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Abstract

Tropical mountains contain unique biological diversity, and are subject to many consequences
of global climate change, exasperated by concurrent socioeconomic shifts. Glaciers are in a
negative mass balance, exposing substrates to primary succession and altering downslope
wetlands and streams. A review of recent trends and future predictions suggests a likely
reduction in areas of open habitat for species of high mountains due to greater woody plant
cover, accompanied by land use shifts by farmers and pastoralists along the environmental
gradients of tropical mountains. Research is needed on the biodiversity and ecosystem con-
sequences of successional change, including the direct effects of retreating glaciers and the
indirect consequences of combined social and ecological drivers in lower elevations. Areas in
the high mountains that are protected for nature conservation or managed collectively by local
communities represent opportunities for integrated research and development approaches
that may provide ecological spaces for future species range shifts.

Keywords: biogeography; climate change; glaciers; land use/land cover change; tropical
mountains; Andes.

Resumen

Las montafias tropicales incluyen una singular diversidad biol6gica sujeta a las numerosas
consecuencias del cambio climatico global, exacerbado por concurrentes cambios socio-
economicos. Los glaciares estan en un balance negativo de su masa, promoviendo la expo-
sicion de los suelos a la colonizacion primaria, y alterando pantanos y riachuelos en las partes
bajas. Revisiones de las tendencias actuales y predicciones sugieren que las especies de alta
montafia sufririan una reduccion en las areas de habitats abiertos, debido al incremento en la
cobertura de plantas lefiosas, acompafiado por los cambios en el uso del paisaje causados por
agricultores y pastores a lo largo de las gradientes ambientales en las montafas tropicales.
Es necesaria la investigacion de las consecuencias en la biodiversidad y en los ecosistemas
por causados por los cambios sucesionales, incluyendo los efectos directos del retroceso de
los glaciares y las consecuencias indirectas de la accién combinada de factores sociales y
ecoldgicos que ocurren en altitudes inferiores. Las areas protegidas en las altas montafias
usadas en la conservacion de la naturaleza o manejadas colectivamente por comunidades
locales representan oportunidades donde puede integrarse investigacion y planes de de-
sarrollo que podrian proveer espacios ecologicos para los futuros desplazamientos de los
rangos de distribucion de las especies.

Palabras claves: biogeografia; cambio climatico; glaciares; uso de la tierra/cambio de co-
bertura; montafias tropicales; Andes.
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Introduction

The highest mountains of the tropics are affected by cold and
frozen conditions, which impose climatic and edaphic biophysi-
cal constraints on the plants, animals, and ecosystem processes
found there. Perennial snow occurs at high elevations along the
large mountain chains and plateaus of the central Andes Moun-
tains in the form of ice caps and mountain glaciers, especially
in Peru and Bolivia. There are also tropical glaciers on isolated
peaks in the northern Andes, Mesoamerica, east Africa, and
New Guinea. All of these mountains and other similar ecore-
gions are undergoing dramatic ecological shifts owing to global
change processes (MacDonald 2010, MacDougall et al. 2012,
Diffenbaugh & Field 2013). The high tropical landscapes have
land covers shifting due to increasing temperatures, altered pre-
cipitation regimes, and negative glacial mass balances (Bradley
et al. 2009, Urrutia & Vuille 2009, Mahlstein et al. 2011). For
example, a recent modeling project done by Tovar and colleagues
(2013) for the tropical Andes suggests that many high elevation
sites in the future will no longer support glaciers, periglacial
zones, or tropical alpine vegetation. Data from resurveys of birds
(Forero-Medina et al. 2011) and trees (Feeley et al. 2010) have
revealed evidence of upward shifts of species distributions in
forests of the mountains of southern Peru during recent decades.

