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Abstract Regeneration is known to be limited at
many temperate tree lines, but very little data is
available on the impacts of altitude and anthropo-
genic disturbance on regeneration patterns along
tropical tree lines. The study focused on the repro-
ductive traits of two Polylepis species in the Paramo
de Papallacta in Ecuador along an altitudinal gradi-
ent, and involved different intensities of cattle
trampling within subsequent altitudinal ranges. We
analyzed flowering, fruit set, seed viability, germina-
tion, and seedling establishment as well as stand
structure of Polylepis incana and P. pauta. The
numbers of P. incana inflorescences and seedlings
per m” showed a marginally significant decrease with
increasing altitude. Mean tree height was signifi-
cantly lower at higher altitudes, while stem number
increased. The number of P. pauta inflorescences also
decreased significantly upslope. In both forest types,
trampling was found to have a positive impact on
seedling abundance, presumably due to the removal
of the litter layer. Thus, there was no evidence of
negative effects of moderate cattle grazing on both
tree line species. However, sapling establishment was
minimal inside the forest stands at all altitudes and
grazing levels, and we consequently observed a low
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proportion of narrow stems within all investigated
forests. Our results show that, along with vegetative
growth limitations of adult trees, important regener-
ation traits such as seedling and inflorescence num-
bers are also influenced by altitude, which might
contribute to the formation of the upper tree line.
Nevertheless, recruitment in the forest interior was
low overall indicating that further factors, such as
light conditions, affect regeneration of the studied
species.
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Introduction

The possible causes of tree line formation have been
intensively studied, but as yet no fundamental
mechanism has been agreed upon. Currently, five
principal hypotheses are under discussion (Korner
2003a). Frost and phototoxic stress, mechanical
disturbance by wind, snow break etc., insufficient
carbon balance, as well as possible limitations of
synthetic processes for the formation of plant tissues
may affect tree growth at high altitudes. In addition,
reproduction may be limited along the tree line
(Tranquillini 1979; Hittenschwiler and Smith 1999;
Korner 2003a; Camarero and Gutierrez 2004).
Regeneration is not believed to be the main factor
in tree line formation as there is no reason why
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arborescent species should have problems with
recruitment while other life forms have adapted their
regeneration traits to even more extreme conditions
(Korner 2003a). However, what we already know
about regeneration patterns may provide relevant
insights into population dynamics and future stand
development.

Former measurements and recently compiled data
reveal a close correlation between thermal thresholds
and tree line position (5-7°C mean growing season
temperature, Korner and Paulsen 2004), suggesting
the presence of a common climatic driver, which
operates globally regardless of differences in other
abiotic or biotic site conditions. In addition, locally
differing factors such as human disturbance, fire and
grazing (Miehe and Miehe 1994) modulate the tree
line position (Korner 1998). Furthermore, rather
idiosyncratic causes of tree line formation are
described such as differences among species’ recruit-
ment strategies (Cuevas 2000; Dullinger et al. 2004),
biotic interactions such as herbivory (Cairns and
Moen 2004), or multi-factorial effects (Cairns and
Waldron 2003). Plant regeneration is generally
known to be limited in harsher environments and
tree line stands should be no exception to this. In any
case, data on recruitment are required in order to
devise appropriate management and restoration
schemes. Little information is available from tropical
tree lines on the whole, and among the various factor
complexes, data on regeneration patterns are rela-
tively scarce.

In the northern Andes, the upper tree line is
usually formed by highly fragmented Polylepis
forests that are subject to a variety of anthropogenic
disturbances such as wood extraction, burning and
grazing, all of which result in severely declining
forest cover (Kessler 1995; Purcell and Brelsford
2004). The remaining forest patches usually form
abrupt boundaries with the surrounding vegetation
(Walter and Medina 1969; Lagaard 1992; Sarmiento
2002), as is equally described for many other tropical
high elevation forests in the world (reviewed in
Miehe and Miehe 1994; Korner 2003a). The factors
influencing the local distribution of Polylepis forests
have been an important topic in plant ecology for
decades (e.g. Ellenberg 1958, 1979, 1996; Walter and
Medina 1969; Cabido and Acosta 1985; Hensen
2002; Korner 2003a; Renison et al. 2006), but there is
widespread agreement now that forests’ current
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fragmented distribution largely reflects human influ-
ence (Ellenberg 1996; Hensen 2002). Legaard (1992)
and Lauer et al. (2001) both assumed that only the
uppermost limit of Polylepis stands in central Ecua-
dor is natural and is accordingly determined by
edaphic and climatic conditions, because these sites
are characterized by a gradual transition towards the
adjacent vegetation. In contrast, abrupt forest borders
at lower altitudes are attributed to human distur-
bances, mainly fires (Lagaard 1992; Lauer et al.
2001). Thus, although not a fundamental physiolog-
ical constraint, anthropo-zoogenic impact should be
considered in any study on upper mountain Polylepis
forests.

Cattle grazing represents the main land use
practice in central Ecuador (Sarmiento 2002; Criss-
man 2003). Although a number of authors have
analyzed the impact of grazing on Paramo vegetation
(Laegaard 1992; Hofstede 1995a, b, 2001), only a few
studies are dedicated to the silvipastoral use of
Polylepis forests (e.g., Teich et al. 2005). Kessler
(1995) reported that rejuvenation of Bolivian Polyl-
epis forests is slightly less intense in grazed stands.
Grazing by goats and sheep apparently impedes
seedling establishment (Hensen 1995, 2002; Kessler
1995). Although cattle do not browse Polylepis
species in central Ecuador, trampling is expected to
have a significant impact (Lagaard 1992). In addition
to the impact of domestic herbivores, natural herbiv-
ory of Polylepis seeds and leaves by caterpillars of
Geometridae is known to be a common phenomenon
in Ecuadorian Paramos (Ledn Yanez 2000). Never-
theless, the impact of site conditions and land-use
practices on the reproduction of Polylepis species
has, as yet, been scarcely studied (Smith 1977,
Hensen 1995; 2002; Kessler 1995; Renison and
Cingolani 1998; Renison et al. 2002a, b).

The present study investigates reproductive traits,
site conditions and stand structure of Polylepis incana
Kunth and Polylepis pauta Hieron. in the Ecuadorian
Paramo de Papallacta along an altitudinal gradient
under different intensities of cattle trampling. In
particular, we assessed the following questions: 1.
How does altitude affect flowering, fruit set, seed
quality, seed predation by Geometrid caterpillars and
seedling establishment of both Polylepis species? 2.
How is stand structure influenced by altitude? 3.
What is the impact of trampling on these parameters?
Apart from the general theoretical framework on tree
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line ecology, detailed knowledge on regeneration
parameters under different site and disturbance
conditions should facilitate the discrimination of
natural and anthropogenic causes of present forest
distribution and tree line position, which will be
crucial to the development of efficient conservation
strategies needed for these endangered plant commu-
nities (UNEP-WCMC 2004; Renison et al. 2006).

