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Background and aims — The only semi-arid plant formations that occur in Andean Bolivia are prepuna
with its associated dry valleys and puna. A quantitative ecological study was conducted in the district of
Apillapampa, which is situated on the transition between the latter vegetation types.

Methods — Vegetation was sampled in twenty-nine 50 X 2 m? transects, yielding a total of 280 different
plant taxa.

Key results — Floristic and ecological findings correspond well with comparable studies in prepuna and
puna vegetations in Bolivia and significantly contribute to the still severely understudied Bolivian flora.
Our research suggests that a significant part of the variation in species abundances in the sampled transects
is explained by a combination of some of the natural and anthropogenic variables we measured. The latter
include altitude, travel time (as a measure of site accessibility), proximity to a (temporal) river or stream,
and evidence of firewood harvesting. Furthermore, we detected an inverse relationship between diversity of
plants in transects and altitude. Of the anthropogenic disturbance variables, only cultivation of exotic tree
or shrub species had a negative impact on plant diversity in transects.

Conclusions — Vegetation in Apillapampa is highly fragmented and of secondary nature, mainly as a con-

sequence of past and present human activities.
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INTRODUCTION

Arid and semi-arid plant formations in South America con-
sist of ‘monte’, ‘prepuna’ and associated dry valleys, and
the coastal desert of Peru-Chile (hot desert) on the one hand
and ‘puna’ and ‘patagonia’ (cold deserts) on the other (Lopez
2003b). Of these, only the prepuna with its associated dry
valleys and the puna ecoregions occur in Bolivia. Both are
situated in the Tropical Andes, which has been identified
as the leading biodiversity hotspot worldwide with an es-
timated 20,000 endemic plant species (Myers et al. 2000).
Puna stretches out from central Peru to northern Argentina,
whereas contrasting concepts have been proposed referring
to the geographical distribution and differential characteris-
tics of the prepuna ecoregion. According to one concept, the
prepuna would represent a dry naturally non-forested region
in Southern Bolivia and Northern Argentina that can be dis-
tinguished from the ecoregion of the interandean dry forests
(Ibisch et al 2003a). In the view of other authors, the prepuna
represents a subdivision of the interandean valleys located in
the southern part of Bolivia (Lopez 2003b, Garcia & Beck

20006). Navarro (2002) on the other hand, uses the term pre-
puna in his detailed phytosociological classification system
to refer to vegetation of the altitudinal zone of the interan-
dean valleys situated between 2,100-2,300 and 3,000-3,200
m a.s.l. Throughout the rest of this paper we have used the
classification proposed by Navarro (2002) for characterising
puna and prepuna vegetation.

According to Navarro (2002), the prepuna is a transi-
tional vegetation zone and considered to be the upper part of
the Bolivian dry interandean valleys sensu lato. The Bolivian
interandean valleys (fig. 1) represent a regionally important
centre of endemism (Antezana & Navarro 2002, Ibisch et al.
2003a, Lopez 2003a). Harbouring around 16—18% endemic
plant species, the flora of this ecoregion is mainly composed
of locally evolved species derived from a southern-central
South American stock (Lopez 2003a & 2003b). Therefore,
the plant species of the dry interandean valley regions be-
tween 1,300 and 3,200 m a.s.l. are more related to those
present in southern-central South America than to the flora
of northern South America that ranges southwards to Peru
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(Lopez 2003b). In terms of species, arid and semi-arid An-
dean plant formations are dominated by Andean elements,
whereas in terms of genera, a dominance of genera with
widespread distribution occurs (cosmopolitan and subtropi-
cal genera). Probably more than 2,000 species of vascular
plants occur in the Andean dry valleys of Bolivia (Lopez
2003b; Larrea-Alcazar & Lopez 2005). Cacti and thorny le-
guminous trees are a more or less conspicuous characteristic
of the landscape, at least in secondary vegetation.

To the west and at higher altitudes, the dry interandean
valleys continue into the puna (Lopez 2003b), termed by
Ibisch et al. (2003) as the semi-humid puna bioregion. In ac-
cordance with the trend that floristic diversity decreases with
rising levels of aridity, diversity in the puna region is lower
than in other major Bolivian vegetation formations. Never-
theless, total species number remains high when considering
the difficult habitat conditions that prevail for plant growth
(Garcia & Beck 2006). Unfavourable factors include high ra-
diation (particularly UV-B), low temperatures, and alkaline
and saline soils. In spite of limitations imposed by altitude
and the extreme climatic conditions prevailing there, puna
harbours about 1,500 different plant species and about forty
endemic genera. Tree line in the tropical Andes generally oc-
curs around 3,200-3,500 m (Rivas-Martinez & Tovar 1982)
but tends to be slightly higher in the more subtropical Boliv-
ian Andes (Davis et al. 1997). For example, Polylepis trees
are known to occur up to altitudes of 4,400—5,000 m (Kessler
2000).

Various authors have argued that current low vegetation
cover in the interandean valleys and puna ecoregions is con-
sequence of a severe degradation process of various centu-
ries of human occupation (Ellenberg 1979, Kessler & Dri-
esch 1993, Ibisch & Rojas 1994, Ibisch 1994a, 1994b, 2002
& 2003, Ibisch et al. 2003b, Paduano et al. 2003). The high-
lands of the central Andes have been inhabited for at least
15,000 years (Dollfus 1984). According to Ibarra (1986),
colonisation of the Bolivian Andes might even have started
as early as 30,000 year ago. Overexploitation of natural re-
sources by man has restricted remaining relicts of the origi-
nal climax vegetation mainly to sites with low accessibility
(Kessler & Driesch 1993, Ibisch & Rojas 1994, Ibisch et al.
2003b, Thomas et al. 2009b).
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Figure 1 — Dry interandean valleys according to Lopez (2003a & b).
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The aim of this paper is to describe the current, mainly
secondary vegetation from the district of Apillapampa that is
situated on the transition between puna and prepuna, in ac-
cordance with Navarro’s (2002) classification system. Based
on transect data, it is verified whether the altitudinal delimita-
tion between both vegetation zones as described by Navarro
(2002) is also valid for our research area. Next, the dominant
species and families in both vegetation zones are presented.
Finally, the impact of a number of measured (natural and an-
thropogenic) environmental variables on the actual floristic
composition and diversity in transects is examined.

