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REVIEW

Ecological research in the tropical alpine ecosystems of the Venezuelan
páramo: past, present and future
Luis Daniel Llambí and Fermín Rada

Instituto de Ciencias Ambientales y Ecológicas, Facultad de Ciencias, Universidad de Los Andes, Mérida, Venezuela

ABSTRACT
Background: Tropical mountain ecosystems of the Northern Andes have long fascinated
researchers because of the unique conditions associated with cold climates in equatorial
latitudes. More than six decades have elapsed since the beginning of systematic ecological
research in the Venezuelan páramos, making them one of the best-studied tropical alpine
regions in the world.
Aims: We review the conceptual development and state of the art of ecological research in the
Venezuelan páramos, with emphasis on environmental and plant ecology research, presenting
a general framework for the studies included in this special issue.
Methods: We provide a historical sketch of the periods that have marked ecological studies in
the Venezuelan páramos. Then, we synthesise research on environmental drivers, plant popu-
lation and community ecology, ecosystem functioning, the response of the páramo to climate
change and human disturbance; we finally consider agroecology and conservation.
Results and conclusions: This review demonstrates the significant contributions made to
alpine ecology in key areas such as biodiversity/ecosystem function changes during succession,
nutrient cycling, species interactions and socio-ecological research. We indicate the need to
develop a more integrated view of the links between evolutionary processes, functional
diversity, community dynamics and ecosystem services both in natural and human-impacted
areas.
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Introduction

“The latest uplift of the Andes and the glacial episodes
during the Pleistocene produced a new kind of ecology
in South America: the ecology of tropical high
mountains”.

Maximina Monasterio (1979).

The tropical mountain ecosystems of the
Andes have fascinated researchers for more
than two centuries because of the unique condi-
tions associated with cold climates in equatorial
latitudes. In fact, one of the sources of inspira-
tion for Alexander von Humboldt´s pioneering
view of the interactions between climate, topo-
graphy, geology, and vegetation was his explora-
tion of the tropical Andes at the beginning of the
nineteenth century (Humboldt 1817). Locally
known as páramos, the alpine ecosystems of the
northern Andes constitute one of the largest and
most diverse tropical alpine regions in the world,
occupying an area of 41,521 km2 from Venezuela
to Northern Peru (Sklenář et al. 2014; Llambí
and Cuesta 2014). Of recent geological origin
(ca. 3 My) and distributed as a series of

continental islands surrounded by montane for-
ests, the South American páramos are considered
the ‘coldest biodiversity hotspot’ for plants on
Earth (Madriñán et al. 2013).

More than 60 years have elapsed since the begin-
ning of systematic ecological research in the
Venezuelan páramos, making them one of the best
and longest-studied regions in the alpine tropics
and one of the longest studied alpine ecosystems
in the Americas (Williams et al. 2016), even though
they comprise just six percent (2,405 km2) of the
surface area of the páramos in the Andes (Llambí
and Cuesta 2014). A search in Google Scholar in
December 2017 using the words páramo* and
Venezuela* produced 345 peer-reviewed publica-
tions, dealing with biological, environmental, eco-
logical and land use related topics (excluding
dissertations, theses and grey literature), with the
number of publications steadily increasing every
decade since the 1960s (see Llambí et al. 2013a).

Most páramos in Venezuela are found in the
Cordillera de Mérida, which extends in a northeast
direction for ca. 450 km from the Táchira depres-
sion near the Colombian border; two smaller com-
plexes are located along the border with Colombia,
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in the Serranía del Tama and Sierra de Perijá.
Although more than 30 different páramo regions
have been studied, long-term ecological research
efforts have concentrated in sites within the largest,
central páramo complex in the country, located in
the State of Mérida: Mucubají, Gavidia and La
Aguada in the Sierra Nevada National Park;
Piedras Blancas and El Banco in the Sierra de La
Culata National Park (Figures 1 and 2).

The objective of this paper is to review the
evolution of and report the state of the art of
ecological research in the Venezuelan páramos,
in order to provide a general context for the
papers included in this special issue (updating
a previous review in Spanish by Llambí et al.
2013a). Emphasis is placed on environmental
and plant ecology research, understood in
a broad sense, which makes up most of the eco-
logical literature on the Venezuelan páramos and
the topic of most of the contributions included in
this special issue. This contribution is the second
of the series on ´Long Term High Mountain
Ecological Research´, in which the first special
issue focused on the Niwot Ridge in Colorado,
USA (Nagy 2016; Williams et al. 2016).

The paper is organised as follows. First, we pro-
vide a historical sketch of the main periods, char-
acteristic of the development of ecological studies in

the páramos of Venezuela (Figure 3). Then, we
provide a thematic overview, which synthesises
research on environmental drivers, plant popula-
tion and reproductive ecology, the ecology of plant
communities, and aspects of ecosystem structure
and functioning. We also review the available stu-
dies on the response of the páramo to human dis-
turbance, land use and land cover dynamics and
climate change, including the work on agroecology
and conservation. Finally, we briefly discuss what
we consider some of the most important challenges
and open research topics for furthering our under-
standing of these diverse tropical alpine ecosystems.
We do not discuss in detail the functional ecology of
páramo plants, as it is reviewed by two other papers
included in this special issue (Rada et al. 2019; Ely
et al. 2019).

By exploring some key contributions of research
in the Venezuelan páramos to alpine ecology we
also show how this has helped to unravel the parti-
cular ecological patterns and processes that make
tropical alpine ecosystems so unique. Given the
scarcity of historical analyses of tropical mountain
ecology, we attempt to offer an integrated view of
how many different research approaches have con-
tributed to develop a better understanding of these
ecosystems and to guide management and conser-
vation strategies adapted to the social, historical and

Figure 1. Map of the distribution of the main ecological units in the Venezuelan páramos, from the treeline ecotone to the nival
belt. The most important sites for long-term ecological research in the Cordillera de Mérida are indicated with small black circles.
Modified by E. Chacón-Moreno from Josse et al. (2009).
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environmental context of the tropical Andes. We
hope that this contribution will also stimulate com-
parative studies in high mountain regions across the
Andes range.

A brief historical overview

The development of ecological research in the
Venezuelan páramos can be divided into five main
periods, characterised by different thematic

Figure 3. Time-line diagram indicating the main historical periods, researchers, publications and projects that have marked the
evolution of ecological research in the Venezuelan páramos.

