
first 5 years of data. Thus, we see some potential to imple-
ment reforestation using native Polylepis trees, with rea-
sonable exclusion times, in areas where soil loss has not
been widespread. Nevertheless, reduction of the current
stocking rates is necessary if certain areas are going to be
excluded for several years, and this is not likely to happen
without appropriate economic incentives.
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Carlos Paz provided lodging in the field. Diego Gurvich,
David Lamb, and two anonymous reviewers helped
improve the manuscript. Los Algarrobos Association,
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