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a b s t r a c t

Protected areas (PAs) play a critical role in conserving biodiversity and maintaining viable
populations of threatened species. Yet, as global change could reduce the future effec-
tiveness of existing PAs in covering high species richness, updating the boundaries of
existing PAs or creating new ones might become necessary to uphold conservation goals.
Modelling tools are increasingly used by policymakers to support the spatial prioritization
of biodiversity conservation, enabling the inclusion of scenarios of environmental changes
to achieve specific targets. Here, using the Western Swiss Alps as a case study, we show
how integrating species richness derived from species distribution model predictions for
four taxonomic groups under present and future climate and land-use conditions into two
conservation prioritization schemes can help optimize extant and future PAs. The first
scheme, the “Priority Scores Method” identified priority areas for the expansion of the
existing PA network. The second scheme, using the zonation software, allowed identifying
priority conservation areas while incorporating global change scenarios and political costs.
We found that existing mountain PAs are currently not situated in the most environ-
mentally nor politically suitable locations when maximizing alpha diversity for the studied
taxonomic groups and that current PAs could become even less optimum under the future
climate and land-use change scenarios. This analysis has focused on general areas of high
species richness or species of conservation concern and did not account for special habitats
or functional groups that could have been used to create the existing network. We
Vincent), ruifilipe.freitasfernandes@unil.ch, rui.fff24@gmail.com (R.F. Fernandes), arc@anarutecardoso.
roennimann), valeriadicola@gmail.com (V. Di Cola), manuela.damen@msn.com (M. D'Amen), sylvain.
chmidt@unine.ch (B.R. Schmidt), jean-nicolas.pradervand@vogelwarte.ch (J.-N. Pradervand), loic.pel-
nil.ch (A. Guisan).

r B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.

mailto:clairevincent@outlook.com
mailto:ruifilipe.freitasfernandes@unil.ch
mailto:rui.fff24@gmail.com
mailto:arc@anarutecardoso.eu
mailto:arc@anarutecardoso.eu
mailto:olivier.broennimann@unil.ch
mailto:valeriadicola@gmail.com
mailto:manuela.damen@msn.com
mailto:sylvain.ursenbacher@unine.ch
mailto:sylvain.ursenbacher@unine.ch
mailto:benedikt.schmidt@unine.ch
mailto:jean-nicolas.pradervand@vogelwarte.ch
mailto:loic.pellissier@usys.ethz.ch
mailto:loic.pellissier@usys.ethz.ch
mailto:antoine.guisan@unil.ch
www.sciencedirect.com/science/journal/23519894
http://www.elsevier.com/locate/gecco
https://doi.org/10.1016/j.gecco.2019.e00589
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gecco.2019.e00589


C. Vincent et al. / Global Ecology and Conservation 17 (2019) e005892
conclude that such an integrated framework could support more effective conservation
planning and could be similarly applied to other landscapes or other biodiversity con-
servation indices.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Growing anthropogenic activities are causing increasing threats to biodiversity even in pristine areas (Lambin et al., 2001).
Land-use change, human induced climate change, or the introduction of invasive species (Millennium EcosystemAssessment,
2005) are affecting natural ecosystems, reducing the habitat available for species and therefore causing species extinctions
and biodiversity loss (Steffen et al., 2007). The effects of climate change have already influenced species ranges, shifting them
northwards and to higher altitudes (Walther et al., 2002; Hickling et al., 2006; Chen et al., 2011), causing some species to
move out of current protected areas (PAs; Araújo et al., 2004). The fast rate of climate change might limit the capacity of
species to adapt locally or tomigrate to suitable areas (Welch, 2005). Land-use change can have further substantial and severe
negative effects on biodiversity (Struebig et al., 2015), stressing some vulnerable species and pushing them closer to
extinction (Gibson et al., 2011). These changes can lead to an overall decrease in species diversity in previously species-rich
areas.