Methods
Study area and species

The Paramo de Papallacta (nomenclature follows
Lauer et al. 2001) is located in the eastern cordillera
of Ecuador between the Cayambe and Antisana
volcanoes, about 30 km east of Quito (Fig. 1). The
geology of the area is characterized by plio-pleisto-
cene vulcanites that are covered by quaternary
pyroclastic and aeolic sediments (‘‘cangagua’’;
Winckell et al. 1997; Lauer et al. 2001). The study
area covers the geoecological units of the plateau-like
Paramo de Papallacta itself with its young-glacial
lakes, bogs and moraines, and the El Tablon/Paramo
de Guamani, which is dominated by glacially formed

valleys that deepened following the erosion of
cangagua layers (Lauer et al. 2001). Soils in the area
are predominantly Andosols (Winckell et al. 1997;
Lauer et al. 2001).

The climate is typical for tropical highlands with
limited thermal, but pronounced hygric, seasonality
(Sarmiento 1986). Precipitation patterns vary remark-
ably among exposures and altitudinal levels. The
western slopes are drier and receive the highest
precipitation between March and May, and from
September to November (Lauer et al. 2001). For
forest stand 1 (Fig. 1) at 3650 m asl, a mean annual
precipitation of 1,500 mm was estimated (Fehse et al.
1999). Precipitation increases with elevation, but is
locally modified by circulation patterns and slope
inclination (Lauer et al. 2001). In contrast, the eastern
slopes receive most precipitation between June and
August with an overall amount of 1,433 mm (Papal-
lacta station: 3,150 m asl; Bendix and Rafigpoor
2001). Although precipitation decreases with altitude,
a maximum of about 1,800 mm is reached at
3,800 m asl at the condensation level (Lauer et al.
2001). Mean annual temperatures are also determined
by altitude and exposure. For the western slope,
Lauer et al. (2001) report 10.5°C at 3,500 m, and 6°C
at 4,100 m asl, whereas the eastern slope is

Fig. 1 Study area and
location of the forest stands
investigated in this study
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characterized by a less steep altitudinal gradient with
temperatures ranging from 8.5°C to 6°C at the
respective altitudes. Climate of all forests was
measured exemplarily in order to exclude forest
stands with locally particular conditions.

In the Paramo de Papallacta, Polylepis forests
grow up to an altitude of 4,100 m asl (Fig. 1). On the
western slope, stands of P. incana prevail while on
the eastern slope P. pauta forests are predominant.
Polylepis incana reaches a maximum height of 12 m
(Romoleroux 1996). Stands can be found from
central Ecuador to southern Peru (Simpson 1979).
The pendant inflorescences are short and bear
between 3 and 10 flowers. In the Paramo de
Papallacta, P. incana occupies an altitudinal belt
between 3,500 m asl and 4,100 m asl and forms
monospecific forests between 3,600 m asl and
3,800 m asl. Polylepis pauta also grows up to 12 m
in height and is distributed along the eastern slopes of
the Andean cordillera from northern Ecuador to
southern Peru (Romoleroux 1996; Simpson 1979). In
the study area, forests are situated between 3,700 and
4,100 m asl and are always mixed with other tree
species such as Gynoxys spp., Solanum stenophyllum
and Hesperomeles obtusifolia var. microphylla.
Polylepis pauta is characterized by long, rarely
ramified inflorescences with 1040 flowers (Romol-
eroux 1996). Both Polylepis species continuously
produce flowers and fruits (one-seeded nutlets, here-
after referred to as seeds; Simpson 1979).

Sampling design

Study plots were established in a partly nested design.
In order to cover the entire altitudinal range of each
Polylepis species, forest stands were grouped into the
following altitudinal belts: 3,500-3,700 m, 3,700—
3,900 m and 3,900—4,100 m asl for P. incana; and
3,700-3,900 m and 3,900—4,100 m asl for P. pauta. At
each level, three independent forest stands of at least
1 ha in size were selected. Minimum distance among
these stands was 1 km. Only unburned stands were
included in the study. From the 15 selected forest
stands, 14 were privately owned. Stand 15 (Fig. 1) is
part of the Ecological Reserve Cayambe-Coca.

Via interviews with the respective landowners,
general animal loads were determined at the forest
stand level and ranged between 0.13 and 0.17 cattle
per ha—with the exception of two stands which were
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grazed at higher intensities (Stand 8: 0.44 cattle per
ha; stand 12: 1.25 cattle per ha). However, borders of
the properties are not fenced, allowing for free
roaming of cattle herds in the whole area. As cattle
are not evenly distributed in paramo ecosystems due
to forage availability (Hofstede 1995b), different
levels of disturbance by grazing can be distinguished
within single forest stands. Area of cattle paths was
considered to indicate repeated and long-term cattle
presence. We classified the stand area into three levels
of trampling intensity according to the following
scheme: no or light trampling (0.0-3.9% of cow paths,
but no paths without vegetation), intermediate tram-
pling (4.0-19.9% of cow paths), and heavy trampling
(>20.0% of cow paths). Within each trampling level,
one plot of 100 m* was randomly selected. All plots
were established in closed forest stands at a minimum
distance of 5 m to forest edge. This approach resulted
in an overall amount of 27 plots for P. incana, and 18
for P. pauta with three independent replicates for each
factor combination. Width and length of all cattle
paths within the established plot were measured and
the overall path area was calculated.

Data collection and analysis

Data were collected from April to July 2004. In each
study plot stem height, diameter at breast height (dbh,
or—if not possible—below the first ramification) and
canopy diameter of all stems >1.3 m were determined.
For multi-stemmed individuals, diameter was calcu-
lated from the sum of diameters of all the stems. We
took records from every tree where fructification was
present. Mean stem number of Polylepis and all other
tree species per ha, as well as basal area per ha, mean
height, mean canopy diameter and percentage of seed
bearing Polylepis individuals were calculated in
accordance with Kramer and Akca (1995). In addi-
tion, canopy cover within the plot was estimated
visually. Averaged heights and basal areas are
strongly influenced by differing numbers of small
trees in the studied forests. However, our estimates
should still have relevance considering the low overall
recruitment in the forest interior at all altitude and
grazing levels.

The amounts of seedlings, saplings and asexual
ramets <1.3 m were counted in 20 randomly distrib-
uted 1-m? subplots within each study plot. Ramets
were distinguished from saplings by excavating



Plant Ecol (2008) 194:207-221

211

possible connections with the mother plant. Genera-
tive Polylepis individuals >5 cm in height were
counted as saplings. In addition, depth of litter layer
was recorded and cover of vegetation was estimated
in each subplot. Moreover, distances of each seedling
from the next herbaceous vascular plant were mea-
sured and averaged at the plot level.

Flowers and seeds were counted directly in the
canopy layer by climbing to the top of the trees where
leaves and flowers are mainly produced. All forest
stands were characterized by a closed canopy cover,
which implies a similar crown morphology with a
50-100 cm deep layer of foliated and reproductively
active branches. For each study plot we counted the
inflorescences in five randomly selected 1-m? sub-
plots with the help of a wooden frame. A represen-
tative sample of inflorescences (on average 300 in P.
incana plots and 30 in P. pauta plots) was collected
and the percentage of racemes with flowers and
seeds, as well as the mean numbers of flowers and
seeds per raceme was determined. Using these data,
the absolute amount of flowers and seeds per m? was
calculated. The importance of seed predation by
Geometridae on P. incana was assessed based on
visible feeding signs on collected seeds. The length of
all collected seeds was measured and the viability of
seeds was tested using a Tetrazolium staining proto-
col (McKay 1972). Only seeds with an entirely
stained embryo were considered viable.

