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Synthesis, part of a Special Feature on Sustainable Land-Use Practices in Mountain Regions: Integrative Analysis of
Ecosystem Dynamics Under Global Change, Social-Economic Impacts, and Policy Implications

Sustainable Land Usein Mountain Regions Under Global Change:
Synthesis Across Scales and Disciplines

Robert Huber , Andreas Rigling?, Peter Bebi 2, Fridolin Smon Brand®, Smon Briner #, Alexandre Buttler >¢, Ché Elkin?,
Francois Gillet ®®, Adrienne Grét-Regamey®, Christian Hirschi *°, Heike Lischke?, Roland Werner Scholz®, Roman Seidl 3,
Thomas Spiegelberger >, Ariane Walz***3, Wi Zimmermann® and Harald Bugmann”’

ABSTRACT. Mountain regions provide essential ecosystem goods and services (EGS) for both mountain dwellers and people
living outsidethese areas. Global change endangersthe capacity of mountain ecosystemsto providekey services. TheMountland
project focused on three case study regions in the Swiss Alps and aimed to propose land-use practices and alternative policy
solutions to ensure the provision of key EGS under climate and land-use changes. We summarized and synthesized the results
of the project and provide insights into the ecological, socioeconomic, and political processes relevant for analyzing global
change impacts on a European mountain region. In Mountland, an integrative approach was applied, combining methods from
economics and the political and natural sciences to analyze ecosystem functioning from a holistic human-environment system
perspective. In general, surveys, experiments, and model results reveal ed that climate and socioeconomic changes are likely to
increase the vulnerability of the EGS analyzed. We regard the following key characteristics of coupled human-environment
systems as central to our case study areasin mountain regions: thresholds, heterogeneity, trade-offs, and feedback. Our results
suggest that the institutional framework should be strengthened in away that better addresses these characteristics, allowing for
(1) moreintegrative approaches, (2) amore network-oriented management and steering of political processesthat integratelocal
stakeholders, and (3) enhanced capacity building to decrease theidentified vulnerability ascentral elementsinthe policy process.
Further, to maintain and support the future provision of EGS in mountain regions, policy making should also focus on project-
oriented, cross-sectoral policies and spatial planning as a coordination instrument for land use in general.

Key Words: adaptive management; climate change; ecosystem services; experiments; interdisciplinary research; land-use
change; modeling; transdisciplinary research

INTRODUCTION

Mountains are the 'undervalued ecological backbone of
Europe' (Hazeu et a. 2010) and provide essential ecosystem
goods and services (EGS) for both mountain dwellers and
people living outside these areas. The capacity of mountain
ecosystemsto providekey servicesishowever at risk (Nogués-
Bravo et al. 2007, McCain and Colwell 2011). Not only is
global warming expected to have rapid and sometimes critical
impacts on terrestrial ecosystems in the coming decades
(Malcolmetal. 2006, Kurzetal. 2008), but changesinpolitical
decision making at different levels and in socioeconomic
boundary conditions will also affect land use (Rounsevell et
al. 2006, Bugmann et al. 2007). These transitions pose great
ecological and societal challenges, requiring the management
of the impacts on species composition and ecosystem
functioning, and thus the impacts on the provision of EGS
(MEA 2005, Schréter et al. 2005, Metzger et al. 2006).

In view of these impending changes, coupled human-
environment research (Scholz and Brand 2011) isneeded with
a focus on interactions between humans and the natura
environment across spatial and temporal scales (Carpenter et
a. 2009a). The Mountland project addressed this need by
performing inter- and transdisciplinary research in the Swiss
Alps. The am was to develop land-use practices and
aternative policy solutions that ensure the provision of EGS
from agricultural and forest land use in mountain regions
subject to climate and land-use changes. The expertise and
methodological background of nine research groups from the
natural sciences, economics, and political sciences were
integrated in aresearch process described in more detail inthe
introductory article of this Special Feature (Huber et al.
2013a).

In particular, Mountland examined feedback and feedback
loops within and between studied human and environmental
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Fig. 1. Map of the European Alps including location and characterization of the three MOUNTLAND case
study regions. The spatial-explicit modeling focused on the core zone (dark red). The circular surfaces
(brighter red, transparent) indicate the areas of application, including the locations of some of the plot-
scale experiments (map produced by A. Psomonas, WSL).
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systems (Liu et a. 2007a, Carpenter et a. 2009a) by
integrating plot-based observational and experimental
evidencein amodeling framework and then upscalingit tothe
landscape level . Because of the model-based upscaling, small
scale environmental changes could be linked with different
institutional scales addressing the use and management of the
corresponding ecosystems (Cash et a. 2006, Kok and
Veldkamp 2011).

The project focused on three case study regions, namely a
pasture-woodland landscape in the Jura, a drought-sensitive
inner-alpine region in Vaais, and the temperature-sensitive
high-alpine region of Davos (Fig. 1).

We summarized and synthesized the results of the Mountland
project and provide insights into the ecological,

socioeconomic, and political processesrelevant for analyzing
global change impacts on a European mountain region. First,
along with resultsfrom the case study regions, we addressthe
effects of climate and land-use changes on EGS provision on
different scales and describe regional institutional settings
dealing with these changes. For each case study region, we
consecutively present the integrated findings from ecol ogical
experiments, mechanistic models of landscape dynamics,
socioeconomic land-use models, and policy analysis in
accordancewiththeconceptual framework presentedin Huber
et a. (2013a). Complying with Liu et a. (2007a, b), we
describe four typical characteristics of coupled human-
environment systems, i.e., nonlinearities and thresholds,
heterogeneity, trade-offs, and feedback, for each case study
region. Second, we evaluate the results of the project with
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Table 1. Research foci and methodologies in the wooded pastures of the Jura Mountains.