Figure 2. Contrasting páramo landscapes in some of the main ecological research sites in the Cordillera de Mérida (Venezuela). (a)
Landscape of the subnival belt in the Páramo de Piedras Blancas (4300 m), Sierra de La Culata National Park. In the forefront are
two of the most common species in the area, a stem rosette (Coespeletia moritziana) and a sclerophyllous shrub (Hypericum
laricifolium); (b) Glacial moraine system in the fluvio-glacial complex of the Mucubají lagoon. The Mucuñuque Peak (4610 m) is in
the background; (c) Patchwork of fallow fields, cultivated areas and natural vegetation remnants in the Gavidia glacial valley,
Sierra Nevada National Park. The Sierra de La Culata can be seen in the background; (d) Forest island in a grassland páramo matrix
just above the continuous forest line (3300 m) near La Aguada station of the Mérida Cable Car, Sierra Nevada National Park.
Photographic credits: Luis D. Llambí, Mario Fariñas, Samantha Ruiz.
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emphases and methodological research approaches
(Llambí et al. 2013a, Figure 3). In general, research
has evolved from a more descriptive or naturalistic
approach during the pioneer stages, to one aiming
at a more functional and mechanistic understand-
ing. An increase in emphasis on studying the effects
of land use and climate change is also evident, as
well as an increasing use of participatory, commu-
nity-based approaches to applied research and bio-
diversity conservation in recent years.

A first exploratory or pioneer stage extends from
the nineteenth century into the 1960s. Some of the
first works published included the geological, geo-
morphological, and glaciological explorations of
Sievers (1888, 1908) and Jahn (1925), Jahn
(1931a)), which provided invaluable information
for documenting early glacial retreat in the Sierra
Nevada de Mérida. On botanical aspects, pioneer
works included the review by Standley (1915) of the
endemic stem rosettes in the Espeletia genus, ori-
ginally described by Humboldt and Bonpland
(1809). Goebel (1891), Jahn (1931b) and Vareschi
(1957) published some of the earliest descriptive
vegetation studies. The end of this period is marked
by the publication of the Flora del Páramo by
Vareschi (1970), a key reference for all subsequent
botanical and plant ecological studies in the region.

A second or consolidation period encompasses
the 1970s, with a notable increase in the number of
publications, mainly promoted by researchers at the
Instituto Venezolano de Investigaciones Científicas
(IVIC) and by the establishment of the Plant
Ecology Group at Universidad de Los Andes
in Mérida (which later evolved into the Instituto
de Ciencias Ambientales y Ecológicas, ICAE). This
period was characterised by a series of descriptive
studies on environmental drivers, vegetation forma-
tions, and early human occupation of the páramos.
The main topics analysed include periglacial and
glacial geomorphology (e.g. Schubert 1970, 1974,
1975), soils and their evolution (Malagón 1982),
climate and microclimate (e.g. Monasterio and
Reyes 1980; Azócar and Monasterio 1980), vegeta-
tion types and their response to environmental fac-
tors (Fariñas and Monasterio 1979, 1980a),
palaeobotany (see review by Salgado-Labouriau
1991), and archaeology (e.g. Wagner 1973, 1979).
Research during this period was synthetised in two
books, which have become classics in the ecological
literature on the alpine tropics, and a source of
inspiration for the new generations of tropical
mountain ecologists (Salgado-Labouriau 1979;
Monasterio 1980b).

A third phase during the 1980s is marked by the
development of a more functional approach. This
period is characterised by a series of pioneering
studies on the adaptive strategies and ecophysiolo-
gical responses of páramo plants to stress factors in
the tropical alpine, especially low temperatures and
seasonal droughts (see synthesis in Azócar and Rada
2006; Rada et al. 2019). A series of detailed studies
on the population and reproductive ecology of giant
rosettes of the Espeletia complex also characterises
this period. An important landmark during this
decade was the publication of the book High
Altitude Tropical Biogeography, edited by
Vuillemier and Monasterio (1986), which contains
several integrative works on the ecology of the
Venezuelan páramos.

The 1990s were characterised by a new emphasis
on the study of land use dynamics and human
impacts on páramo ecosystems. A major topic was
the study of the successional dynamics of vegetation
and soil fertility regeneration in agricultural old-
fields, linking biodiversity to ecosystem processes.
This work was the subject of a large comparative
project between Venezuela and Bolivia financed by
the European Union (TROPANDES). Other topics
studied included the management and impact of
cattle grazing in the high páramos, and the socio-
ecological dimensions and agroecology of different
land-use systems, including wheat and potato
production.

Finally, the period from the year 2000 to the
present has seen increasing heterogeneity in the
topics explored and the approaches used. One
important innovation has been the explicit use of
participatory, community-based approaches to
applied research and conservation, particularly
with the implementation between 2003 and 2012
of the Andean Páramo Project (APP, financed by
the Global Environmental Facility and the United
Nations Environment Programme). The APP con-
stituted a major landmark for promoting biodiver-
sity conservation, capacity building, advocacy and
comparative research along the South American
páramos (see Cuesta et al. 2014). This period has
also seen a new emphasis on studies on plant-plant
and plant-animal interactions and on understand-
ing and predicting the impacts of climate change
(marked by two projects, RICAS and LEAF,
financed by the Inter-American Institute on
Global Change Research, IAI), studying vegetation
changes along elevation gradients from the treeline
to subnival environments. Additionally, key to pro-
mote climate change research, has been the
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establishment between 2012 and 2014, of two long-
term sites for monitoring alpine vegetation
dynamics within the context of the Global
Observation Research Initiative in Alpine
Environments (GLORIA) and its South American
node (the GLORIA-Andes network, Cuesta et al.
2017), including permanent plots in seven summits
from 3,800 to 4,600 m of elevation.