In all forest stands within the same geoecological
unit (Paramo de Papallacta and El Tablon), soil
temperatures at 30 cm depth, atmospheric temperature
and atmospheric humidity at 10 cm height were
simultaneously measured over 24 h on the same day
with data loggers (INFRALOG, Driesen and Kern,
Germany). Two data loggers were placed in each stand
(untrampled and heavily trampled plot). Additionally,
in situ soil moisture at 0-3 cm depth was averaged over
five instantaneous measurements per plot using a Theta
Probe (HH2 moisture meter, Delta-t Devices Ltd.).
Polylepis incana stands of El Tablon were analyzed
from 10th to 11th of July 2004 and those of Paramo de
Papallacta from 12th to 13th of July 2004. Both days
were sunny and dry with slight easterly winds.
Polylepis pauta forests were measured from 14th to
15th of July 2004 during cloudy and rainy weather.

In each plot, soil parameters were analyzed in an air-
dried sample of top soil (0—10 cm) mixed together from
three subplots. Soil pH was measured in 0.1 mol/l KCI

solution. Contents of exchangeable K*, Na*, Ca**, and
Mg** were analyzed by applying AAS (VARIO 6,
Analytik Jena) after extraction with 0.1 mol/l NH4CI.
The content of organic matter was determined by loss
on ignition, and C/N ratios by gas-chromatography
(VARIO CN Analyser, ELEMENTAR).

Statistical analyses were performed using R
version 2.3.1 (The R Foundation for Statistical
Computing 2006). Altitude and trampled area were
the categorical predictor variables and the forests
were included as a blocking factor nested within
altitude. Stand parameters, litter depth, data on
flowering, seed quality and predation as well as the
numbers of seedlings, saplings and ramets were
response variables. Data were tested for normal
distribution (Kolmogorov—Smirnov Test). Data on
seedling number had to be In-transformed to confirm
to statistical normality, while analyses of the remain-
ing variables were based on untransformed data
relying on the robustness of balanced ANOVA
designs (Quinn and Keough 2002). Effects of altitude
and grazing level were jointly analyzed using Two-
Way ANOVA, followed by Tukey HSD post-hoc
tests in cases where differences were significant
overall. Due to the partly nested design, the F-ratio
for the factor altitude was calculated in reference to
the MS of the random factor forest nested within
altitude, whereas the test of trampling relied on the
residual of forest (altitude) X trampling (Quinn and
Keough 2002). The datasets of P. incana and P.
pauta were analyzed separately. Linear regressions
(Pearson r) of the mean forest altitude and mean
inflorescence number were performed in order to
estimate the altitude at which the number of
inflorescences declines to zero. In addition, we
determined Pearson correlation coefficients for In-
transformed seedling number and litter depth.

Results
Site conditions

Soils of the investigated P. incana stands are
characterized by a high content of organic matter
and slightly acidic pH-values (Table 1). Soil pH
decreased with altitude, as did contents of Ca®* and
Mg>*. Polylepis pauta forests grow on more acidic
soils with a lower Ca** and Mg>* content (Table 1).
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Table 1 Soil and climate conditions of the investigated Polylepis stands (soil conditions: means (SE) of nine plots; microclimate:

means (SE) of six parallel measurements)

Altitudinal level (m asl) Polylepis incana Polylepis pauta

3,500-3,700 3,700-3,900 3,900-4,100 3,700-3,900 3,900—-4,100
Mean slope (%) 11 (3) 18 (4) 19 (1) 15 3) 26 (1)
pH (KCI) 5.5(0.1) 5.4 (0.1) 4.6 (0.1) 4.1 (0.1) 3.8(0.1)
Soil humidity (%) 21.4 (1.7) 22.0 (3.2) 52.8 (4.5) 79.2 (4.0) 66.5 (5.6)
Organic matter (%) 25.8 (1.8) 28.6 (3.6) 26.5 (2.2) 23.5 (1.6) 25.2 (3.8)
C/N 16.1 (0.5) 16.3 (0.5) 15.5 (0.3) 14.9 (0.5) 15.1 (0.5)
K* (mg/100 g) 51.0 (3.8) 59.8 (8.6) 46.1 (8.8) 27.8 (3.2) 319 (5.3)
Na* (mg/100 g) 4.8 (0.9) 3.1(04) 3.6 (0.3) 3.3(0.2) 3.8 (0.7)
Mg>* (mg/100 g) 93.8 (6.7) 80.5 (5.0) 54.6 (5.6) 35.7 (4.1) 30.8 (4.1)
Ca®* (mg/100 g) 238.5 (12.0) 230.4 (11.6) 189.1 (10.7) 113.3 (6.0) 102.9 (8.2)
Mean air temp. (°C) 8.3 (0.4) 8.0 (0.4) 5.1(0.2) 4.8 (0.3) 3.8 (0.1)
Mean soil temp. (°C) 9.1 (0.2) 8.0 (0.3) 5.5(0.1) 6.3 (0.4) 4.9 (0.1)
Rel. humidity (%) 78.8 (1.9) 75.7 (2.6) 86.6 (1.4) 91.9 (0.5) 91.8 (0.1)

Soil moisture in P. incana stands ranged between
12.9% and 66.7% and increased with altitude. Mean
soil temperature decreased at a rate of 0.73 K/100 m,
with values falling from 9.7°C to 5.3°C between
3,500 m asl and 4,100 m asl. A similar trend could be
observed for atmospheric temperature, which ranged
between 9.8°C and 4.5°C. In P. pauta forests, both
soil moisture and atmospheric humidity were clearly
higher than in the P. incana stands. Mean soil and
atmospheric temperature fluctuated less than in the P.
incana stands, with values between 7.4°C and 4.3°C,
and 5.6°C and 3.2°C, respectively, but the tempera-
ture gradient was similar (0.78 K/100 m).

Cattle trampling had significant impact on bulk
density in the P. incana stands, but not in the P. pauta
stands (Table 2). The highest and the lowest tram-
pling levels in P. incana stands differed significantly
(Tukey HSD) and there was an interaction between
trampling and altitude. In addition, we found a
significant decrease in litter depth at higher trampling
intensities (Table 2) with significant differences
between low and high trampling intensity for P.
incana and with significantly lower values at the
highest trampling level for P. pauta (Tukey HSD).

Stand structure
Overall stem number in the P. incana stands differed

among altitudinal levels (Table 3) and increased with
altitude (Fig. 2a). Mean stem height of P. incana was
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significantly lower at higher altitudes (Tukey HSD,
Fig. 2b, Table 3). Consequently, mean canopy
diameter demonstrated a similar trend (Table 3). In
contrast, no effect of altitude on stand parameters
could be detected in P. pauta stands (Table 3). The
diameter distribution (dbh) showed a rather low
proportion of trees with small diameters (0—10 cm) in
all investigated stands with values below 50%
(Fig. 3). This indicates low recruitment rates for
both species within the stands. Trampling did not
affect stand structure in any of the two forest types,
but we found a significant interaction between
trampling and altitude for the tree height of P. incana.

