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ABSTRACT. Mountain ecosystems provide a broad range of ecosystem services (ES). Trade-offs between different ES are an
important aspect in the assessment of future sustainable land-use. Management of ES in mountain regions must confront the
challenges of spatial and temporal heterogeneity, and interaction with structural changes in agriculture and forestry. Using a
social-ecological modeling framework, we assess the rel ationships between forest and agricultural ES in a mountain region in
Switzerland. Based on the concept of jointness in production, we evaluated trade-offs and synergies among food provision,
biodiversity conservation, carbon sequestration, and protection agai nst natural hazards. Resultsshow that increasingtheprovision
of afocal ESin amountain region may result in alternating trade-offs and synergies, depending on the interaction of economic
and technological interdependencies. Thus, management schemes aiming to increase the provision of one focal ES have to
consider not only the technological or biological nature of interrelationships, but also the economic interdependencies among
different ES. Trade-offs and synergies from these interactions strongly depend on the underlying structural and environmental
conditions driven by socioeconomic and climatic developments.
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INTRODUCTION

Trade-off analysisisan important facet in assessment studies
of ecosystem services (ES; Carpenter et al. 2009a, Seppelt et
al.2011), anditisakey issuewhenintegrating ESinlandscape
planning, management, and decision making (de Groot et al.
2010) and in the analysis of alternative pathways that lead to
future sustainable land use (Rounsevell et al. 2012). Trade-
offs between ES emerge in situations in which one service
increases at the cost of another ES (Bennett et al. 2009,
Raudsepp-Hearne et a. 2010). The reverse of trade-offs are
synergies, which can be defined as situations in which both
serviceseither increaseor decrease (Bennett et al. 2009, Haase
et a. 2012).

Trade-offsand synergieshbetween ES can result from common
drivers impacting multiple ES and from interactions among
ES(Bennettetal. 2009). Many studieshaveanalyzedtheeffect
of common drivers such as land-use and land-cover changes
on ES trade-offs at different spatial scales and time scales
(Foley et a. 2005, Steffan-Dewenter et al. 2007, Naidoo et al.
2008, Polasky et al. 2011, Haines-Young et a. 2012, Hall et
al. 2012, Maeset al. 2012). Theanaysisof interactionsamong
ES, however, is less common because of the nonlinear
behavior of the underlying interactions (Koch et a. 2009) and
the complexity arising from different production processesin
time and space (Baumgértner 2000, Boisvert 2001). For
example, a complementary relationship between food and
biodiversity at low levels of production intensity may change

to a competitive relationship at higher levels of intensity
(Harvey 2003, Hodge 2008). In this context, the concept of
jointness in production offers a helpful approach
(Baumgértner et a. 2001), especially with respect to
interactions between provision services from agriculture and
forestry and the provision of other ES (Wossink and Swinton
2007). Joint production implies that there are two different
causes for interactions between ES: biological interdependencies
and economic interdependencies (Abler 2004). The latter are
of specific importance in managed landscapes where the
provision of ESis strongly influenced by human activities.

In managed mountain ecosystems, which provide myriad ES,
the complexity of interactions among ESis high (EEA 2010,
Huber et a. 2013a), and sites that are either marginally or
periodically productive may be more sensitive to climate and
socioeconomic shifts (Schroter et al. 2005, Rounsevell et al.
2006). In particular, because of the heterogeneity of
topography and other landscape characteristics, spatial
dynamics are important (Bolliger et a. 2008). Furthermore,
climate change may differentially influence the constituents
of the ecosystem, e.g., the climatic response of grassand
versus that of forest (Mooney et a. 2009, Power 2010). For
agriculture, these spatial and temporal characteristics of
mountain ecosystems haveledto their small-scaleagricultural
structure, which is particularly recognizable in the European
Alps (Flury et a. 2013). Managing trade-offsin the provision
of mountain ES must therefore take into account the spatial
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distribution of ES, how the trade-offs change over time, and
how they interact with structural changes in agriculture and
forestry.

Integrated modeling approaches alow for a spatially explicit
quantification of the consequences of changes in land-use
decisions on ES provision over time (Grét-Regamey et al.
2012, Huber et al. 2013b). In addition, a spatially explicit
integration of economic and environmental variables makes
it possible to consider the effects of management and farm
structural changes, such as shifts in the type of housed
livestock that arekept, on ESprovision. Inrecent years, awide
range of integrated modeling approaches has emerged to
assess a variety of trade-offsin ES provision (Holman et al.
2005, Groot et a. 2007, Parra-L 6pez et al. 2008, Polasky et
al. 2008, 2011, Nelson et al. 2009, Tallis and Polasky 2009,
Chisholm 2010, Osgathorpeet a. 2011, Willemen et al. 2012).

Applying the existing integrative modeling framework
ALUAM (Alpine Land Use Allocation Model; Briner et a.
2012), we present a scenario anaysis to project spatialy
explicit trade-offs between food provision, protection against
natural hazards, carbon sequestration, and biodiversity in a
mountain region in the Swiss Alps. Our framework
specifically allows for the considerations of the spatial scale
at which decisions are made in mountainous regions. In
addition to common drivers, ALUAM alows the economic
interdependencies among ESto be considered. Asiscommon
in scenario analysis, this study does not provide information
about what changes in ES provision can be expected in the
future (Carpenter et al. 2006). However, it does outline the
conseguences of potential policy schemes that try to increase
the provision of asingle ES, i.e,, the amount of money that
needsto be invested to compensate farmers and thelossin the
provision of other ESthat hasto betolerated. Wefocus on the
following research questions: (1) How are trade-offs and
synergistic interactions among ES affected by climate and
market changes? (2) How does the increase in the provision
of afocal ESimpact the provision of other ES?