The international conservation community has identified PAs as the cornerstone of biodiversity conservation (CBD, 2010),
protecting vulnerable species and habitats, with mountains playing a special role as species sanctuaries (Bugmann et al.,
2007; Guisan et al., 2019). Due to legal constraints, terrestrial PAs are usually designed to be static, not accounting for
ecosystem changes or shifts in species ranges, potentially limiting their effectiveness under climate or land-use change
(Pressey et al., 2007; Alagador et al., 2014).

Systematic conservation planning is a spatial process designed to optimize the delimitation of PAs, by identifying a limited
set of unique and/or complementary areas that maximize biodiversity conservation (Pressey et al., 2007). Financial resources
are limited, therefore considering land costs makes conservation planning more effective, as it balances the costs of con-
servation with the benefits to wildlife (Newburn et al., 2005). Thus, incorporating land-use change and land costs into
conservation prioritization analyses has the power to provide an added priority ranking of PAs (Naidoo et al., 2006). However,
a PA network should be designed in such a way that it can be adapted to changing conditions, since the effects of climate
change are now inevitable and cause species distributions to be non-static within landscapes (Heller and Zavaleta, 2009).

To include future scenarios of species distributions, predictions based on species distribution models (SDMs; Guisan et al.,
2017) can be incorporated into the analyses (Guisan et al., 2013). A recent study reported that conservation planners could still
make better use of SDMs, supporting further development of such quantitative tools in conservation planning (Tulloch et al.,
2016). Prioritization tools for conservation planning, such as the “Zonation” software (Moilanen et al., 2005), support the
identification of important areas while considering a cost-benefit ratio. Zonation can incorporate SDM predictions with cost
maps, future landscape changes, species interactions, and habitat connectivity to find the optimal PA network based on pre-
defined conservation goals. It has been used for conservation planning on a variety of projects around the globe (e.g. Summers
et al., 2012; Faleiro et al., 2013; Pouzols et al., 2014), but we know only three examples where it was used in mountain areas
(Fleishman et al., 2014; Wan et al., 2016; Zhang et al., 2011), none of which were in Europe or incorporating political costs.

Here, we used an existing prioritization method and compared it to a new multi-drivers framework within the Zonation
software to assess existing PAs and propose a new PA network. We illustrate the approach through a case study in the
Western Swiss Alps. The goal of this analysis was to propose an improved framework to identify the most cost-effective PA
network that will protect the highest level of species richness across several taxonomic groups, and to investigatewhether the
areas identified by these two prioritization methods provide the same hotspots for protection. The analysis included species
data for insects, amphibians, reptiles, and plants combined with environmental and landscape data within SDMs, and human
socio-economic data (e.g. political costs). We then investigated the effects of climate and land-use changes on optimal
conservation solutions and determined potential drawbacks and improvements to these prioritizationmethods. Additionally,
based on this study, we identified possible gaps and ways forward to improve conservation planning in mountain and other
regions.

2. Methods

2.1. Study area

The Western Swiss Alps of the Vaud canton were used for this case study as they represent a priority area for research of
the new Center for Mountain Studies (CIRM) at the University of Lausanne (see https://www.unil.ch/centre-montagne) and
benefits already from a large geoportal documenting on all existing data (http://rechalp.unil.ch). Due to its high diversity of
species and of key conservation habitats, it was declared a priority area for conservation by WWF, Birdlife International and
Pro Natura in 2015 (http://www.leregional.ch/N67958/la-position-du-wwf-et-de-pro-natura-en-detail.html) and a general
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conservation plan is currently under consultation. The elevation ranges from 375m to 3210m with an annual mean tem-
perature between 3.5 �C and 8 �C, and the annual sum of rainfall between 1400mm and 2400mm (Randin et al., 2006).