Flowering, fruit set and seed predation

The mean percentage of fruit-setting trees was similar
in both forest types (P. incana 51.8%, P. pauta
55.2%, Table 3) and not related to altitude. In
contrast, the number of inflorescences per m?
decreased upslope, which was significant in P. pauta
and marginally significant in P. incana (Table 4,
Fig. 4). In contrast, seed viability was not affected by
altitude. Mean seed length was 3.2 mm for P. incana
and 3.0 mm for P. pauta, and in both viability was
low (P. incana mean 2.3%, P. pauta mean 6.0%;
Table 4), mainly because of an absence of, or damage
to the embryo. Regression models for inflorescence
number estimated a decline to zero at an altitude of
4,115 m for P. incana (r* = 0.585, P = 0.016, N = 9),
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Table 2 Means (SE) of area trampled, depth of litter layer and bulk density as well as the results of Two-Way ANOVA (N = 3;
L = no trampling or low trampling intensity, M = medium trampling intensity, H = high trampling intensity)

Altitudinal level (m asl) 3,500-3,700 3,700-3,900 3,900-4,100 P
Altitude Trampl. Interact.
Polylepis incana
Area of cow pathes (m?)
L 1.8 (1.0) 1.2 (0.6) 1.3 (0.5)
M 9.6 (1.4) 8.0 2.4) 8.9 (3.0)
H 27.5 (3.7) 229 (1.9) 28.9 (1.1)
Depth of litter layer (cm)
L 3.0 (0.6) 3.3 (0.4) 4.5 (0.7) 0.376 <0.001 0.047
M 2.6 (0.5) 3304 2.7 (0.8)
H 1.3 (0.2) 1.6 (0.5) 2.9 (0.7)
Bulk density (g/cm?)
L 0.3 (0.1) 0.4 (0.0) 0.3 (0.0) 0.281 0.004 0.033
M 0.5 (0.1) 0.4 (0.0) 0.4 (0.0)
H 0.5 (0.1) 0.4 (0.0) 0.4 (0.0)
Polylepis pauta
Area of cow pathes (mz)
L - 0.0 (0.0) 0.4 (0.4)
M - 8.6 (1.7) 13.3 (1.8)
H - 23.5(0.4) 23.0 (0.7)
Depth of litter layer (cm)
L - 3.4 (0.6) 2.9 (0.1) 0.855 0.005 0.291
M - 2.7 (0.2) 2.3 (0.1)
H - 1.1 (0.4) 1.8 (0.5)
Bulk density (g/cm?)
L - 0.3 (0.1) 0.3 (0.0) 0.905 0.199 0.373
M - 0.3 (0.0) 0.4 (0.1)
H - 0.4 (0.1) 0.4 (0.1)

and 4,220 m asl for P. pauta (r2 =0.513, P = 0.109,
N = 6). Flowering and fruit-set were not influenced by
trampling, but inflorescence number of P. incana
showed a significant interaction between trampling
and altitude.

Seed predation by Geometridae in P. incana
forests ranged between 5.9% and 34.4%. There was
no effect of altitude, but a significant impact of
trampling on seed predation (Table 4).

Seedlings and seedling establishment
Seedlings were found in all investigated forest stands.

Their average number was 1.5 seedlings/m” in P.
incana forests and 11.1 seedlings/m” in P. pauta stands

(Table 5). Ramets on the other hand were rare in both
forest types. The number of P. incana seedlings per m*
differed significantly between the investigated tram-
pling regimes (Fig. 5a) and marginally significant
between the altitude levels without interaction (Ta-
ble 5). Post-hoc tests clearly distinguished the highest
trampling level and the highest altitude level. Density
of P. pauta seedlings also increased with increased
trampling, but no impact of altitude was detected
(Fig. 5b, Table 5). The highest and the lowest trampling
intensities were significantly different according to
post-hoc tests. This was related to a significant
correlation of litter depth and seedling number in both
species (= 0.696, N = 27, P < 0.001 for P. incana;
r*=0.409, N = 18, P = 0.004 for P. pauta). In contrast,
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Table 3 Stand structure of the investigated Polylepis species and ANOVA results (means (SE) of nine plots)

Altitudinal level (m asl) 3,500-3,700  3,700-3,900 3,900-4,100 P
Altitude  Trampl.  Interact.
Polylepis incana
Mean stem number (all species N/ha) 1,133 (128) 1,700 (286) 1,878 (185) 0.048 0.101 0.245
Basal area (m?/ha) 7,233 (743) 10,429 (518) 7,339 (788) 0.027 0.178 0.235
Mean diameter (cm) 27.3 (3.1) 26.0 (3.3) 25.9 (2.1) 0.957 0.157 0.015
Mean height (m) 7.5 (0.6) 6.9 (0.4) 5.3 (0.6) 0.041 0.229 0.041
Mean canopy diameter (m) 4.7 (0.5) 3.8 (0.4) 3.7 (0.4) 0.085 0.282 0.191
Mean rate of fruit setting Polylepis trees (%)  59.9 (7.2) 62.1 (6.3) 40.9 (5.6) 0.169 0.922 0.312
Polylepis pauta
Mean stem number (all species N/ha) - 1,544 (255) 1,578 (182) 0.936 0.869 0.650
Basal area (m”*/ha) - 5,080 (461) 7,592 (1,334)  0.101 0.812 0.709
Mean diameter (cm) - 27.6 (3.8) 29.0 (3.7) 0.800 0.591 0.539
Mean height (m) - 6.6 (0.6) 6.3 (0.5) 0.601 0.362 0.569
Mean canopy diameter (m) - 4.3 (0.5) 4.6 (0.5) 0.304 0.775 0.812
Mean rate of fruit setting Polylepis trees (%) — 69.4 (8.6) 56.2 (5.9) 0.282 0.919 0.784
(a) (b) O Light trampling
4000 - 12 - (£ Intermediate trampling
O Strong trampling
_ 10+ a
« 3000 4 £ T a
< b = 8 b
@ a <
§ 2000 - 3 6
7
8+
1000 =
2 4
0 0

3500-3700 3700-3900 3900-4100
Altitudinal level (m asl)

Fig. 2 Mean stem number per ha (a) and mean tree height (b)
of P. incana stands at different altitudinal and grazing levels

degree of vegetation cover and mean seedling distance
from the next vascular plant did not demonstrate any
relation to the number of seedlings.

The number of saplings was low overall, and there
was no evidence of effects of trampling or altitude.