METHODS

Conceptual approach

Our conceptual approach is presented in Figure 1. We
evaluated a global change scenario that drives ES provision
in a mountain region in the Swiss Alps. The main system
components that determine ES provision in our agricultural
and forest-dominated case study region are land use, farm
structural  changes, agricultural  yields, and forest
development. Changes in socioeconomic parameters such as
prices and policies drive land-use changes, farm structural
changes, and forest development. Climate changes, increases
in temperature and changes in the precipitation pattern,
influence agricultural yields and forest development.
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Fig. 1. Drivers, system components, and interactions of
ecosystem services (ES) provision in our modeling
framework. Socioeconomic and climate change scenarios
drive changesin our main system components, which
directly affect ES provision. Biological and economic
interdependencies have an indirect effect on the level of ES.
Trade-offs and synergies in our modeling framework
emerge from changes in common drivers and economic
interactions among ES.

Drivers ‘ Socioeconomic scenario ‘ ‘ Climate change scenario ‘
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Interactions

The changes in the underlying drivers represented in our
scenariowill affect thelevel of the spatially explicit provision
of and the trade-offs among food, biodiversity, carbon
sequestration, and protection against natural hazards, i.e.,
avalanche and rockfall protection, over time. In addition to
these effects of drivers on trade-offs between ES, there are
also interactions among the simulated ES. Because our case
study region is a managed landscape, we use the concept of
jointness in production to study the interactions between
different ES. Jointness in economics refers to the fact that
several outputs emerge together from a single production
activity. There are three origins of jointness: technological or
biological linkages, nonallocable inputs, and allocable fixed
inputs(Lau 1972, Shumway et al. 1984, Leathers1991). Abler
(2004) summarized the last two factors as economic
interdependencies in contrast to technological or biological
interdependencies.

e Technical or hiological linkages inherent in the
production process refer to the fact that the agricultural
and forest production processes can have inseparable
effects on the environment. We use linear relationships
to represent technological or biological interactions that
are rooted in the ecosystem’s structure and function. In
other words, the effects of biological interactions
between ES on the smallest decision unit (parcel or unit
of livestock) are fixed. There are three examples of such
interactions that are not altered in the modeling process.
First, increased food production on one parcel in our
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spatialy explicit modeling framework will reduce the
biodiversity at this parcel level, and vice versa. Second,
an increase in the number of animals housed in our
simulation will automatically lead to an increase in
greenhousegasemissions. Accordingly, adecreaseinthe
number of animals will decrease greenhouse gas
emissions. Third, an increase in the protection from
natural hazard through an increase in forest stands will
inherently increase the sequestration of carbon
emissions. Less protection is automatically associated
with a decrease in the net sequestration of carbon.

* Nonallocable inputs imply that the outputs of two
productsdepend on each other, e.g., using landto provide
food typically also has an impact on the corresponding
landscape’ s biodiversity and cultural services. Theinput
factor land, however, cannot be allocated solely to either
the production of food or to the provision of biodiversity
or cultural services. Nonallocable inputs are at the heart
of agricultural land-use optimization models (Buysse et
al. 2007) and are represented in our integrated approach
by considering ES integral production activities in our
simulations. For example, suckler cows, which are kept
on extensive grassland, provide food and maintain a
valuable habitat at the same time. Thus, changes in
production activities will change the inputs used and
consequently will affect the provision of ES.

» Fixed inputs at a farm level lead to a competitive
relationship between the production of marketable and
nonmarketable ES. For example, if the amount of land
belonging to a single farm is fixed, the alocation of a
certain amount of land to biodiversity conservation will
reduce the amount of land available for milk production.
Fixed inputs are of increased importance in mountain
regions because of their small-scale landscape structure
and topographical barriers that do not allow for a full
consideration of economies of scale in the production
process. Fixed inputs are represented in our modeling
framework by productionrestrictionsat parcel, farm, and
landscape levels that are rooted in the empirical reglities
of our case study region (Briner et al. 2012).

As aresult of our conceptual approach, the trade-offs in our
simulation framework are influenced in two ways. First,
socioeconomic and climate changes directly drive the four
system components in our simulation. As a consequence, ES
provision also changes, |eading to trade-offs and synergies at
a landscape level because of common drivers in the two
different simulation periods, 2010 and 2080. Second,
biological and economic interdependencies indirectly affect
ES provision. Whereas biological interdependencies between
units of ES (per parcel or animal) are fixed in our modeling
approach, economic interdependencies may change because
of farm structural modifications. A sensitivity analysis, i.e.,
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increasing the provision of one focal ES in our simulations,
reveals the emerging trade-offs and synergies with the other
ES represented in our modeling framework.

M odeling framework

We assessed trade-offs and synergies between different ES
using the ALUAM modeling framework, whichisan activity-
based, spatially explicit land allocation model (Briner et al.
2012). To adequately simulate links between the provision of
different ES, theALUAM framework wasexpanded by adding
theability to calculateindicesfor the provision of biodiversity,
protection, and carbon sequestration. We describe the model
with respect to the main drivers of ES change in Figure 1.
Climate change effects on forest devel opment were simulated
using the forest-landscape model LandClim. Climate change
impacts on agricultural yields were caculated in a crop
simulation model using regression analysis. Farm structural
changes and land-use changes were simulated in an economic
land-allocation model using an income maximization
approach. See Appendix 1 for agraphic description of thedata
transfer. Table 1 illustrates all of the possible changes in
drivers and interdependencies that lead to a change in ES
provision.

Forest development

We used the process-based forest landscape model LandClim
(Schumacher et al. 2004, Elkin et al. 2012) to simulate forest
dynamics and to estimate potential wood production.
LandClim is a spatially explicit model that was specifically
devel oped to assess the importance of climatic effects, natural
disturbances, and management on forest dynamics
(Schumacher et a. 2004, 2006). The model simulates forest
growthin 25 m x 25 m cells, using simplified versions of tree
recruitment, growth, and competition processes. Forest
growth is determined by climatic parameters, soil properties
and topography, large-scale disturbances, and land-use and
forest management. Individual cellsarelinked by the spatially
explicit processes of seed dispersal, landscape disturbances,
and forest management. To evaluate potential timber
production within each cell, we implemented a forest
management regimewhereby forest standsareeval uated every
20yearsto determineif the stand should be entered and timber
removed. The potential value of timber production on the
specific cell isthen passed to the economic land-use all ocation
model ALUAM.