MATERIAL AND METHODS

Research area

The present study was conducted in the district of Apillapam-
pa (Capinota province, department of Cochabamba, Bolivia),
named after the principal Andean community of subsistence
farmers it harbours. The community of Apillapampa is situ-
ated at about 3,250 m a.s.l. and 17° 51°S, 66° 15’ W, along
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Figure 2 — Location of the study area within Bolivia and Capinota
province, respectively. The city of Cochabamba is situated just north
of Capinota province (map elaborated with DIVA-GIS (www.diva-gis.
org)).

the road connecting Capinota with Arampampa (fig. 2). No
on-site climate data are available, but the nearest village of
Capinota (2,400 m a.s.l.) is characterized by a semi-arid bio-
climate with a mean annual temperature of 17.8°C and mean
annual precipitation of 447 mm (Navarro 2002). Hence, a
somewhat lower temperature and higher precipitation can
be expected for Apillapampa. Rainfall is concentrated in a
rainy season; there is a pronounced dry season with 6-8 arid
months (Ibisch et al. 2003a).

Vegetation in the study area is highly fragmented and de-
graded as a result of past and present human activity (Pedrot-
ti et al. 1988, Navarro 2002, Ibisch et al. 2003a, Garcia &
Beck 2006, Thomas et al. 2009b). People in Apillapampa
make exhaustive use of the wild flora (Thomas et al. 2008,
2009a & 2009b). At present, agriculture, animal husbandry
and firewood harvesting are among the most important fac-
tors causing fragmentation, since most households own agri-
cultural fields at different altitudes along the vertical vegeta-
tion gradient (Pedrotti et al. 1988, Thomas 2009). Relicts of
climax vegetations are mainly situated on soils with limited
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agricultural potential and/or in areas that are more or less
safeguarded from harvesting of firewood and intensive gra-
zing by livestock.

Field sampling

Ecological and botanical data of the herbaceous and (sub-)
woody flora of the study area were collected between De-
cember 2002 and May 2003 by means of twenty-nine 0.01-
ha transects of 50 x 2 m? (fig. 3). All sites were reached after
walks in the presence of the land owner or a relative. At each
site, transects were constructed in areas that had not been vi-
sibly influenced by agricultural practices over the last years.
However, due to severe landscape fragmentation, it was im-
possible to find sites with completely undisturbed vegetation.
All sites had at least partly been subjected to harvesting of
firewood or grazing by livestock. In some cases, there was
evidence of (recent) burning, or cultivation of exotics such
as Pinus radiata, Eucalyptus globulus or Spartium junceum.
Under custody of the local N.G.O. FEPADE (1998), people
started planting these species in the remaining wild vegeta-
tion in very low densities. Following the advice of Bonham
(1989), individual transects were separated by horizontal dis-
tances of a minimum of one hundred meters. To guarantee
comparison between transects that are constructed on diffe-
rent slopes (Roberts-Pichette & Gillespie 1999), a horizontal
transect surface of 100 m? was set standard. In each transect,
slope corrections were performed for all different sections
with noticeable slope change separately (up to five different
sections).

Figure 3 — Distribution of transects sampled in the vicinities of Apil-
lapampa (source: Google Earth accessed 19/3/2008).

For every transect, the following environmental para-
meters were measured: (1) mean altitude of transect (range:
2,850-3,750 m a.s.l.); (2) travel time from Apillapampa
village centre to transect (on foot; range: 22 min to 3 h 25
min); (3) mean transect slope (range: 5.7-40.8°); (4) expo-
sition (measured as compass bearing parallel to dominant
site slope, downhill side; range: 15-355°); (5) whether or
not exotics (E. globulus, P. radiata or S. junceum) had been
planted in or nearby the transect; (6) whether or not a (pe-
riodical) river occurred in direct vicinity (< 10 m away) of
the transect; (7) whether or not there was evidence of fire-

wood harvesting; (8) whether or not there was evidence of
grazing; (9) whether or not there was evidence of vegetation
burning; and (10) whether or not there were paths crossing
the transect. Travel time was taken as a proxy for site acces-
sibility. Altitude and slope were measured with a Suunto X6
altimeter.

However, it is proper to point out some potential bias in
these environmental data. Whereas mean altitude, transect
slope and exposition were sampled more or less evenly over
the entire spectrum, repetitions of long travel times were few-
er than for short travel times. The presence-absence variables
‘firewood’, ‘grazing’ and ‘fire” may also be subjected to bias.
They represent only a limited number of observations (taken
at the time of sampling) whereas an absence status may have
been assigned erroneously to transects when evidence had al-
ready vanished.

Also important to note here is that the measured varia-
bles are clearly insufficient to characterize all possible en-
vironmental and anthropogenic impacts on local vegetation.
Important anthropogenic variables that have not been taken
into account are, for example, (past and present) local land
use and ownership (Ibisch 1994b). The attitude of individual
land owners towards conservation and sustainable use of
existing vegetation strongly influences the presence or ab-
sence of specific (relict) vegetations in the study area (Ibisch
1994b, Thomas 2009). Examples of important environmental
variables that have not been considered are hydrological (e.g.
water level, flow, frequency...) and physicochemical (e.g.
soil texture and structure) characteristics of sample sites.

