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Abstract
Gradients of humidity on tropical high mountains are reflected by shifts of veg-
etation belts and changes in species composition and vegetation structure on the
wind- and leeward sides. The superpáramo flora and vegetation were studied on
opposite sides (west and east) of two Ecuadorian mountains, Chimborazo and
Antisana. Zonal vegetation was studied in vegetation samples set out in a semi-
random way, and the data were complemented by species occurring in azonal
habitats. Ordination and clustering techniques were used to analyze the vegetation
samples, while two different measures of the floristic similarity (index of quan-
titative floristic similarity and comparison of the observed and expected numbers
of species shared between the mountain pairs) were employed to evaluate the
floristic relationships between the study sites. The superpáramo belt occurs asym-
metrically, with regard to altitude, on the two mountains, being generally lower
on the eastern side. Slopes with corresponding aspects between the mountains
were more similar than were the opposite slopes of each mountain. The observed
floristic pattern is interpreted in the context of the precipitation gradient leading
to a rain-shadow on the western side of the mountains. The occurrence of the
desert-like area, the so-called Arenal Grande, and the unique páramo vegetation
on the western side of Chimborazo is discussed.

Introduction

Tropical high mountains usually fall under the influence of
trade winds. Because of this, there is an uneven distribution of
precipitation on the opposite mountain slopes (see e.g., Coe,
1967; Mahaney, 1989; Bendix and Lauer, 1992; Miehe and Mie-
he, 1994; Rundel, 1994), often resulting in a distinct rain-shadow
on the leeward side (Pérez Preciado, 1984; Sarmiento, 1986; but
cf. Smith, 1986). In some cases, the rain-shadow of the moun-
tains can be so strong that semidesert areas develop even near
the equator (Walter, 1971). Direct consequences are patterns in
plant distribution, changes in vegetation structure, and the alti-
tudinally asymmetrical position of vegetation belts. In general,
the vegetation belts, and also the snowlines, tend to occur at
lower elevations on the atmospherically humid slopes, which has
been documented for the East African volcanoes (Hedberg,
1951; Coe, 1967; Schmitt, 1991) and the South American Andes
(Troll, 1968; Lauer, 1979; Cleef, 1981; van der Hammen and
Cleef, 1986).

The effect of uneven distribution of precipitation can also
be observed in the Andes of Ecuador. Most humidity brought to
the Ecuadorian Andes originates in the Amazon basin, from
where it is driven by the predominant eastern and northeastern
winds. Upon meeting the Andes, the air masses ascend, cool,
and lose a substantial portion of their humidity (orographic rain),
while on the opposite side of the mountain range the air warms
and tends to absorb available humidity from the environment.
This results in a distinct humidity gradient across the Andean
ranges (Hastenrath, 1981; Bendix and Lauer, 1992; Jørgensen
and Ulloa, 1994). Although generalization cannot be made for
the whole of Ecuador, where two parallel cordilleras span more
than 400 km in length, and allow for many locally modified
climatic situations, the vegetation belts and snowlines are usually
found lower on the humid sides of the mountains (e.g., Lægaard,

1992). Traces of older glaciations usually occur lower on the
eastern sides of the Andes as well, suggesting that a similar
pattern likely occurred through at least the late Pleistocene (Has-
tenrath, 1981; Clapperton, 1987, 1990; Bendix and Lauer, 1992).

The Ecuadorian páramos, i.e., the lands above the treeline,
are generally rather humid (Jørgensen and Ulloa, 1994). A re-
markable exception is Volcán Chimborazo. Its western side hosts
a desert-like vegetation (Fig. 1) which contrasts greatly with oth-
er páramos in the country, including páramos on the opposite
side of this mountain (Cerón, 1994; Sklenář, 2000). A very
sparse and patchy vegetation has developed in the area of the
Arenal Grande, which is a sandy, flat or gently sloping land at
altitudes above 4100 m (Acosta-Solı́s, 1985; Ramsay, 1992). The
bare, desert-like landscape was already known to the first trav-
elers in Ecuador (e.g., Bouguer, 1749; de la Condamine, 1751),
and its flora was explored by many naturalists (Meyer, 1907;
Diels, 1937; Harling, 1979). Since the area was covered with ice
during the late phase of the last glaciation (Clapperton, 1987,
1993), and the last volcanic events are dated ca. 11,000 BP (Hall,
1977; Clapperton, 1990), the Arenal Grande apparently cannot
be older than that.