Cropyields

Projected futureyields of relevant cropswere cal culated using
FAO datafrom the Food and Agriculture Organization of the
United Nations (FAO) on optimal and absolute crop growing
conditions (FAO 2007). Using minimum and maximum
temperature, precipitation values, and values that define the
crops' temperatureand precipitation extremes, wefit arelative
cropyield curvefor temperatureand precipitation valuesusing
an incompl ete beta distribution. These species-specific crop
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Table 1. System componentsaffected by scenarios, biol ogical and economicinterdependencies, and examplesof activity changes
that result in trade-offs and synergies between ecosystem services (ES) in Alpine Land Use Allocation Model (ALUAM).

Common system components
influenced by global change drivers

Type of interdependency

Example of activity change leading
to trade-offs

Example of activity change leading
to synergies

Food -~ Biodiversity
Land-use changes

Farm structural changes
Agricultural yields

Biological interdependencies at a
parcel level; economic
interdependencies at aregional level

Food ~ Carbon sequestration
Farm structural changes
Land-use changes

Biological interdependencies at a
parcel level and unit of livestock;
economic interdependencies at a
farm level

Food — Protection from gravitational hazard

Land-use changes No interactions

Biodiversity —~ Carbon sequestration
Farm structural changes
Land-use changes

Economic interdependencies at a
farm level

Biodiversity — Protection from gravitational hazard
Land-use changes No interactions

Carbon - Protection from gravitational hazard
Forest devel opment Biological interdependencies at a
Land-use changes parcel level

Substitution of extensively used
grassland

Changesin the spatial pattern of food
production resulting in the

Increasein livestock activities.

Substitution of farmland with forest

Increase in the number of suckler
cows (increasing the potential for
extensively used grassland whilealso demand
increasing carbon emissions)

Increase in managed forest area on
extensively used grassland

No trade-offs possiblein ALUAM

intensification and extensification of
land use at the same time but at
different locations

Substitution of livestock with crop
production activities

Climate changes induced an increase
in agricultural yields and forest
growth

Reduction in livestock activities that
reduced high-quality roughage

No synergies possiblein ALUAM

Increase in forest growth and
forested area

yield curves were then used to calculate the relative yield for
six crops, based on monthly precipitation and temperature
values for each landscape cell (100 m x 100 m) in the case
study landscape. The projected realized yield wastaken asthe
minimum yield value from the temperature and precipitation
responses. To fit the data to our case study region, the yields
actually used in the model were calculated by standardizing
the values against the observed yield of crops in 2000
(Landwirtschaftliche Beratungszentrale Lindau, 2000).

Farm structural changes and land-use change

ALUAM is an economic land-use optimization model that
simulates decisions at different levels, parcel, farm, and
regional, to maximize the aggregated income of farmers and
foresters in the case study region. As a result, land-use
activities and intensity as well as management of livestock
activitiesunder futurescenarioscanbesimulated. At theparcel
level, spatially explicit data were used to design 13 different
land-use activities (see Appendix 1) and 35 livestock
activities. The latter include the mainly roughage-based
livestock activitiesthat are already available in the case study
region: keeping dairy cows, suckler cows, heifer sheep, and
dairy sheep. For each activity, its contribution to the farmers’
incomewas cal culated. Thereby, both subsidies and revenues
from the sale of agricultural products were included in the
calculation. The model considered direct costs as well as
structural costs caused by the different land-use and livestock
activities. Parameters of al relevant prices, subsidies, and

costs were exogenous and were driven by the scenario
assumptions. Decisionsabout land-useand livestock activities
werelinked over three different balances that were integrated
in the model as constraints.

1. A nutrient balance ensures that nutrients from livestock
activities and artificial fertilizer do not exceed 110% of
the nutrient demand for land-use activities.

2. A fodder balance ensures that there is enough roughage
of adequate quality produced by the land-use activities
to feed the animals kept in the case study region, which
also guarantees that all roughage is either consumed or
sold in a market.

3. A labor balance ensures that there is enough qualified
labor available for the different activities, including all
management tasks. If additional labor is needed, it is
possible to hire arestricted amount of additional labor.

In combination with farm structural conditions, i.e., stable
sizes, these three balances are the core elements of economic
interdependencies among ES.

Indicatorsfor ecosystem services provision

Protection from gravitational hazards

The ability of forests to provide protection from gravitational
hazards depends on the location of the forest stand aswell as
on the tree species mixture, the structural profile, the rooting
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stability of live trees, and the regeneration potentia of the
forests. Frehner et al. (2005) developed guidelines for forest
attributes that need to be maintained for the foreststo provide
aprotectivefunction. Based onthese guidelines, wedevel oped
ametric that assesses the general protective value of forests,
the Gravitational Protection Forest Index (GPFI). The GPFI
simulated the ability of forests to provide protection from all
gravitational hazards, taking into account the forests' tree
species mixtures, structural profiles, rooting stability, and
regeneration. For a detailed description of the GPFI, see
Appendix 2. The potential GPFI was calculated for every
parcel that is located either inside a rockfall protection zone
or an avalanche protection zone. Because forests can only
prevent avalancherel easesat thevery beginning of avalanches
(for about thefirst 150 m after rel ease), we assumed that forest
stands only provide protection from avalanches if the forests
are located inside of their starting zones (Bebi et al. 2009).
This calculation of the potential GPFI was done by LandClim
for the current state and the climate scenario. These spatially
explicit dataweretransferred to ALUAM. Inthe optimization
process, ALUAM aggregated the potential GPFI of al parcels
used as forests or as fallow land to calculate the regional
protection index.