In each transect, all non-Poaceae individuals of plant spe-
cies with a height or length of > 0.1 m at maturity were sys-
tematically counted. The reason for excluding Poaceae from
our sampling related to the practical difficulties of counting
individual plants in this family, whereas this was relatively
straightforward for species in all other plant families. Small
crawling herbs rooting at their nodes with internodes of less
than 0.1 m were not included. When it was not possible to
separate individual shrubs from one another, we treated
each different clump as an individual, following the advice
of Roberts-Pichette & Gillespie (1999). Only those plant in-
dividuals of which more than half of the number of ramets
were on the inside of the transect-line were counted. Every
individual was recorded as a unique ‘morphospecies’. Subse-
quently, a voucher collection was made according to botani-
cal standards if the taxon was encountered for the first time
or in case its botanical identification was uncertain. Collec-
ted specimens were identified by the first author in the Her-
bario Nacional Forestal “Martin Cardenas” of Cochabamba
and by international taxonomical specialists (see acknow-
ledgements). Cronquist’s (1988) taxonomy was followed for
reasons of comparison with relevant literature, as well as for
practical reasons since Bolivian herbaria adopted this clas-
sification. Authors of plant names in the text are only given
when a taxon is not included in the electronic appendix. Fa-
baceae-Caesalpinioideae, Fabaceae-Mimosoideae, and Fa-
baceae-Papilionoideae were pooled together into Fabaceae.
Voucher specimens were deposited in the Bolivian herbaria
of Cochabamba (BOLV) and La Paz (LPB).
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Data analysis

Diversity in transects is expressed as Alpha diversity (i.e.
species number or richness) and Shannon-Wiener diversity
(H, hereafter called Shannon diversity). Shannon diversity
is calculated as H = -Ypi x log(pi), whereby pi is the pro-
portional abundance of species i on the total abundance of
all species. Therefore, Shannon diversity considers both spe-
cies richness and evenness (i.e. equality in the abundances of
each species).

To determine whether the sampled transects are repre-
sentative for the flora of Apillapampa, a species-area curve
was constructed by means of the BioDiversity-Pro program
(McAleece 1997). It plots the number of new species accu-
mulating as the transect samples are randomly pooled.

We used correspondence analysis (CA) to assess the hy-
pothetical border between prepuna and puna vegetation in
our research area. Canonical correspondence analysis (CCA)
was applied to identify which of the environmental variables
measured during the present study explain the variation in
abundance of species best. The use of these unimodal res-
ponse models (CA and CCA) is justified because the lengths
of gradients were larger than two standard deviations (2 s.d.)
(Jongman et al. 1996). Lengths of gradients were determined
by means of detrended correspondence analysis (DCA). Or-
dination analyses were performed in PC-Ord 4.0 (McCune
& Mefford 1999). The main matrix consisted of rows with
transect data and columns with species data. Cells contained
the number of individuals by which species were represen-
ted in transects. In the second matrix, rows also represented
transect data while columns were environmental variables.
Transect scores were centred and normalized such that the
mean was zero and the variance one. Following the recom-
mendation of Ter Braak (1994), scores for rows in the main
matrix (i.e. transects) were calculated as linear combina-
tions of the columns in the second matrix (i.e. environmen-
tal variables). The existence of a relationship between main
and second matrix was tested by means of a Monte Carlo
test, which investigates how the observed eigenvalues and
species-environment correlations compare with those from
randomized runs (McCune & Mefford 1999). The signifi-
cant contribution of environmental variables to the ordina-
tion axes was examined by means of intraset correlations,
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Figure 4 — Species-area curve of 29 transects.
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whereby it was assumed that only values > | 0.5 | contribute
substantially to the axis.

Pearson and Kendall correlations, linear regressions and
t-tests were performed in SPSS 12.0.

RESULTS AND DISCUSSION

Floristic composition and sampling effort

The 29 transects that were sampled contained a total of 280
taxa, belonging to 68 families (see Appendix). The ten plant
families that were best represented by number of species are:
Asteraceae (31%), Fabaceae (8.5%), Solanaceae (5.3%),
Asclepiadaceae (3.6%), Lamiaceae (3.6%), Verbenaceae
(2.9%), Cactaceae (2.5%), Apiaceae (2.1%), Convolvulaceae
(2.1%) and Scrophulariaceae (2.1%). Pteridophyta were re-
presented by ten species (3.9%) and four families. The non-
Poaceae vegetation consisted principally of herbs (59.3% of
all species), followed by shrubs (i.e. (sub-)woody and <4 m
high; 26.9% of all species). Trees represented only 3.3% of
all collected plant species. In our complete plant inventory of
Apillapampa (441 taxa, including species found outside of
transects; see Thomas 2009), Poaceae represent 6% of spe-
cies.

The floristic composition at family level of the plants
sampled in the study area corresponds well with data from
literature. According to Moraes & Beck (1992), the flora of
the interandean valleys and the high Andes, which covers
our research area, is characterized by a more or less constant
presence of 18-28% Asteraceae, 15-19% Poaceae, 4-7%
Fabaceae, 3% Scrophulariaceae, 3% Apiaceae and < 5%
Pteridophyta. Based on all collections that are deposited in
Bolivia’s national herbarium (LPB), Lopez (2003a), calcu-
lated that the most species-rich botanical families for the in-
terandean dry valleys are Asteraceae (16%), Cactaceae (9%),
Poaceae (9%), Fabaceac (8%), Solanaceae (5%), Brome-
liaceae (4%), Pteridophyta (4%), Malvaceae (3%), Euphor-
biaceae (3%), Verbenaceae (2%), Lamiaceae (2%), Asclepia-
daceae (2%). Similar results are presented by Antezana and
Navarro (2002). Finally, also the largest families recorded
by Ibisch and Rojas (1994) in a study of the flora of neigh-
bouring Arque province (fig. 2) are quite similar to those of
the present study, despite some significant proportional dif-
ferences: Asteraceae (17.5%), Poaceae (12%), Fabaceae
(5.5%), Solanaceae (4%), Cactaceae (3.8%), Caryophyl-
laceae (3.4), Scrophulariaceae (2.9%), Bromeliaceae (2.6%),
Apiaceae (2.1%), Pteridaceae (2.2%) and Lamiaceae (2.2%).

As our calculations do not include Poaceae, they give a
slight overestimation of non-Poaceae families, compared to
results from other studies in literature. It is, however, clear
that similar patterns are observed at very different scales and
that the dominant families given in literature largely coincide
with the families that are best represented in this study, al-
though actual proportions may differ.