Glaciated mountains will be in ecological flux as mediated
through land cover changes, caused by both biophysical and
socioeconomic drivers. These are montane landscapes shaped
in part by legacies of past human land use, with ancient pasto-
ralism and farming (Young 1998, 2009, Gade 1999), and also
affected by current downstream human populations dependent
upon glacier-fed streams for water and energy production (Bury
et al. 2013, Carey et al. 2014). Assessments that include feed-
backs among the social and ecological components are more
likely to be able to predict complex trajectories of change, for
example with thresholds or hysteresis. For example, demands
for products may alter smallholder decisions, leading to land use
changes that counteract or even accelerate changes due solely
to climate change (Young 2013). As a result, socio-ecological
feedbacks and interactions explain landscape dynamism, but
may need to be examined through interdisciplinary approaches,
done at multiple temporal and spatial scales, in order to clarify
the processes involved. In turn, some drivers are not only slow
acting, but may not easily change states, or once changed, may
be put on an irreversible trajectory.

The goal of this review article is to evaluate how these
processes interact to cause ecological change. This is done by
identifying the major effects of glacier retreat on ecological
processes, whether they act directly through changing substrate
types and moisture conditions, or if they instead act indirectly by
altering land use, sometimes far downslope. Landscapes change
due to the interacting influences of all those drivers, including
atmospheric, climatic, ecological, and socioeconomic processes.
Ecological processes can be observed during primary succes-
sion on newly exposed substrates, and as shifts in the locations
and characteristics of wetlands, of treelines, and in the relative
abundances of woody plants.

Ecological Dynamism in Tropical Mountains

Change is caused directly by alterations in glacial mass balance,
which is mediated through reduced ice cover, an initial increase in
stream discharge, and the release of land for primary succession.

There are also increases further away from the direct influences
of the glaciers in the abundance of woody plants, perhaps due at
least in part to higher carbon dioxide levels in the atmosphere.
‘These changes will result in expansion of certain land cover types,
namely pioneer plants on new substrates, and shifts in the spatial
context of woody plants within landscape mosaics.

The predominant vegetation types located above altitudinal
timberline and below snowline are the grasslands and shrublands
of puna ecoregions found from Peru to the south, and the her-
baceous or shrub pdramos found in the northern Andes (Young
et al. 2007), which also exist in isolated areas in Mesoamerica
(Luteyn 1999). Wetlands are frequently dominated by sedges
and low-growing cushion plants from genera such as Distichia
and Plantago. Similar ecosystems occur at high elevations in east
Africa and New Guinea (Rundel et al. 1994, Hemp 2009). The
vascular plants are typically small statured, with narrow leaves
or protected by thick cuticles and/or abundant hairs (Rundel
et al. 1994, Korner 1999). Some dominant plants of the high
mountains are large, like Puya raimondii of Peru and Bolivia or
the Lobelia species of highland Kenya, and trees able to grow in
exposed sites such as some of the Polylepis and Buddleja species;
these tall plant life forms are growing under harsh conditions
(Korner 1999, 2012).

Closer examination of the glaciated or formerly glaciated
landscape mosaics will frequently reveal further ecosystem
heterogeneity, associated with plants growing on substrates
that vary from rocky slopes and shallow soils, to gravels, loams,
and peatlands. Those mosaics can be characterized in terms
of vegetation patches and habitat corridors that shift as soil
moisture changes, disturbances occur, and long-term edaphic
and geomorphic change takes place (e.g., Tovar et al. 2012).
Landscape ecologists refer to the dominant land cover type of
these mosaics as the “matrix” (Turner 2005). Figure 1 shows a
glaciated landscape in the Cordillera Blanca of northern Peru,
with Andean forests on the slopes, a grassland matrix, and wet-
lands and large erratic boulders in valley bottoms.

Species move within these changing landscapes in relationship
to their habitat needs and their capacities for dispersal across the
matrix. The plants that have wind-dispersed seeds and winged
animals, such as birds and some insects, have the potential to ar-
rive at most sites, with their colonization of those sites dependent
on the plants encountering the necessary substrate, soil moisture,
temperature regime, and solar radiation, and the animals find-
ing appropriate habitat (e.g., Brambilla & Gobbi 2014). As a
result, it can be said that the landscape mosaics interact with
species adaptations through a kind of species sorting. Species
with limited dispersal may take many years to colonize suitable
sites. As species disperse and interact with abiotic factors and
other species, they can cause ecological succession, which also
has feedbacks affecting still other species. Collectively, the species
populations interact in ways that can be summarized through
ecosystem dynamics, their carbon stocks and fluxes, their use
of water and role in hydrological transfers, and the limitations
associated with nitrogen availability in its various forms.