Research Field Research Foci Methodol ogy References
S E M
Ecology Diachronic and synchronic comparative studies  x X Buttler et al. 2009, Chételat et al. 2013
at landscape scale: identifying patterns,
integrated trends and issues in wooded pastures
of the Jura Mountains.
Fine-scale monitoring and manipulative field X X Kohler et al. 2004a,b, 2006a,b, Smit et al. 2005,
experiments to improve the understanding of Vandenberghe et al. 2006, 2007, 2008, 2009,
environmental determinants of tree Gillet et a. 2010
establishment, growth, and mortality as well as
the impact of cattle activities on vegetation,
habitat use, and soils.
Assessment of carbon fluxes, soil respiration, X Gavazov et a. 2013
aboveground and belowground biomass,
community structure, & dynamics under climate
change.
Spatially explicit, hierarchical modeling of X Gillet 2008, Gillet et a. 2010, Peringer et al.
landscape dynamics considering grassland 2013
dynamics and grazing effects.
Ecology & Modeling social-ecological feedbacks in the X Huber et al. 2012, 2013b Buttler et al. 2012
Socioeconomics implementation of payments for environmental
services in pasture-woodlands.
Policy Role of agricultural policy network in the X Hirschi et al. 2012
support of wooded pastures.
Governance modes of adaptation measuresin X Widmer and Hirschi, unpublished manuscript

Canton Jura.

S=(Field) Survey; E = Experiments; M = Modeling

respect to policy processes of predominantly national policies
with high impact on land use in mountain areas, i.e,
agricultural and forest policies, and discuss aternative policy
instruments and measures with respect to the four human-
environment characteristics of each case study region.

WOODED PASTURES OF THE JURA MOUNTAINS
Themain challengefacing the silvopastoral systeminthe Jura
is the segregation between forest and grassland management
resultinginalossof biodiversity and agricultural provisioning
services. The main question was how climate change affects
these ecosystems, and what agricultural management and
policy measureswould counteract thelossof theseEGS. Table
1 summarizes the research foci, methodologies, and
publications pertaining to the Jura region case study.

The analysis of herbaceous production in a transplantation
experiment showed that a dlight increase in air temperature
may be beneficial for forage production in the more cold-
adapted vegetati on of wooded pastures, but drought associated
with higher temperatures may havetheoppositeeffectinlarge
open pastures because of the evaporative loss of soil moisture
(Gavazov et d. 2013). Insulating tree canopy cover, as well

as structural landscape diversity, endows wooded pastures
with a buffering potential in the face of climate changein the
forthcoming decades. In contrast, open pastures will suffer
from a decline in the storage of soil organic carbon because
of the leaching of dissolved organic carbon after drought
events and adecrease of soil biological activity, whichinturn
will affect soil fertility. Thus, our experiments suggest that
compared to open pastures, wooded pastures are highly
resistant to climate change in terms of their carbon cycle.

The integration of these findings in a simulation framework
alowed for a transfer to the landscape level. Simulations
predict delayed, but inevitable, structural changes of the
landscape mosaic. Results from a scenario analysis (Peringer
et a. 2013) imply that future moderate warming further
supports segregation of the pasture-mosaic into closed forest,
sparsely wooded pasture, or grassland. M oreextremewarming
may even homogenize the landscape patternin thelong run if
no adaptive management is undertaken. This will have a
considerable impact on EGS provision: summer droughts are
expected to strongly reduce forage production and wood
production will decline because of a species shift from
currently dominating Norway spruce (Picea abies) to either
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beech (Fagus sylvatica) under moderate warming, or Scots
pine (Pinus sylvestris) under strong warming.

With respect to future land use, we found that farmers in the
Jura Mountains are unlikely to increase the number of large
domestic herbivores on their farms, even though this would
be needed to maintain the ecosystem under climate change.
Results from an agent-based farm model integrating
socioeconomic driving forces and the above-mentioned
ecological modeling framework (Huber et al. 2013b) suggest
that economic incentives, in the form of payments for
ecosystem services, counteract land-use segregation to a
certain extent. However, the long-term conseguences of a
change in economic incentives depend on historical and
current land use aswell as on ecol ogical boundary conditions.
For example, in areasthat are currently used lessintensively,
a future increase in stocking density might not suffice to
change long-term vegetation dynamics and selective tree
felling might be necessary (Peringer et al. 2013).

At the policy level, our anaysis showed that current
agricultural policy supports the ongoing trend to segregate
land use, leading to aloss of the wooded pasture ecosystems
(Chételat et al. 2013). In general, Swiss agricultural policy
supportslessintensive agricultural land-use practices because
land-use intensification is generally seen as a driver for loss
of biodiversity in mountain regions (Zimmermann et a. 2010,
Marini et a. 2011). However, wooded pastures are a specific
case in which biodiversity conservation often demands an
increase of land-useintensitiesrather than adecrease. Because
agricultural policy in Switzerland is highly centralized at the
federal level, such very specific characteristics are not always
taken into account even though our analysis showed that the
agricultural policy network in Switzerland would probably
support a policy combining agricultural production with the
promotion of biodiversity (Hirschi et al. 2013).

Nonlinear dynamicsand thresholds

Interactions between land-use practices, i.e., grazing, and
vegetation dynamics lead to thresholds resulting in different
vegetation cover at asmall spatial scale (< 1 ha) and produce
heterogeneous landscapes (Chételat et al. 2013). Nonlinear
dynamics are particularly pronounced in the dependence of
fodder production on the mosaic structure and the resistance
of treesin different development stagesto cattle activity (Fig.
2). For example, Norway maple (Acer pseudoplatanus) and
beech seedlings (< 1 year old) were found to have lower
survival and growth rates than Norway spruce and silver fir
(Abiesalba). Oncethe seedlings(< 1 year old) have devel oped
to saplings (1-3 years), therelative impact of cattle activity on
survival and growth rates is higher for silver fir and Norway
spruce (Vandenberghe et a. 2007). Transferred to the
landscape scale, the simulation of forest dynamics suggests a
considerable shift in species composition and tree density as
aresult of climate change (Peringer et al. 2013). Irrespective
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of the management alternatives, ecosystemswill be unableto
return fully to their former state and new states will develop
(Huber et al. 2013b).