Biodiversity

Some typologies do not consider biodiversity an ESin itself
(MEA 2005, Costanza 2008); however, a direct relationship
between the range of biodiversity in an ecosystem and the
elements that allow an ecosystem to function has been
suggested based on theoretical studies (Ives and Carpenter
2007) as well as on observations and experiments (Hooper et
al. 2005). In particular, a higher level of biodiversity is often
attributed with ahigher stability of ecosystemsbecausediverse
ecosystems contain species with different traits that allow
them to respond to changes in the environment (Pohl et al.
2009). Werefer to the typologies of de Groot et al. (2002) and
Costanzaet al. (1997), which suggest that habitat functions or
refugia can be categorized as ES because they provide a
suitable living and reproduction habitat for wild plants and
animals. Because the provision of these habitatsincreasesthe
cost of the agricultural production process, we do not double-
count the cost of biodiversity conservation. In mountainous
areas, biodiversity isgenerally highest in alpine dry meadows
(Baumgértner and Hartmann 2001), and dlightly lower in
extensively managed meadows and pastures (Zoller and
Bischof 1980, Dullinger et al. 2003, Herzog et a. 2005). In
ALUAM, wethereforeusedtheshareof extensively cultivated
meadows and dry meadows as an index for biodiversity.

Carbon sequestration/release

To calculate the net greenhouse gas sequestration, both the
amounts of greenhouse gas emitted by agriculture and the
carbon sequestered by forests were caculated. In these
calculations, only emissions inside the region were
considered. We did not consider emissions caused by the
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fabrication of inputs for production, e.g., artificial fertilizer,
machinery, and buildings, or the emissions caused by burning
harvested wood. We accounted for al greenhouse gas (GHG)
emissions of agricultural activities, including indirect N,O
emissions associated with N losses. On-farm emissions were
calculated using the Intergovernmental Panel on Climate
Change (IPCC) 2000 and 2007 methodology. Because
emission levels are climate- and management-specific, these
methodol ogieswereadapted to Swissconditions. Themethods
used to caculate the various on-farm emissions are
summarized in Appendix 1. The amount of greenhouse gases
emitted is primarily dependent on the number of livestock
housedintheregion. Becausetheanimals' diet wasnot subject
to the optimization process, the model had no possibility of
optimizing this diet to decrease emissions. Other mitigation
measures, such as supplementing the diet of ruminants with
fat, were not considered because they are either not yet ready
for use or aretoo expensive (Briner et al. 2011). Land usealso
had an impact on greenhouse gas emissions because the
number of tractor hourson extensively used grasslandislower
compared to crop or intensive grassland production, and so
CO, emissions are lower as well. In addition, nitrogen
throughput is lower on extensively used land, causing lower
nitrous oxide emissions.

Carbon sequestration by forests was cal culated as the amount
of carbonimmobilized each year in aboveground treebiomass.
Although additional carbon could al so be storedin soil organic
carbon stock (Lal 2005), these processes were not considered
in this study. The release of greenhouse gases was calculated
during the optimization process as a function of the number
of respectiveanimalsaswell asof theland use. Thecalculation
of the amount of carbon sequestered by forests was based on
the spatially explicit data input provided by LandClim on
potential tree growth.

Food provision

For the assessment of food production, a wheat-equivalent
index was calculated that considered the different values of
cropsand grassland for human nutrition. Thisindex considers
the fact that grassland has a lower human nutritional value
because grass first has to be converted into milk or meat by
animals. Crops such as wheat can be digested by humans, so
they have a higher value than grassland. For a detailed
description of the index, see Briner et a. (2012). Food
provision was cal culated during the optimization processasa
direct function of the number of animals and of land use. It
wasimpacted by climate change through the spatially explicit
yield data provided by the crop model that underlay the
optimization process.

Calculations of trade-offs

Out of the whole set of land-use and livestock activitiesin the
optimization process, the different constraints to the
agricultural activities were applied to define feasible subsets
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that form asol ution space. For land-useactivities, these subsets
were not only defined for the aggregated regional level, but
also for each parcel in which technological and biological
interdependencies are represented. Thus, this solution space
also defines the potentia trade-offs in our framework (Table
1). In the optimization procedure, a set of land-use and
livestock activities was then selected that maximizes the
income of farmers and foresters.

To calculate trade-offs, we performed (a) a scenario analysis
that resulted in different trade-offs and synergies that
depended on common economic and environmental drivers,
and (b) a sensitivity analysis for each ES. In other words, we
increased the amount of one of the ES by a stepwise adding
of additional constraints. For each simulation, the aggregated
effects on the focal ES as well as on the other three ES were
calculated. These values were then compared to the levels
obtained in a nonconstrained economic optimum of our
simulation. The development of ES provision at alandscape
level was interpreted as a trade-off if the provision of the
additional ES developed in the opposite direction to the focal
ES. It was interpreted as synergy if the provision of the
additional ES developed inthe samedirection asthefocal ES.

Trade-offsare either related to adirect changein the system’s
components or to the economic interdependencies among the
ES simulated in our framework. The applied approach
assumes that there is pressure on farmers and foresters to
increase the provision of ES, e.g., by establishing according
command and control measures. Farmers and foresters under
these new constraints still have the goal of maximizing their
income, i.e., they look for a strategy that will allow them to
provide the additional ES at lowest cost.

STUDY REGION

We applied our conceptual and modeling framework to the
central Valais, acontinental inner-al pine mountain areain the
south of Switzerland (Fig. 2). The study areaincludesthe Saas
Valley (Saas-Fee, Stalden), theregionaround Vispinthemain
valley, and the Baltschieder Valley, with a total of 15,346
inhabitants. The area is 443.3 km2 Unproductive land
accounts for 62% of the area, 20% of the area is covered by
forest land, and about 16% of the land is used for agriculture.
Agricultural production is mainly focused on milk and meat.
Agriculture and forest land use play an important role in the
use of theregion asarecreation areaand asahabitat for plants
and wildlife. For more details about the study region, see
Huber et al. 2013b.