High tropical mountains support biologically diverse ecosys-
tems, with a year round growing season for plants and microbes,
and with cold extremes at night, rather than during a cold winter
season, with many implications for biodiversity patterns (Rundel
et al. 1994, Kérner 1999) and ecosystem processes (Ponette-
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Gonzélez et al. 2014). Edaphic specialists are found on the
sites frequently frozen and refrozen due to needle ice formation
(Cano et al. 2011). Additional place-to-place differences are
related to the topography that produces steep environmental
gradients and causes turnovers in biota at major biogeographical
barriers (Vuilleumier & Monasterio 1986, Young et al. 2002,
Young et al. 2007). Also, there is a long history of human use
of many montane landscapes (Young 2009). Many areas have
direct and ongoing human impacts, through burning, grazing
of domesticated livestock, mining, planting trees, or trekking.
Other social and economic changes affect land use goals, for
example, whether landscapes are utilized for nature conservation,
housing, energy production, or grazing.

Globally induced biophysical changes will tend to shift eco-
systems upslope with temperature increases. However, human
land use may only partly be able to adaptively move along with
those changes because social institutions that govern access to
natural resources and land tenure will not be able to change
along those same environmental gradients (e.g., Hobbs et al.
2008). Human institutional, legal, and political change can be
much slower to manifest in ecological landscapes than altera-
tions in distributions of plants and animals. Predictions of future
landscape dynamism in tropical mountains can be made by
contrasting glaciated landscapes to those that have already lost
their glaciers, due to having lower mountain elevations and more
exposure to dry conditions. Postigo et al. (2008) used Landsat
satellite imagery to measure the land cover change associated
with the deglaciation of part of high elevation Huancavelica in

Figure 1. Glaciated landscape in the Cordillera Blanca of northern Peru.

central Peru from 1990 to 2000. The landscape mosaics shifted
from matrices of mountain glaciers and puna/tropical alpine
vegetation types, to landscapes with no glaciers, larger lakes,
and growing wetlands.

In other words, change in high tropical mountains is only
in part driven by climate shifts affecting snow, ice, and glaciers.
Human-caused influences can reach snowline, and many lower
elevation areas have land cover types created by people, including
entire landscape matrices dedicated to crops, housing, roads, or
tree plantations. The expectation for the biogeography of the fu-
ture in these mountains is not simple upslope movements, given
that species must disperse and colonize in and across utilized
landscapes. Plants, animals, and land-use systems will appear in
places once covered by snow and ice with deglaciation. However,
in other montane areas, species and land use may instead shift
along gradients of humidity or disturbance, in relation to species
adaptations for dispersal and colonization, and the adaptability
of human populations and institutions.

Perennial Snow and Ice

During the past three decades, the glaciers of the tropics have
had negative mass balances, with retreating glaciers (Thompson
et al. 2006, Radic & Hock, 2011; Rabatel et al. 2013). As ex-
amples illustrating this global phenomenon, Klein and Kincaid
(2006) showed dramatic glacier loss in Irian Jaya, Indonesia;
Thompson et al. (2009) found that 85% of ice cover of Mt.
Kilimanjaro present in 1912 is now gone, with especially rapid
loss of area and volume of ice since 1989; Delgado Granados
etal. (2007) measured glacier loss in a Mexico volcano top due
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Figure 2. Visitors to the receding Pastor
with a climate change motif.

to both climate warming and volcanism; Ramirez et al. (2001)
documented the disappearance of small glaciers in Bolivia; Jo-
melli et al. (2011) examined glacier retreat over the Holocene
for the Cordillera Real of Bolivia, with especially rapid loss in
the last century and linked to warmer atmospheric and Pacific
Ocean temperatures; Lopez-Moreno et al. (2014) reported a
56% decrease in glacial cover and an increase in size of glacial
lakes in central Peru; and Ceballos et al. (2006) described how
important scale-and edge-related effects were acting on the
cryosphere of Colombia, making the smaller glaciers there melt
especially quickly.