Fig. 2. lllustrative example of nonlinearities and thresholds
in a Swiss mountain wooded pasture: impact of cattle
activity on seedlings (< 1 year old), saplings (1-3 years), and
browsed trees (4-8 years) relative to other survival and
growth limiting factors. Trees were exposed to low (solid
line) and high (dotted line) grazing pressures. Arrows
indicate a higher (up) or lower (down) impact of cattle,
which varies by deciduous (Acer pseudoplatanus, Fagus
sylvatica) and coniferous species, (Picea abies and Abies
alba). The impact of grazing increases with higher
development stages and high grazing pressure. In contrast,
low grazing pressure reduces the relative importance once
the seedlings have developed to browsed trees. Deciduous
species are generally more vulnerable to cattle activity, with
the exception of the sapling stage when coniferous species
are more sensitive. With changing management regimes,
different tree species will show nonlinear survival and
growth rates that may result in species shift under changing
climatic conditions.
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In wooded pastures, the complex interactions between
herbaceous and woody plant species as well as land-use
intensity lead to high spatial variability even within
agricultural production units (paddocks sensu Allen et al.
2011). Fundamentally, this heterogeneity of vegetation
dynamicsin pasture-woodlands promotes biodiversity (Gillet
etal. 1999, Dufour et al. 2006) and three spatio-temporal scales
must be considered to understand it. At the landscape scale,
habitat selection by cattle kept in paddocks is constrained by
humaninfrastructure, e.g., fencesand water points, and natural
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structures, e.g., slopes and open spaces (see Kohler et al.
2006a). At an intermediate scale, i.e., a few square meters,
cattlechoosethose plant communitiesthat areeasiest toforage
and that feature the best pastoral value (Kohler et a. 2004a).
At thefinest scale, i.e., within agiven vegetation community,
cattleavoid dung patsand unpal atabl e plants(Smit et al . 2005),
create disturbances that promote species turnover (Kohler et
al. 2006b, Gillet et a. 2010), and determine tree regeneration
(Vandenberghe et al. 2006). Thus, management alternatives
focusing on just one of these dimensions, eg., cattle
management, will fail to properly address issues related to
vegetation dynamics and thus EGS provision.

Trade-offs

Wooded pastures are a specific case in which biodiversity
conservation demands a certain level of land-use intensity.
Not surprisingly, our simulation results reveal a positive
relationship between the maintenance of biodiversity and
agricultural production. Thus, there is a potential win-win
situation infood production and biodiversity conservation. As
Hirschi et a. (2013) show in their analysis of the Swiss
agricultural policy network, such constellations offer an
opportunity to achieve a further greening of agricultura
policy. However, more general policy developments, such as
more open agricultural markets, make an implementation of
spatially specific economic incentives challenging even
though simulation results suggest that new measures could
counteract the loss of biodiversity to a degree (Huber et al.
2013b).

Feedback and feedback loops

Given the predicted climate change and the present land-use
intensity (Peringer et al. 2013), sustainable use of wooded
pastures seems compromised. Explicit consideration of the
feedback loop between structural changes in farming and
vegetation dynamics in a modelling framework revealed a
distinctly different landscape pattern compared to asimul ation
inwhich climatechangeeffectshad been addressedinisolation
(Huber et al. 2013b). In addition, the evaluation of feedback
revealed important spatial differences leading to losses and
gains of habitats in different locations, as also shown, for
example, by Claessens et a. (2009) or Polasky et a. (2008).
Despitethisfeedback, the model-based assessment of wooded
pastures foresees less heterogeneity and a trend toward a
uniform land cover in the long run. Thus, aloss of ecosystem
diversity is expected in this case study region.

Summary

The assessment of climate and land-use changes in the Jura
region suggests that the ecological resistance of fine-grained,
patterned pasture-woodl and |andscape may be ousted by path-
dependent farm development. Together, these processes may
lead to amore vulnerable agricultural production sector and a
loss of biodiversity in the long run. Thus, the case study of a
silvopastoral landscape reveals the importance of a
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concomitant consideration of climate and land-use changesin
the assessment of EGS in mountain regions (Schréter et al.
2005, Abildtrup et a. 2006).

DRY ALPINE REGION, VISP

The EGS addressed in the Visp region were the provision of
goods by agriculture and forestry, protection against
gravitational hazards, climateregulation, and habitat diversity.
The main question in the drought-prone ecosystemsin central
V alaiswaswhether management could improvetheresistance
andresilience of ecosystemsto maintain the provision of these
EGS under changes in climate and land use. Table 2
summarizes the research foci, methodologies, and
publications pertaining to the Visp case study region.

Ecological experiments and vegetation surveysin the Valais
showed that climate change is likely to have considerable
impacts on tree regeneration, growth, mortality, and hence on
forest dynamics. This effect can be observed not only in the
dry parts of European mountain regions but also worldwide
(Allen et al. 2010). Ecological experiments and vegetation
surveysinValais showed that climate changeislikely to have
considerable impacts on tree regeneration, growth, and
mortality and hence on forest dynamics not only in the dry
partsof European mountain regionsbut alsoworldwide (Allen
etal. 2010). Todate, treemortality hasoccurred predominantly
at lower elevationson particularly dry sitesafter drought years
(Rigling et al. 2013). In a dry pine forest showing drought-
induced mortality, the trees were able to recover after severa
years of reduced drought in the area (Eilmann et a. 2010,
2011). This clearly demonstrates the elasticity of native trees
and their ability to cope with climate extremesand variability.
Multiple drought years are however likely to accelerate tree
mortality processes in native tree species. Experiments and
surveys found that native trees are less resistant to drought
than introduced nonnative species (Eilmann and Rigling
2012), among other things, with respect to early seedling
growth and survival (Richter et al. 2011).