Environmental drivers

The Venezuelan páramos extend from the contin-
uous forest line located at around 3300 m, with local
variations depending on precipitation regimes
(Sarmiento 1986; Suarez and Chacón 2011), to the
highest summits in the Sierra Nevada de Mérida,
including the Humboldt (4,940 m) and Bolivar
(4,980 m) Peaks. The high elevations and low equa-
torial latitudes combine to define the unique envir-
onmental conditions characteristic of the ‘cold
tropics” (Monasterio 1979, 1980a). An overview of
high tropical climates was provided by Sarmiento
(1986), whereas the regional variability of climatic
regimes in the Venezuelan páramos was described
by Monasterio and Reyes (1980). One of the key
environmental drivers in the páramos are low tem-
peratures. They range from an average of c. 7–8°C
across the treeline ecotone (Llambi et al. 2013b;
Arzac et al. 2019), with an observed decline of 0.5
° to 0.6°C in average temperatures every 100 m of
elevation, reaching ca. 0 °C at the current upper
limit of vegetation, around 4700 m (Sarmiento
1986; Rada et al. 2019). However, what makes tro-
pical alpine climates unique is that low average
temperatures are present year-round, with less
than a 3°C difference between the coldest and
warmest months, but daily temperature oscillations
are wide, with more than 20°C diurnal air tempera-
ture amplitudes and 40–50°C amplitudes for topsoil
temperatures (Ramírez et al. 2015). Consequently,
the growing season lasts all year, and organisms
must physiologically respond rapidly to this shift
from night and dawn freezing temperatures
(increasing in frequency with elevation), to rela-
tively high temperatures and radiation loads
towards midday, which vary in intensity depending
on cloud cover.

Regarding precipitation, the Venezuelan
páramos are in general less humid than many in
Colombia and Ecuador, due to a more seasonal
influence of the Intertropical Convergence Zone
and the Caribbean trade winds in the north-
eastern extreme of the Andes. Average yearly

precipitation can vary between more than
1,800 mm in the most mesic areas, to 600 mm in
dry inter-Andean enclaves (approaching precipita-
tion regimes in the punas). In general, precipitation
decreases with increasing elevation from the tree-
line (but see Rodríguez-Morales et al. 2019), and the
dry period usually extends for four months
(December to March), and is the most important
seasonal driver for plant growth, reproduction and
survival (Monasterio 1980a).

The factors influencing the evolution of soils
were detailed by Malagón (1982). The major deter-
mining factors related to differences in soil devel-
opment include changes in temperature and
precipitation along topographic gradients. Also
important are the parent material, which is mainly
metamorphic and non-volcanic in the Cordillera
de Mérida, and the short paedogenetic evolution
times, going from 200,000 to less than 10,000 years
depending on elevation and the extent of glacial
cover during the Pleistocene. Hence, most soils are
young, acidic and high in aluminium, with low
base-saturation, have coarse textures and have
poorly differentiated horizons (entisols and incepti-
sols). Organic matter can be relatively high, up to
10% C in the A-horizon, and declines with eleva-
tion, to less than 4% above 4200 m. In depressions
with high Andean wetlands, water saturation leads
to the development of histosols with much deeper
soil and higher organic matter content than on
slopes. Above 4000 m, periglacial freeze-thaw cycles
generate soil instability and frost-creep movements,
which can limit plant establishment and early
growth (Shubert 1975; Malagón 1982; Pérez 1987,
1995).

Two other important environmental characteris-
tics of the páramos are their high spatial heteroge-
neity at regional to local scales and their insular
geographic distribution. Spatial heterogeneity is
conditioned by the combination of wide elevation
gradients and a complex topography, which, in
turn, generate local differences in precipitation, geo-
morphology, slope inclination, aspect, and soils. For
example, Llambí et al. (1998) and Abadín et al.
(2002) have documented the marked abiotic and
biotic heterogeneity found in soils within a single
glacial valley in different topographic positions and
seral stages. This heterogeneity generates complex
environmental gradients that result in intricate
mosaics of vegetation types (e.g. Fariñas and
Monasterio 1980; Llambí et al. 2014) and influences
ecosystem processes such as nutrient cycling and
nitrogen fixation or the hydrological balance

PLANT ECOLOGY & DIVERSITY 5



(Sarmiento et al. 2012; Rodríguez-Morales et al.
2019).

Moreover, the insular distribution of páramo
complexes (Figure 1) results in geographic isolation
between populations and communities, promoting
high speciation rates, adaptive radiation and diver-
sification (Monasterio and Sarmiento 1991).
However, the degree of geographic isolation
between páramo complexes has been very dynamic
during their Quaternary history, because of the
sharp vertical shifts of vegetation belts induced by
climatic fluctuations (van der Hammen 1974; van
der Hammen and Cleef 1986; Flantua et al. 2019).
These vegetation shifts have resulted in an increased
connectivity and dispersal among populations and
communities during the coldest periods (relatively
brief), and more isolation during the warmest per-
iods (see reviews of palaeobotanic aspects in
Salgado-Labouriau 1991; Rull et al. 2005, 2010).
The effects of these evolutionary and biogeographic
processes have been relatively little explored in the
Venezuelan páramos, with the exception of the
spectacular diversification and adaptive radiation
of emblematic groups such as those included in
the Espeletia complex (Monasterio and Sarmiento
1991; Pouchon et al. 2018; Mavárez et al. 2019).

Plant population and reproductive ecology

Researchers from the 1970s to the 1990s focused
primarily on the caulescent rosette-forming
Espeletia complex. Recently, the focus has shifted
to the study of the process of tree establishment in
the páramos, in different positions above the con-
tinuous forest line, and on the phenology and polli-
nation interactions of plants at different elevations
(see Pelayo et al. 2019). Moreover, although the
genetic diversity of plant populations has received
very little attention, it has been recently explored in
the case of Andean bamboos of the Chusquea genus
(Ely et al. 2019).

Espeletia population studies

The core of the research on population dynamics
was a long-term programme on two giant rosette
species, Coespeletia timotensis and Coespeletia spi-
cata above 4000 m, where they are the dominant
growth form. Within this programme, more than
1,400 individual rosettes were studied over a decade,
determining demographic rates for different size/
age classes (Goldstein et al. 1985; Monasterio 1979,
1986; Estrada and Monasterio 1988, 1991;

Monasterio and Lamotte 1989). These studies
allowed documenting several interesting aspects of
the population ecology of giant rosettes, including:
(a) their notorious longevity, reaching ages of more
than 200 years, and continuous flower production
in adults; and (b) the key role of water stress on
seedlings and that of substrate instability on both
seedlings and adults in regulating mortality rates.
Silva et al. (2000) have integrated research on
C. timotensis and C. spicata into matrix projection
models, which indicated that the population
dynamics of both species were controlled by similar
processes. Population growth rates showed a strong
sensitivity to early mortality during recruitment,
while longevity and the existence of a persistent
seed bank (Guariguata and Azócar 1988) proved
key strategies for facing periods with unfavourable
environmental conditions, such as consecutive dry
years.