In the study area, PAs were assigned to one of four tiers based on their international commitments to protect biodiversity
(Table A1; Appendix A). PAs designated with the International Union for Conservation of Nature (IUCN) Category Ia “Strict
Nature Reserve” are assigned to Tier 1, and IUCN Category IV “Habitat/Species Management Areas” to Tier 2. Tier 3 PAs do not
align with these IUCN categories, even though they may have stronger national regulations. Tier 4 includes PAs that are not
designed for biodiversity conservation, but which may indirectly protect nature. In the study area, 18.12% of the landscape is
protected by either Tier 1 (0.02%) or 2 (18.1%) areas (Fig. 1). Although some of the existing PAs were created to protect a
specific habitat (e.g. fens, bogs and alluvial zones) or a taxonomic group (e.g. amphibians), the goal of our analysis was to
assess the hypothetical protection of the highest number of species within the most cost-effective area of land (i.e. alpha
diversity; the analysis optimizes a different goal than the existing set of PAs).

2.2. Data sources

We fitted species distribution models (SDMs; Guisan et al., 2017) and derived spatial predictions as inputs for the con-
servation planning analyses for multiple species in four different taxonomic groups: insects, amphibians, reptiles, and plants
(Table 1). Different sampling strategies were used to sample the different taxonomic groups: random stratified sampling was
used to sample plants and insects, while occurrence records for amphibians and reptiles came from opportunistic obser-
vations in a national database (for a detailed description see Appendix C). SDMs predictions were based on 25m resolution
topoclimatic variables including monthly maximum and minimum temperature and sum of precipitations, annual growing
degree days, annual evapotranspiration, topographic position, aspect and slope (for a detailed description see Appendix C).
These variables have been shown to be useful predictors in mountain environments (D'Amen et al., 2015; Dubuis et al., 2011;
Scherrer et al., 2017, 2019). Predictions for the future were based on variables translating the A1B climate storyline (IPCC,
2001) for the years 2045e2074 (from here on referred to as 2060) and calculated using the climatic anomalies for all
Swiss weather stations (Bosshard et al., 2011). This future climatic scenario predicts the global average temperature to rise by
1.8 �C by 2060 (for a detailed description see Appendix C) and was chosen because is comparable with the land-use scenario
available for this study.
Fig. 1. The study site and its position in Switzerland. The current protected areas are shaded in grey with the highest level of protection (Tier 1) given the darkest
color, and the lowest level of protection (Tier 4) shown with the lightest grey.



Table 1
A summary of the species list (see Appendix B for details), showing the number of species for each taxonomic group used in this analysis.

Taxonomic Group No. of species Threatened species (CR, EN, VU)a Protected speciesb

Amphibians 5 2 5
Insects 123 3 4
Plants 627 4 47
Reptiles 12 9 12

Total 767 18 68

a Threatened species are based on the Swiss national Red Lists.
b Protected species are explicitly referenced in Swiss legislative documents.
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The baseline land-use mapwas taken from the Swiss land-use statistics data from 2009 (SFSO, 2013; Fig A1a, Appendix A).
The future land-use scenario map was modelled by Price et al. (2015) under the A1 climate change scenario (the scenario
family in which A1B is found) using the Dynamic Conversion of Land Use and its Effects Model framework (Dyna-CLUE;
Verburg and Overmars, 2009) for the year 2035 (Fig A1b; Appendix A). This model predicts high levels of agricultural land
abandonment, especially in mountain pastures, and urbanization in lower elevation areas near roads and existing towns.
Under this climate scenario there is more afforestation, defined as a transition from any land use to forest, than any other
scenario.