Discussion
Impact of altitude
Our data shows that along with vegetative growth

limitations, generative regeneration of both Polylepis
species is influenced by altitude. Numbers of
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3500-3700  3700-3900  3900-4100
Altitudinal level (m asl)

(N = 3; error bars: SE; small letters indicate significantly
different groups in post-hoc test of factor altitude)

inflorescences decreased with altitude, and seedling
number showed a similar trend with altitude in
P. incana. Based on the regression of the inflores-
cence numbers, zero reproduction is expected at
about 4,100 m for P. incana and at about 4,200 m for
P. pauta, which coincides surprisingly well with the
observed upper tree line for these species in the area.
Low recruitment is known to be a common phenom-
enon at tree lines (Tranquillini 1979; Bader et al. in
press). At highly seasonal tree line ecotones, a later
and shorter flowering period at higher altitudes may
be the main reason for reduced regeneration, as is
described by Vera (1995) for woody plant species in
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Table 4 Parameters of generative reproduction and ANOVA results (means (SE) of nine plots)
Altitudinal level (m asl) 3,500-3,700 3,700-3,900 3,900-4,100 P
Altitude Trampl. Interact.
Polylepis incana
Racemes per m? 374 (84) 195 (34) 98 (15) 0.055 0.292 0.003
Flowers per m> 173 (39) 68 (27) 44 (17) 0.141 0.206 0.028
Seeds per m> 160 (62) 56 (19) 50 (15) 0.260 0.609 0.298
Seeds per raceme 2.3(0.2) 2.0 (0.2) 2.3 (0.2) 0.527 0.058 0.055
Mean seed length (mm) 3.2 (0.1) 3.3(0.1) 3.0 (0.1) 0.543 0.778 0.296
Mean rate of viability (%) 2.0 (0.6) 3.8 (0.9) 2.0 (0.9) 0.306 0.831 0.152
Mean rate of seed predation 7.9 (2.0) 10.3 (1.7) 19.6 (4.3) 0.251 0.043 0.983
by Geometridae (%)

Polylepis pauta
Racemes per m? - 12.9 (4.4) 9.3 (1.6) 0.034 0.808 0.407
Flowers per m? - 35.8 (5.6) 30.6 (3.0) 0.958 0.560 0.357
Seeds per m? - 3.3 (0.1) 3.5(0.3) 0.238 0.759 0.598
Seeds per raceme - 0.1 (0.1) 0.0 (0.0) 0.290 0.720 0.551
Mean seed length (mm) - 0.0 (0.0) 0.1 (0.0) 0.154 0.859 0.279
Mean rate of viability (%) - 12.9 (4.4) 9.3 (1.6) 0.441 0.165 0.760

Spain. Along tropical latitudes with weakly or
without pronounced seasonality, but with more or
less ongoing seed production, a direct impact of
temperature—as opposed to season length—on inflo-
rescence production might be more probable. The
crown morphology of the sampled trees is not
expected to have influenced the results as we
exclusively analyzed plots with similar canopy cover

and a rather two dimensional reproductive layer. We
found a significant interaction of the trampling and
altitude effects with inflorescence number in the P.
incana stands, which is a consequence of the very
pronounced impact of altitude at the intermediate
trampling level. However, there was no evidence of
any direct effects of trampling on stand structure,
calling for further research on this phenomenon.
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Fig. 4 Mean number of ) )
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Table 5 Numbers of seedlings, saplings and ramets and related parameters for both Polylepis species (mean (SE) of nine plots)

Altitudinal level (m asl) 3,500-3,700 3,700-3,900 3,900-4,100 P

Altitude Trampl. Interact.

Polylepis incana

Seedlings per m? 2.6 (1.0 1.3 (0.4) 0.4 (0.1) 0.060 <0.001 0.923
Mean vegetation cover (%) 39.5 (7.5) 28.3 (7.7) 314 4.3) 0.782 0.268 0.614
Mean distance of seedling to next vascular plant (cm) 6.3 (1.1) 10.1 (2.1) 9.1 (2.0) 0.570 0.669 0.448
Saplings per m? 0.1 (0.0) 0.0 (0.0) 0.0 (0.0) 0.180 0.597 0.223
Ramets per m> 0.2 (0.2) 0.1 (0.0) 0.1 (0.0) 0.786 0.521 0.374
Polylepis pauta
Seedlings per m? - 112 (13) 49 (6) 0.938 <0.001  0.276
Mean vegetation cover (%) - 86 (36) 90 (25) 0.652 0.888 0.238
Mean distance of seedling to next vascular plant (cm) - 293 (61) 152 (47) 0.646 0.887 0.702
Saplings per m? - 5.7 (0.7) 7.2 (0.8) 0.561 0.523 0.265
Ramets per m’ - 3.0 (0.1) 2.9 (0.1) 0.148  0.148  0.148
Fig. 5 Mean .number of (a) (b)
seedlings at different levels 35 - 35 4 [ Light trampling
of altitude and trampling. 30 4 30 4 [ Intermediate trampling
(a) P. incana, (b) P. pauta; T o5 | 25 | 0 Strong trampling
N = 3; error bars: SE 5

o 20 20 -

£ 15 15

3 10 101

? 5] i 5 -

o —e={ 1 == 0 -
3500-3700  3700-3900  3900-4100 3700-3900 3900-4100
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In contrast, seed quality was not affected by to herbivory is closely related to the capacity of the
altitude. Seed lengths hardly changed along the plant species to produce specific and non-specific
altitudinal gradient and seed viability was consis- secondary compounds that deter or are toxic to
tently low. This was supported by the fact that seed herbivores (Mills 1986). Thus, a lack of altitudinal
predation by Geometridae did not differ among the gradients in Geometridae herbivory does not provide
altitudinal levels in the P. incana stands. Sensitivity evidence of major changes in the composition of
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secondary compounds either, and may also indicate a
more or less similar seed quality along the altitudinal
gradient. However, we found a significant influence
of trampling on herbivory. This might be ascribed to
possible impacts on the life cycle of the insect species
involved, but again, this argument remains tentative.

Altitude is directly linked to a variety of ecological
factors with significant impact on plant growth and
tree line formation (e.g. temperature, humidity, soil),
which were not considered separately in this field
study. However, our results reinforce the idea of there
being a general thermal constraint on tree lines
worldwide (Walter and Medina 1969; Tranquillini
1979; Miehe and Miehe 1994; Koérner 2003a). We
confirmed the altitudinal decrease of soil and air
temperatures described by Lauer et al. (2001) and
Bendix and Rafigpoor (2001) for Polylepis forests in
the study area. The eastern slopes with P. pauta are
characterized by lower temperatures and higher
humidity. Mean soil temperature at the uppermost
forest stands ranges from 5.6°C to 4.3°C according to
our own (Table 1), and previous (Bendix and
Rafigpoor 2001), measurements. This supports the
findings of Korner and Paulsen (2004) that critical
temperatures for tree growth in the tropics are 1-2 K
lower than at higher latitudes with thresholds of 5—
7°C.