The insights from these experiments were used to calibrate
forest models of climate impacts at the landscape scale. At
lower elevations, the increase in drought is projected to result
in asignificant reduction in forest biomass after multiple dry
years (Zweifel et al. 2009, Elkin and Bugmann 2010, Eilmann
and Rigling 2012). Forests at middle to higher elevations are,
however, expectedto benefit fromthelonger vegetation period
predicted and generally higher temperatures, thus fostering
forests' provision of services.

To assess the potential for mitigating negative impacts on
EGS, we simulated different management optionsto increase
stand heterogeneity and tree resistance against drought, such
asoverstory and understory thinning, grazing, and gap creation
(Fig. 3). Grazing wasintroduced asan alternative management
measure because results from experimental understory
thinning and shrub removal showed that water consumption
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Table 2. Research foci and methodologiesin the dry alpine region Visp.

Research Field Research Foci Methodol ogy References
S E M
Ecology Impact of drought on growth and mortality of X X Bigler et a. 2006, Brunner et al. 2009, Dobbertin
mature trees. Adaptive potential to drought of et a. 2010, Eilmann et a. 2010, 2011, Eilmann
native and non-native tree species. and Rigling 2012, Rigling et a. 2013.
Effects of drought on inter-specific competition, x X Weber et al. 2008a, Wermelinger et al. 2008,
insects, pathogens, parasites and itsimpact on Zweifel et a. 2009, Rigling et al. 2010, Heiniger
growth and mortality of mature trees. eta. 2011
Therole of disturbances, climate and X X Moser et a. 2010, Richter et al. 2012
competition on forest regeneration.
Impact of past forest management such as X X Weber et al. 2008b, Gimmi et al. 2010
grazing or litter raking on forest dynamics.
Calibration of models addressing climate X X Schumacher and Bugmann 2006, Elkin and
impacts at the landscape scale (LandClim, Bugmann 2010, Elkin et al. 2012, 2013
mechanistic model of landscape dynamics).
Testing management options to increase stand X Rigling et al. 2012, Elkin et a. 2013
heterogeneity and tree resistance against drought.
Ecology & Modeling concomitant effects of climate and X Briner 2012, Briner et al. 2012b
Socioeconomics land-use change on the provision of ecosystem
goods and services.
Socioeconomics Constructing consistent regional multiscale X Brand et al. 2012
scenarios by transdisciplinary processes.
Policy Role of network governance in enhancing X Ingold et al. 2010, Hirschi 2010
sustainable development in mountain areas.
Governance modes of adaptation measuresin X Widmer and Hirschi, unpublished manuscript

Canton Vaais.

S=(Field) Survey; E = Experiments; M = Modeling

at the stand scale was reduced, thus somewhat mitigating
negative drought impacts. These dternative forest
management practices are projected to influence both the
absolute value of EGS and their spatio-temporal dynamics.
The simulation of forest management scenarios in a forest
landscape model, assuming elimination of a greater number
of stemsfrom theunderstory, resulted in ashort-term decrease
in structural forest diversity, but in the long run, thinning out
of the understory proved to be a measure to mitigate climate
change induced degradations. However, none of the
alternative management scenarios that we tested were able to
mitigate the strong decline in forest biomass and the related
EGS a lower elevations. The magnitude of the decline
depended significantly on the management regime.

The results from the above-mentioned forest model were
combined with a socioeconomic land-use model integrating
agricultural and forest land uses. Scenario assumptions such
as price developments and policy measures strongly
influenced the development of fodder and food provision in
Valais under global change. However, some genera trends
emerged (Briner et al. 2012). For example, decreases in food
production were found in al scenarios because of a large

reduction in cropland and a concentration of food production
onlandwith highly suitablesoil and other desirable properties,
e.g., flat or short distanceto farm. Thisimpliesatrend toward
a more intensive cultivation at low-elevation sites and less
intensive cultivation at higher altitudes (Flury et al. 2013).

Land use and specifically climate change policies are
characterized by their multilevel and multisectoral nature
during formulation and implementation (Mickwitz et al.
2009). In the Visp region, a policy network anaysis (Ingold
et a. 2010) revealed how local communities are currently
trying to adapt to climate change using the example of disaster
risk management. Theresultsshow that horizontal, i.e., across
jurisdictional scales, and vertical, i.e., across sectoral policies,
integrations favor loca communities capacity to adapt to
climate change. However, the quality of communication and
participation drawing on social capital isequally important to
create multilevel governance structures (Adger 2003). This
finding is also supported by the transdisciplinary-based
development of multiscale scenarios carried out by Brand et
al. (2013) in this case study region. The results show that
stakeholders' site-based knowledge and values are very
important elements for broadening the range of apprehended
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Fig. 3. lllustrative example of forest ecosystem goods and services (EGS) trade-offs and heterogeneity
arising from alternative management under climate change. Simulated impacts on the protective function
that forests provide against gravitational hazards (a, b) and forest diversity (c, d) are shown. Projected
changes in each EGS are represented as deviations from forest state in 2010. Intensive thinning, which is
intended to increase forest vitality, initially decreased forests protective ability at intermediate and low
elevations (a), but improved forest diversity (c). Later in the century intensive thinning is projected to
increase the protective function of forests by facilitating a transition to more drought tolerant species. In
contrast, understory thinning initially increases the protective ability of forests (b), but decreases forest

diversity (d). Source: adapted from Rigling et a. 2012.
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possibilities and developing strategies geared toward more
desirable statesin the future (Kok et al. 2007).