Tropical glaciers have an east-west asymmetry (Young 1989,
Evans & Cox 2005) because moist air masses tend to come in
an easterly direction, bringing moisture from the humid low-
lands. Gravity moves water and ice downhill, creating tension
crevasses on the surface of mountain glaciers, and bedrock and
fluvial erosion below (Benn & Evans 2010, Kiser & Osmaston
2002). The erosive and depositional processes connect to a va-
riety of ecosystem responses, e.g. Fountain et al. (2012). There
are seasonal shifts in precipitation caused by movements of
the Intertropical Convergence Zone, in some places also with
monsoonal circulations (Hastenrath 1991, Metcalfe & Nash
2012). The slope exposures that are located on the leeward
side of mountains have smaller glaciers, as snow input is less
(Mark & Seltzer 2005); glaciers found in drier environments
are located higher in elevation (Hastenrath 2009). There are also
catastrophic changes associated with the melting glaciers, as snow
avalanches can be common, and large ones may burst terminal

uri Glacier in 2014 in the Cordillera Blanca of Peru. They are on'é day trip

. e
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moraines of glacial lakes causing downstream flooding (Carey
2005, 2010, Carey et al. 2012). Over previous centuries, those
kinds of mass movements filled valley bottoms with glacial tills
and colluvium, creating low gradient slopes and relatively flat
bottomed valleys (Fig. 1).

Ecological landscapes near glaciers change as water stored in
the form of ice becomes available to the environment. In addi-
tion, the rock and dust particles once suspended within the ice
are deposited on the ground surface creating moraines. The rate
of retreat is a function of how much melting and sublimation
takes place, with the input of new snow through precipitation
less than the mass of what is being converted into liquid or
gaseous water. The resulting deglaciated landscape consists of
a landscape matrix transformed from the cryosphere into one
dominated by rocks, with moraines and tills left behind, with
scattered patches of remnant ice or of colonizing plants, and
corridors formed by glacial streams and developing peatlands.
The nival landscape is reshaped into mounds of rocky sub-
strates of different sizes, dissected by dozens of small streams
and ponds. Figure 2 shows such as landscape, in the vicinity of
what remains of the Pastoruri Glacier in the Cordillera Blanca
of northern Peru.

Primary Succession after Glacier Retreat

Ecosystem recovery when soil does not exist is called primary
succession (Walker and del Moral 2003). Soils develop as plant,
animal, fungal, and microbial species colonize the available
substrate, in this case, gravels and silts exposed by glacial retreat.
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Observations in southern Peru have been made on primary
succession near the Quelccaya Ice Cap and on the Vilcanota
Cordillera. Freeman etal. (2009) found that saturated periglacial
soils were dominated by chytrid fungi (Chytridiocycota), which
presumably carry out decomposition. Those fungal communities
are similar to those found in other similar sites worldwide, and
all evidence points to the importance of fungi, and also algae
and microbes, for primary succession following deglaciation
(Freeman et al. 2009, Schmidt et al. 2012, 2014).

Those fungal, algal, and microbial organisms begin nitrogen
cycling, photosynthesis, and biomass formation such that a living
crust can develop on the soil within about a decade. Vascular
plants only become conspicuous later. For example, Seimon
et al. (2007) describe landscape change here, with new ponds
and streams in deglaciated areas and with vascular plant species
colonizing up to around 5500 m. Schmidt et al. (2009) measured
temperatures in periglacial soils at 5400 m and at 5 cm depth
that varied from 27 °C in the day and -12 °C at night. Nitrogen
cycling was associated with fixation by Nitrospira nitrifiers and
oxidation by Betaproteobaceria, while available phosphorus was
low enough to limit microbial growth (Schmidt et al. 2011).

There are microsites where primary succession may be speed-
ed by the addition of organic matter, which would quicken soil
development. For example, poorly drained areas have wetland
vegetation, which begins to develop organic soils and peatlands.
The retreat of the Quelccaya Ice Cap exposed well-preserved
plant materials 5200 to 6300 years old (Thompson et al. 2006,

d ponds in the valley bottoms of the Cordillelra Blanca of Peru.