Vegetation of western and eastern sides of two volcanoes,
Chimborazo and Antisana, was studied as part of a survey of
Ecuadorian superpáramos (Sklenář, 2000). Our first visit to An-
tisana revealed several remarkable similarities with Chimborazo.
Although a large-scale desert-like landscape comparable to the
Arenal of Chimborazo is not present, patches of eroded, sandy
land and at some places a vegetation physiognomically resem-
bling that of the Arenal can be found on the western side of
Antisana (Fig. 2). It was observed that the two volcanoes act as
an obstacle for westward-moving air masses, forcing the clouds
to flow around the mountain bases, which often leaves the ad-
jacent western sides cloudless. Moreover, upon meeting warmer
air masses above the elevated western plateaus of both moun-
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FIGURE 1. Western side of Volcán Chimborazo with the
sparse, desert-like páramo vegetation of the Arenal Grande
(4200 m). The clouds coming from the east apparently cannot
penetrate above the Arenal and form a ‘‘climatic’’ border.

FIGURE 2. Patchy vegetation on the western base of Volcán
Antisana resembling the Arenal of Chimborazo (4200 m). The
clouds coming from the east flow around the mountain and leave
its western side cloudless.

tains, clouds were unable to penetrate there (Chimborazo) or if
so, they eventually disappeared without providing any precipi-
tation (Figs. 1, 2). A search of the literature revealed that the
föhn-like phenomenon on Chimborazo had already been noted
by Meyer (1907), while Black (1982) observed similar wind-
patterns on Antisana. The observations from the western side of
Antisana encouraged us to make an additional trip to the eastern
side of the mountain, the purpose of which was to document the
expected analogy with Chimborazo, i.e., the remarkable asym-
metry in species composition and vegetation structure on the
opposite mountain sides.

This paper analyzes the composition of the superpáramo
vegetation on the eastern and western sides of the two moun-
tains. The observed patterns are put into the context of available
climatic data.

Study Area

Chimborazo (6310 m) lies in the Ecuadorian western cor-
dillera (Fig. 3) and is the highest mountain in the country. It is
a heavily glaciated double volcano which has been extinct for
ca. 11,000 yr (Sauer, 1971; Hall, 1977). The huge mountain mas-
sif runs west-east and has a base diameter of ca. 20 km. Recent
glaciers descended to 4700–4800 m in the east and 4900–5000
m in the west; however, traces of older glaciations have been
found as low as 3400 m (Hastenrath, 1981; Clapperton, 1987,
1990). In the vicinity of Chimborazo, only a few kilometers to
the northeast, across the west-east-running Abraspungo Pass, there
is another glaciated volcano, Carihuairazo (5020 m) (Fig. 4).

Antisana (5704 m), the other studied mountain, is an active
volcano in the Ecuadorian eastern cordillera (Fig. 3), with latest
activity reported for the beginning of the 19th century (Meyer,
1907; Hall, 1977). Antisana’s base diameter is ca. 14 km, run-
ning north-south (Sauer, 1971). There, recent glaciers descended
to approximately 4600 m (eastern side) and 4800 m (western
side), while older moraines indicate glaciers about 1200 m lower
on the east (Hastenrath, 1981; Clapperton et al., 1997). The west-
ern sides of both mountains form extensive high-altitude pla-
teaus above 4000 m of altitude (Fig. 4). On Chimborazo, this
plateau supports the poor Arenal vegetation, while most of the
plateau on Antisana is covered by grass páramo.