Nonlinear dynamicsand thresholds

Species-specific  biophysical  thresholds underlie the
mechanisms that will drive future changes in forest and
grassland composition and structure. Nonlinear ecological
responsesto climate changeare projected toresultin EGSalso
exhibiting threshold responses (Rigling et al. 2012). The point
intimewhen these thresholdswill be reached depends mainly
on the EGS and the location in the landscape (Briner et al.
2012). For example, the protective function forests provide

against rock fall at lower altitudes changes only marginally
between the years 2000 and 2050 inthe ssimulationsfor Valais
but decreases dramatically between 2060 and 2100 when
drought years become more frequent. Such nonlinear changes
aong dltitudina gradients are also found with respect to
agricultural EGS, abeit they are more susceptible and
responsive to economic drivers.

Heter ogeneity

In the dry, inner-alpine Valais region, the response of forest
EGSto climate change was found to be heterogeneousin both
spaceandtime. Thedirection and rate of theresponse of forest
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Table 3. Research foci and methodol ogies temperature-sensitive inner Alpine region Davos.

Research Field Research Foci Methodol ogy References
S E M
Ecology Analysis of current ecological conditionsin X Pohl et al. 2009, Wipf et al. 2009, Martin et al.
study area. 2010
Information on environmental determinants of X Hagedorn et al. 2010, Dawes et al. 2011,
tree establishment, growth, and mortality at the Kulakowski et al. 2011, Barbeito et al. 2012,
upper treeline. Rixen et a. 2012, Zurbriggen et al. 2013
Improved understanding of forest-avalanche X X Bebi et al. 2009, Teich and Bebi 2009, Teich et
interactions as a basis for the quantification of al. 2012a,b,c; N. Zurbriggen, J. E. M. S. Nabel,
the ES “risk reduction.” M. Teich, P. Bebi, H. Lischke, unpublished
manuscript
Ecology & Simulation and assessment of aternative X Lundstrom et al. 2007, Walz et a. 2007, Bebi et
Socioeconomics scenarios of climate change and land use. al. 2012, Grét-Regamey et a. 2012b, Grét-
Regamey et al. 2013
Policy Governance modes of adaptation measuresin X Widmer and Hirschi, unpublished manuscript

Canton Grisons

S=(Field) Survey; E = Experiments; M = Modeling

EGSto climate changedepend strongly onthespecific service:
how itisquantifiedandwhereitislocated betweenthefoothills
and upper tree line (Elkin and Bugmann 2010). For example,
when assessed at the landscape scale, most biodiversity
metrics representing land-use heterogeneity, show a general
increase between 2000 and 2100, whereas the protection
forests provide against gravitational hazards decreases at
lower elevations, but increases toward the tree line over the
same period (Fig. 3).

Trade-offs

Fiverelevant interactions between EGSwereidentified in our
analyses. First, less intensive land uses that support the
maintenance of biodiversity were found to result in a short-
term loss of income for local farmers. Second, where grazing
preventsthe expansion of foreststhat provide protection from
natural hazards, there is a trade-off between agriculture and
avalanche protection. Third, our results suggest that
conserving biodiversity could be traded-off for carbon
sequestration. Fourth, in contrast, a long-term synergy was
found between an increasein the provision of protection from
natural hazards, including avalanche protection, and carbon
sequestration, also observed in the case study of Davos. Fifth,
less intensive land use in mountain regions may reduce
agricultural  emissions, e.g., greenhouse gases, and
simultaneously increase habitat quality (Briner et al. 2013).

Feedback and feedback loops

It was important to consider human and environmental
thresholds jointly because our results implied that the
combined effects could not have been derived as an average
or sum of the isolated socioeconomic or ecological effects

(Briner 2012). Simulations suggest that forest EGS will be
influenced strongly by climate change. Changesin land use,
such as the abandonment of high alpine pastures or
management practices such as thinning out or forest grazing,
although still alleviating the expected impact of future
drought, will have acomparatively smaller impact (Fig. 4). In
contrast, changes in agricultura EGS are found to result
primarily from shifts in economic conditions that alter land
use and land management. Climate change was also simulated
to influence agricultural EGS directly, but its relative
importance was low. These trends continue even though the
potential for agricultural productionincreasesbecauseof more
favorable climatic conditions at currently temperature-
limited, higher elevations. Simulations project that anincrease
ingrasslandyieldsat these el evationswould | ead to reductions
in cultivated land because of structural restrictions. Farmers
who can feed an optimal number of animals with less land,
and thus at less cost, will tend to abandon less suitable land.

Summary

The impact of climate change on forest development in dry
regions, such as the inner-alpine Valais, is likely to be
particularly strong, with marked long-term changes in tree
composition and forest structure. Combined with land-use
changes, the impact of climate change is projected to vary
considerably depending on where EGS are evaluated within
the landscape. The case study highlights the importance of
combining different scalesin the assessment of EGSprovision
inmountainregions(Verburg and Overmars2009, van Delden
et a. 2011).
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Fig. 4. lllustrative example of feedbacks of management
and climate change on nonlinear tree mortality in the course
of forest stand development. Clim(o) = climate today; Clim
(+) = climate change; (Man(o) = today’ s management; Man
(A) = adapted management. The diagram refers to Scots
pine (Pinus sylvestris) growing in adry environment and is
derived from a simulation study including thinning and
grazing/shrub removal (Elkin and Bugmann 2010).
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TEMPERATURE-SENSITIVE, INNER-ALPINE
REGION, DAVOS

Avalanche protection and recreation are the most important
forest EGS in the Davos region. In contrast to avalanche
protection, the value of recreation is higher in open forests
than in closed forests. Thus, the consideration of trade-offs
between protection, recreation, and other EGS in the
management of these mountain forests is a key challenge in
this region. Table 3 summarizes the research foci,
methodologies, and publications pertaining to the Davos
region case study.