Smith (1980, 1981, 1984) monitored for over
a year population structure and demographic rates
of five giant rosette species (including the widely
distributed Espeletia schultzii) along and elevation
gradient between 3,000 and 4,200 m. Notable find-
ings included an increase in maximum size and
longevity of stem rosettes with elevation, which
Smith called ‘the paradox of plant height in high
tropical mountains’. He also demonstrated the
importance of negative density-dependent pro-
cesses in regulating juvenile mortalities (see also
Llambí et al. 2004) and the role of increasing envir-
onmental severity in shifting the balance from
intraspecific competition to facilitation (i.e. nurse
effects of adults on seedlings).

Other studies during the 1980s led to a detailed
understanding of the reproductive ecology of giant
rosettes. Research on the pollination mechanisms in
13 species of the Espeletia complex, distributed from
the treeline to high elevations, showed a marked
self-incompatibility of all species. They also docu-
mented a predominance of insects (especially large
bees) as pollinators at lower elevations, and wind at
higher elevations. Hummingbirds only visited two
widely distributed species, E. schultzii and
Ruilopezia floccosa (Berry and Calvo 1986, 1989;
Sobrevila 1988, 1989; see also Pelayo et al. 2019).
Moreover, several studies have documented hybri-
disation processes among Espeletia species (Smith
1981; Berry and Calvo 1986; Berry et al. 1988;
Moreno-Álvarez et al. 1990), suggesting that the
absence of effective reproductive isolation mechan-
isms could have played an important role in the fast
speciation in the group (one of the fasted recorded
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in plants, Diazgranados and Barber 2017; Pouchon
et al. 2018).

Tree establishment studies

After the turn of the century, population studies
shifted focus to processes that regulate the establish-
ment of trees in páramo environments above the
forest line (i.e. the transition from Andean cloud
forests to páramo, see review in Llambí 2015). Rada
et al. (2011) analysed the size structure and spatial
relations between seedlings/sprouts and adults of
Polylepis sericea, a tree species that forms forest
islands several hundred metres above the continu-
ous forest line. They found that seedling recruit-
ment and survival was higher under the forest
canopy than outside, where incident radiation is
higher and there is a little buffering of daily tem-
perature oscillations. Other studies, focusing on the
forest line, have documented the strong limitations
faced by tree seedling for establishing in open envir-
onments outside of the forest canopy, both within
successional old-fields (González et al. 2011; Bueno
and Llambí 2015), and in undisturbed páramo
above the forest line (Llambí et al. 2013b).
Moreover, these studies indicated that facilitation
by low shrubs can play a key role in promoting tree
seedling establishment for potential pioneer tress,
both in disturbed and undisturbed areas along the
treeline ecotone (Llambí et al. 2013b; Bueno and
Llambí 2015).

Plant community ecology and species
interactions

Plant community ecology in the Venezuelan
páramos has revolved around four main topics: (a)
description of the main plant community types; (b)
identifying drivers of species distributions along
topographic/elevation gradients; (c) the role of posi-
tive plant-plant interactions and plant-animal inter-
actions (see Mora et al. 2019; Pelayo et al. 2019); and
(d) the response of plant communities to human
disturbance.

The pioneering work of Vareschi (1957) and
Monasterio (1980a) was key for recognising the
diversity of plant communities present in the
Venezuelan páramos and the convergence of
vegetation physiognomy with other tropical
mountains (e.g. in East Africa and Hawaii, see
also Vareschi 1992). Monasterio (1980a) used
a hierarchical system, dividing vegetation into
two ecological belts (see also Cuatrecasas 1958):

the Andean páramo, equivalent to the alpine belt
(or páramo proper in Colombia), extending from
the treeline to approximately 4000–4200 m; and
the high-Andean páramo (or superpáramo),
equivalent to the sub-nival and nival belts, extend-
ing above this elevation (Figure 1). Monasterio
then described seven plant formations, including
páramo forests dominated by small trees at the
upper forest line (also called subpáramos in
Colombia and Ecuador, Cuatrecasas 1958; Luteyn
1999), shrublands, grasslands, rosettelands and
periglacial deserts, and several floristic associa-
tions in each case. Vareschi (1992) also described
the main plant associations present in the
Venezuelan páramo based on Braun-Blanquet’s
phytosociological approach (little used in subse-
quent studies in the Venezuelan páramos, but see
Cuello and Cleef 2009a, 2009b). Notably, Vareschi
also compared functional diversity between com-
munities, based on quantifying differences in leaf
morphology.

At a more local scale, Fariñas (1977) and Fariñas
and Monasterio (1980) conducted pioneering quan-
titative analyses using multivariate techniques, asso-
ciating soil nutrients and microclimate with species
distributions along a topographic gradient of mor-
aines, from upper slopes to the valley bottoms in the
fluvio-glacial complex of Mucubají (see also Torres
et al. 2012). This approach was further developed by
Fariñas and Monasterio (1998) and Fariñas et al.
(2008), utilising the technique of ecological profiles.
Baruch (1984) published the first quantitative study
of changes in vegetation structure along elevation
gradients (2,900 to 4,100 m). Interestingly, he did
not find a clear pattern of change in alpha diversity
with elevation. However, he identified a sharp
increase in beta diversity around 3.500 m, which
he attributed to the extent of the last glacial max-
imum and to an increase in the frequency of freez-
ing temperatures.

More recently, researchers have analysed the
relationships between community structure and
plant adaptive strategies along elevation gradients,
as a first step towards understanding the impacts of
climate change (within the framework of the RICAS
and LEAF Cooperative Networks, financed by IAI).
For Márquez et al. (2004), Márquez et al. (2006))
have studied the distribution of grasses along the
transition from the Andean to the high Andean
páramo, and documented freezing tolerance strate-
gies for all species. Further, they recorded an
increase in the frequency of species of temperate
origin and C3 metabolism with elevation. With
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respect to the treeline ecotone, several studies (e.g.
Ramírez et al. 2009; Rodríguez et al. 2011; Arzac
et al. 2011, 2019) described species and growth form
abundance patterns in the different physiognomic
vegetation types in undisturbed areas along the
forest-páramo transition zone. Puentes (2010),
Cáceres and Rada (2011) and Dulhoste (2010) sub-
sequently analysed how adaptive responses to water
stress, incident radiation, and low temperatures
could help understand the limitations faced by
trees for establishment above the forest line.