Methods
We visited Chimborazo five times during 1995, 1997, and

1999 and visited Antisana twice in 1997. The mountains were
studied from their opposite sides, west and east (northeast in the
case of Antisana), yielding four study sites, each representing an
independent data set and, for simplicity, each called a mountain
when referring to the respective study sites. Zonal superpáramo
was delimited as the vegetation replacing grass páramo at its
lower range (generally 4200 m) and by plant cover of less than
ca. 5% at the upper range. We studied the vegetation by stratified
random sampling (Mueller-Dombois and Ellenberg, 1974) using
100-m altitudinal intervals as predefined strata. At each altitu-
dinal level we surveyed three randomly selected vegetation plots.
The plots were mostly 25 m2, which is generally a sufficient
sample area for páramo vegetation studies (e.g., Ramsay, 1992).
However, in the upper superpáramo belt the ‘‘minimal-area’’
condition (Mueller-Dombois and Ellenberg, 1974) is not met by
this sample size (P. Sklenář, unpubl. data), so at the highest el-
evations we used larger plots of 100 m2 instead. Since the veg-
etation of the Arenal on Chimborazo is very patchy, thus cor-
responding to the structure of the upper superpáramo, the larger
plots were also used there except at the lowest elevation. We
estimated species cover within the vegetation plots using an 8-
grade semiquantitative abundance scale. In further analysis the
estimates were converted to scores using their midpoint values
(r 5 0.05%, 1 5 0.5%, 1 5 2.5%, 2a 5 10%, 2b 5 20%, 3 5
37.5%, 4 5 62.5%, 5 5 87.5%). We then surveyed the surround-
ing vegetation for additional species that had not been found
within the sample plots and for species occurring in azonal hab-
itats such as lake shores, boggy depressions, and rocky escarp-
ments.

We analyzed the vegetation samples by means of the po-
lythetic divisive clustering method using TWINSPAN (Hill,
1979). We used six pseudospecies cut levels by assigning an
equal weight to the two lowest and two highest species score
categories, respectively. We excluded species with uncertain de-
termination from the list of possible indicators. Clustering was
terminated at the third division level. Ordination analyses of the
vegetation samples were done afterwards employing the statis-
tical package CANOCO (ter Braak and Šmilauer, 1998). De-
trended correspondence analysis (DCA) was run first to dem-
onstrate the position of the samples in the ordination space. Ex-
planatory power of two categorical variables, volcano (Chim-
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FIGURE 3. Map of Ecuador
showing study sites; white stars
indicate ice-capped volcanoes.

borazo vs. Antisana) and aspect (west vs. east), was tested by
means of canonical correspondence analysis (CCA) after the ef-
fect of altitude was partialed out. CCA was run first with the
three variables to test their overall effect. After this, partial CCA
was performed (with data after effect of altitude was removed)
to evaluate the significance of each categorical variable, while
controlling for the effect of the other categorical variable by
keeping it as covariable. The significance of the results was es-
timated by the Monte Carlo permutation test (199 permutations
in blocks defined by covariable). Species with uncertain deter-
mination were excluded from the ordination analysis.

We estimated degree of floristic similarity between the
mountains from pooled vegetation samples for each mountain,
where the species were given their average score from the veg-
etation samples (i.e., sum of species’ scores divided by the num-
ber of samples). Species found outside the plots and species from
azonal habitats were added to the pooled samples and assigned
a value of 0.001, which was equivalent to the minimum average
score of species in the pooled samples. We calculated an index
of quantitative floristic similarity for all mountain pairs from
these pooled samples as:

IS 5 c a 1 b 1 c 3 100, (1)1 2O O O O@G i i i i

where ai refers to species scores in the sample A, bi refers to
species scores in the sample B, and ci refers to scores of species
shared between the two samples (Gleason, 1920).

We then expressed floristic similarities in an alternative

way, i.e., by comparing the observed and expected numbers of
shared species between the mountain pairs. Expected numbers,
estimated according to Connor and Simberloff (1978), were ob-
tained by randomly generating pairs of species samples from a
total species pool (i.e., all species in the study), where the species
were given adjusted probabilities of being sampled (null hy-
pothesis II of Connor and Simberloff, 1978). Probabilities of
species from the vegetation plots were their number of occur-
rences (frequency) in the original vegetation samples, while
probabilities of species from outside the plots and azonal habitats
were their occurrences on the mountains (thus ranging from 1,
i.e., species found on a single mountain, to 4, i.e., species found
on all mountains). The random species samples were drawn with
the constraint that the number of species be equal to the actual
number of species found on a particular mountain. Expected
numbers were estimated repeatedly, 999 times via computer sim-
ulation (Sklenář, 2000). The x2 value was calculated between the
expected and observed numbers of species held in common, pro-
viding a standardized measure of floristic distance between the
mountains, independent of the sample size (i.e., number of spe-
cies per mountain).