In accordance with Korner (2003a), we expect soil
temperature to be highly correlated to the underlying
physiological mechanism of tree line formation.
Korner (1998) favors a general effect of low temper-
atures on growth. The underlying factors may include
limited photosynthetic activity—though unlikely with
respect to available data (Hoch and Korner 2003;
Korner 2003b)—or limited growth capabilities. In the
study area, there was an increase in the number of
stems in Polylepis forests at higher altitudes, accom-
panied by a decline in stand height and canopy
diameter, which provides evidence of reduced
growth, as is described for several tree line ecotones
by Tranquillini (1979) and Korner (2003a). These
growth limitations also may affect reproductive
parameters like flowering and fruit set leading to a
low overall seed production and a consequent decline
in seedling number at higher altitudes. Hence,
regeneration followed similar altitudinal gradients
as did vegetative growth of adult trees. With our data,
we cannot assess whether low regeneration contrib-
utes to the maintenance of the current upper tree line

as population dynamics cannot be estimated on a
single census basis. In addition, it remains unknown
as to how many successful recruitment events are
needed for a stable state tree population. Seedling
populations reflected the decline of inflorescence
number only in the case of P. incana; whereas in P.
pauta—with more than 10 times the seedling num-
ber—consequences of flower and seed production on
population dynamics are far less likely. Still, the
overall recruitment was low at all altitude levels,
which indicates that further factors influence regen-
eration success. In conclusion, long-term research is
required to better understand the impact of altitude on
the population dynamics of the study species.

Impact of trampling

Cattle activity estimated in terms of trampling
density neither had pronounced effects on seed
production or viability nor on Polylepis stand
structure parameters, unlike other grazing systems
(Cierjacks and Hensen 2004; Renison et al. 2004).
The interaction between trampling and the effect of
altitude on tree height might be attributed to the
weak decrease in tree height at the intermediate
trampling intensity. Trampling by cattle on the
other hand was associated with a significant
increase in seedling numbers in the stands of both
Polylepis species. Smith (1977) assumed that
seedling survival of P. sericea is highly influenced
by interspecific competition, but our results coin-
cide with those on P. australis of Renison et al.
(2005), who also failed to find any correlation
between seedling survival and vegetation cover.
Furthermore, no influences of stand structure or
canopy cover on seedling abundance could be
observed. Instead, depth of litter layer was strongly
negatively correlated to trampling, a pattern de-
scribed before for other plant communities (e.g.
Olson-Rutz et al. 1996; Yates et al. 2000). A deep
litter layer is known to inhibit seedling establish-
ment (Keever 1973; Rotundo and Aguiar 2005),
and especially where seeds remain on the upper
stratum (Fowler 1986; Hamrick and Lee 1987; Li
and Ma 2003). This is particularly probable in the
study area where continuous leaf shedding sustains
a thick litter layer throughout the year. Trampling
results in litter layer reduction and thus creates
safe-sites for the establishment of Polylepis
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seedlings. The significant interaction of altitude
with trampling in P. incana points to a less
pronounced litter reduction by trampling in the
highest forest stands. Direct mortality of seedlings
caused by cow hooves on the other hand is
apparently not important for seedling survival due
to the low to intermediate animal loads in the study
area (<0.2 animals per ha). A similar result was
obtained by Oesterheld and Sala (1990) for herba-
ceous species in Argentina.

Another explanation for the increased seedling
number in the trampled plots could be that both
factors co-vary with a third one, such as soil fertility,
which improves both fodder value of the herbaceous
stratum and availability of regeneration niches for
seedling establishment. However, we found no evi-
dence that soil parameters were positively correlated
to trampling intensity. On the contrary, trampling
significantly increased bulk density in P. incana,
which was less pronounced in the uppermost forest
stands as indicated by the interaction between altitude
and trampling. Thus in terms of soil conditions,
trampling should have detrimental rather than
positive effects on tree recruitment (Renison et al.
2002 a).

In contrast to seedlings, numbers of saplings
were very limited in the studied Polylepis stands.
As there was no correlation to trampling intensity
or altitude, this finding indicates low seedling
establishment in the forest interior. Moreover,
diameter distribution suggests poor sapling recruit-
ment as stems of diameter class 0-10 cm repre-
sented only less than 50% of the overall stem
number at all altitudinal levels. Studies of Enrico
et al. (2004) on woodlands of P. australis in
Argentina, describe comparable diameter distribu-
tion patterns. Such population structures within
forest stands are typical for shade-intolerant species
that do not successfully regenerate below a closed
canopy (e.g. Lambrecht 1989; Everard et al. 1995;
West et al. 2000). A similar decline of seedling
survival with increasing canopy cover was de-
scribed for light-demanding Quercus species
(Crown 1992), and Palmer et al. (2004) recorded
low growth rates under dense canopies for Quercus
saplings. Shade affects regeneration of Polylepis
species. Enrico et al. (2004) found a higher
recruitment rate of P. australis in open scrubland
than in closed forest. In addition, P. incana and P.
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pauta proved to regenerate more vigorously at the
forest edge (Cierjacks et al. 2007, Cierjacks et al.
in press) which explains their limited recruitment
within closed forest stands.

Grazing intensity in the major part of the study
area is rather low with livestock numbers being <0.2
animals per ha. According to Hofstede (1995b, 2001),
a cattle density of up to 0.1 animals per ha is
sustainable for Paramo ecosystems, while a load of
0.5 animals per ha is expected to lead to overgrazing.
Although high values of individual forest stands (8
and 12) imply more severe grazing impact, free
roaming of cattle in the whole study area apparently
prevents overgrazing because, even in these stands,
zones with low trampling intensities could be distin-
guished. In accordance, effects on the stand structure
of P. incana or P. pauta were nonexistent. One
possible reason could be the overall low sapling
density, despite increased seedling numbers, under
the canopies in trampled plots. In their study in New
Zealand, Bellingham and Allan (2003) emphasized
that high seedling numbers found in long-term deer
exclosures do not necessarily lead to a higher stem
number in forest stands. A second reason lies in the
fact that cattle do not browse the studied Polylepis
species (Legaard 1992).

In summary, low to moderately intense grazing of
cattle in P. incana and P. pauta forests proved to be a
sustainable land-use practice, at least with respect to
the tree component. As Polylepis species in the
Paramo de Papallacta are not browsed, the severe
consequences for tree rejuvenation and population
structure described for Bolivian Polylepis species by
Hensen (1995, 2002) and Kessler (1995) are not
apparent. On the contrary, trampling of cattle may
even facilitate recruitment in gaps, providing a more
extensive seedling bank on the forest ground. Grazing
alone is thus not responsible for the abrupt forest
boundaries commonly found at lower altitudes.
However, grazing is often accompanied by further
disturbances such as burning and selective cutting.
The rise of the upper limit of agriculture along with
increased burning activity often leads to conflicts
between local communities and conservationists
(Mena Vasconez 1995). The combined impact of
grazing and cutting or burning might finally prevent
sufficient vegetation regeneration, which was shown
by Hofstede (1995b) for grass Paramo, and by Kok
et al. (1995) for Ecuadorian mountain forests.
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Therefore, a careful management of the remaining
forest stands as well as suitable reforestation mea-
sures will be crucial for the long-term conservation of
these endangered forest communities.

Acknowledgments This study was carried out as part of the
project ‘‘Regeneration Ecology of Tropical Tree Lines’’ by the
Martin-Luther-University Halle-Wittenberg and financed by
the Deutsche Forschungsgemeinschaft (DFG). We would like
to thank Alfonso Gortaire and Pablo Ochoa for their help
during fieldwork. We also gratefully acknowledge the support
given by Hugo Navarrete and Susana Le6én Yanez (Pontificia
Universidad Catélica del Ecuador, Quito) as well as by
Gustavo Mosquera (Fundacion Antisana). The manuscript
benefited from comments by two anonymous reviewers, and
Danny McCluskey kindly checked our English.