2.3. Species distributions models

We used an ensemble of small models (ESMs; Breiner et al., 2015) to predict the current and future distributions of 767
species (Table 1) based on environmental data at high resolution (25m). ESMs were implemented to avoid overfitting and to
improve the modelling of rare species as they fit and average many small models each with few predictors at a time (typically
2) weighted by their cross-validated predictive performance (Lomba et al., 2010; Breiner et al., 2015). While ESMs were
designed tomodel species with small sample sizes, they also workwell for common species (Breiner et al., 2015). Only species
with at least 10 presences weremodelled (see Appendix B for the number of presences/absences for each species). Aweighted
mean of the following three modelling techniques was used to predict species distributions based on observational data and
environmental variables: generalized linear models (GLM; McCullagh and Nelder, 1989), random forests (RF; Breiman, 2001)
and maximum entropy (MaxEnt; Phillips et al., 2006; Phillips and Dudik, 2008).

The data for each species was randomly partitioned into 70% for calibration and 30% for validation and this procedure was
repeated 5 times. For each combination of two environmental predictors, the different models were evaluated using a
maximization of the True Skill Statistic (maxTSS; see Appendix B for values), taking both omission and commission errors into
account (see Appendix C for details on ESM parameterization). Predictions were turned into binary presence-absence maps
using the same thresholding approach that maximizes the TSS (Liu et al., 2005) for both current and future distributions.
Another map was saved for each species after applying a land-use filter which removed any projected presence that occurred
in a land-use type in which no observations were recorded. Additionally, the species binary maps were summed, across
species of an interest group, to create different diversity maps.

2.4. Spatial prioritization methods

Two methods of spatial prioritization for biodiversity conservation were compared (Fig. 2). First, the “Priority Scores
Method” (Fig. 2a; Jenkins et al., 2015) identifies priority areas for the expansion of the existing PA network. It enables planning
to be focused on target species having the greatest need for protection. Second, the “Zonation Land-Use Filter Method”
(Fig. 2b) uses the Zonation software to combine the effects of climate change, land-use change, and land costs to propose
optimal conservation areas and to assess the current PAs' ability to protect species richness. The priority scores were
calculated with both the current and future predicted species distributions. These methods both generated maps with
continuous ranking of the landscape to identify conservation priorities.

The priority scores method is based on the proportion of the range of each species that is not protected under the existing
conservation network. This proportion is calculated here by dividing the area of each species distribution that does not fall in
a Tier 1/2 area by the total area of the species range. For each 25m2 pixel, this species-specific score was then summed across
all species present in each pixel to get the total priority scores across the landscape. The analysis was done first with all species
distributions and then with only species of conservation concern as they have the greatest need for protection. Species were
classified as being of conservation concern if they were threatened (VU, EN, or CR category on the Swiss National Red Lists) or
protected by Swiss legislation (see Appendix B).

The ZonationMethod uses an algorithmwith an iterative ranked cell removal method (Moilanen et al., 2005). The additive
benefit function (ABF) was used as the removal rule because it is optimal when the spatial extent of the case study is relatively
small when compared to species ranges, and when the goal is conserving overall species richness. In addition, core-area
zonation (CAZ) is not recommended when incorporating land costs to an analysis that identifies biologically important
areas (Moilanen et al., 2014).



Fig. 2. A schematic representation of the framework used for this analysis: a) the “Priority Scores Method” and b) the “Zonation Land-Use Filter Method”, both
described in detail in the methods. The Zonation method with the land-use mask and negative weighting differs from the Land-Use Filter Method since it used
unfiltered species distributions and excluded urban areas while also negatively weighting less favorable land-use types (not in figure).
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Each feature (e.g. species, land-use type) that was added to a Zonation analysis was assigned a weight, and the aggregate
weight of features in each cell defines its priority during the cell removal process with a higher weight given a higher priority
(Moilanen et al., 2005). In this analysis, species featureweights were first assigned based on species IUCN status with critically
endangered species given the highest weight (Appendix B). Uncertainty in the modelling was addressed by giving lower
weights to the future species distributions than to the present, and the lowest in the connectivity between these time steps,
because future projections carry higher uncertainties (Moilanen et al., 2014).