Results

Fifteen vegetation plots were sampled on both sides of An-
tisana and on the eastern side of Chimborazo, and 21 plots were
studied on the western side of Chimborazo, giving a total of 66
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FIGURE 4. Contour maps of the studied areas, A. Chimborazo, B. Antisana. Wind directions are indi-
cated by solid arrows (partly based on Clapperton, 1990 and Black, 1982); black squares indicate the
closest climatic stations referred to in the text.

vegetation plots. Chimborazo was surveyed from 4200 m to
4600 m on the eastern side, but as high as 4800 m on the western
side (Table 1). On Antisana, there was also an altitudinal asym-
metry in the location of the transects; it was studied between
4200–4600 m on the eastern side and between 4300–4700 m
on the western side. A total of 247 vascular plant species were
found, including two subspecies in Eudema nubigena (the spe-
cies list is provided by Sklenář, 2000). From the total number,
186 species were found in the vegetation plots, while an addi-
tional 61 species were found outside the samples and in azonal
habitats. Western Chimborazo had the lowest number of species

(103), while the highest number (140 species) was found on
western Antisana (Table 1). Western Chimborazo and eastern
Antisana shared the lowest number of species (33). On the other
hand, the highest number, 87 species in common, was found in
the pair east Chimborazo–west Antisana.

On the eastern side of Chimborazo lush vegetation occurs
with a conspicuous abundance of cushion plants (Azorella cor-
ymbosa, Distichia muscoides, Plantago rigida, Xenophyllum hu-
mile), at lower altitudes sharing dominance with tussock grasses.
Acaulescent rosulate herbs, e.g., Oreomyrrhis andicola and Un-
cinia macrolepis, are present at the ground level, as well as scler-
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TABLE 1

Number of species for each examined mountain (bold diagonal),
values of the Gleason’s index of quantitative floristic similarity
(above diagonal), and the observed (roman)/expected (italic)
numbers of species held in common for the mountain pairs (be-

low diagonal)a

W.

Chimborazo

E.

Chimborazo

W.

Antisana

E.

Antisana

W. Chimborazo

(4200–4800 m)

E. Chimborazo

(4200–4600 m)

W. Antisana

(4300–4700 m)

E. Antisana

(4200–4600 m)

103

53/64.6

***

69/68.5

NS

33/64.9

***

41.7

129

87/81.9

NS

77/77.3

NS

71.7

71.3

140

67/82.1

***

26.2

68.0

50.7

129

a The surveyed altitudinal gradient is given in the first column; NS indicates

nonsignificant difference between the observed and expected numbers under

P # 0.05, *** indicates significance under P # 0.001.

FIGURE 6. Resulting TWINSPAN dendrogram of the 65 veg-
etation samples (one sample remained unclustered) with corre-
sponding eigenvalues for each division level.

FIGURE 5. Shrubby vegetation with dominant Loricaria anti-
sanensis on the eastern, humid side of Volcán Antisana (ca. 4200
m).

ophyllous shrubs of Loricaria thuyoides and Diplostephium ru-
pestre locally. Numerous small lakes and water-filled depres-
sions are conspicuously scattered throughout the landscape.
Cushion plants are absent from the Arenal vegetation on the
western side of Chimborazo, with only Xenophyllum rigidum
representing this life form at the highest altitudes there. Chu-
quiraga jussieui and Loricaria ilinissae represent the sclero-
phyllous shrubs, while the prostrate subshrubs, Astragalus gem-
iniflorus and Baccharis caespitosa, the ascending subshrub Val-
eriana alypifolia, and short-stemmed grasses Calamagrostis
mollis and Agrostis tolucensis are characteristic of the herb layer.

Lower-altitude vegetation on east Antisana is characterized
by shrubs of Loricaria antisanensis and Valeriana microphylla,
those sharing dominance with the cushion plants (Azorella are-
tioides, Plantago rigida, and Xenophyllum humile), and locally
also tussock grasses (Fig. 5). Disterigma empetrifolium, an eri-
coid prostrate subshrub, and several herbs or small grasses (e.g.,
Lachemilla nivalis, Oritrophium peruvianum, Agrostis foliata)
were also abundant, but usually at higher elevations. On the
western side of Antisana, tussocks of Calamagrostis intermedia
were usually abundant at lower altitudes (this species was also
present on the eastern slope but at much lower densities), to-
gether with rosulate herbs (Valeriana rigida, Werneria nubigena,

Uncinia macrolepis), and prostrate subshrubs Baccharis caes-
pitosa and Lupinus microphyllus. From the cushion plants, only
Azorella pedunculata was present more often at lower and Xen-
ophyllum rigidum at higher elevations, respectively.