References

Bader MY, van Geloof I, Rietkerk M (in press) High solar
radiation hinders tree regeneration above the alpine tree-
line in northern Ecuador. Plant Ecol doi:10.1007/
s1125800692126

Bellingham PJ, Allan CN (2003) Forest regeneration and the
influences of white-tailed deer (Odocoileus virginianus) in
cool temperate New Zealand rain forests. For Ecol Man-
age 175:71-86

Bendix J, Rafigpoor MD (2001) Studies on the thermal con-
ditions of soil at the upper tree line in the Paramo de
Papallacta (Eastern Cordillera of Ecuador). Erdkunde
55:257-276

Cabido M, Acosta A (1985) Estudio fitosocioldgico en bosques
de Polylepis australis Bitt. (‘“Tabaquillo’’) en las Sierras
de Cordoba, Argentina. Documents Phytosociologiques
NS 9:385-400

Cairns DM, Moen J (2004) Herbivory influences tree lines. J
Ecol 92:1019-1024

Cairns DM, Waldron JD (2003) Sigmoid wave transitions at
alpine tree line. Geogr Annaler 85:115-126

Camarero JJ, Gutiérrez E (2004) Pace and pattern of recent tree
line dynamics: response of ecotones to climatic variability
in the Spanish Pyrenees. Clim Change 63:181-200

Cierjacks A, Hensen I (2004) Variation of stand structure and
regeneration of Mediterranean holm oak along a grazing
intensity gradient. Plant Ecol 173:215-223

Cierjacks A, Wesche K, Hensen I (2007) Potential lateral
expansion of Polylepis forest fragments in central Ecua-
dor. For Ecol Manage 242:477-486

Cierjacks A, Iglesias JE, Wesche K, Hensen I (in press) Impact
of sowing, canopy cover and litter on seedling dynamics
of Polylepis species at upper treelines in central Ecuador.
J Trop Ecol doi:10.1017/s0266467407004051

Crissman CC (2003) La agricultura en los paramos: Estrategias
para el uso del espacio. Contribuciones para el desarrollo
sostenible de los Andes 1, CONDESAN, Lima, Peru

Crown TR (1992) Population dynamics and growth pattern for
a cohort of northern red oak Quercus rubra seedlings.
Oecologia 91:192-200

Cuevas JG (2000) Tree recruitment at the Nothofagus pumilio
alpine tree line in Tierra del Fuego, Chile. J Ecol 88:840—
855

Dullinger S, Dirnbock T, Grabherr G (2004) Modelling climate
change-driven treeline shifts: relative effects of tempera-
ture increase, dispersal and invisibility. J Ecol 92:241-252

Ellenberg H (1958) Wald oder Steppe? Die natiirliche Pflan-
zendecke der Anden Perus. Umschau:645-648, 679-681

Ellenberg H (1979) Mans influence on tropical mountain
ecosystems in South America. J Ecol 67:401-416

Ellenberg H (1996) Paramos und Punas der Hochanden Siid-
amerikas heute grofenteils als potentielle Wilder anerk-
annt. Verh Ges Okol 25:17-23

Enrico L, Funes G, Cabido M (2004) Regeneration of Polylepis
australis Bitt. in the mountains of central Argentina. For
Ecol Manage 190:301-309

Everard DA, Midgley JJ, van Wyk GF (1995) Dynamics of
some forests in the KwaZulu-Natal, South Africa, based
on ordination and size-class distribution. S Afr J Bot
61:283-293

Fehse J, Aguirre N, Paladines C, Hofstede R, Sevink J (1999)
La productividad de cuatro bosques secundarios en la
sierra del Ecuador. Proyecto ECOPAR, Quito, Ecuador

Fowler NL (1986) Microsites requirements for germination and
establishment of three grass species. Amer Midl Natur
115:131-145

Hamrick JL, Lee JM (1987) Effects of soil surface topography
and litter cover on germination, survival and growth of
musk thistle. Am J Bot 74:451-457

Hattenschwiler S, Smith WK (1999) Seedling occurrence in
alpine tree line conifers: a case study from the central
Rocky Mountains, USA. Acta Oecol 20:219-224

Hensen I (1995) Die Vegetation von Polylepis-Wildern der
Ostkordillere Boliviens. Phytocoenologia 25:235-277

Hensen I (2002) Impacts of anthropogenic activity on the
vegetation of Polylepis woodlands in the region of Coch-
abamba, Bolivia. Ecotropica 8:183-203

Hoch G, Kérner C (2003) The carbon charging of pines at the
climatic tree line: a global comparison. Oecologia
135:10-21

Hofstede RGM (1995a) The effects of grazing and burning on
soil and plant nutrient concentrations in Colombian
paramo grasslands. Plant and Soil 173:111-132

Hofstede RGM (1995b) Effects of burning and grazing on a
Colombian paramo ecosystem. Dissertation, University of
Amsterdam

Hofstede RGM (2001) El impacto de las actividades humanas
sobre el paramo. In: Mena Vasconez PM, Medina G,
Hofstede RGM (eds) Los paramos del Ecuador. Particu-
laridades, problemas y perspectivas. Abya Yala/Proyecto
Paramo, Quito, Ecuador, pp 161-185

Keever C (1973) Distribution of major forest species in south-
eastern Pennsylvania. Ecol Monogr 43:303-327

Kessler M (1995) Polylepis-Wilder Boliviens: Taxa, Okologie,
Verbreitung und Geschichte. Dissertationes Botanicae
246, J. Cramer, Berlin Stuttgart

Kok K, Verweij PA, Beukema H (1995) Effects of cutting and
grazing on Andean tree line vegetation. In: Churchill P,
Balslev H, Forero E, Luteyn JL (eds) Biodiversity and
conservation of neotropical montane forests. Proceedings
of the neotropical Montane forest biodiversity and

@ Springer



220

Plant Ecol (2008) 194:207-221

conservation symposium, The New York Botanical Gar-
den, 21-26 June 1993. The New York Botanical Garden,
pp 527-539

Korner C (1998) A re-assessment of high elevation tree line
positions and their explanation. Oecologia 115:445-459

Korner C (2003a) Alpine plant life. Functional plant ecology of
high mountain ecosystems, 2nd edn. Springer, Berlin

Korner C (2003b) Carbon limitation in trees. J Ecol 91:4-17

Korner C, Paulsen J (2004) A world-wide study of high altitude
treeline temperatures. J Biogeogr 31:713-732

Kramer H, Akca A (1995) Leitfaden zur Waldmesslehre, 3rd
edn. Sauerldndefs Verlag, Frankfurt am Main

Lagaard S (1992) Influence of fire in the grass paramo vege-
tation of Ecuador. In: Balslev H, Luteyn JL (eds) Paramo:
an Andean ecosystem under human influence. Academic
Press, London, pp 151-170

Lambrecht H (1989) Silviculture in the tropics. Gesellschaft fiir
Technische Zusammenarbeit, Eschborn