2013), which will also become part of the soil as decomposition
processes begin to function.

Aquatic and Wetland Ecosystems

Many climate change consequences below snowline are
associated with increased water flows from the initial melting
process, some of which may move through the valley system cata-
strophically. However, over time, total annual stream discharge
will tend to drop after reaching a peak, perhaps several decades
later (Baraer et al. 2012), as has been recorded for most of the
watersheds of the Cordillera Blanca (Bury et al. 2013). Because
dry season discharge is maintained by groundwater flows and
inputs from glacial meltwaters in seasonal tropical climates,
streams not influenced by the glaciers will have low discharges
or even be intermittent during dry seasons. Thus, glacier retreat
removes an environmental subsidy provided by this seasonal
hydrological input. The wetlands, streams, and ponds tend
to be found in lower topographic positions, found in valley
bottoms and receiving hydrologic inputs from precipitation,
groundwater, and surface water flows (Fig. 3).

Over decades to centuries following deglaciation, proglacial
lakes may completely fill with organic sediments. This leaves a
sedimentary record of a switch from inorganic sediments that
characterize glacial erosive processes to those resulting from
biotic processes in the watershed (Rodbell et al. 2008, Stansell
et al. 2013). The organic sediments document several kinds of
ecosystem succession, with an autogenic process that ends with
lakes filling in and transforming into seasonal or permanent
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wetlands, with their respective species. However, there is also
ongoing terrestrial succession, providing materials entering the
lakes that come from erosion and runoff as vegetation covers
landscape positions once occupied by glaciers.

Proglacial lakes and wetlands, adjacent to a glacier, grow in
size with the initial pulse of water from the retreating glacier.
Lipton (2008) measured increases in size of proglacial lakes
and valley-bottom wetlands in Landsat imagery from 1989 to
2001 in the Cordillera Blanca. Perhaps due to less water moving
through the system some years later, Bury et al. (2013) found
that for the Quilcayhuanca valley, the wetlands showed a decrease
of 17% in area from 2000 to 2011 and were more fragmented,
suggesting that peak water from glacier retreat had already moved
through. Hydrological modeling can be used to evaluate likely
future change in these ecosystems. For example, Buytaert and
Beven (2011) used several kinds of models to show how lakes
and wetlands can augment dry season flows. There are also im-
plications for ecosystem functions and services (Buytaert et al.
2011), as carbon stored in the organic matter of wetland peats
was created by photosynthesis decades or centuries previously.
Lower or fluctuating water levels will add carbon dioxide to the
atmospheric as decomposition rates increase.

These kinds of landscape changes will also have implications
for the assembly of plant and animal species that require wetland
and aquatic habitats. For example, in the Vilcanota Cordillera,
Seimon et al. (2007) reported that climate change caused the
exposure of an ice-free corridor that allowed species to move
across the topographic divide, while also expanding aquatic
environments in the form of streams and ponds. They were
able to document upward altitudinal shifts of three frog spe-
cies, tracking the habitat changes. Worryingly, they also found
upward shifts in the chytrid fungus that infects and kills many
frog species (Collin & Crump 2009).

The ecological development of streams following deglaciation
has been studied by researchers who found a relatively high di-
versity of aquatic invertebrates, which also changes as a function
of distance from direct glacier influences. For example, Kuhn et
al. (2011) measured downstream changes in stream temperature,
substrate type, and channel stability as related to distance from a
glacial margin in highland Ecuador. They were using space as a
substitute for successional time: a chronosequence approach. The
physical changes along the reach of the channel and the chemi-
cal changes of the water all caused shifts in the composition,
density, and species richness of aquatic invertebrates. Similar
sampling led Boyero et al. (2012) to state that tropical stream
detritivores are particularly at risk from climate changes, given
their high beta diversity, with much place-to-place uniqueness in
the species present. Jacobsen et al. (2012) show potential losses
of both alpha and beta diversity with glacial retreat differentially
affecting specialist species. Loayza-Muro et al. (2010) report
dramatic changes in the aquatic invertebrates caused by the new
bedrock exposed by glacial retreat changing water chemistry.
Because hydrological connectivity links these kinds of changes
to further downstream shifts in stream ecology, it is possible that
deglaciation will affect whole river basins.