Cluster analysis of the vegetation samples resulted in seven
final groups (Fig. 6). The majority of high-altitude samples,
above (4500–)4600 m, occur in one-half of the dendrogram to-
gether with the western Chimborazo samples from 4200–4600
(–4800) m. The western Antisana samples are separated next in
the high-altitude group, leaving samples from both sides of
Chimborazo and a single 4500 m east Antisana sample together.
In the western Chimborazo group, two 4200 m samples are sep-
arated from the remainder in the third division step. The second
half of the dendrogram comprises mostly lower-elevation sam-
ples (except western Chimborazo) and four high-altitude samples
(4500–4600 m) from east Antisana, which are separated in the
second division. In the remaining group, east Antisana 4200–
4400 m samples are paired with (4300–)4400–4500 m samples
from east Chimborazo, while west Antisana 4300–4500 m sam-
ples are grouped with east Chimborazo samples from 4200–
4300 m. One sample from east Antisana (4600 m) remained
unclassified.

The position of the vegetation samples in the ordination
space obtained by the DCA can be seen in Figure 7. The samples
of the same aspect occur in opposite halves of the diagram (with
regards to the first ordination axis) and tend to be grouped by
the mountain. Altitude is responsible for the scatter along the
second ordination axis with high-altitude samples, as these de-
limited by cluster analysis, occurring in the lower part of the
diagram. The three measured variables together, i.e., aspect,
mountain, and altitude, explained 17.3% of the total data vari-
ability (CCA: l1 5 0.751, l2 5 0.557, l3 5 0.392, total inertia
5 9.831). This indicates that even though the variables are sig-
nificant (Monte Carlo permutation test of all canonical axes: F
5 4.323, P 5 0.005, 199 permutations), other untreated variables
are responsible for a substantial amount of the variability. Partial
CCA and subsequent permutation tests, measuring individual ef-
fects of the categorical variables (and while controlling for al-
titude), confirmed their significance for the observed pattern (as-
pect: 7.7% explained variability, F 5 5.155, P 5 0.005; moun-
tain: 6.7% explained variability, F 5 4.460, P 5 0.005; 199
permutations).

The floristic similarities between the mountain pairs are
consistent with ordination and clustering results (Table 1). Glea-
son’s (1920) index demonstrates high values for the correspond-
ing aspects, i.e., 71.7 for the western and 68 for the eastern
slopes, respectively, and for the pair east Chimborazo–west An-
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FIGURE 7. DCA ordination
diagram of the vegetation sam-
ples, m 5 E Chimborazo, v 5
E Antisana, M 5 W Chimbora-
zo, V 5 W Antisana, * 5 high-
altitude samples; l1 5 0.796, l2

5 0.559, total inertia 9.831.

FIGURE 8. Floristic relationships between mountain pairs ex-
pressed as Chi-square distance between the observed and ex-
pected numbers of species held in common; positive signs indi-
cate more and negative signs less species in common than ex-
pected, respectively.

tisana (71.3). On the other hand, the opposite aspects and the
pair west Chimborazo–east Antisana resulted in remarkably low-
er values. Distance between the observed and expected values,
expressed as the x2, is provided in Figure 8. Highest similarity
is found between slopes facing the inter-Andean valley (east
Chimborazo–west Antisana), indicated by the highest ‘‘positive’’
(i.e., more observed species than expected) value of 0.32. Cor-
responding aspects were also relatively similar, which is indi-
cated by x2 values near zero. Conversely, much lower similarity
(high ‘‘negative’’ x2 values) was found for opposite mountain
slopes [(–)2.08 for Chimborazo, (–)2.78 for Antisana], and the
lowest similarity was between the outer mountain sides, i.e.,
west Chimborazo–east Antisana [(–)15.68].