Zonation solutions were calculated by dividing the total weight of a cell, in this case representing vulnerability-weighted
species richness, by the cost associated with protecting that cell. Here, costs were defined as political costs, as calculated by
Cardoso (2015), by averaging the opposition results from two referenda on legislation with potentially strong effects on
biodiversity conservation. The regions that had higher opposition to beneficial measures for biodiversity were given higher
political cost (Fig A2; Appendix A). This was included as it is more difficult to implement changes to expand PAs in regions
with higher social opposition to such changes. Monetary costs were not incorporated as they were directly related to land-
use.

To prioritize for future distributions under climate change scenarios in the Zonation method, the distribution interaction
component of Zonation was used (Moilanen et al., 2014; Rayfield et al., 2009). This provides solutions that transform one
conservation target based on its proximity to another represented as an ecological interaction. Here, this was represented as
the connectivity of each species distribution between time steps, characterized by the dispersal ability of each species. Engler
et al. (2009) found that, for the same study area, simulations of plant distributions with limited dispersal gave similar results
to those with unlimited dispersal, being significantly different from those with no dispersal. Therefore, here we only present
the results with unlimited dispersal.

Land-use change was added to Zonation by two separate analyses: (i) land-use filter on SDMs (LU-filter; Fig. 2), and (ii)
removal mask layer with negative weighting (LU-mask). The LU-filter removed any predicted presence from a land-use type
in which no species’ observations were recorded. The LU-mask used unfiltered species distributions, excluded urban areas
from the analysis using amask, and negativelyweighed other less favorable land-use types.When using future land-usemaps
for 2035 and climate scenarios to 2060, a conservative estimate of the amount of land-use change predicted in the study area
exists.

2.5. Creating consensus solutions and measuring effectiveness

To identify key areas to protect rare species or species with small ranges, we summed the priority scores across all species
of conservation concern. Locations with priority scores within the top quartile were selected as priority areas. The current and
future scores for species of conservation concern were overlaid to create a consensus map to select the most important areas
for conservation.
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In the Zonation Method, post-hoc analyses were done automatically in two ways. First, to identify the top 18.12% (same
area as the current Tier 1/2 PAs) of the landscape to protect. Second, to assess the effectiveness of both the current Tier 1/2 PAs
(included post-hoc as a mask) and the Zonation solutions in protecting modelled species ranges. The Zonation consensus
solution is the spatial overlap between current and future proposed networks with the LU-mask method.

3. Results

3.1. Priority scores method

The results from the priority scores follow a similar trend as the diversity maps (Fig A3; Appendix A) and areas with high
diversity have higher scores (Fig. 3). Priority scores are predicted to decrease in the future (Fig. 3). The current distributions
provide similar priority areas for species of conservation concern as for all species (Fig. 3a and c). The future distributions
indicate a mismatch in priority scores between common species and those of conservation concern (Fig. 3b and d). The
priority scores differ spatially for different taxa (see Figure A4 and A5; Appendix A). At both time steps, amphibians have high
priority near waterways (Fig A4). Reptiles and three insect groups: Hymenopterans (Bombus spp.) and Orthopterans have
higher priorities at lower elevations (Fig A4, A5), and Lepidopterans at higher elevations (Fig A5).

3.2. Zonation solutions and their effectiveness

The Zonation solutions presented here uses the political land costs, unlimited species dispersal, ABF cell removal rule, and
the A1B climate change scenario. The Zonation solutions have over 90% spatial similarity between the land-use methods and
the current and future time steps (Fig A6; Appendix A). Although the LU-filter and LU-mask methods protect an almost equal
proportion of species distributions (Fig. 4), the LU-filter selects more unfavorable urban areas for converting to PAs. Therefore,
the LU-mask was used to create the final solution.