Dynamics of Woody Plants

Increasing atmospheric carbon dioxide may favor plants with
C3 photosynthesis, making them more efficient in terms of

water use and hence potentially shifting grasslands to having an
increased woody plant presence (Polley et al. 1994, Morgan et
al. 2007, Higgins & Scheiter 2012). Globally, in recent decades,
there are often signs of increased shrubland areas, in some cases
likely due also to land use change, release from overgrazing, and
altered fire regimes (Eldridge et al. 2012). Naito and Cairns
(2011) think that increased shrub dominance in the arctic is
caused by the warming of temperatures there. Some encroach-
ment is also due to the introduction of exotic woody species
that are invasive (Rundel et al. 2014).

In tropical mountains, increases in woody plant coverage
were reported based on Landsat satellite images by Kintz et al.
(2006) and Lipton (2008), with studies of seedling establish-
ment in the timberline zone by Rehm and Feeley (2013), and
in mapping done using MODIS data by Aide et al. (2013), who
report many dry and steep areas with expanding or regrowing
forests or shrublands. These changes are those expected globally,
and are also those found in the modeling done by Tovar et al.
(2013), who predict shifts in ecological zones, with more area
in the tropical Andes with montane shrublands and seasonally
dry forest. Gosling et al. (2009) use paleoecological informa-
tion on Polylepis species to suggest that predictions for warmer
and drier climates in the Andes of the future would limit places
where those species could survive.

However, woody plant dynamics are spatially variable. For
example, Byers (2000) found relatively stable margins for for-
est edges in the Cordillera Blanca; Coblentz and Kintz (2008)
documented relatively little change in forest patches in southern
Ecuador in terms of forest edges and hence patch location,
size, and shape; and the forest patches studied by Jameson and
Ramsay (2007) in southern Peru were similar in size over 50
years, although they became less dense. Many of the studies in
the Andes implicate a complicating role of land use, with loss
of forest due to burning (Cierjacks et al. 2008), and with less
habitat available for specialist forest species (Lloyd 2008, Gareca
etal. 2010, Tinoco et al. 2013). Hensen and colleagues (2012)
showed that topographic barriers and human-caused habitat
fragmentation are both constraining the genetic diversity of
Polylepis incana in Ecuador.

Treeline limits may also be expected to shift, upward when
controlled by temperature, but perhaps downward if the tree
species are limited instead by moisture regimes or by human
land use (Young 1993, Hemp 2009, Holtmeier 2009, Malanson
etal. 2011, Kérner 2012). Young and Leén (2007) noted that
tropical timberline landscape mosaics revealed upward shifts
of forest edges and higher forest patches, but also in some sites
timberline was being lowered. Forest limits include the mod-
erating influence of the higher relative humidity found within
interior forest. In other areas, there may be increased shrub
colonization into grasslands, which increases woody cover. The
research of Bader and Ruijten (2008) in Ecuador points to ad-
ditional site-to-site heterogeneity due to the combined effects
of elevation, topographic position, and slope aspect. All of these
shifts have implications for the associated carbon dynamics
(Zimmermann et al. 2010), and hence the ecosystem services
provided (Balthazar et al. 2015).

Anthropogenic Landscapes

Humans create new land cover patches by inserting pastures,
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agricultural fields, and mines into tropical alpine landscapes.
Land use alters ecosystem dynamics and landscape mosaics by
introducing novel cover types, by increasing some cover types
while decreasing others, and by changing the shapes, sizes, and
locations of patches and corridors. Large-scale drivers of change
may alter the type of matrix. All of these kinds of land-use related
changes can be found in the high tropical mountains of the
world (Spehn et al. 2006). The tropical Andes in particular have
along history of human-caused alterations in land cover (Young
1997, 1998, 2009), with ancient deforestation and its large
fauna mostly extirpated and only surviving in nature reserves.