Discussion

The data from Chimborazo and Antisana demonstrate the
asymmetrical position of superpáramo, with the belt occurring
at lower altitudes on the eastern slopes. This is seen especially
well on Antisana, where both the lower and upper limits of su-
perpáramo are shifted by about 100–200 m. Although the lower
superpáramo limit was found at the same altitude on both sides
of Chimborazo (but see below discussion regarding the origin
of Arenal), the upper vegetation limit was higher by about 200
m on the western slope, consistent with Antisana. These findings
conform to the general pattern in the tropical high Andes. Al-
though the degree of asymmetry may differ, the superpáramo
belt is altitudinally shifted on the opposite mountain slopes, oc-
curring lower on the humid slopes in Colombia (Cleef et al.,
1983; Cleef and Rangel-Ch., 1984), while higher on the humid
side in Venezuela (Monasterio and Reyes, 1980). Since environ-
mental conditions vary between the páramo regions of Ecuador,
being modified by wind and precipitation patterns, topography,

mountain size, and/or presence of glaciers (e.g., Witte, 1995),
superpáramo asymmetry need not be distinct on all mountains.

Altitude is a very important factor in the superpáramo, de-
limiting the lower and upper superpáramo belts (Cleef, 1981;
Ramsay, 1992; Sklenář, 2000). Two high-altitude groups, cor-
responding to upper superpáramo vegetation, were recognized
by the cluster analysis, and the effect of altitude was evident
also in the ordinations. Unlike the high-altitude samples, which
contain few but generally more widespread species (Sklenář,
2000), aspect and mountain are much more important variables
in the lower superpáramo samples. Due to the generally lower
species richness (see below) and distinct species composition,
the western side of Chimborazo stands apart from other low-
altitude samples and is instead clustered with the species-poor
high-altitude samples. While the position of the opposite Anti-
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sana slopes in the final dendrogram is clear (Fig. 6), the east
Chimborazo low-altitude samples are split. The 4200–4300 m
samples are clustered with west Antisana, while the (4300–)4400–
4500 m samples are grouped with east Antisana. Due to the
dominance of tussock grasses, often shared with the cushion
plants, Sklenář (2000) considered the lower-altitude samples
from west Antisana and east Chimborazo transitional between
the grass páramo and superpáramo vegetation, and consistently
the corresponding samples are grouped together. The two slopes
facing the inter-Andean valley also share the highest number of
species and demonstrate high(est) similarity values (Gleason in-
dex, x2). As the tussock grasses decline in favor of cushion plants
and sclerophyllous shrubs at 4400–4500 m on east Chimborazo,
the vegetation structure and species composition becomes closer
to that of the lower superpáramo of east Antisana. As a result,
those samples are clustered together and also the similarity val-
ues between the eastern mountain slopes are high.

The results confirm our expectation that, similar to Chim-
borazo, species composition and vegetation structure on opposite
slopes of Antisana are very distinct. Moreover, despite the dis-
tance of ca. 130 km and occurrence in the other Andean ranges,
there is a higher similarity between the two western and two
eastern mountain sides, respectively, than between the opposite
sides of each mountain. This pattern was demonstrated consis-
tently by the ordination and cluster analyses, based on the se-
mirandomly recorded vegetation samples, and the two similarity
measures, based on species data including both zonal and azonal
habitats.

We attribute these within-mountain patterns primarily to hu-
midity conditions. There is a strong precipitation decline from
990 mm on the eastern side of Chimborazo (climatic station
Urbina: 3619 m, Fig. 4A) to ca. 145 mm on the western side
(Acosta-Solı́s, 1985; Instituto Nacional de Meteorologı́a e Hid-
rologı́a, 1974–1996). Although Clapperton (1990) indicated
higher sums (2000 mm vs. 500 mm, respectively), his data are
consistent by showing the strong precipitation gradient. The sit-
uation on Antisana seems to be similar, although the available
data do not provide as good a picture and the gradient may be
less. Short-term precipitation measurements resulted in 605–990
mm on the western slopes (Sémiond et al., 1998; Bontron et al.,
1999), while Black (1982) measured 722 mm during his one-
year recording. Moreover, Black interviewed local people and
concluded that significant decrease in precipitation and an over-
all land desiccation due to construction of drainage canals (ace-
quias) occurred in the area over preceding decades. There are
no exact data from the eastern side of Antisana and so we used
the climatic station at Papallacta (3160 m), located ca. 10 km to
the north of Antisana (Fig. 4B), as a reference to the precipita-
tion regime experienced by the eastern Andean slopes of that
region. That station indicated a yearly sum of 1668 mm
(Jørgensen and Ulloa, 1994), although Lauer (1979) and Clap-
perton et al. (1997) reported lower values (1292 mm and 1325
mm, respectively).