The solutions created by Zonation for the new PA networks performs better than the Tier 1/2 PA at both time steps (Fig. 4).
Existing PAs cover on average 25% of all species ranges and new PAs cover an average of 44%. Concerning the future scenario,
existing PAs would become less efficient protecting a mean of 23% of a species’ range compared with 49% by the new PAs. The
existing PAswould protect 23 fewer species than the new PAs (i.e. 23 species would have their range completely outside of the
PAs), of which one species is nationally threatened (Polyommatus damon, VU), and three are protected by regional or national
law (Traunsteinera globosa, Monotropa hypopitys and Epipactis purpurata). The difference in effectiveness between the new
and existing PAs is more notable with species of conservation concern (Fig. 4).

3.3. Spatial overlap and final solutions

The composite map of the top priority scores identifies areas at the transition zone between the Rhone valley and the Alps
in the South-West of the study area (Fig. 5a). This zone is predominantly south facing dry open grasslands above 1500m asl.
The Zonation consensus solution identifies the areas, selected independently of the existing network, where current and
future LU-mask solutions overlap (Fig. 5b). The Zonation solution identifies the same transitional zone as the priority scores as
key areas to expand the PA network. However, it also identifies many other areas that the priority scores method omits,
predominantly in the South East of the study site, where the Grand Muveran hunting reserve is located.

The supplemental Zonation analyses found that the spatial overlap between new and existing PAs was low, at 34% for
current and 32% for future solutions. The analysis found no difference between solutions with unlimited and no dispersal
(100% spatial overlap).

4. Discussion

We presented a multi-drivers spatial prioritization method to assess the joint impacts of climate and land-use changes on
the optimal locations of nature reserves for the preservation of maximal species richness (of both all modelled species and
species with conservation concern) in a mountain region with wide elevational and environmental gradients.

The solutions from the two spatial conservation prioritization schemes used (priority scores and Zonation) suggest that
the current PAs are not optimally located to protect high levels of species richness in the Western Swiss Alps. However, some
existing PAs were established for other purposes, e.g. the conservation of species-poor habitats such as mires or of specific
(e.g. red-listed) species. It is important to note that implementing an optimum PA network might be difficult to achieve, and
that simple decision rules (like protecting available sites with the highest species richness) may be more effective in some
cases (Meir et al., 2004). PAs are predicted to cover less species richness under future scenarios of climate and land-use
change, with 60 of 767 species having their future range outside PAs according to the predicted range shifts. These species
might thus face higher threats of local extinction due to habitat fragmentation or degradation outside PAs (Wilcox and
Murphy, 1985; Gibson et al., 2011). There is a predicted loss of suitability of the existing PA networks for terrestrial fauna
and flora (Araújo et al., 2011; Françoso et al., 2015), but in our study area it is likely stronger due to the mountain landscapes
with steep climatic gradients along elevation. This emphasizes the need for using spatial decision support tools for conser-
vation prioritization in areas with steep elevation gradients, like mountains. One limitation of this case study is that it did not



Fig. 3. Priority maps showing the sum of species priority scores of the modelled species with their current (a, c) and projected future (b, d) distributions. Future
refers to the distributions predicted to 2060 using the A1B climate change scenario. A subset of the species was used to create maps of species of conservation
concern which were identified as being threatened and/or protected (c, d).
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account for new species that could colonize the study area following climate change (e.g. from warmer lowland areas in
Switzerland, or from outside Switzerland; e.g. Henry et al., 2009; Petitpierre et al., 2016), which could complement species
losses within the study area. Because our solutions used the same species pool, this should not affect our comparisons, but
future studies using the same framework should include this dimension.