Alpha diversity in the sampled transects varied between
12 and 67 species (mean 41 + 13), whereas Shannon diver-
sity varied between 1.64 and 3.61 (mean 2.54 + 0.39). The
number of individual plants in transects ranged between
115 and 4,949 (mean 1,506 + 950). Thirty-three percent
of all sampled plant species occurred in only one transect.
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Figure 5 — Ordination diagram of a Correspondence Analysis (CA).
Dots (e) with numbers represent transects and crosses (+) mark
the points where species abundance is highest, with (imaginary)
concentric circles away from the species position indicating lower
abundance of a species (Kindt & Burn 2002). Scores of transects
with high numbers of individuals for a given species tend to be close
to the score of that species in the diagram. Hence, the closer together
transects are represented, the more their species compositions will
correspond. For clarity species names are not given.

There exists a positive correlation between the diversity of
a transect and the number of species that were found exclu-
sively in that transect (R = 0.58; p = 0.001 for Alpha diver-
sity and R = 0.63; p < 0.001 for Shannon diversity; Pearson
correlation).

To determine whether the 29 sampled transects are re-
presentative for the flora of Apillapampa, a species-area
curve was constructed. Figure 4 shows that the slope of
the curve declines as the sample area increases. The curve
clearly starts to level off after 29 transects and enlarging the
sample area would probably have yielded only a few more
species.

Determining the border between prepuna and puna
vegetation

Correspondence analysis was applied to detect whether
groupings of transects can be distinguished on the basis of
species composition and abundance. The eigenvalues of the
first two ordination axes are higher than 0.5 (0.79 and 0.63,
respectively; explaining 17% of total variance in data), in-
dicating a good dispersion of species scores (Jongman et al.
1996).

Figure 5 shows how transects cluster together more or
less according to their altitudinal zoning. Transects that were
sampled in puna vegetation (i.e. > 3,200 m a.s.l.) form a
rather dense group whereas prepuna transects (i.e. < 3,200

m a.s.l.) occur much more dispersed. Hence, transects in the
puna vegetation seem to be much more alike floristically
than transects from the prepuna area. Of course, the dividing
line between in fig. 5 is hypothetical and solely based upon
our data. The transition from one ecological zone to another
will not occur abruptly but rather gradually extend over 100—
200 altitudinal meters (Navarro 2002, Garcia & Beck 2000).
Transect scores that are situated near to the dividing line in
fig. 5 (especially 1 and 21) are located in this transition zone
and contain elements that are characteristic for both prepuna
and puna. By contrast, transects 9 and 18 had a rather distinct
floristic composition as compared to other transects. Both
were sampled on a site consisting of giant rocks, thus crea-
ting a peculiar sort of microclimate with apparently reduced
evaporation throughout the dry season.

Altitude above sea level seems to be the environmental
variable with the greatest influence on the species compo-
sition of a transect and is most likely significantly correla-
ted with the first axis in fig. 5. Altitude increases from left to
right on axis 1. The lowest sampled transects are 19 and 20,
situated at 2,850 m a.s.l., followed by transects 16 (2,910 m
a.s.l.) and 25 (2,960 m a.s.l.). Transects with highest loca-
tions are transects 2 (3,750 m a.s.l.), followed by 13 (3,670
m a.s.l.), 14 (3,630 m a.s.l.) and 10 (3,610 m a.s.l.). Species
overlap between the highest and lowest transects is almost
Zero.

Table 1 — Dominance for the twenty most common families in
the sampling area. Values represent percentages of individuals.

Entire

Family area Prepuna  Puna
Asteraceae 34.4 29.8 36.2
Fabaceae 17.0 16.4 17.4
Oxalidaceae 6.1 - 9.3
Apiaceae 5.9 1.1 8.6
Lamiaceae 5.5 4.4 6.6
Verbenaceae 4.2 6.4 3.0
Convolvulaceae 3.9 7.0 2.3
Solanaceae 34 5.0 2.5
Plantaginaceae 3.1 34 2.9
Rhamnaceae 1.5 4.1 -
Amaranthaceae 1.2 2.8 -
Araceae 1.2 32 -
Geraniaceae 1.1 - 1.8
Scrophulariaceae 1.1 1.0 1.2
Ranunculaceae 1.0 0.9 1.1
Berberidaceae 0.9 - 1.4
Cheilanthaceae 0.7 0.9 0.6
Adiantaceae 0.5 - 0.5
Malvaceae 0.4 1.2 -
Cactaceae 0.4 1.1 -
Total other families 5.9 10.6 43
Total number of species 280 212 153
Total number of families 68 59 50
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Dominant species and families in puna and prepuna
vegetation

As demonstrated by the outcomes of ordination analyses,
transects are separated in two main groups representing pre-
puna and puna vegetation, respectively, whereby 3,200 m
a.s.l. can be used as an approximate dividing limit. In the fol-
lowing, the latter limit will be used as a simplified interpreta-
tion of reality to discuss the dominant families and species of
both zones. Thirteen and sixteen transects were sampled in
prepuna and puna, respectively.

The number of species encountered in the puna zone was
considerably lower than in the prepuna zone. Two hundred
and twelve (212) plant species were encountered in prepuna
transects as opposed to 153 for puna. Also, the number of
families that was represented by at least one individual was
higher for prepuna transects than for puna transects (59 ver-
sus 50).

The best-represented families in terms of total number
of individuals in all sampled transects were Asteraceae, Fa-
baceae, Oxalidaceae, Apiaceae, Lamiaceae and Verbenaceae

Table 2 — Most abundant species in all 29 transects sampled.

Absolute density represents the total number of individuals per plant
species counted in all 29 transects. Relative density is the proportion
of individuals of a species from the total number of individuals in all
transects. Relative frequency is the proportion of the frequency of a
species from the sum of frequencies of all species. Note that fifteen
of the twenty most abundant species have herbaceous growth forms.