Lauer W, Rafigpoor MD, Theisen I (2001) Physiogeographie,
Vegetation und Syntaxonomie der Flora des Paramo de
Papallacta (Ostkordillere Ecuador). Erdwissenschaftliche
Forschung, Band XXXIX. Franz Steiner Verlag, Stuttgart

Ledn Yanez S (2000) Herbivory on Polylepis forests. Effects of
elevation, seasonality and host plant species on arthropode
community composition and herbivory. MSC thesis,
University of Missouri-St. Louis

Li Q, Ma K (2003) Factors affecting establishment of Quercus
liaotungensis Koidz. under mature mixed oak forest over-
story and in shrubland. For Ecol Manage 176:133-146

McKay DB (1972) The measurement of viability. In: Roberts
EH (ed) Viability of seeds. Chapman and Hall Ltd, Lon-
don

Mena Vasconez PM (1995) Las areas protegidas con bosque
montano en el Ecuador. In: Churchill P, Balslev H, Forero
E, Luteyn JL (eds) Biodiversity and conservation of
neotropical Montane forests. Proceedings of the neotrop-
ical Montane forest biodiversity and conservation sym-
posium, The New York Botanical Garden, 21-26 June
1993. The New York Botanical Garden, pp 627-635

Miehe G, Miehe S (1994) Zur oberen Waldgrenze in tropischen
Gebirgen. Phytocoenologia 24:53-110

Mills JN (1986) Herbivores and early postfire succession in
southern California chaparral. Ecology 67:1637-1649

Oesterheld M, Sala OE (1990) Effects of grazing on seedling
establishment: the role of seed and safe-site availability. J
Veg Sci 1:353-358

Olson-Rutz KM, Marlow CB, Hansen K, Gagnon LC, Rossi RJ
(1996) Recovery of a high elevation plant community
after packhorse grazing. J Range Manage 49:541-545

Palmer SCF, Mitchell RJ, Truscott AM, Welch D (2004)
Regeneration failure in Atlantic oakwoods: the roles of
ungulate grazing and invertebrates. For Ecol Manage
192:251-265

Purcell J, Brelsford A (2004) Reassessing the causes of decline
of Polylepis, a tropical subalpine forest. Ecotropica
10:155-158

Quinn GP, Keough MJ (2002) Experimental design and data
analysis for biologists. Cambridge University Press,
Cambridge

Renison D, Cingolani AM (1998) Experiencias en germinacion
y reproduccion vegetativa aplicados a la reforestacion con

@ Springer

Polylepis australis (Rosaceae) en las Sierras Grandes de
Cordoba, Argentina. AgriScientia 15:47-53

Renison D, Cingolani AM, Schinner D (2002a) Optimizing
restoration of Polylepis australis woodlands: when, where
and how to transplant seedlings to the mountains? Eco-
tropica 8:219-224

Renison D, Cingolani AM, Suarez R (2002b) Efectos del fuego
sobre un bosquecillo de Polylepis australis (Rosaceae) en
las montafas de Cérdoba, Argentina. Revista Chilena de
Historia Natural 75:719-727

Renison D, Hensen I, Cingolani AM (2004) Anthropogenic soil
degradation affects seed viability in Polylepis australis
mountain forests of central Argentina. For Ecol Manage
196:327-333

Renison D, Cingolani AM, Suarez R, Menoyo E, Coutsiers C,
Sobral A, Hensen I (2005) The restoration of degraded
mountain woodland: effects of seed provenance and mi-
crosite characteristics on Polylepis australis seedling
survival and growth. Restor Ecol 13:129-137

Renison D, Hensen I, Suarez R, Cingolani AM (2006) Cover
and growth habit of Polylepis woodlands and shrublands
in the mountains of central Argentina: human or envi-
ronmental influence? J Biogeogr 33:876-887

Romoleroux K (1996) Rosaceae. In: Harling G, Sparre B (eds)
Flora of Ecuador 56. Aarhus University Press, Aarhus, pp
71-89

Rotundo JL, Aguiar MR (2005) Litter effects on plant regen-
eration in arid lands: a complex balance between seed
retention, longevity and soil-seed-contact. J Ecol 93:829-
838

Sarmiento FO (2002) Impulsores de cambio de paisaje: Dina-
mica de las lineas de arboles en la montologia neotropical.
Ecotrépicos 15(2):129-146

Sarmiento G (1986) Ecological features of climate in high
tropical mountains. In: Monasterio M, Vuilleumier F (eds)
High tropical biogeography. Oxford University Press,
Oxford, pp 11-45

Simpson BB (1979) A revision of the genus Polylepis (Rosa-
ceae: Sanguisorbeae). Smithsonian Contributions to Bot-
any Number 43, Washington, DC

Smith AP (1977) Establishment of seedlings of Polylepis
sericea in the paramo (alpine) zone of the venezuelan
Andes. Bartonia 45:11-14

Teich I, Cingolani A, Renison D, Hensen I, Giorgis M (2005)
Do domestic herbivores retard Polylepis australis wood-
land recovery in the mountains of Cérdoba, Argentina?
For Ecol Manage 219:229-241

The R Foundation for Statistical Computing (2006) R version
2.3.1

Tranquillini W (1979) Physiological ecology of the alpine
timberline. Tree existence at high altitudes with special
reference to the European Alps. Ecological Studies 31,
Springer, Berlin

UNEP-WCMC (2004) United Nations Environment Pro-
gramme, World Conservation Monitoring Center. http://
www.unep-weme.org. Cited 1 Oct 2005

Vera ML (1995) Efecto de la altitud en la fenologia de la
floracion en especies arbustivas del norte de Espaiia.
Lagascalia 18:3-14

Walter H, Medina E (1969) Die Bodentemperatur als aus-
schlaggebender Faktor fiir die Gliederung der subalpinen


http://www.unep-wcmc.org
http://www.unep-wcmc.org

Plant Ecol (2008) 194:207-221

221

und alpinen Stufe in den Anden Venezuelas. Berichte der
Deutschen Botanischen Gesellschaft 82:275-281

West AG, Midgley JJ, Bond WJ (2000) Regeneration failure
and potential importance of human disturbance in a sub-
tropical forest. Appl Veg Sci 3:223-232

Winckell A, Zebrowski C, Sourdat M (1997) Geografia basica
del Ecuador. Tomo IV Geographia fisica. Las regiones y

paisajes del Ecuador, vol II. Centro Ecuatoriano de In-
vestigacion Geografica, Quito, Ecuador

Yates CJ, Norton DA, Hobbs RJ (2000) Grazing effects on
plant cover, soil and microclimate in fragmented wood-
lands in south-western Australia: implications for resto-
ration. Aust Ecol 25:36-47

@ Springer



	Effects of altitude and livestock on the regeneration of two tree line forming Polylepis species in Ecuador
	Abstract
	Introduction
	Methods
	Study area and species
	Sampling design
	Data collection and analysis

	Results
	Site conditions
	Stand structure
	Flowering, fruit set and seed predation
	Seedlings and seedling establishment

	Discussion
	Impact of altitude
	Impact of trampling

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