Many tropical mountains have shrubland matrices where na-
tive forests are restricted to isolated patches (Young & Keating
2001), exotic tree plantations are found, and agricultural fields
form patches of crops and fallow (Young 2009). The need for
wood requires harvesting from remaining forest patches (Young
1993). In other areas, the establishment of tree plantings has
increased the production of wood products, although often
the species of pines and eucalypts planted do not act to create
habitats useful for native species. Trees transpire more than her-
baceous plants, so tree plantings use more water, which result in
reduced stream flow (Bruijnzeel 2004, Ponette-Gonzélez et al.
2014). Harden et al. (2013), for example, showed afforestation
left less water available in sites in highland Ecuador.

Probably the biggest influence on land cover from human land
use comes from the combined and persistent actions of thousands
of smallholders, who manage multiple fields and pastures across a
range of environmental gradients (Zimmerer 1999, Mayer 2002).
Some of the influences on land use in tropical mountains originate
as distant or global socioeconomic processes; that is, they are tele-
coupled (Liu et al. 2013). For example, the international values
of mineral resources affect the locations of mines (Bebbington &
Bury 2013), and hence the impacts they may have on land cover
and on water resources. There are continuing social and health
concerns associated with those activities, including legacies of past
exploitation (Postigo et al. 2013).

Glacial retreat provides new spaces for ecological change,
while also creating sites that can be used for pasture or for the
planting of high Andean crops. A former nival landscape would
become a successional landscape with primary succession, but
also support grazing livestock and agricultural fields. In the tropi-
cal Andes, those new spaces would typically be managed com-
munally, with access to pasture or for farming distributed among
kinship groups or through governance of nearby municipalities
(Young & Lipton 2006). Burning and the organized rotation of
grazing are common rangeland management approaches, which
means even very high elevation sites may receive some degree
of human influence on biodiversity patterns and ecosystem
processes. The high elevation wetlands, for example, can be
transformed into potato fields by farmers (Zimmerer 1991),
so they may be targeted for conversion for agriculture. Postigo
(2012) reports on formerly exclusive pastoralists adjacent to the
Quelccaya Ice Cap who have recently adapted their land use
to include the planting of crops on lands that before had only
been used for grazing.

Changes in the tropical cryosphere have many implications
for people living downslope, from increased natural hazards, to
decreased water quality and supply. There are also expectations
of complex ecosystem shifts in the mountains (e.g., Tovar et

al. 2013). For example, dry valleys have shrublands and relict
patches of native forest, so future change might be to increase
shrubland density in those intermontane locations. There would
then be feedbacks through land use as peoples” options for plant-
ing or grazing change. As their livelihoods are changed, their
effect on land cover would be modified (Young 2008, 2013),
with further repercussions for landscapes near and within the
cryosphere. By examining these interactive systems, it would be
possible to decipher the effects of climate change, the aspects
due to human impacts, and finally the effects of the interactions
of all of the drivers of change.

Public land designation for nature conservation is an impor-
tant land use. The highest elevations had touristic and scenic
values, leading to the establishment of national parks or their
equivalents (e.g., Rodriguez & Young 2000). In practice, often
land use from adjacent communities has continued, leading to
mixed land use of rangeland and nature conservation, which
may generate incompatibilities and conflicts (Young & Lipton
20006). Climate change creates dramatic challenges to protected
areas, bringing land cover shifts into the area, accompanied by
new anthropogenic threats and impacts (Monzdn et al. 2011).
There may be increased conflicts between the protected areas
and local people who find their livelihood strategies limited.
Often protected areas receive credit for the ecosystem and envi-
ronmental services they provide, which may lessen with climate
change (Jackson et al. 2009, Buytaert et al. 2011).

The world has become more urban, e.g. Alvarez-Berrios et
al. (2013), and this includes areas in high tropical mountains
affected directly by the growth of cities, or indirectly as rural
abandonment has taken place. Land use can be intensified with
larger markets available to sell products, leading to the establish-
ment of more tree plantations and more intensive crop produc-
tion systems (Aide etal. 2013). In other situations, land use may
become less intense as people move to the city, although it may
then become more extensive, with larger areas kept in rangeland
to provide meat and fiber to the city. Needs for electricity may
divert water resources to hydroelectric facilities, including those
powered by water provided by glaciers (Bury et al. 2013, Carey
etal. 2014). All these economic and demographic trends would
increase extraction of natural resources, including water, minerals
from the subsurface (Bebbington & Bury 2013), forest products
(e.g., Young 1993, 1997, Balthazar et al. 2015), and the need
for lands for food production (Mark et al. 2010).