Davoshasexperienced anincreasein forest cover over thelast
50 years. A time series of aerial photographs shows how
canopy cover hasincreased especially between 1600-2000 m
as.l.,i.e, 100-500 m below the current tree line (Kulakowski
et a. 2009). With further climate warming, we expect this
trend to be even more pronounced, with the tree line slowly
and spatially heterogeneously shifting upward, although some
of the currently thick forests at lower elevations may well
decrease in density, depending on forest management and
natural disturbances (Grét-Regamey et a. 2013). In the case
of the gpatially heterogeneous upward shift of the tree line,
experiments at Stillberg, an experimental area near the upper
tree line above Davos, have shown that tree survival and
growth are limited by several partly interrelated factors. Asin
the case of interactions between land-use practices and
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vegetation dynamicsin the Juracase study region, therelative
importance of factorslimiting tree survival and growth change
according to the tree’s developmental stage. Early
establishment of seedlings of avariety of tree species did not
seemto belimited by current climatic conditions even beyond
their actual upper distributionlimit. Inaddition, environmental
factors other than temperature, such as nitrogen availability,
exert a strong influence on their biomass production and
allocation (Zurbriggen et al. 2013). During the years 3 to 30
of their life, tree survival near thetreelineisdriven mainly by
snow cover duration, although temperature is most important
for growth (Barbeito et al. 2012). This suggests that small
changesintheduration of snow cover and other environmental
factors can have strong impacts on tree popul ation dynamics,
whichinturnwill affect EGSprovision, foremostin avalanche
protection.

In addition, we found that the responses of tree line trees to
changesinenvironmental conditionsarevery species-specific,
as also shown in the context of drought effects on treesin the
Valais case study region. For example, experimentswith CO,
enrichment and soil warmingwith40treesat Stillbergrevealed
apositive response to elevated CO, for larch (Larix decidua),
athough mountain pine (Pinus mugo) showed no such
response (Dawes et a. 2011). Soil warming, in contrast, did
not affect growth or changethe CO, responseinlarch, although
the ring widths and shoot lengths of pine were greater in
warmed plots. For both species, warming led to C losses at the
tree line, which exceeded the carbon accumulation estimated
for the plants (Kammer et a. 2009, Hagedorn et a. 2010). In
awarmer and CO,-enriched future, we canthusexpect species-
specificresponseswith potentially important impactsonforest
cover and structure resulting in increased trade-offs in the
provision of different EGS.

Avalanche protectionisthemost important EGSin about 50%
of the forests in the study area (Grét-Regamey et a. 2013).
Therefore, additional forest expansion and increasesin forest
cover density may further augment EGS, in particular if newly
established forest patches are situated on steep slopes above
densely populated areas (Bebi et al. 2009, Kulakowski et al.
2011). A GIS-based Bayesian network analysis showed that,
in the future, the total value of EGS of forested ecosystems
may increase in a climate warming scenario (Grét-Regamey
et al. 2013), mainly because of a further rise in the value of
the EGS protection against natural hazards. However, the
increase in forest cover is accompanied by a further loss of
areas with low-intensity agricultural land use. This may have
a negative impact on other EGS such as recreation or
biodiversity (MacDonald et al. 2000, Lundstrom et al. 2007,
Walz et a. 2007).

Nonlinear dynamics and thresholds
Experiments at the upper tree line in Davos show that tree
growth and survival tend to be variable in space, time, and
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Fig. 5. lllustrative example of selected ecosystem services bundles in the tourism dominated region Davos
under atrend and a climate change scenario. The figure shows a simulated spatial pattern of summed
values of avalanche protection (aval), recreation (rec), carbon sequestration (CO2), habitat provision (hab),
and timber production (timb) for two different forest areas. Priority ecosystem services exhibit the highest
value in specific forest plots. Areas with avalanche protection as priority ecosystem servicein yellow
provide also recreation, C-sequestration, habitat services, and timber as ecosystem goods and services
(EGS) of varying values. Areas with recreation as priority ecosystem service in green provide also C-
sequestration, habitat services and timber. Areas with C-sequestration as priority ecosystem servicein blue
provide also recreation and timber. Bundles of EGS are very similar in both scenarios (adapted from Grét-

Regamey 2012a).
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over the tree developmenta stages because of the shifting
relevance of environmental factorsduring thefirst 30 years of
tree growth and the impact of variations in the duration of
snow cover (Barbeito et a. 2012). When the indirect effects
of temperature increase on the duration of snow cover,
disturbance regimes and, in particular, the positive feedback
between avalanches and forest dynamics (Kulakowski et al.
2011, Teich et a. 2012a) are also taken into consideration,
predicted forest cover and the corresponding EGSwill change
nonlinearly. For example, simulation resultsimply that forest
pseudoequilibrium will switch from forested to sparsely
forested if avalanche-induced mortality exceeds a threshold
on avalanche-prone slopes (Teich et a. 2012a). This
diminishesthe protection value of theforest and resultsin less
CO, sequestration.

Heterogeneity

At asmaller spatial scale, microtopography isvery important
for tree establishment, tree growth, and biodiversity at the
upper treeline (Smit et al. 2005, Scherrer et al. 2011, Barbeito
et a. 2012). The spatial heterogeneity and interannual
variability of snow cover isan important driver of EGS, such
as providing protection against avalanches (Teich et al.
2012b). Inthecaseof thelatter, forest cover upslopeinfluences
avalanche runout downslope, thus increasing spatial

grouse habitats

dependencies and variability. Canton Grisons has established
an early warning and crisis management system for natural
hazards to monitor such changes, taking climatic changes
explicitly into account.

Trade-offs

Inthetourism-dominated region of Davos, local trade-offsand
synergies were found between avalanche protection, carbon
sequestration, habitatsfor Capercaillie(Tetrao urogallus), and
wood production. Although trade-offs between avalanche
protection and recreation are most relevant at the regional
scale, aspatial analysisreveal ed that the consideration of other
trade-offswas also akey for defining spatially explicit forest
management strategy (Grét-Regamey et al. 2013). Current
management takesinto account spatial variationsin protection
against natural hazards. However, the cost efficiency of such
measures could potentially be improved if other EGS were
considered, to create win-win situations with better hazard
protection and the provision of various other EGS (Fig. 5).