Regarding plant-plant interactions, most studies
on ecosystem engineers (EE) or nurse plants in
extra-tropical alpine communities have focused on
cushions (Filazzola and Lortie 2014). However,
research in the Venezuelan páramo has emphasised
the complementary role that nurse plants of differ-
ent growth forms can play in structuring high tro-
pical alpine communities, exploring the links
between functional strategies, biodiversity and eco-
system attributes. Studies on giant rosettes, shrubs,
and cushions have documented their positive effects
on local abiotic drivers, including topsoil tempera-
ture amplitudes, soil organic matter, water, and
nutrients (Pérez 1989, 1995, 1996; Ramírez et al.
2015; Hupp et al. 2017; Mora et al. 2019). These
biogenic changes induced by EE have in turn been
linked with clear facilitative effects of shrubs, cush-
ions and giant rosettes on local species richness,
total plant cover, and species-specific effects on the
abundance of different beneficiary plants (Cáceres
et al. 2015; Hupp et al. 2017; Mora et al. 2019).
Results from Ramírez et al. (2015) indicate that
facilitation by shrubs can be mediated by their
effects on the water balance of beneficiary forbs
with water stress avoidance strategies, whereas
stress tolerant grasses showed negative interactions
with shrubs. Taken together, the results of these
studies indicate that species-specific and growth-
form specific facilitative interactions could play
a key role in promoting alpha and beta-diversity
and species interdependence in species-rich tropical
alpine ecosystems.

Llambí et al. (2018) also explored indirect, non-
transitive interactions between plants, which can be
important drivers for coexistence in species-rich
communities (Aschehoug et al. 2016). They ana-
lysed tree-way interactions among a facilitator cush-
ion, native beneficiaries and an abundant exotic
invader (Rumex acetosella), showing that native
beneficiaries had negative feed-back effects on cush-
ion reproduction, developing a parasitic relation-
ship with them. However, the exotic Rumex had

negative density-dependent effects on native plants
growing inside and outside of the cushions, which
could result in an indirect positive effect on the
cushion reproduction. Further studies investigating
the interactions between EE and exotic species (e.g.
Durbecq 2016) are required for understanding
vegetation dynamics under contemporary climate
change scenarios, which are expected to promote
invasions in alpine ecosystems, with largely
unknown consequences for the native flora
(Alexander et al. 2016).

Ecosystem structure and functioning

Ecosystem ecology has received comparatively little
attention, with the exception of nutrient cycling in
potato agroecosystems (see section on Land use
change, agroecology and conservation: the human
dimension). Here we summarise some of the key
structural attributes of páramo ecosystems
described in relatively undisturbed areas (see
Llambí et al. 2013a for details).

In rosette-shrublands and giant rosette páramos,
the dominant vegetation types in the Andean and
high Andean belts, a notable ecosystem attribute is
the high ratio of above-ground to below-ground
biomass (AB:BB). Values range from 4 to 5, which
are much higher than those reported in other alpine
or arctic ecosystems (Smith and Klinge 1985;
Monasterio and Lamotte 1987; Montilla et al.
2002; but see Cabrera et al. 2018 in Colombian
páramos). This AB:BB ratio could be linked to the
absence of thermal seasonality or severe droughts,
and with the profuse mycorrhizal colonisation of
roots in most páramo plants (Montilla et al. 2002).
Another structural attribute is the high proportion
of standing necromass to biomass (which can be as
high as 2.5), especially in the high Andean belt,
dominated by giant rosettes. These rosettes main-
tain a large insulating mass of dead leaves attached
to their ‘trunks’, which turn them into vertical
micro-ecosystems, with a diverse community of
decomposers, promoting internal nutrient cycling
(Garay 1981; Garay et al. 1983). However, páramo
ecosystems do share with other cold environments
low values of total plant biomass, ranging between
1,000 and 3,000 g m−2, as well as a relatively low
primary productivity (Lamotte et al. 1989; Cabrera
et al. 2018).

Another key structural attribute of páramo eco-
systems is the high accumulation of soil organic
matter (SOM), especially in the Andean belt,
which can amount to 10 times the value of plant
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biomass (ca. 50 kg m−2 in the Gavidia valley at
3400 m, Llambí et al. 2013a). This SOM, which
plays a key role in water and nutrient retention
and carbon sequestration, is particularly resistant
to decomposition (Coutêaux et al. 2002). In turn,
soil microbial biomass represents less than 1% of
SOM, which is a relatively low value compared to
other ecosystems (Llambí and Sarmiento 1998;
Sarmiento and Bottner 2002). Hence, low average
temperatures, the recalcitrant nature of SOM and
a low microbial biomass are all associated with the
low decomposition rates observed (Coutêaux et al.
2002). However, this could confer SOM a relatively
high resistance to disturbance, with little measured
changes after cultivation or extensive grazing
(Abreu et al. 2009). Other functional attributes
influencing nutrient cycling are the low nitrification
rates (and possible denitrification and volatilisation
rates, Toro 2008), which could be linked to the low
soil pH, leading to a relatively closed nitrogen cycle
in undisturbed systems (Abadín et al. 2002).
Additionally, the abundance of nitrogen-fixing
legumes is low, except for the early stages of sec-
ondary succession after potato cultivation
(Sarmiento et al. 2003, 2012).

The accumulation of SOM influences water
dynamics, resulting in high infiltration rates, and
low superficial runoff and soil erosion, even on
steep slopes in the Andean belt (Sarmiento 2000).
However, studies at ecosystem and watershed scales
have indicated that evapotranspiration rates can
represent losses of more than 65% of precipitation
inputs; thus, there is a limited capacity for regulat-
ing streamflow, which follows closely rainfall varia-
bility (Rodríguez-Morales et al. 2014, 2019).

Vegetation dynamics, diversity and ecosystem
function in response to disturbance

Research on vegetation dynamics in response to
disturbance has centred on the impacts of agri-
culture and cattle grazing. The successional
dynamics of vegetation and soils in agricultural
old fields for potato production was the subject of
a long-term research programme in the Cordillera
de Mérida (see review in Sarmiento and Llambí
2011). Research concentrated in the Gavidia
Valley, where ca. 1,200 old-fields with fallow
times between 1 and over 12 years and elevations
ranging between 3300 and 3800 m were moni-
tored. This work provided an unusually well-
documented and replicated field system for syn-
chronic and diachronic studies, with a spatial

database originally established by Smith (1995)
and updated for 20 years. The results have
shown that, contrary to the general idea that
high mountain ecosystems are always fragile and
show low resilience (Nagy and Grabherr 2009),
there is a relatively fast regeneration of vegetation
physiognomy and the abundance of the dominant
plant growth forms after little more than a decade
(Sarmiento et al. 2003). This fast regeneration is
the result of many factors, including a relatively
short land-use history (70 years or less), the close
proximity of undisturbed vegetation remnants to
disturbed areas, and the short cultivation periods
before the fields are left fallow (2 to 3 years).