SCENARIO

We assumed changing climatic and socioeconomic
parameters, as they can be expected for the year 2080,
following IPCC scenario A1FI (IPCC 2007). This scenario, a
worst-case scenario, assumes an increase in the global mean
surface temperature of 4°C. Observed daily climate datafrom
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regional weather stations were provided by MeteoSwiss
(www.meteoswiss.admin.ch). These point data were
interpolated into gridded climate maps with a resolution of
100 m, using the DAY MET algorithm (Thornton et al. 1997)
and adigital elevation model from Swisstopo (2005). Monthly
climate data according to the A1FI scenario (2001 to 2100)
and observed climate data (1900 to 2000) at aresolution of 10
angular minutes were obtained from the Climatic Research
Unit (CRU) of the University of East Anglia, Norwich, United
Kingdom (Mitchell et a. 2004). We then applied the change
factor method to downscal e the observed data and the output
of the global climate model HadCM3 to 100 m (Mitchell and
Jones 2005). We cal culated difference anomaliesrelativeto a
baseline period of 1961 to 1990 for temperature and relative
anomalies for precipitation. The anomalies were interpolated
to 100 m and then were recombined with the DAYMET data
of the same baseline period to obtain the fine-scaled A1Fl and
observed climate mapsfor al of the years from 1900 to 2100.

Fig. 2. Case study region, the central Valais

Policy and market scenarios were based on the same IPCC
scenario. Abildtrup et al. (2006) used an expert survey and
workshopsto assesstherel ativeimpact of |PCC scenario A1FI
onthepricesof agricultural productsand on productionfactors
in the European Union (EU). The results of this study were
used to cal cul ate absol ute parameters using current prices and
costs in agricultural production in Switzerland as well as to
calculatethe gap inthese parameters between Switzerland and
the EU. These economic scenariosaredescribedin more detail
in Appendix 1 and by Briner et al. (2012).

RESULTS

Trade-offs based on common drivers

The impact of climate and economic changes in our
simulationsresulted in significant changes with respect to our
main system components, i.e., farm structural changes, land-
use changes including land-cover shifts, and changes in
agricultural yields and forest development, in our case study
region between 2010 and 2080. The three main effects in
agriculture are (a) a reduction of cropland, (b) less-intensive
grassland production, and (c) a shift from milk to meat
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production. In addition, a large part of the summer pastures
are abandoned and become reforested. Climate change is
projected to reduce timber production at low and intermediate
elevations and to increase it at higher elevations, resulting
overall in a net decrease in timber production. Overall,
agricultural yields are projected to increase as a result of
climate changes. With respect to ES provision, these common
driversresulted in a reduction of food provision, an increase
in the biodiversity index, and a decrease in net carbon
sequestration (for details, see Briner et al. 2012). In addition,
at low and intermediate elevations, climate changes are
projectedto decreasethegrowthrateandincreasethemortality
of drought-intolerant tree species, such that the overall
protection value of forests will be reduced in these areas
(Bigler et a. 2006, Seidl et a. 2011). Thus, our common
drivers are projected to lead to a trade-off between food
provision and habitat services aswell as (negative) synergies
between food provision, net carbon sequestration, and the
protection value of forests.

Based on these results, the following trade-offs and synergies
emerge from interactions among ES if one foca ES is
increased, as shown in figures 3to 5.

Trade-offs based on interactions among ecosystem
services

Increasing food provision

Trade-offs between food production and other ES over time
in our case study region are presented in Figure 3. Solid and
dashed linesrefer to changes under 2010 and 2080 conditions,
respectively, and 100% refers to the level of food production
in 2010. In our simulations, an increase in food provision up
to 25% based on 2010 conditions resulted in alow trade-off
with respect to carbon balance because an expansion of
cropland increased food provision without additional
emissions. A further increasewould requireanincreasing milk
production which, in turn, would decrease greenhouse gas
sequestration by 13%, compared to the level in 2010. The
impact of increased food provision on biodiversity in our
simulations would result in alarge trade-off. In particular, an
increase in milk production would reduce the level of
biodiversity because lessintensively used grassland would be
used more intensively to be able to produce an adequate
amount of roughage. This increase would, however, not
increasethefarmers income because less profitable activities
would have to be chosen to meet the targeted level of food
provision.

For 2080, the simulation results suggested a shift from
cropland to grassland and areduction of theoverall production
to 12% of the level in 2010. In addition, higher crop and
grassland yieldsin 2080 would a so alow for an expansion of
food production to 155% whereas under 2010 conditions, the
maximum increase in food production would be limited to
140%. With a low level of agricultural output in 2080, an
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increase of food production would be achieved by a
substitution of grassland with crops on parcels suitable for
arable farming. As a conseguence, the number of livestock
would also be reduced in this scenario and greenhouse gas
emissionswould decrease. Hence, therewould beasynergetic
effect between food provision and net carbon sequestration.
In 2080, higher agricultural crop yields are assumed to alow
for an extension of food production without additional
livestock. An increase of food provision beyond 10% of the
2010 level, however, would again necessitate an increase in
milk production, which would lead to a considerable increase
in greenhouse gas emissions and thus to a trade-off between
food and net carbon sequestration after this point. The level
of biodiversity would decrease with increased food
production. However, the reduction would be reversed if milk
has to be produced to increase the level of food provision.
Because the simulation in our crop model shows an increase
in grassland yields, the same number of livestock can be fed
using a smaller grassland area, which would allow for the
upkeep of extensively used grassland in our simulations.
Hence, we could observe a synergy between food production
and biodiversity in 2080 beyond a production level of 110%.

Fig. 3. Trade-offs between the provision of food and other
ecosystem services (ES) aswell as the sectoral incomein
2010 (continuous lines) and in the year 2080 (dashed lines).
Lines show the deviation of ES provision from the
economic optimum in 2010 and 2080, respectively, if
provision of food is increased over constraints. Food
provision in 2010 equals 100%. Because food provisionin
the economic optimum is lower in 2080 than in 2010,
deviation already starts at 15%.