Absolute  Relative Relative

density density  frequency

(#ind) (%) (%)
Trifolium amabile 2,659 5.6 1.2
Eryngium nudicaule 2,562 5.4 0.6
Oxalis eriolepis 2,192 4.6 1.2
Viguiera tucumanensis 1,790 3.7 1.9
Bidens andicola 1,741 3.6 1.2
Cologania broussonetii 1,292 2.7 0.9
Minthostachys andina 1,196 2.5 1.5
Glandularia aristigera 1,108 2.3 0.9
Plantago tomentosa 918 1.9 1.1
Stevia galeopsidifolia 880 1.8 0.8
Melilotus indicus 865 1.8 1.0
Solanum acaule 799 1.7 1.2
Salvia haenkei 769 1.6 1.2
Stevia aff. bangii 707 1.5 0.5
Kentrothamnus 706 1.5 0.7
weddellianus
Cosmos peucedanifolius 702 1.5 0.7
Adesmia miraflorensis 670 1.4 0.8
Stevia boliviensis 663 1.4 0.8
Stevia tunariensis 629 1.3 0.5
Lantana balansae 555 1.2 0.4
Total of other species 24,206 50.6 80.9
Total 47,799 100 100
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(table 1). Asteraceae and Fabaceae dominated the overall
prepuna and puna floras, representing 46% and 54% of total
number of individual plants, respectively. The (sub-)woody
flora was dominated by Lamiaceae, Verbenaceae, Rham-
naceae and Asteraceae in the prepuna zone. These four fami-
lies alone embodied 71% of all sampled (sub-)woody pre-
puna plants. Rhamnaceae and Verbenaceae representatives
largely disappeared in the (sub-)woody puna flora which was
dominated by Asteraceaec and Lamiaceae (acccounting for
64% of all plants). Asteraceae granted its overall dominance
in the research area to the high number of species by which
it was represented, rather than to high abundances of a few
species (Thomas 2009).

In table 2, plants are ranked according to decreasing
abundances. Species with the highest abundances in the over-
all flora were small herbs, such as Trifolium amabile, Eryn-
gium nudicaule and Oxalis eriolepis (represented by > 2000
individuals each). Most frequent species were Viguiera tucu-
manensis (in 83% of transects), Baccharis dracunculifolia
(83%), Ophryosporus heptanthus (76%) and Minthostachys
andina (66%). Even though (sub-)woody species might be
more evenly distributed over the landscape, as evidenced
by higher frequencies, these data suggest that in terms of
abundance the vegetation in the wet season in Apillapampa
is dominated by herbaceous plants. Most abundant (sub-)
woody plants were Minthostachys andina, Salvia haenkei,
Kentrothamnus weddellianus, Adesmia miraflorensis, Lan-
tana balansae and Baccharis dracunculifolia.

In table 3, the twenty most abundant species are listed for
the prepuna and puna ecological zones, separately. An im-
mediate eye-catcher is that absolute densities of these spe-
cies in the puna zone are almost consistently 1.5-2 times
higher than in the prepuna zone. This is in accordance with
our finding presented further on in table 5 that the number of
individuals in transects correlates positively with altitude. As
shown in table 3, the most abundant species in both zones
were quite distinct and only five genera and three species
overlapped: Cologania broussonetii, Viguiera tucumanensis
and Plantago tomentosa.

Cologania broussonetii, Kentrothamnus weddellianus
and Stevia aff. bangii were the most abundant species in the
prepuna transects, whereas Viguiera tucumanensis (in 85%
of prepuna transects), Baccharis dracunculifolia (77%) and
Tagetes terniflora (77%) were the most frequent ones. In
terms of vegetation cover, other authors have likewise iden-
tified K. weddellianus as the most dominant woody species
in comparable prepuna sites (see Navarro 2002). In the puna
zone, the most abundant species were Trifolium amabile,
Eryngium nudicaule and Oxalis eriolepis. Ophryosporus
heptanthus (sampled in all (100%) puna transects), Minthos-
tachys andina (88%) and Baccharis dracunculifolia (88%)
were the most frequent species.

According to the phytosociological classification of Na-
varro (2002), two main ecological zones can be distinguished
in the prepuna flora (roughly between 2,300 and 3,200 m
a.s.l.). The first ranges from 2,300-2,400 to 2,700-2,900 m
a.s.l. and is characterized by a combination of the climax
vegetation species Schinopsis haenkeana and Aspidosperma
quebracho-blanco Schltdl., often being replenished with
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Table 3 — Most abundant and most frequent species in prepuna and puna transects.
Species are ranked in order of decreasing density, species density is expressed here as the mean number of individuals per transect (i.e.

100 m?).
Prepuna Puna
e G
(# ind/ dens freq (# ind/ dens freq
100m? (%) (%) 100 m?) (%) (%)
Cologania broussonetii 69 5.2 1.2 Trifolium amabile 165 8.5 2.1
Kentrothamnus weddellianus 54 4.1 1.4 Eryngium nudicaule 159 8.2 1.1
Stevia aff. bangii 50 3.8 0.8 Oxalis eriolepis 132 6.8 1.4
Lantana balansae 43 32 0.8 Bidens andicola 104 5.4 1.8
Spathantheum orbignyanum 42 32 0.9 Viguiera tucumanensis 78 4.0 2.1
Viguiera tucumanensis 42 32 1.7 Minthostachys andina 66 34 2.2
Dalea boliviana 42 3.2 0.3 Stevia galeopsidifolia 55 2.8 1.6
Medicago lupulina 35 2.6 0.3 Glandularia aristigera 55 2.8 0.6
Zinnia peruviana 34 2.6 1.4 Melilotus indicus 50 2.6 1.4
Solanum acaule 32 2.4 1.2 Cosmos peucedanifolius 44 23 1.4
Onoseris alata 30 2.3 0.6 Salvia haenkei 42 2.2 1.6
Eupatorium clematideum 24 1.8 0.9 Adesmia miraflorensis 41 2.1 1.3
Conyza bonariensis 24 1.8 0.6 Stevia boliviensis 39 2.0 1.3
Gnaphalium gaudichaudianum 24 1.8 1.1 Plantago tomentosa 39 2.0 1.4
Plantago tomentosa 23 1.7 0.8 Stevia tunariensis 33 1.7 0.8
Crotalaria sagittalis 22 1.6 0.2 Geranium soratae 30 L.5 0.8
Hypochaeris chillensis 20 1.6 1.2 Gnaphalium melanosphaeroides 30 1.5 1.1
Glandularia aristigera 18 1.4 1.2 Amicia cf. andicola 26 1.4 0.3
Proustia cuneifolia 14 1.1 1.4 Ophryosporus heptanthus 25 1.3 2.5
Salpichroa tristis var. tristis 14 1.1 0.5 Cologania broussonetii 25 1.3 0.5
Total of other species (all transects) 8,746 50.2 81.8 | Total of other species (all transects) 10,421 35.1 72.1
Total 17,275 100 100 Total 30,524 100 100

Vasconcellea quercifolia (also see Ibisch 1994b). The second
zone ranges from 2,600-2,700 to 3,100-3,200 m a.s.l. and
has a potential climax vegetation dominated by Prosopis lae-
vigata (Humb. & Bonpl. ex Willd.) M.C.Johnst., Kageneckia
lanceolata and Schinus molle. In eroded soils or intermit-
tently burned zones, this vegetation is substituted by shrubs,
including Dodonaea viscosa and Baccharis dracunculifolia
(Pedrotti et al. 1988). According to our transect data and ob-
servations most of the characteristic species of the climax
vegetation have a low to extremely low abundance in current
vegetation.