Vegetation regeneration follows very clear suc-
cessional patterns, with an initial dominance by
exotic herbs (e.g. Rumex acetosella), which are
rapidly displaced, first by native herbs and then by
the dominant species of the non-cultivated rosette-
shrubland páramo, including the stem rosette
E. schultzii and the shrub Hypericum laricifolium.
However, after more than 10 years, ca. one-third of
páramo species, including some dominant grasses
of the higher páramos and larger woody species in
areas closer to the valley bottom, were not able to
colonise the old-fields (Sarmiento et al. 2003; Bueno
and Llambí 2015). The species that dominate differ-
ent successional stages also show contrasting adap-
tive strategies; the pioneer forbs show high
photosynthetic rates and large specific leaf area,
whereas dominants in late succession exhibit scler-
ophyllous leaves and high water use efficiency
(Llambí et al. 2003).

With respect to soils, agricultural disturbance
decreases microbial biomass and soil pH, with
pH and mycorrhizal colonisation showing
a clear trend to recover during the fallow
(Abreu et al. 2009; Montilla et al. 1992, 2002;
Llambí and Sarmiento 1998; Abadín et al.
2002). Marked successional changes in the
δ15N of SOM and a fast increase during the
first decade in nutrient accumulation in phyto-
mass indicate a shift from relatively open to
closed nutrient cycling (Abadín et al. 2002),
despite the incomplete restoration of plant diver-
sity (indicating a partial decoupling between
plant diversity and ecosystem functioning).
Integrating these studies, Martineau and Saugier
(2007) developed a simulation model (FAPROM)
based on the adaptive characteristics of the
dominant species in each seral stage, allowing
further analyses of the links between community
and ecosystem processes during succession. This
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model was also adapted to simulate successional
divergence and changes in nitrogen fixation by
pioneer legumes, reproducing the marked hetero-
geneity of spatial pattern during succession
(Sarmiento et al. 2012).

Contrary to the effective regeneration of vege-
tation physiognomy in old-fields with a relatively
short history of potato production, continuous
wheat cultivation in semi-arid enclaves from
colonial times to the mid-twentieth century sur-
passed both biotic and abiotic thresholds for
natural restoration. The sustained use of these
areas for over three centuries resulted in alter-
native stable states of low diversity (i.e. ‘frozen
successions’) and widespread degradation of
vegetation and soils. The studies on these aban-
doned wheat production areas, combining obser-
vational and experimental approaches, have
shown that the factors limiting vegetation regen-
eration include long distances to undisturbed
diaspore source areas and severe losses of SOM,
available nutrients and water retention capacity
of soils on the steep slopes (Sarmiento and Smith
2011; Sarmiento et al. 2015).

Cattle grazing has been shown to have impor-
tant effects on vegetation structure and
dynamics, both in old fields within the agricul-
tural belt and in higher páramo areas, including
high Andean wetlands (Molinillo and Monasterio
1997, 2006; Sarmiento 2006; Valero 2010).
Exclusion experiments have indicated that graz-
ing sharply decreased the abundance of palatable
grasses and reduced above-ground biomass, with
less clear effects on species diversity, except
under high grazing loads (where diversity
decreased and degraded turfs prevailed).
Grazing can generate a reduction in soil water
retention capacity through soil compaction
(although soils recover rapidly when grazing is
excluded), especially in pasture areas within wet-
lands, were cattle concentrate during the dry
season. These studies have emphasised the
importance of páramo wetland conservation,
given their dual role as providers of forage for
cattle and regulators of water availability for the
agricultural belt (Molinillo and Monasterio 1997,
2006; Rodríguez-Morales et al. 2019).

Land use change, agroecology and
conservation: the human dimension

In a way, the human dimension has been present
from the beginning of systematic research in the

Venezuelan páramo. Wager (e.g. 1973, 1979) con-
ducted a series of pioneering archaeological studies
in the central Cordillera de Mérida. These studies
suggested that the Venezuelan páramos were not
subjected to permanent occupation during precolo-
nial times. Instead, they were mainly used as com-
munication corridors, sites for hunting, and locales
of religious practices. However, anthropological and
ethnological studies by Clarac (2003) and
Lopéz-Zent (1993) indicated that in present-day
páramo farmers’ culture there are many elements
of pre-Hispanic origin, including the use of native
potato varieties and of indigenous names for many
páramo plants, which point to a more sustained
occupation of these spaces. The most significant
human impacts on páramo ecosystems coincided
with the introduction of cattle grazing and wheat
cultivation after the Spanish conquest.
A foundational work for interpreting land-use his-
tory in the Venezuelan páramo was published by
Monasterio (1980c). She analysed the environmen-
tal drivers for the distribution of different agroeco-
systems and the evolution of agrarian societies,
from the wheat production systems that charac-
terised colonial times, to the long-fallow and inten-
sive systems for potato and fresh-vegetable
production that replaced them during the twentieth
century.

A series of more recent studies have charac-
terised current land use strategies as well as the
socio-economic drivers of agricultural moderni-
sation and intensification (e.g. Romero 2003;
Velázquez 2004; Sarmiento and Smith 2011;
Smith et al. 2014; Angéliaume-Deschamps
et al. 2013; Leroy 2017). Many of these studies
have highlighted the paradox of agricultural
intensification resulting in vastly improved eco-
nomic conditions for farmers, but negative
impacts on their quality of life and on environ-
mental indicators (particularly as a result of the
excessive use of agrochemicals). However,
Sarmiento et al. (2002) have evaluated different
theoretical scenarios in terms of the cover of
areas under cultivation (long-fallow vs. inten-
sive), old-fields and natural páramo, to analyse
the effects for farmer incomes and plant diver-
sity. They concluded that a sustainable intensi-
fication of agriculture (controlling the excessive
use of agrochemicals and fertilisers) would be
an optimal strategy for containing impacts on
biodiversity associated with long-fallow systems,
while improving crop yields and economic
returns.
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The agroecological practices of relictual wheat
production and long-fallow potato systems have
been the subject of detailed studies (e.g. De Robert
and Monasterio 1993; Sarmiento et al. 1993). For
long-fallow potato production, this resulted in
a long-term research programme integrating obser-
vational, experimental and modelling strategies to
study ecosystem processes and nutrient cycling dur-
ing the cultivation phase (Sarmiento and Bottner
2002). Intensive market-oriented potato agroeco-
systems have also been the subject of detailed stu-
dies, investigating their impacts on soil fertility and
the management strategies required for synchronis-
ing nitrogen availability, derived from decomposi-
tion of organic inputs of different qualities, with
crop demands (e.g. Machado et al. 2010).