S
=3

®
3

-
3

N
3

)
S

)
S

A
S

&
3

Change in the provision of other ES (%)

%
g

S
S

40 80 100 120 150
Change in food provision (%, 2010=100%)
—+Income 2010

ion 2080  ——Net greenhouse gas seq ion 2010
-=-Biodiversity 2010

- Income 2080
-~ Net greenhouse gas
-o- Biodiversity 2080

Increasing biodiversity provision

Trade-offs between the provision of habitat services, i.e.,
biodiversity and other ES estimated in our simulation, are
presented in Figure 4. Food production would increase up to


http://www.ecologyandsociety.org/vol18/iss3/art35/

a simulated increase in the biodiversity index of 10%. After
thislevel, food productionwould decrease considerably, given
2010 conditions. Theinitial synergy between food production
and biodiversity conservation can be explained by the
additional use of land that was not cultivated in 2010. The use
of this land as extensive grassland would increase both food
and biodiversity provisions. Thissynergy islimited to asmall
amount of land. If biodiversity provision were further
increased, a trade-off would emerge because an increase in
thebiodiversity index hasto be accomplished by aswitchfrom
intensively used to extensively used grassiand. This would
restrict theamount of roughage and, consequently, the number
in livestock as well. As a result, greenhouse gas emissions
would decrease, which can beinterpreted asasynergy between
biodiversity provision and net carbon sequestration.

Fig. 4. Trade-offs and synergies caused by anincreasein
biodiversity provision in 2010 (continuous lines) and in
2080 (dashed lines). Lines show the deviation of ecosystem
services (ES) provision from economic optimum in 2010
and in 2080, if provision of biodiversity isincreased over
constraints. Biodiversity provision in 2010 equals 100%.
Because biodiversity provision in the economic optimum is
higher in 2080 than in 2010, deviation starts at 113%.
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Under the 2080 scenario, our results estimated that food
provision would slightly decrease and then increase by more
than 80% if the biodiversity index were to exceed a level of
117% (Fig. 4). The reduction in food provision can be
explained by asubstitution of intensively and extensively used
grassland, aswasthecasein 2010. Theincrease after the 110%
point is estimated as being caused by shifts in the production
patterns from livestock to crop production, which allows for
an extensification of grassand and an increase in food
production at thesametime. Thesynergy betweenbiodiversity
and food production beyond 120% in 2080 can be explained
by the smulated expansion of the extensively used hay
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meadows on summer pastures, which would replace forested
areas grown under our climate change scenario. This effect
was also illustrated by the strong decrease in net greenhouse
gassequestrationwithanincreasing biodiversity index beyond
120%. Only a substantial increase in the biodiversity index
would result in atrade-off with respect to the farmers’ income
because low-intensity grassland is remunerated with direct
payments. The simulation resultsimplied that in the 2010 and
2080 conditions, biodiversity could be expanded up to 120%
(2010) and 125% (2080), of thelevel in 2010. Thus, compared
to 2080, farm structures in 2010 restrict farmers’ ability to
provide habitat services.

Fig. 5. Trade-offs and synergies caused by a change in the
greenhouse gas balance in 2010 (continuous lines) and in
2080 (dashed lines). Lines show the deviation of ecosystem
services (ES) provision from the economic optimum in 2010
and 2080, respectively, if greenhouse gas sequestration is
increased over constraints. Greenhouse gas sequestration in
2010 equal's 0%. Because greenhouse gas sequestration in
the economic optimum is lower in 2080 than in 2010,
deviation starts at -20%.
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Increasing carbon sequestration

Figure 5 shows the changes in the provision of ES with
increasing net greenhouse gas sequestration; 0% refersto the
level of net greenhouse gas sequestration in 2010. Simulation
results showed that by increasing the intensity of forest
management and removing more trees, carbon sequestration
could be increased. This increased sequestration in forests is
assumed to compensate for an increase in greenhouse gas
emissions caused by agriculture under 2010 conditions (solid
lines). Because an intensification of forest management is
relatively inexpensive, income only would decrease by about
4% if greenhouse gas balance were improved by 92%; nearly
thewhole amount of greenhouse gasesreleased by agriculture
issequestered by forests again. An additional improvement in
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the carbon balance could be achieved by reducing animal
production. Because the decrease in food production caused
by this measure would be compensated by an increasein crop
production, it would not have a significant influence on food
provision. Under theassumed scenariofor 2080 (dashedlines),
benefit from carbon sequestration in forests is, however,
expected to decreasein thefuture, asclimate changeswill have
a significant impact. If one wanted to compensate for the
carbon sequestration decrease, the production system would
have to be changed, in addition to changing forest
management. Suckler cows, which represent the most
profitable production activity, given the conditions in 2080,
would bereplaced by sheep, which emit lessgreenhouse gases
per hectare. Thisshift wouldresultinadecreaseof biodiversity
provision because slightly more grassland would be used. A
further increase in greenhouse gas sequestration would lead
to a replacement of sheep with dairy cows and an expansion
of cropland. Asaconsequence, food productionwould remain
at a constant level and biodiversity provision could be
improved because of a re-extensification of grassland.
However, levels of more than 80% would require areduction
in the number of livestock, which again would decrease food
production in 2080.

Increasing protection against gravitational hazards

In our simulations, there were only minor trade-offs and
synergies in the protection from gravitationa hazards that
stemmed from interactions among ES. This can be explained
by thefact that the cal cul ation of the GPFI index only accounts
for spatially explicit protection zones. Thus, eventhoughthere
aresignificant land-cover changeswhenincreasingafocal ES,
these effects do not take placeinside protection zonesand thus
do not influence the value of protection against gravitational
hazards.

DISCUSSION

In a mountainous region, we simulated trade-offs and
synergiesbetween ESthat emerged fromacontinuousincrease
in one focal ES. To consider spatial and temporal drivers of
ES provision, we applied our simulation framework for
economic and environmental conditionsin 2010 and 2080 in
a gpatially explicit manner. This approach allowed us to
consider common (scenario-based) driversand interactionsin
the analysis of trade-offs and synergies.