In line with Ibisch (1994b), Navarro (2002) and our
own observations, potential climax vegetation of the puna
ecological zone between 3,100-3,200 and 3,900-4,000 m
a.s.l., is formed by Polylepis besseri and Berberis commu-
tata. Berberis rariflora and Schinus microphyllus are among
the associated species. Although there still are some limited
relict areas with puna climax vegetation in the study area,
most of it has been replaced by shrub- or grassland with very
few individual trees. Apart from the study of Ibisch & Rojas
(1994) and Ibisch (1994a & 1994b), which does, however,
not distinguish between prepuna and puna vegetation, no
representative inventories were found in literature for puna
vegetation. Nonetheless, most characteristic genera for this
ecological zone mentioned by Navarro (2002) were also rep-
resented in our floristic data. These include: (1) the woody

genera Berberis, Schinus, Dunalia, Barnadesia and Mutisia,
(2) the herbaceous genera Bowlesia, Bomarea, Thalictrum,
Solanum and Bartsia; and (3) the Pteridophyta genera Adi-
antum and Asplenium. Pestalozzi (1998) performed a study
of the high Andean vegetation. Although his study area was
situated at a higher altitudinal range (3,800—4,500 m a.s.l.) as
ours (2,850-3,750 m a.s.l.), the author collected many spe-
cies that are also represented in our inventory.

Hence, in spite of some local differences, our data seem
to correspond fairly well with floristic inventories from other
biographical prepuna and puna areas. It is also clear that the
currently remaining vegetation in Apillapampa is largely se-
condary. The degraded state of vegetation is reflected in the
floristic composition and structure we recorded from our
prepuna and puna samples. Abundance of several poiso-
nous species (e.g. Astragalus garbancillo, Heterophyllaea
lycioides) and spiny plants belonging to genera and families
such as Tetraglochin, Barnadesia, Adesmia, Berberis, Aca-
cia, Prosopis, Proustia, Cactaceac and Rhamnaceae are an
(in)direct effect of overgrazing (Ibisch & Rojas 1994, Ibisch
1994b & 2003). Other species with pioneering characteristics
such as Satureja boliviana, Senecio pampeanus, Nicotiana
glauca and many species from the genus Baccharis (nota-
bly B. dracunculifolia, the second-most frequent species in
all transects) indicate considerable alteration of the natural
potential of soil and vegetation (Pedrotti et al. 1988, Ibisch
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Table 4 — Intraset correlations.

Indicates the relations between environmental variables and ordina-
tion axes for fitted site scores (CCA). Only values > | 0.5 | contri-
bute substantially to the axis.

Variable Axis 1 Axis 2
Travel time -0.281 0.784
Altitude 0.939 0.152
Slope -0.358 0.061
Compass -0.200 0.185
Firewood 0.020 0.601
Path -0.039 -0.256
River -0.148 -0.544
Plantation -0.249 -0.476
Fire -0.005 -0.152

1994b). Likewise, the in the research area relatively common
fire-tolerant shrub Dodonaea viscosa typically establishes
on degraded soils (Pedrotti et al. 1988, Ibisch 1994b, Na-
varro 2002). Finally, also a number of introduced Old World
species (16 — mainly weeds; see appendix) were found in
transects. Since most of these typically flourish in disturbed
habitats (Ibisch 1994b, Ibisch 2003), their presence in natural
vegetation points to the degraded state of the latter. Based on
abundance data, some of these species could even be consi-
dered as invasive (e.g. Melilotus indica, M. lupulina).

A number of species identified by Pedrotti et al. (1988),
Ibisch (1994b), Navarro (2002) and Wood (2005) as cha-
racteristic for the vegetation of our research area, such as
Escallonia millegrana Griseb., Zanthoxylum coco Gill. ex
Hook. & Arm., Tipuana tipu, Prosopis laevigata, Erythrina
falcata Benth., Acacia visco Griseb. or Jacaranda mimosifo-
lia D.Don, Aspidosperma quebracho-blanco, Salix humbold-
tiana Willd. and Alnus acuminata Kunth were only sampled
during fieldtrips (in some cases only as cultivated species)
but not in transects (Thomas 2009). As argued before, it is
highly likely that the scarce abundance of these species is
mainly determined by past and present anthropogenic pres-
sure that led to their depletion (Ibisch 1994b). In order to
gain more insight into some of the factors that contribute to
determining the current distribution of species in the research
area, in the following paragraphs we will evaluate the impact
of some environmental variables (anthropogenic and natural)
on species composition in transects.

Which of the measured environmental variables explain
the variation in species abundance data best?