In terms of ethno-ecological research, López-
Zent (1993) has explored the cultural interpretation
of páramo ecosystems by farmers and their knowl-
edge and use of native and introduced plants (see
also Aranguren 2008). There have also been impor-
tant efforts for the study of ethno-pharmacology
and medicinal potential of páramo plants, especially
in terms of the antimicrobial and antifungal proper-
ties of essential oils produced by giant rosettes (e.g.
Hidalgo-Báez et al. 1999; Ibañez and Usubillaga
2006). Aranguren et al. (1996) have analysed the
extraction for medicinal use of native herbs of the
Oritrophium genus (‘frailejón morado’), evaluating
the distribution and vulnerability of these species,
and proposing strategies for their sustainable use.
The use of mosses in traditional nativity scenes has
also been studied by León and Ussher (2005), result-
ing in a very successful environmental education
campaign and a formal decree prohibiting their
extraction.

Participatory, community-based strategies for
the conservation of biodiversity and agro-
diversity have characterised the last decade. For
example, participatory research on the diversity
and traditional use of native potato varieties
generated an integrated programme for their res-
cue, revalorisation, sustainable production and
commercialisation (Romero 2005; Romero and
Monasterio 2005). Smith et al. (2009) have
implemented a pioneer project for collection of
spatially explicit information on land-use and
management strategies, using participatory map-
ping, generating very detailed information on
many aspects including irrigation, crop yields or
use of agrochemicals.

The implementation of the Andean Páramo
Project (GEF-UNEP) between 2003 and 2012,

constituted a large international platform for
promoting páramo conservation that integrated
researchers, local communities and grass-root
organisations, environmental authorities, school
teachers, among others. The project promoted
the design of management plans with the inclu-
sion of local farmers in a series of pilot sites
along the South American páramos (e.g. Llambí
et al. 2005), as well as the participatory monitor-
ing of land-use practices and the quality of life of
páramo farming communities (Smith et al. 2014).
This research became the basis for implementing
strategies for land-use zoning, ecological restora-
tion, sustainable farming, capacity building and
environmental education. The Andean Páramo
Project platform also filled important knowledge
gaps for conservation planning and sustainable
management of the Venezuelan páramos, includ-
ing the distribution and diversity of species and
ecosystems (e.g. Josse et al. 2009; Pelayo and
Soriano 2010; Llambí et al. 2014) and the role
of páramo ecosystems in the regulation of water
provision (Rodríguez-Morales et al. 2014, 2019).

Climate change: the past and the future

The páramo is a relatively modern ecosystem,
with only ca. 3–4 My of evolution after the
most recent process of Andean uplift during the
late Pliocene (van der Hammen 1974;
Hooghiemstra et al. 2006). Its biogeographic
and evolutionary dynamics have been marked
by the pronounced climatic variability during
the Pleistocene glacial-interglacial cycles, and
more subtle variations in precipitation and tem-
perature, which occurred during the Holocene
after the last glacial maximum (ca. 20,000 years
BP). Schubert (1974, 1975, 1979)) made signifi-
cant contributions for interpreting the geomor-
phological evidence left by the last Pleistocene
Glaciation in the Cordillera de Mérida, including
the dating and analysis of the spectacular mor-
aines and wetland systems. During this period,
temperatures were 7–8 K below today’s values
and glaciers descended by ca. 1,200 m from
their current elevations (Rull et al. 2010).

Palaeoecological studies of the Venezuelan
páramo, spanning the Holocene epoch, were pio-
neered by Salgado-Labouriau (1979, 1991)). She
coordinated a project in five sites with elevations
ranging between 3250 and 4080 m and examined
pollen obtained from peat and wetland sedi-
ments, and stratigraphic records from terraces,
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to describe the history of climate and vegetation
during the last 13,000 years. These studies indi-
cated that during the Holocene, there were
important changes in climate, including at least
five periods with significantly lower temperatures
and two periods with temperatures ca. 1°C
higher than the present. Shifts in precipitation
were spatially more heterogeneous than those in
temperature. These changes in climate were asso-
ciated with significant downward and upward
shifts in the elevation of the treeline ecotone
and a progressive process of plant colonisation
at the highest elevations, following glacial retreat
(Flantua et al. 2019). Several authors have carried
out further palynological, geomorphological,
sedimentological, geochemical and stable isotope
studies, expanding the spatial and temporal reso-
lution of previous research (particularly for the
last 1,000 years B.P.), providing an increasingly
detailed view of the palaeoecology of the
Venezuelan Andes (see Rull et al. 2005, 2010).

After a last moderate advance during the
Little Ice Age (ca. 1300–1850 AD), the glaciers
in the Venezuelan Andes have been retreating
rapidly. Retreat has been accelerated by post-
industrial global warming, with a rate of
increase in temperatures some 100 times faster
than background warming rates after the last
glacial maximum, and an expected increase of
2–4°C by the end of the twenty-first century
(Rull et al. 2007). Based on estimates by
Schubert (1998), the glaciers in the Cordillera
de Mérida covered ca. 200 km2 towards the
mid-nineteenth century. This is about 2000
times larger than their recent extent, which
was estimated at 0.15 km2 in 2009 and
0.10 km2 in 2011 at Humboldt´s Peak, the last
remaining glacier in the country (Braun and
Bezada 2013). Temperature warming has also
been accompanied by a reduction in average
precipitation in the Venezuelan Andes, with
a projected decrease of at least 20-30% during
the twenty-first century (Buytaert et al. 2010;
Braun and Bezada 2013).

The ecological consequences of climate change
are beginning to be explored in the Venezuelan
páramos. Temperature increases are expected to
result in an upward displacement of vegetation
belts and the distribution of dominant plant growth
forms, changes that are likely to impact vegetation
physiognomy above the forest line (Suárez and
Chacón 2011; Arzac et al. 2019). Additionally, eco-
physiological research indicates that different

páramo growth-forms could exhibit different
degrees of susceptibility to increased temperature
and reduced precipitation. Herbaceous and shrub
species could show a higher resilience than woody
species and giant rosettes, because of a lower toler-
ance to drought and a more restricted range of
functional responses to water and temperature
stress in the woody species and giant rosettes
(Rada et al. 2019; Sandoval et al. 2019).