Whereas socioeconomic and climate changes are important
driversintheprovisionof mountain ES (Rodriguez et al. 2006,
Carpenter et a. 2009a), theinteractionsamong ES should al so
be considered in trade-off analysis (Bennett et al. 2009). We
used the concept of jointnessin productiontoincludedifferent
types of interactions in our analysis. Jointness differentiates
between biological and economic interdependencies as
underlying mechanisms of interaction. Without the
consideration of economic interdependencies, cal culations of
trade-offs or synergies based on land-use and land-cover
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changes may be overestimated or underestimated.
Understanding the different causes of jointnessisrelevant in
the assessment of trade-offs because the nature of the
interactions also affects the outcome of policy schemes that
try to manage these trade-offs (Wossink and Swinton 2007).
For example, a decoupling from production subsidies to
environmentally based payments in agriculture may have
heterogeneous economic and ecol ogical effects, dependingon
the farm type (Acs et a. 2010, Hanley et a. 2012) and the
attitudes and preferences of farmers (Huber et al. 2013c).

With respect to the sensitivity analysis, our resultsimply that
managing mountain ecosystems leads to trade-offs between
theprovision of marketableand nonmarketable ES. Morefood
production, amarketable ES, reduces biodiversity and carbon
sequestration. This fact has already been supported by other
modeling studies in recent years across different ecosystems
(Groot et al. 2007, Parra-L Opez et a . 2008, Nelson et al. 2009,
Polasky et al. 2011). The main factors that caused trade-offs
in our simulation were biological interdependencies. More
food provision for livestock necessitated the use of more
intensive grassland. This automatically reduced the values of
our indicators chosen to represent biodiversity and net carbon
sequestration. In addition, generally, these trade-offs are also
caused by fixed inputs at afarm level (Wossink and Swinton
2007). In contrast, nonallocableinputs may lead to alternating
trade-offs or synergies with increasing levels of afocal ES,
depending on the structural and environmental conditions
(Huber and Lehmann 2010). An increase in the biodiversity
index under 2010 conditions, for example, comes along with
an increase in food provision, as long as the biodiversity
increase remains small, and as long as nonallocable inputs,
such asroughage, can be substituted. After acertainthreshold,
however, fixed inputs reguire land-use changes. Based on the
technological interdependencies between land use and the
provision of ES, atrade-off emerges.

The importance of taking into account such economic
interdependencies along with common drivers of change is
shown by the simulation results in 2080, which represent
different economicand environmental conditions. Under these
conditions, the interactions between economic and biological
interdependencies were reversed. A small increase in the
biodiversity index in this caseled to alossin food production
because of fixed inputs. An increase of more than 25% in
biodiversity, however, resulted in an increase in extensively
used grassland at the expense of forested area. The fodder
balance in our simulation guaranteed that all of the additional
biomass from this extensively used grassland was consumed
by livestock. Asaconsequence, morelivestock werenecessary
to consume the additional fodder, and food production
emerged asasynergy of anincreaseinbiodiversity. Thiseffect
was additionally supported by climate change impacts, which
were supposed to increase grassland yields in our case study
region. These complex interactions also led to different
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interactions between nonmarketable ES. In the simulations
under 2080 conditions, we found a synergy between
biodiversity and net carbon sequestration when the increase
of thefocal ESwassmall. Withhigher level sof thebiodiversity
index, the increasein livestock reversed the relationship, and
atrade-off emerged.

Our modeling framework did not permit usto simulate trade-
offs between the protective function of the forest and the
carbon balance. Both ESwould beimproved if the forest area
wereto beexpanded, and thelevel for both ESwould decrease
if the forest area were to be reduced. In addition, trade-offs
are limited through Swiss forest laws that prohibit an active
decrease of the current forest cover. Hence, trade-offs are
currently limited to agricultural land, which potentially lowers
thelandscapes' potential level of reactivity to external drivers.
To prevent resources from being wasted, this fact needsto be
considered in managing ES provision because management
schemes cannot influence land use on forest land (Grét-
Regamey et al. 2012).

Two limitations have to be considered in the interpretation of
our results. First, we applied rather coarse and simplified
indicators for ES provision. For example, we assumed that
forests have alower biodiversity value than extensively used
meadows (Dullinger et al. 2003). However, there are also
forest typesthat provide ahigh value for biodiversity (Kiffer
and Senn-Irlet 2005, Spiecker 2003). In addition, recent work
by Hanley et a. (2012) showed that extensification is not
necessarily asuitableindicator for every aspect of biodiversity
ingrassland. Infuturework, the cal culation of the biodiversity
index should be improved to link the spatial location and
biodiversity quality, e.g., via plant functional traits (Lavorel
etal. 2010, Lavorel and Grigulis2012). Second, the economic
modeling framework considers a limited number of
production systems. Thisis a genera limitation of modeling
studies because we cannot predict future technologies or
production processes (Sterman 1991, Carpenter et a. 2009b).
For example, new agroforestry systems could minimize the
trade-off between food provision and the carbon balance
(Briner etal. 2011); or biofuelsfrom low-input, high-diversity
grassand biomass (Tilman et a. 2006) may change the
technological interdependence between provisioning and
other ESfrom being trade-offsto being synergies. Futurework
ontrade-offsusing integrated modeling approachesshould not
only address the calculations of better indicators, but also
should explicitly consider changes in the biological
interdependencies between ES (Koch et al. 2009).

CONCLUSION

Our modeing study supports the claim for the joint
consideration of socioeconomic and climate changes in an
integrative framework when addressing global change
impacts. Not only will climate changes affect the ability of
ecosystems to provide certain ES, but socioeconomic and
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structural conditions will aso influence land-use decision
making and consequently the economic and technological
relationship among different ES. Without an interlinked
assessment of socioeconomic and climate changes, their
impact on drivers of ES provision, and the underlying
relationships among ES, the design of robust ecosystem
management schemes would not be possible.