Distribution of many vascular plants and bryophytes clearly
follow the above precipitation pattern. Several species, which we
found only on the western sides (e.g., Astragalus geminiflorus,
Calamagrostis mollis, Cerastium imbricatum, Conyza cardami-
nifolia, Festuca vaginalis, Plantago nubigena, and Silene thy-
sanodes) characterize other relatively dry superpáramos of cen-
tral Ecuador, such as Cotopaxi and Iliniza (Sklenář, 2000). On
the other hand, species like Cortaderia sericantha, Diploste-
phium rupestre, Lachemilla holosericea, Pentacalia arbutifolia,
and the fern genus Jamesonia, common in humid páramos else-
where, were exclusively found on the eastern slopes. Bryo-

phytes, and especially hepatics, which are very good indicators
of humidity conditions (Gradstein, 1998), were almost absent
from the western mountain slopes.

With regard to the remarkable dryness of Arenal on the
western side of Chimborazo, Acosta-Solı́s (1985) noted that wa-
ter melted from glaciers does not emerge in the area above 4000
m. There are indeed several small or larger depressions along
the western edge of Arenal (ca. 4000–4100 m) which apparently
provide sufficient water supply. These depressions are vegetated
by cushions of Plantago rigida and Distichia muscoides, accom-
panied by other species characterizing humid Ecuadorian pára-
mos, e.g., Cuatrecasasiella isernii, Gentianella limoselloides,
Hypsela reniformis, Caltha sagittata, Lachemilla mandonii, and
Werneria pygmaea (Sklenář, 2000). However, we believe that
the primary factor there is the shadowing effect of the volcano.
This was recognized also by Ramsay (1992), who classified the
vegetation of Arenal as rain-shadow desert páramo.

Winds (Fig. 4) play an important role in the climate of
Chimborazo and Antisana. They are almost a constant feature in
the high-altitude plateaus of the two mountains (Bouguer, 1749;
de la Condamine, 1751; Whymper, 1892; Meyer, 1907; Black,
1982). Northern winds, directed by the valley between Chim-
borazo and Igualatoa, occurred in 80% of the 1002 observations,
while only 9% were calms (Instituto Nacional de Meteorologı́a
e Hidrologı́a, 1996). On the Arenal, winds are reportedly strong
enough to move small stones, and formation of sand dunes can
be observed (Meyer, 1907; Acosta-Solı́s, 1985; de Noni et al.,
1986; Podwojewski and Poulenard, 2000). From Antisana only
short-term wind measurements made on a glacier surface (4870–
5100 m) are available from the northwestern side (Bontron et
al., 1999). There were almost no calm observations there, al-
though the conditions on the plateau several hundred meters be-
low may differ. Winds not only determine the uneven distribu-
tion of precipitation described above, but also tend to sweep
away the limited amount of rain clouds reaching above the west-
ern plateaus and thus further contribute to the outlined rain-shad-
ow. They also accelerate soil desiccation, which further promotes
deflation (Podwojewski and Poulenard, 2000). Due to deflation,
plant roots are exposed to drying winds, which eventually leads
to the plant’s death (see Meyer, 1907: Photo 24), thus closing
the cycle: deflation → death of plants → reduction of plant cover
→ increased deflation.

Within the páramos of Ecuador, this study stressed the pe-
culiarity of Chimborazo’s western side. Despite the longest al-
titudinal gradient surveyed, the lowest species richness was
found there, a fact already noticed by Humboldt (Kletke, 1859),
and later documented by others (Ramsay, 1992; Cerón, 1994;
Sklenář and Jørgensen, 1999). In the explored part of western
Chimborazo we found 20% less species than on the opposite
side, and 26% less species than on western Antisana. However,
despite relatively low species richness, the western side of Chim-
borazo belongs to the few Ecuadorian superpáramos which host
locally (or nearly so) endemic species (Sklenář, 2000, 2001).