Two important limitations for predicting the
effects of climate change in the Venezuelan
páramos include a lack of detailed data on the
spatial distribution of species and diachronic mon-
itoring of changes in vegetation composition and
structure. In the case of the Espeletia complex,
Mavárez et al. (2019) analysed the distribution of
28 species endemic to the Cordillera de Mérida.
Based on temperature projections for 2070, they
estimate that, even assuming unlimited dispersal,
21 to 64% of these species would lose at least 80%
of their current suitable habitat, with a higher prob-
ability of extinction for species with narrow distri-
bution ranges limited to the highest elevations.

Regarding diachronic vegetation monitoring,
two long-term research sites comprising seven sum-
mits between 3,800 and 4,600 m were established in
the Venezuelan páramo between 2012 and 2014 in
the context of the GLORIA-Andes network (using
the standardised methods of the global GLORIA
network, Pauli et al. 2015). A continent-scale analy-
sis of the base-line data in 50 South American sum-
mits (from Venezuela to Northern Argentina), has
indicated that the Venezuelan páramos occupy
a very unique position, with especially high levels
of endemism and abiotic conditions that are mid-
way between the humid northern páramos and the
arid puna of the central Andes (Cuesta et al. 2017).
A first re-sampling campaign of the three highest
summits has recently been completed 5 years after
the baseline; preliminary analysis of these data
points to a moderate increase in species richness
(of 3 to 8 additional species in relation to the base-
line in the three summits), driven by colonisation by
small herbaceous species. Additional complemen-
tary studies are now underway to monitor changes
in the phenological dynamics and pollinator inter-
actions of flowering plants in these summits

Concluding remarks, research opportunities
and future challenges

In this review, we provided an overview, docu-
menting the development and state of the art of
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plant ecology research in the Venezuelan
páramos. This overview and the papers included
in this special issue, demonstrate the breadth of
conceptual approaches explored so far.
Systematic research efforts have made
a substantial contribution to our general under-
standing. For example, ecophysiological research
on more than 80 herbaceous and woody species,
has considerably expanded our knowledge of the
diversity of functional responses of alpine plants
to stress factors such as freezing temperatures
and seasonal drought and their differential sen-
sibility to environmental change (see Rada et al.
2019).

The studies on the ecological basis of potato
and wheat agroecosystems and the successional
dynamics of soil and vegetation regeneration in
old fields, have combined diachronic monitor-
ing, experiments and modelling and integrated
ecophysiological, community, ecosystem, land-
scape and human ecology approaches. This
research has provided a detailed analysis of the
links between biodiversity and ecosystem func-
tioning during secondary succession in the
alpine tropics, and a more mechanistic under-
standing of the abiotic and biotic thresholds
that determine the resilience of alpine ecosys-
tems in the face of human disturbance
(Sarmiento et al. 2003, 2015; Sarmiento and
Llambí 2011). Moreover, it has challenged com-
mon generalisations (e.g. the uniform fragility
of high mountain environments to human dis-
turbance, Nagy and Grabherr 2009) and offered
a transdisciplinary perspective on the evolution
of mountain socio-ecological systems and their
creative integration of traditional and modern
land-use and livelihood strategies (Sarmiento
et al. 1993; Smith et al. 2014).

Results have highlighted many distinctive
characteristics of tropical high elevation ecosys-
tems, such as their unique cold tropical climate,
their unusually high ratio of above-ground to
below-ground biomass and necromass to bio-
mass ratios or their outstanding diversity of
species and plant functional types. These
include exclusive growth forms of the alpine
tropics such as giant stem rosettes, which have
been the subject of long-term studies on popu-
lation dynamics, and unravel the convergent
adaptations that have allowed them to become
so successful across different tropical alpine
regions in the world (Monasterio and
Sarmiento 1991; Rada 2016).

Other important research areas that had
received little attention in the past, are cur-
rently receiving new impetus. These include
current and future patterns of species distribu-
tion and long-term studies of páramo hydrol-
ogy and vegetation dynamics under climate
change scenarios, from the treeline ecotone to
the sub-nival belt (Llambí et al. 2013b; Cuesta
et al. 2017; Mavárez et al. 2019; Rodríguez-
Morales et al. 2019; Arzac et al. 2019); and
the study of species interactions, including
facilitation and pollination, and their role in
the assembly of species-rich alpine communities
(Mora et al. 2019; Pelayo et al. 2019).

Even so, we can highlight some research areas,
which in our view, require special attention in
the years to come. The evolutionary ecology,
distribution and biogeography of páramo plants
has received particularly limited attention,
including the study of the processes influencing
the diversification and adaptive radiation of the
flora in the Venezuelan páramos. Moreover,
there is a need to develop a more integrated
view of linkages among genetic and functional
diversity, biotic interactions, community
dynamics, and changes in ecosystem functioning
both in natural and transformed ecosystems. The
combination of experimental studies, ecological
modelling and diachronic monitoring could be
an especially productive avenue to purse in this
regard (as has been the case in the study of
successional vegetation regeneration in the
páramos). Such work could allow developing
a more mechanistic and predictive understanding
of ecosystem responses to the pressures derived
from the interacting effects of global change. It
could also provide key inputs to design more
effective strategies for ecological restoration, the
management of invasive species and pests, and
the development of a more sustainable agricul-
ture. Additionally, promoting further the use of
participatory approaches to environmental mon-
itoring, ecosystem management and biodiversity
conservation would provide new opportunities to
integrate the views of multiple stakeholders, both
within and outside national parks, which include
ca. 80% of the Venezuelan páramos (Monasterio
and Molinillo 2003).

Finally, there is a need to promote further
international collaboration and funding and
devising innovative ways to guarantee the sus-
tainability of current research and long-term
monitoring initiatives, including the GLORIA-
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Andes and Andean Forest Networks (Cuesta
et al. 2017; Stiefel et al. 2017). Complementing
these efforts with new opportunities for com-
parative research in key areas such as treeline
dynamics, primary succession after glacial
retreat, functional diversity, species interactions
and ecosystem services in global change scenar-
ios, could be the basis for establishing
a network of Mountain Observatories along
the Andes and the Americas.
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