Primarily, our simulation results show two important aspects
in the analysis of trade-offs and synergies in ES provision.
First, increasing the provision of a focal ES in a mountain
region may result in alternating trade-offs and synergies,
depending on the interaction of economic and technological
interdependencies. Thus, management schemes aiming to
increase the provision of one focal ES have to consider not
only the technological or biological nature of interrelationships,
but al so the economic interdependencies among different ES.
Takinginto account nonallocableand fixed inputson different
levelsin the design of new management schemes may allow
for small trade-offs or even synergies in the provision of
multiple ES. Second, trade-offs and synergies from these
interactions strongly depend on the underlying structural and
environmental conditions driven by socioeconomic and
climatic developments. Thus, our simulation results show the
importance of considering the spatia heterogeneity of trade-
offs and synergies as well as economic and climate-change-
induced thresholds in the provision of marketable and
nonmarketable ES. Asaconsequence, flexibleformsof policy
steering, policy measures adapted to local conditions, and the
coordination of sectoral policies, eg., through spatia
planning, areimportant aspects of alternative policy schemes
in mountain regions experiencing global change (Huber et al.
2013a).
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Appendix 1. Characteristics of ALUAM

Interaction of submodels

Fig. ALl.1. Interaction between the different submodels in the Alpine Land Use Allocation Model
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The assessment of changes in land-use and EGS is
accomplished in two steps (Fig.1). In step one, the
direct impacts of climate change on forest develop-
ment and crop yields are calculated for each year
between 2010 and 2080. This step involves amal-
gamating three data sources: (1) Within each simu-
lated parcel (100 m x 100 m) the potential yield of
all agricultural and forestry activities (for an over-
view see Table 2) is simulated by the forest-
simulation model LandClim and the crop yield
model. (2) Spatially explicit data are calculated for
each parcel. A digital elevation model is used to
calculate elevation and slope of each parcel. Swiss
Land Cover Statistics are used to determine which
parcels are suitable for cultivation and a soil utility
map is used to rate the different parcels according
to their suitability for the land-use activities. Swiss
Land Cover Statistics was used to calculate the
distance of all parcels to the next farm. (3) Admin-
istrative data, e.g. the production zone the parcel is
lying in, are assigned to the parcels. In step two,
these spatially explicit yield estimates are combined

*Economically optimal land use
*Ecosystem services provided by

Case study region

ALUAM

agriculture and forestry

T

Policy and market data

with policy and market scenarios in the economic
model Alpine Land Use Allocation Model (ALU-
AM). ALUAM then simulates land-use decisions
based on a profit maximizing approach. The results
show both where land-use change occurs and what
the combined impact of climate and economic
change is. The data assigned to each parcel is thus
combined with sources linking spatially explicit
data with production parameters such as labor de-
mand, nutrient demand, fodder production and the
transport costs dependent on the distance between
parcel and farmyard (Briner et al. 2012).

Reference

Briner, S., C. Elkin, R. Huber, and A. Grét-
Regamey. 2012. Assessing the impacts of economic
and climate changes on land-use in mountain re-
gions: a spatial dynamic modeling approach. Agri-
culture, Ecosystems & Environment 149:50-63.
http://dx.doi.org/10.1016/j.agee.2011.12.011




Land use activities in the Alpine Land Use Allocation Model (ALUAM)

Table Al.1. Land use activities as implemented in the ALUAM model

Intensity

intensive mid-intensive extensive
Hay meadow X X X
Grazed pasture X X
Wheat X
Barley X
Potato X
Sugar beet X
Maize X
Forest Maintenance incl. wood Maintenance without

harvest wood harvest
Fallow --

Calculation of GHG emissions

Table Al.2. References of methods applied in ALUAM to calculate on-farm greenhouse gas (GHG) emissions

GHG Emission Source Influencing factor Reference
CH, Enteric fermentation ~ Number of animals, Animal-specific methane IPCC 2000, Minonzio et
rate, feed mix, lipid supplementation al. 1998
Manure Amount of different manures, feed mix, housing
system, pasture management
N,O Manure Amount of different types of manure, manure IPCC 2000,
management
J Schmid et al. 2000, 2001
Land-use Fertilizer

Indirect emission

CoO, Tractor/Machinery

Loss of N in different compounds

Land-use intensity

Schmid et al. 2000

Gazzarin and Albisser
Vogeli 2010
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Scenario assumptions

Table A1.3. Economic scenarios applied in ALUAM (based on Briner et al. 2012)

Unit EU 2005! 2010 A1FI 2080
Milk CHF/kg 0.46 0.75 0.24
Beef CHF/kg CW 4.7 8.1 3.9
Lamb CHF/kg CW 5.5 9.7 4.6
Wheat CHF/t 151 503 51
Potato CHF/t 149 407 76
Sugar beet CHF/t 61 64 16
Barley CHF/t 149 377 50
Rapeseed CHF/t 301 760 81
Corn CHF/t 174 379 113
Pesticides® % 100 51
Machinery® % 100 52
Fuel® % 100 62
Seed® % 100 179
Concentrate feed? % 100 34

CHF: Swiss francs; t: tons ; CW: Carcass weight

YEU prices in 2005 were the base for the calculation of the prices in the future scenarios (Source: FOAG 2006).
2 1t was assumed that prices for concentrate feed behave as prices for cereals.
® Parameter derived directly from Abildtrup et al (2006)
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Appendix 2

Calculation of the General Forest Protection Index (GFPI)

The GFPI simulates the ability of forests to provide
protection against all gravitational hazards consider-
ing tree species mixture, structural profile of the
forests, rooting stability and regeneration potential.
Based on the guidelines developed by Frehner et al.
(2005) the GFPI was calculated as follows:

S50%ay + 25%a; +15% a3 +10* ay A2.1

GPFl = 100
where,
[ gtrees; 7§
. = min | # ' ha with DEH = 24 ' J A2.2
i 400 J
&, = min I[’ #cohorts with tr:es =>24cm DBH I 1 A2.3
{ # species
&y = min ln S'UT |,1l A2.4
{ # cohorts withtrees < 12cm DBH, A2.5

o, = min II' > .1

The weighting that was given to each attribute in
equation A2.1 is based on an amalgamation of the
forest protection evaluation that Frehner et al.
(2005) did. It is structured such that a high number
of stems is strongly favored. This reflects the im-
pact of stem number on all the gravitational protec-
tion types. Additionally it reflects the view that
achieving a forest structure that protects against
gravitational hazards should be principle im-
portance, while maintaining a mixed forest and a
high level of regeneration potential is of secondary
importance. The index ranges from 0 to 1 with 1
providing the maximum protection from gravita-
tional hazards.
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