Fig. 4. The proportions of species ranges protected by the Zonation solutions (New) created with LU-filter (a, b) and LU-mask (c, d) compared with the existing
protected areas (Existing). Species of conservation concern are all of those listed as threatened and/or protected, and common species are all other species. Future
refers to the distributions predicted to 2060 with the A1B climate change scenario. Open circles indicate outliers, black bars showmedians, and solid dots indicate
means. The same data is subdivided by taxonomic group and can be found in Appendix A (Fig A7).
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The priority scores and Zonation methods provide contrasting solutions that can be useful to address different conser-
vation questions. In the case study illustrated here, bothmethods identified the transition zone between the low elevation flat
plain of the Rhone valley and the first slopes of the Alps as a priority area to conserve biodiversity. This zone is predominantly
dry grassland, which holds one of the most diverse plant communities among European ecosystems (Jani�sov�a et al., 2011).
This is likely explained by the high number of plant species used for this analysis as well as our goal of protecting the highest
level of species richness from our set of species. The Zonation solution also highlighted the importance of the GrandMuveran
faunal reserve (District Franc F�ed�eral) in the south-east of the study area that the priority scores method did not identify. The
priority scores method provides solutions that can be more easily implemented as it proposes priority areas to be added to
existing networks (Fig. 5a). The Zonation method (Fig. 5b) supplies key regions where human impacts should be minimized,
or where future protection should be focused, to maintain high species richness. The results from the priority scores show a
mismatch in the priority areas between common species and those of conservation concern. This highlights the importance of
setting clear goals with policy makers and scientists before undertaking a similar analysis in other areas (e.g. protecting
threatened species versus biodiversity in general; Grant et al., 2013).

Land-use change has only recently been incorporated into Zonation analyses (Faleiro et al., 2013; Struebig et al., 2015;
Zwiener et al., 2017; Verhagen et al., 2018). In this work, two methods of accounting for land-use change e LU-filter and LU-



Fig. 5. Final solutions with spatial overlaps (i.e. intersections). a) The priority score consensus solution created by overlaying the current (blue) and future (green)
priorities for threatened and/or protected species. The overlapping regions are shown in red and represent areas that are priorities in both time steps (see inset
for more detail). b) The Zonation consensus solution created by overlaying the current and future LU-mask solutions. The overlapping regions are also shown in
red and represent the areas that are priorities at both time steps. The full extent of protected areas is shaded in light grey (all 4 tiers) and the top two tiers are
shaded in dark grey. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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maskewere used. The LU-mask produced solutions for lower conflicts between human uses and biodiversity conservation as
urban areas were excluded from solutions. Future analyses could also add other non-convertible lands to this mask (e.g. one
might exclude areas where agricultural production is given priority over other uses by the government). Globally, the
increasing demand for food by the growing human population (Foley et al., 2011) will likely increase the risk of conflict over
land-uses. Because of the trade-off between minimizing conflict and increasing the proportion of species ranges that can be
protected, we would recommend combining these land-use methods in future studies by first including a filter and then
adding a mask to remove non-convertible lands.

The goal of this analysis was to protect the highest possible level of diversity across all species in the four taxonomic groups
and those of conservation concern using decision support tools. Applying these tools towards conservation prioritization
appears to be less common in European countries than in more economically developing or biodiversity rich countries (e.g.
Brazil, Australia, Madagascar; based on a non-exhaustive bibliographic research done by the authors; e.g. Kremen et al.,
2008). This infrequent recourse to spatial decision tools could be due to the well-established (even if insufficient) existing
PA network in Europe, likely considered already optimal by the public and governments. However, existing PAs have been
more frequently created in places that are unsuitable for economic activities, and not necessarily in areas with high biodi-
versity (Margules and Pressey, 2000). Human density is high in Europe, creating a trade-off between minimizing conflict and
increasing the proportion of species ranges that can be protected. Additionally, it could be due to an emphasis placed on land
sharing rather than land sparing in many densely populated countries (Phalan et al., 2011). For example, many European
countries use set-asides in agricultural areas to protect biodiversity (Van Buskirk and Willi, 2004). This strategy allows the
focus to be on conserving irreplaceability ahead of high biodiversity, highlighting the challenges of conservation and the need
to set specific conservation targets.

4.1. Identified gaps, suggestions and ways forward in conservation planning

The study case here examined allows to evidence five important issues that should be fronted to move forward in con-
servation planning.