An appropriate technique to answer this question is CCA (Ter
Braak 1986). Eigenvalues of the first two axes (explaining
15.5% of total variance in data) are higher than 0.5 (0.771
and 0.514, respectively), which indicates a good dispersion
of species scores over the ordination axes. Monte Carlo test
results revealed that correlations between species and envi-
ronmental parameters are significant for the first two axes
(p <0.01 in both cases). Altitude correlates best with the first
axis, whereas travel time, firewood harvest and proximity to
a river correlate with the second axis (table 4).
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Figure 6 shows a picture that is largely similar to fig. 5.
Dispersion of transects over the first ordination axis is simi-
lar for both CA and CCA (Kendall’s t, = -0.95; p < 0.001),
since eigenvalues of the first two axes are only slightly lower
for CCA as compared to CA. These data confirm our initial
impression that the first CA axis correlates with altitude. Di-
vision of transects based on altitude is even more apparent in
the CCA diagram (fig. 6) than for CA (fig. 5). Transect scores
of the prepuna zone are situated on the left side of the se-
cond axis (the only exception being transect 27). Correspon-
dence between CA and CCA is much lower for dispersion of
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Figure 6 — Ordination diagram representing the first two axes of a
canonical correspondence analysis (CCA). Crosses (+) and dots (®)
with numbers represent species and transects, respectively. Transects
with high abundance of a species tend to be close to the point of
that species. The position of species scores (i.e. +) indicates where
species abundance is highest, with (imaginary) concentric circles
away from the species score indicating lower abundance of a spe-
cies (Kindt & Burn 2002). Environmental variables are represented
by vectors that determine additional axes in the diagram and species
scores must be projected onto these axis. The overall mean of all
environmental variables is represented by the origin of the plot. The
inferred weighted average of a species or a transect is higher than
average if the projection point (of species or transects) lies on the
same side of the origin as the vector-tip and is lower than average if
the origin lies between the projection point and the end-point of the
vector line. For example, transects 19 and 20 are situated at the lar-
gest measured travel times, whereas transect 23 is situated closest to
Apillapampa in terms of travel time. Environmental variables with
long vectors are more strongly correlated with the axes than those
with short vectors (Jongman et al. 1996). Altitude is correlated with
the first axis and travel time, firewood harvest and proximity to a
river with the second axis. Units on both ordination axes correspond
to multiples of variance.
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Table 5 — Pearson correlations between diversity indices and environmental variables.

* = correlation is significant at the 0.05 level (2-tailed).

Travel time Altitude Slope Compass bearing
Alpha diversity Pearson Correlation 0.187 -0.408* 0.294 -0.017
Sig. (2-tailed) 0.331 0.028 0.121 0.931
Shannon diversity Pearson Correlation 0.270 -0.371* 0.233 0.005
Sig. (2-tailed) 0.157 0.047 0.223 0.978
Number of individuals  Pearson Correlation -0.006 0.380* -0.408* -0.132
Sig. (2-tailed) 0.976 0.042 0.028 0.495

transects along the second ordination axes in both diagrams
(Kendall’s t, = -0.61; p < 0.001). Hence, the combination of
travel time, firewood harvesting and proximity to a river can
only partly explain the variation accounted by the best fit
scenario provided by the second CA axis (fig. 5). Other an-
thropogenic and environmental variables that were not taken
into account (cf. material and methods section) such as land
use, land ownership, soil texture and structure, hydrologic
profile, etc. are also expected to have an important impact on
species composition.

The fact that neither vegetation burning, nor grazing
activity were selected as significant variables in ordination
analysis probably relates to the temporary apect of our ob-
servations for these variables. Most likely, all transect sites
had been subjected to grazing and the majority of transects to
vegetation burning. The negative effect of fire on vegetation
is well-documented (Veach et al. 2003, Ibisch 2003). Kessler
& Driesch (1993) have argued that frequent burning of the
vegetation is responsible for reducing forest cover in the high
Andes. The main objective of burning is to promote grass re-
growth and improve fodder quality, but in the past burning
was probably also a part of hunting practices. Although ma-
ture trees are often able to survive fire, this is not the case
for seedlings and young trees (Kessler & Driesch 1993). The
negative impact of fire is intensified by grazing, which is par-
ticularly detrimental for natural succession and the reproduc-
tion of native tree species and practiced in most parts of the
Andes with livestock densities well above the ecosystem’s
carrying capacity (Bentley & Valencia 2003, Ibisch & Rojas
1994, Ibisch 1994b, Ibisch et al. 2003b, Garcia & Beck 2006,
Kessler 2006).

In sum, CCA suggests that a significant part of the vari-
ation in current species abundanes and distributions is ex-
plained by a combination of some of the limited natural
and anthropogenic variables we measured. These variables
are altitude, travel time, proximity to a (temporal) river or

Table 6 — Numbers of transects sampled with observed incidence
of firewood harvest, grazing activity, crossing paths and nearby
(seasonal) rivers or streams.

Observed Not observed
Firewood harvest 11 18
Grazing activity 24 5
Vegetation burning 4 25
Presence of path 12 17
Presence of river 5 24

stream, and evidence of firewood harvest. Of the measured
anthropogenic variables, travel time from the village centre
(a measure of accessibility) appears to be the dominant hu-
man factor to explain variation in species abundance data,
but also firewood harvest contributes significantly.

Predicting diversity in transects based on measured envi-
ronmental variables

Now that the measured environmental variables that best
explain variation in the transect abundance data have been
identified, it will be explored to what extent diversity in
transects can be predicted from these and other measured
variables. We therefore exposed our data to various statisti-
cal techniques (correlation and regression analysis, t-tests) to
investigate several null hypotheses that test the contribution
of each environmental predictor variable to the observed di-
versity in transects.

Ho = diversity in transects is random with respect to
height above sea level, travel time, slope and compass
direction — Although travel time, as a measure of transect
accessibility, explains a statistically significant part of the
variation in abundance of different species in transects,
it does not explain variation of plant species diversity in
transects. When only (sub-)woody plant species are consi-
dered, there does, nonetheless, seem to exist a negative rela-
tion between plant diversity (measured as Alpha or Shannon
diversity of as the number of individuals in transects) and
travel time (see Thomas et al. 2009b). A possible explana-
tion for this is that, in terms of transect diversity, herbaceous
species might be more resilient to human disturbance than
(sub-)woody species, for which transect diversity tends to
decrease with increasing accessibility. In this context, ‘more
resilient’ does not mean that individual herbaceous plant spe-
cies would not be impacted by human disturbance. It is pos-
sible that the structure and composition of herbaceous plant
communities change with increasing human pressure (e.g.
replacement of native species by (invasive) New World spe-
cies), while overall transect diversity remains equal. Further
research is needed to corroborate or refute this hypothesis.