Conclusions

There will be hotspots of change, especially near glaciers where
climate-caused alterations in land cover and ecosystem processes
has been the greatest in the past decades in tropical mountains.
However, the increase in areas with woody plants will likely
continue, possibly even threatening the future existence over the
next century of habitat types dominated by herbaceous plants,
over broad expanses of tropical mountains. Other places will
need to house urban populations or produce commodities for
world markets.

Mora et al. (2013) suggest that the tropical countries will be
among the first affected by climate change. Research is needed
to address the concerns raised. Measuring rates of ecological
change, for example by monitoring land cover change (Haller
2012), ecological succession (Schmidt et al. 2008), changing
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species distributions (Feeley & Silman 2010), soil nutrients
and moisture (Farley 2007), soil bacteria (Evans & Wallenstein
2014), ecological thresholds (Bush et al. 2010), or shifting land-
scape mosaics (Kintz et al. 2006), will all be important means
to provide early notice of where and when important landscape
dynamics are taking place. Research from the Alps suggests that
the high-mountain plant species are at particular risk (Dullinger
etal. 2012); the findings of Williams et al. (2007) illustrate the
degree to which novel climate types and species assemblages are
to be expected in tropical mountains.

There are also temporal mismatches to address in this kind
of research. For example, important soil properties may develop
over decades to centuries, while nitrogen stocks that affect plant
growth may change in weeks, and soil moisture and surface
temperatures vary daily or even hourly. Farmers and pastoral-
ists must somehow assess these biophysical conditions and may
modify their decisions concerning planting schedules, crop
choices, and herd sizes from one season to another, or may adapt
their production systems to the new conditions. The changes
affecting landscapes also have ecosystem implications, including
for environmental services that are directly or indirectly useful
to people. The changes occurring in the high tropics thus have
numerous economic and political consequences

Watershed research approaches can link glacial and ecological
change to resulting stream discharges and water resource avail-
ability (Buytaert & Beven 2011, Carey et al. 2014, Ponette-
Gonzdlez et al. 2014). Indeed the risk posed by natural hazards
also has a watershed dimension, as glacial lakes may catastrophi-
cally affect people and their livelihoods downslope (Carey 2010).
More subtle land cover changes can be evaluated through socio-
ecological interactions that connect to economic and political
decisions taking place elsewhere (Mark et al. 2010, Valdivia et
al. 2010, Bury et al. 2013, Huber et al. 2013).

The ice-capped archipelagos of tropical mountains are sites of
high speciation rates over evolutionary time (Luebert & Weigend
2014, Sklendr et al. 2014), for example, for Andean plants such
as the lupines (Lupinus) (Hughes & Eastwood 2006) and birds
such as tanagers (Sedan & Burns 2010). Over millions of years,
these processes explain the adaptations of the species and the
characteristics of the biodiversity hot spots in the tropical Andes,
the highlands of Mesoamerica, and the mountains of Africa and
New Guinea (Myers et al. 2000, Olson et al. 2001). Mutke et al.
(2014), for example, found much recent speciation associated
with disturbances and habitat availability in the mountains of
northern Peru. However, that evolutionary capacity for specia-
tion and adaptation probably cannot match the rates and kinds
of rather different socio-ecological processes happening in today’s
tropical landscapes and in those of the future. Extinction can and
does happen in ecological time, meaning that potential habitat
loss must be addressed now, developing analyses of landscape
connectivity that will permit future biogeographical shifts, while
also considering the livelihoods of the people affected. Public
lands protected for biodiversity in tropical mountains are in
areas considered to be of little value for settlements and farming;
other high elevation sites are managed as common pool resource
areas by local communities. These sites represent opportunities
for integrated approaches to socio-ecological change, as adjusted
to land use goals and as calibrated to provide opportunities for
future species range shifts.
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