Feedback and feedback loops

Asinthe other case study regions, feedback effectsin general
increased spatial heterogeneity and subsequently trade-offsin
EGS. For Davos, we found that the feedback mechanisms
between forest cover changes, and natural disturbances often
variesat small spatial scales. For example, inavalancherelease
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zones, even small increases in tree density can considerably
improve the protective effectiveness of a forest against
avalanches. Even increasesin the density of small trees (< 15
c¢cm DBH) in the starting zone have a significant effect on
avalanche runout distances (Teich et a. 2012c).

Summary

In conclusion, experiments and models suggest that in
temperature-limited, high-al pine ecosystems such asthosein
the region of Davos, changes in different EGS because of
climate change will vary and not be easily predictable. The
explicit ssimulation of the dynamics and mapping of EGS
values to account for uncertainties will be a key to the
development of spatialy differentiated management
strategies, and thusto the optimized all ocation of resourcesto
guarantee the provision of EGS (Grét-Regamey et a. 2012a).
In addition, the case study illustrates the need to explicitly
address both supply and demand for EGS in mountain regions
(Burkhard et al. 2012, Grét-Regamey et a. 2012b).

POLICY ASSESSMENT IN THE PRESENCE OF
THRESHOLDS, HETEROGENEITY, FEEDBACKS,
AND TRADE-OFFS

Land-use policies that (could) steer adaptation to climate
changein mountain regions span acrossall government levels
of the Swiss federalist political system. Several coordinated
activities across policy sectors have been adopted at the
regional level to increase local adaptive capacities to address
climatic and socioeconomic changes (Ingold et al. 2010).

In addition to such regional policies, forest and agricultural
policy play aparticularly crucial role because of therelatively
large share of forested and agricultural landin mountain areas.
These are traditional sectoral policies, mainly steered at the
national level. Our analysis shows that these federal policies
requirelesscentralized and moreflexibl e steering mechanisms
to better respect the specific conditions of mountain regions
(Hirschi et al. 2013; Hirschi and Widmer, unpublished
manuscript). Recent reforms in these policy areas actually
indicatedevel opmentsinthisdirection. Thefederal parliament
recently partially revised the federal forest law to make forest
area policy more flexible from a regiona point of view. In
addition, direct payments for ecosystem services provided by
the agricultural sector are to be expanded with the ongoing
agricultural policy reform. However, studiesfrom other policy
areas show that a more cooperative and network-oriented
approach could further enhance rural sustainability by
strengthening the vertical cohesion between government
levels (Hirschi 2010). This could guarantee the necessary
flexibility to adapt to new ecological and socioeconomic
developments that cannot be influenced directly by aregion
itself.

As our research results aso imply, a successful
implementation of such policy instruments and measures will
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depend heavily on the existing policy network (Hirschi et al.
2013). As with public policy making in genera (Jones and
Baumgartner 2005), land-use policy making is rooted in
existing governance structures and therefore policy processes
often exhibit strong path dependence (Duit and Galaz 2008).
The human-environment systems interactions described
above offer pathways toward a reconciliation between
governance structures and the future provision of critical EGS
in mountain regions.

Nonlinear dynamics and thresholds

After a long period of constant changes, users of natura
resources may be confronted with rapid changes potentially
including multiple ecological, economic, and social/cultural
thresholds (Kinzig et al. 2006). Such thresholdsarecritical for
the unfolding of negative impacts on ecosystems (Raudsepp-
Hearne et al. 2010). Thus, flexible forms of policy steering
and multilevel governance systems are required (Folke et a.
2005). Instead of prescribing untargeted management
measures, programs with a performance mandate in
combination with aglobal budget are more suitable to secure
the provision of mountain EGS. Such flexible forms of policy
steering must be coordinated between sectora policies to
provide a set of policy options guaranteeing sufficient room
for maneuvering in the event of abrupt changes and thus
supporting the adaptive capacity of the people managing
natural resources in mountain regions.

Heter ogeneity

Spatial heterogeneity has myriad impacts on EGS provision
(Turner et al. 2012). The heterogeneous impacts in time and
space in our analysis point to the need for policy measures
adapted to local conditions because a generalization of the
effects can be misleading (Hanley et al. 2012). A partid
regionalization of policy instrumentswould counteract thefact
that a policy of ‘everything everywhere,’ particularly in the
agricultural sector, has led to a certain monoculture of use,
while at the same time neglecting regional potentials in the
Swiss Alps (Lehmann and Messerli 2007). In addition,
potential regionalization would increase the flexibility of
adaptation strategies necessary for resilient development
(Agrawa and Perrin 2009). A regionalization of policy
instruments would also lead to a redistribution of financial
support and compensation schemes (Flury et al. 2005), which
Reed et a. (2009) also identified as a central option in the
maintenance of EGS in the UK uplands, or as discussed by
Lebel and Daniel (2009) in the context of payments for
ecosystem servicesin tropical upland watersheds. Such asite-
specific allocation of financial resources is however not
always possible under current sectoral and hierarchical policy
mechanisms and may result in inefficient local solutions if
regional or national boundary conditions are disregarded
(Brondizio et al. 2009).
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Trade-offs

Given potential trade-offsbetween ecosystem services, policy
makers should consider the cumulative and synergistic, or
antagonistic, effects of their decisions (Rodriguez et al . 2006).
Project-oriented, integrative policy measures, in contrast to
isolated, sector-specific measures, support the consideration
of trade-offsin managing EGS provisionin mountain regions.
In addition, specific projects, such as regional park projects
or meliorations, permit the inclusion of stakeholders in the
formulation and implementation of policy and management
options. Within such cross-sectoral and multilevel governance
projects, the management options analyzed in our assessment
could be implemented in accordance with the key abiotic
driving forces and in consideration of the specific mindset of
stakeholders in respective areas (Lebel et a. 2006). In this
context, our stakeholder workshops in Valais revealed that
cultural heritage, loca identity, and specific land-use
traditions were firmly anchored in the mindset of the people.
Consequently, the development of traditions and values are
important aspects when considering and anticipating future
development trajectories (Brand et a. 2013). Thus, including
stakeholdersin the formulation and implementation of policy
and management options could help people retain these
traditions and support social resilience (Adger 2000, Wiek et
a. 2012).