First, here we choose to maximize species richness of all species or those of conservation concern. However, other di-
mensions of biodiversity can be of interest in the considered area or for applications in other spatial contexts. For instance,
irreplaceability and complementarity, special habitats (e.g. bogs), functional groups (e.g. national priority species), ecosystem
services (i.e. nature's contributions to society; Díaz et al., 2015), and various genetic facets of biodiversity, all could be
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considered according to the ultimate goal of conservation planning. Similarly, our approach could be expanded to include also
other threats to biodiversity, such as biological invasions (Vincente et al., 2013).

Second, we showed our approach by using four taxonomic groups for which data were available, disregarding other
charismatic vertebrates, especially mammals and birds, because of lacking adequate spatial information (data were not
available with the same coverage, quality or reliability). However, the approach we demonstrated can easily be updated once
new data will be available. Future analyses could also differentially weight taxonomic groups based on pre-defined con-
servation goals.

Third, and still related to data availability, mismatches in the data from different academic fields - such as different spatial
and temporal scales for the biological, climate and land-use data and scenarios - can make their joint use in such integrated
conservation planning analyses more difficult.

Fourth, by using SDMs, some source of uncertainties cannot be excluded (Barry and Elith, 2006; Rocchini et al., 2011).
These will be summed up with uncertainties related to the use of decision tools like Zonationwhen considering land-use and
climate change predictions (Moilanen et al., 2006). To improve our approach in future applications, uncertainty issues within
Zonation could be attenuated through distribution discounting (Moilanen et al., 2006), measuring the variance between
species distributions predicted frommultiple SDMs (Faleiro et al., 2013; Lemes and Loyola, 2013), or by differentially weighing
current and future species distribution layers based on uncertainty, as future distributions have higher uncertainty (Kujala
et al., 2013). It is also important to evaluate if sufficient data is available for all the species to be used in the analysis (e.g.
Canessa et al., 2015) and to test the effects of different thresholds when creating binary distribution data from SDMs (e.g.
Fernandes et al., 2018).

Fifth, an important extension of our framework could be the definition of conservation targets in concert with stake-
holders: doing so would be crucial in applications aimed to revise PAs network, e.g. in view of new threats or climate change.
In this regard, there is still limited communication between science and policy on the use of modelling approaches to support
conservation decisions (Guisan et al., 2013; Tulloch et al., 2016). Ideally, scientists, stakeholders and the public would need to
come together and share ideas to define targets and achieve a consensus onwhat might be considered as achievable (Wilson,
2008; Dicks et al., 2014). Improving this science-society link remains especially important to resolve the ‘implementation
crisis’ wherein the scientific ability to create these results outweighs the ability to apply them (Knight and Cowling, 2003;
Arlettaz et al., 2010). In the study region, a step was already taken in this direction through the implementation of a science-
policy ‘forum’ (“bourses aux questions”) set-up on the RECHALP web geoportal to support transdisciplinary research in this
study area (rechalp.unil.ch). This can be taken as an example to multiply similar initiative for different PA networks.

The framework for conservation prioritization with decision support tools here presented is an improvement upon pre-
vious methods of conservation planning, by incorporating data from multidisciplinary sources and by adding data from
multiple taxonomic groups at fine resolution in a mountain region. The application of the framework, and potentially the
implementation of the above suggestions, could create solutions for future conservation goals both in this region and in other
spatial context with similar data. However, its suitability needs to be tested when using different extents or resolutions.
Utilizing spatial decision support tools is just one component of conservation planning (Guisan et al., 2013), which also needs
to be addressed through policy, education, and economics (Wilson et al., 2005). As species are expected to continually move
with global change, setting conservation targets needs to be an adaptive process that will not create one final optimal answer
but several dynamic optima, which vary with changing threats and conservation targets (Singh and Milner-Gulland, 2011). A
model-based framework, as proposed here, has the additional advantage that it can be implemented in an adaptive manner
(Guisan et al., 2006).
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