Acosta-Solı́s (1985) compared the western side of Chim-
borazo to dry and patchy puna vegetation of the central Andes,
with which Arenal indeed shares several floristic elements, e.g.,
Werneria apiculata, Cerastium cf. crassipes, Nototriche spp.,
Stipa spp. The desert-like appearance of Arenal resembling puna
may be a relatively recent situation, however. Important indica-
tors for this are scattered relicts of soil, which can be found in
some marginal parts of Arenal (Acosta-Solı́s, 1985; Brandbyge
and Holm-Nielsen, 1986: Fig. 6; Luteyn, 1999: Figs. 8C, 8D).
These soil relicts, i.e., erosional forms sometimes called camel
backs (Rubı́n and Balatka, 1986), are up to 3 m high and several
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FIGURE 9. Degradation of the grass páramo in the surround-
ings of the Arenal Grande (ca. 4200 m).

square meters in areal extent, and bear individual tussocks or
larger fragments of grass páramo, which by species composition
does not differ from the grass páramo around Arenal Grande.
These forms indicate that, at least in parts, Arenal Grande was
once covered by a closed páramo vegetation, which has gradu-
ally disappeared due to soil erosion.

Pérez (1993) suggested that cattle activity may be the pri-
mary factor needed to open turf in the páramos, thus starting
land degradation, which may further be enhanced by natural fac-
tors. Similarly, Grubb (1970) connected the occurrence of bare
grounds in the páramos of Antisana with heavy grazing and
trampling by sheep. Importance of animal activity in the process
of vegetation degradation and resulting erosion has been recently
stressed also in various alpine or tundra regions (e.g., Hall et al.,
1999; Rost, 1999). Disturbance in a form of burning and over-
grazing of the grasslands and depletion of shrubs occurs on the
western side of Chimborazo (Acosta-Solı́s, 1985; Ramsay,
1992). Since it is questionable that natural factors alone could
have triggered the soil erosion of the original, presumably
closed, plant cover there, we suggest that human activity has
been a very important factor for the development of the Arenal.
Once initiated by the man-induced disturbance, openings in the
vegetation would be further enlarged by wind and water erosion,
needle-ice, and solifluction. In addition to the strong rain-shadow
of the mountain, soils of heavily burned and grazed páramos
have a decreased water retention capacity (Hofstede, 1995; Pod-
wojewski and Poulenard, 2000), which together with the desic-
cating winds would decrease soil resistance to erosion and con-
tribute further to the overall ‘‘desertification’’ and possibly ir-
reversible land degradation. Primary phases of this process can
be observed along the western and southwestern edges of the
Arenal, where the grass páramo contains numerous patches of
open, eroded soil that is bare of vegetation (Fig. 9). Centuries
ago, similarly eroded patches in any part of the western side of
Chimborazo may have been precursors of today’s large-scale Ar-
enal. Research using permanent transects was established at the
Arenal/grass páramo boundary in 1999 to study the processes
involved (Kovář, 2001).

We document the altitudinal asymmetry of the superpáramo
belt on Chimborazo and Antisana, and we attribute the observed
floristic and vegetation patterns primarily to unequal distribution
of precipitation on opposite mountain sides, resulting in a rain-
shadow on the western slopes. We suggest that the occurrence
of the desert-like páramo vegetation on the western flanks of
Chimborazo is due to the combined effect of (1) rain-shadow of

the volcano, (2) human-induced disturbance of the vegetation,
and (3) resulting erosion. On the western side of Antisana, the
rain-shadow is presumably less pronounced, due to the higher
precipitation in the area, and the vast sandy area has not devel-
oped. However, patches of eroded soil and observed deflation
indicate, that, like Chimborazo, the western side of Antisana is
a fragile area under serious threat of land degradation (Black,
1982).
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vada de Santa Marta. In van der Hammen, T. and Ruiz, P. M.
(eds.), La Sierra Nevada de Santa Marta (Colombia) Tran-
secto Buritaca—La Cumbre. Berlin: Cramer, 33–44.

Podwojewski, P. and Poulenard, J., 2000: La degradación de los
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