Feedback and feedback loops

A better understanding of the feedback between humans and
ecosystemsis essential for the management of EGS provision
(Carpenter et a. 2009a). In our findings, positive feedback
and feedback loops amplified the probability of thresholds,
increased the heterogeneity of climate change impacts, and
influenced trade-offsin EGSprovision. Thereare no blueprint
policies that would allow us to reconcile al these challenges
(Ostrom 2009). However, spatial planning with an adequate
consideration of multiple stakeholdersisincreasingly seen as
akey coordination instrument in European mountain regions
and elsewhere (de Groot et al. 2010). For example, Lebel and
Daniel (2009) concluded fromtheir review intropical uplands
that multistakeholder planning exercises may not eliminate
theimportance of interests or power relations, but do improve
the quality of assessments of services and users. The
stakeholder workshops in the Visp region case study showed
that the people living in the region tended to consider spatial
planning as the most “active” factor affecting their future
(Brand et al. 2013). The heterogeneity in the future provision
of EGSillustrated in our case studiesimpliesthat the creation
of new categories, inaddition to theexisting zoning categories,
representing the spatially explicit different levels of risk and
vulnerability, would increase the effectiveness and efficiency
of adaptation measures.

DISCUSSION
Without an understanding of the biophysical reality, any
assessment of the impact of climate and land-use change on
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the provision of EGS isfutile (Seppelt et a. 2011, Carpenter
et a. 2009a). Theanalysisin Mountland illustratesthe effects
of a changing biophysical context on the growth of specific
tree species, fodder production, or changes in soil carbon
cycling in experimental settings simulating climate change.
Common research questions (Huber et a. 2013b) and
scenarios permit the experimental findings to be upscaled to
relevant spatial levels, where the provision of EGS can be
taken into account in management and/or (political) decision
making (Muller et a. 2010). The linkage of socioeconomic
and ecologica models in Mountland allows a successful
exploration of a range of scenarios designed to quantify the
impacts and trade-offs of EGS provision in mountain regions
under a joint set of assumptions. Scenario analyses are
associated with uncertainties and surprises (Carpenter et al.
2009b). Model-based trajectories of future developments are
uncertain by definition and thus should not be interpreted as
predictions (Carpenter et al. 2006). However, the linkage of
different models allowed an examination of the major issues
identified in the different case study regions. (1) a
quantification of the concomitant effects of climate and land-
use changes in EGS provision, which was exemplified by the
Juracasestudy; (2) aspatialy explicit integration of datafrom
different scales, which was most pressing in the Valaisregion
case study; and (3) the identification of trade-offs in the
provision of EGS, which was of specific importance in the
Davos region case study. Furthermore, the presentation of
maps, trade-off curves, and balance sheets to stakeholders
allowed for the anchoring of our interdisciplinary research
findings in a transdisciplinary dialogue. This represents an
important step toward a harmonization in the supply and
demand of EGS.

Linkingtotheliteratureon coupled humanand natural systems
and EGS (Liu et al. 2007b, Alberti et a. 2011, Scholz 2011),
we found thefollowing key characteristics of such systemsto
be central to our case study areas in European mountain
regions: nonlinearities and thresholds; heterogeneity; and
trade-offs, as well as feedback. We found relevant examples
of these characteristics in all three case study regions. Our
results suggest that an institutional framework focusing on
three aspects is essential for maintaining and strengthening
important EGS in mountain regions. First, integrative
approaches, i.e., policy integration, to strengthen cross-
sectoral coordination should be supported (Weber 2007).
These approaches would allow for amore effective provision
of mountain EGS in the presence of heterogeneity and
thresholds. Second, network management and steering, i.e.,
network governance, to strengthen multilevel governance
(Lebel et al. 2006, Kok and Veldkamp 2011) would permit an
adequate integration of (local) stakeholders in policy
formulation and implementation processes. Spatial planning
instrumentsand methodsaddressing heterogeneity, trade-offs,
and feedback provide important policy aternatives in this
context (Reed et a. 2009). Third, the integration of
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stakeholderswould permit afocus on capacity building (Folke
et al. 2010). This is important to reduce vulnerability to
changing climate conditions, socioeconomic developments,
and related risks that we identified in Mountland.

Two magjor challengesmaketheimplementation of suchpolicy
measures difficult. First, the strong path dependence that we
identified in the current sectoral policies implies that major
policy reforms in the agricultural sector are unlikely, unless
thereissubstantial political pressurefrom other economically
powerful sectors and/or broader national or international
political developments (Sciarini 1994, Hirschi et al. 2013).
Although (perceived) crises may represent windows of
opportunity to navigate social-ecologica transitions (Folke
2006, Olsson et al. 2008), this will often result in conflicts
with the traditions and values of local stakeholders because
high levels of collective action and learning often mean
overridinginstitutional featuressuch aspath dependency (Duit
and Galaz 2008). Consequently, governance systems may
have to include both flexible and stable elements at the same
time (Duit et al. 2010). Monitoring of policies and projectsis
important to reveal (dis-) advantages of different governance
systems supporting the provision of EGSin mountain regions.
Second, the spatial and temporal variability of climate change
impacts and the uncertainty associated with climate change
make theimplementation of policy measuresdifficult because
the long-term frame required exceeds by far the normal
election and budgetary cycles of the political administrative
system (Cash et a. 2006). Thus, the main challenge and
scientific obligation areto provide policy makerswith visions
and scenarios of possible developments before these
ecological effects become visible in the landscape.

Responsesto this article can be read online at:
http://www.ecol ogyandsoci ety.org/i ssues/responses.

php/5499
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