The only variables that correlate with diversity are al-
titude and site slope. Alpha and Shannon diversity signifi-
cantly decrease with altitude, while density of all individual
plants in transects increases (table 5). The decrease in diver-
sity on the altitude gradient is essentially linear (Alpha di-
versity = -0.019 x altitude + 104.135 (R* = 0.17; p = 0.028)
and Shannon diversity = -0.001 x altitude +4.337 (R*=0.11;
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p = 0.047)) and hence corroborates the findings of Gentry
(1988). The latter author uncovered a linear trend of decrea-
sing diversity for plants > 2.5 cm dbh with increasing alti-
tude for the South American Andes as a whole. Similarly,
Galindo et al. (2003) found that species richness (for plants >
1 cm dbh) was inversely related to altitude in the Colombian
Andes.

Higher numbers of individuals in transects at higher alti-
tudes might be explained by a combination of several under-
lying factors. For example, at higher altitudes precipitation
is higher and evapotransporation lower, whereas more plants
are able to grow per square meter because of their smaller
size. Furthermore, results show that the total number of indi-
viduals in transects correlates negatively with site slope (ta-
ble 5). Since such a trend is not observed when only (sub-)
woody species are considered (Thomas et al. 2009b), lower
numbers of plant individuals on sites with steeper slopes
might be related to the fact that herbaceous plants establish
less easily on steeper slopes. Generally, they have less ex-
tended roots systems and are more susceptible to erosive
forces as compared to (sub-)woody plants. Ibisch (1994b)
presents a similar reasoning by arguing that graminoids ge-
nerally dominate in relatively deep soils whereas shrubs per-
form better in more degraded, shallow and coarse soils (cha-
racteristic for soils of steep slopes).

Ho = diversity in transects is random with respect to
plantation or cultivation of exotic species in transects — In
five of 29 sampled transects, exotic tree (Eucalyptus globu-
lus and Pinus radiata) or shrub (Spartium junceum) species
had been planted. An independent sample t-test showed that
Alpha diversity is significantly lower (t = 2.1; p = 0.046)
in transects with planted exotic species (31.2 £ 13.5 (s.d.))
than in transects without plantations (43.4 + 11.5 (s.d.)). One
could ask whether this result is not more a consequence of
the fact that exotics are cultivated at higher altitude sites
with lower natural species richness, than of the negative in-
fluence of exotics. However, transects with planted or culti-
vated exotics are relatively evenly distributed over the alti-
tudinal interval we sampled (2,960-3,530 m a.s.l.). The total
number of individuals and Shannon diversity are equal for
both groups.

The negative impact on species number of exotic trees
and shrubs in Apillapampa is not a real surprise. The nega-
tive allelopathic impacts of Eucalyptus globulus and Pinus
radiata on understory vegetation are well known and stu-
died (Molina et al. 1991, Mahboubi et al. 1997, Souto et
al. 2001, Ibisch 2003). People from Apillapampa are aware
of this problem and know that these trees do not combine
well with agriculture because they deteriorate soil quality.
In Andean Ecuador (3,000-4,000 m), Hofstede et al. (2002)
observed regeneration of Andean woody species in some
pine (Pinus radiata) plantations, while understory was com-
pletely lacking in other sites. This made the authors conclude
that the impact of pine plantations cannot be generalized but
should be evaluated case by case. Results from the present
study would suggest that the impact of exotic species on the
diversity of native species is rather negative.
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Ho = diversity in transects is random with respect to
firewood harvest, grazing activity, vegetation burn-
ing, paths crossing transects and presence of nearby
(seasonal) river — The null hypothesis is accepted for all of
the above binary environmental variables. The number of
transects where firewood harvest, grazing activity, crossing
paths or the vicinity of a (temporary) river or stream have
been observed, are given in table 6.

The previous analyses show that variables that explain
most variation in species abundance data (identified by
CCA), do not necessarily overlap with statistically signifi-
cant predictor variables for diversity, such as Alpha, Shannon
and the number of individuals in transects. Firewood harvest
and presence of a river were identified as significant environ-
mental variables by CCA, but they do not explain differences
in diversity (i.e. Alpha, Shannon and number of individuals)
between transects. On the other hand, plantation of exotic
species and site slope were not selected by CCA but do ex-
plain significant variation in diversity between transects.

CONCLUSIONS

Qualitative and quantitative floristic data from the district of
Apillapampa presented here correspond well with other stud-
ies conducted at comparable sites in the Bolivian Andes, and
significantly contribute to the still severely understudied Bo-
livian flora. From literature (Navarro 2002), it is known that
Apillapampa is situated on the transition between prepuna
and puna vegetations, the occurrence of which is control-
led by an altitudinal gradient. We have been able to confirm
this for our own transect data by means of different statisti-
cal techniques which allowed us to establish the hypotheti-
cal border between prepuna and puna in our research area at
about 3,200 m a.s.l.

We agree with other authors that the secondary nature
of vegetation in the research area is mainly the consequence
of a severe degradation process of various centuries of hu-
man occupation that continues until today. The negative
impact of anthropogenic disturbance on local vegetation is
corroborated by the ecological findings of the present study.
We have demonstrated that apart from altitude, which is the
predominant ecological variable in the Andes, other varia-
bles associated with anthropogenic pressure influence spe-
cies abundance data in the sampled transects. In particular,
site accessibility (measured as travel time from the village
centre), proximity to a river or stream, and/or evidence of
firewood harvesting are factors that significantly explained
part of the abundance data of species.

In addition, analysis of the impact of environmental varia-
bles on the local flora in terms of species richness, Shannon
diversity and/or the number of individual plants, revealed
that diversity in transects is mainly controlled by altitude. Of
all measured anthropogenic disturbance variables, we only
detected lower species richness in transects where exotic tree
or shrub species had been planted. It is, however, clear that
the variables we measured are insufficient to characterize all
possible (past and present) environmental and anthropogenic
impacts on local vegetation.
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SUPPLEMENTARY DATA

Supplementary data is available at Plant Ecology and evolu-
tion, Supplementary Data Site (http://www.ingentaconnect.
com/content/botbel/plecevo/supp-data), and consists of the
following: plant species identified in twenty-nine 50 x 2 m?
transects in the district of Apillapampa, Capinota province,
Bolivia (pdf file).
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