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Abstract

Biodiversity is essential to sustain various ecosystem services. The growing human popula-
tion and associated land-use change through urbanization and intensification of agriculture
result in degradation, loss, and isolation of habitats. Largely due to this land-use change,
40 % of amphibian species are considered to decline worldwide. The concept of Blue-Green
Infrastructure (BGI) aims to alleviate conflicts between human and natural ecosystems. In
this study, occurrences of 10 amphibian species with differing habitat requirements in the
Canton of Aargau were modelled. With the aid of these species distribution models, the in-
fluence of five future land-use scenarios, which differed regarding human population growth
and the degree of governmental interventions, was assessed. Two existing landscape in-
ventories supporting biodiversity were regarded as starting points to identify regions with
existing and missing BGI coverage. My findings revealed that scenarios with a higher de-
gree of urbanization resulted in a higher change of modelled biodiversity hotspot areas,
which resulted not only in losses but also in gains. The results suggest that gains on future
urban areas can occur provided that the surrounding coverage within a focal window of
300 x 300 m remains on average below 70 % regarding urban land use and above 20 %
concerning forest coverage. As urbanization in the included land-use scenarios is mostly
predicted in flat areas near the main rivers of the Canton encompassing primary habitats for
many amphibian species, biodiversity hotspot losses were mostly predicted in these areas.
Therefore, a continuation of the displacement of amphibians into secondary habitats was
predicted. As habitat requirements vary severely between amphibian species, BGI needs to
be planned and managed as diversely as possible. For instance, the comparison of the two
species with the most extreme predicted future changes suggested that Epidalea calamita
might establish in urban areas, while Salamandra salamandra probably profits more from
consistent protection of forests. This underlines the importance of deriving BGI in both
urban and rural environments. 18 % of the modelled amphibian biodiversity hotspot ar-
eas in the study area resulted to be covered by existing landscape inventories with legally
binding protection goals and can be regarded as already having a network of BGI. However,
other regions like the Southwest of the Canton of Aargau, where additionally several models
agreed on predicting biodiversity loss, were found to lack coverage. To sustain biodiversity
and associated ecosystem services in the long-term, this finding could support decisions
for additional legally binding conservation strategies in these areas.

Keywords: Amphibians, Biodiversity, Blue-Green Infrastructure, Human-dominated Land-
scapes, Land-use change, Scenarios, Species distribution models
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1. Introduction

Biodiversity is de ned as the variety and diversity of life on the levels of genes, species, and
ecosystems (Carreon-Lagoc et al. 1994). It is of fundamental importance to support diverse
ecosystem services, as the ef ciency of ecological communities to capture, produce and
recycle nutrients increases with biodiversity (Cardinale et al. 2012). Ecosystem services
include a wide range of processes from the puri cation of air and water, increasing soil fer-
tility, mitigation of oods and droughts to the provision of recreational areas (Daily 2003).
These services are globally essential for human civilization and well-being in both urban
and rural environments (Bolund and Hunhammar (1999), Kroll et al. (2012)). Additionally,
biodiversity increases the resilience of ecosystems, which may be an important foundation
to ensure that future generations can continuously prot from ecosystem services under
projected human-induced changes (Oliver et al. 2015).

However, intensi cation and expansion of human land use in the past decades have heav-
ily in uenced biodiversity (Foley et al. 2005) on all levels regarding genetic, species, and
ecosystem diversity (Hansen, DeFries, and Turner 2004). The ongoing growth of the world's
human population results in increasing land-use demand of both urban and agricultural ar-
eas (D606s 2002). Land-use change often occurred at the expense of areas like wetlands and
forests, which provide important ecosystem services and are rich in biodiversity (Lindquist
et al. (2012), Sica et al. (2016)). Concerning wetlands, an estimated 50 % were lost globally
due to the conversion to urban and agricultural areas (Rijsberman and Silva (2006), Gard-
ner, Barchiesi, et al. (2015)). Urbanization is usually linked with loss and fragmentation of
habitats, alteration of water and nutrient cycles, and changes in the composition of species
(Crooks and Soulé (1999), O'Driscoll et al. (2010), Lin et al. (2014), Liu, He, and Wu (2016)).
Agricultural intensi cation often leads to high levels of nutrients, pesticides, monocultures,
and intensive grazing or cutting of grasslands, which are all unfavourable to sustain a high
level of biodiversity (Plantureux, Peeters, and McCracken (2005), Karp et al. (2012), Briihl
et al. (2013), Tsiafouli et al. (2015), Raven and Wagner (2021)).

Amphibians are highly threatened through land-use change and associated habitat loss and
fragmentation (Cushman (2006), Becker et al. (2007)). Among vertebrates, amphibians are
the most threatened group in the world and over 40 % of the known species are considered
in decline (Stuart et al. (2004), IUCN (2020)). Around 90 % of the threatened amphib-
ians are impacted by urbanization (Baillie, Hilton-Taylor, and Stuart 2004). Depending on
the season and stage of life, amphibians need both aquatic and terrestrial habitats. This
requirement is in con ict with the decline of suitable semiaquatic habitats like wetlands.
Amphibians have a key role regarding nutrient ow and recycling of both aquatic and terres-
trial ecosystems, as they are predators and prey at the same time (Crump 2009). However,
there are important differences between habitat preferences of amphibian species, for in-
stance the degree of specialization. While some amphibian species like Rana temporaria
are classi ed as generalists as they have few habitat requirements (Flory 1999), specialists
like Salamandra salamandra  are found in a narrower subset of ecological conditions (Kiry
2003). Additionally, pioneering species like Epidalea calamita colonize dynamic habitats in
an early successional state (Snep and Ottburg 2008). For the design of conservation strate-
gies, species-speci ¢ requirements should be taken into account (Cushman (2006), Brown
et al. (2012), Klaus and Noss (2016)).

The conceptual framework of Blue-Green Infrastructure (BGI) aims to balance con icts be-
tween natural and human ecosystems (Benedict, McMahon, et al. (2002), Kowarik, Fischer,
and Kendal (2020)). According to the European Commission (2013), BGI is de ned as a
strategically planned network of natural and semi-natural blue (aquatic) and green (terres-
trial) areas. They are designed and managed to deliver a wide range of ecosystem services
both in urban and rural settings. In urban areas, BGI might help to restore ecosystem ser-
vices like microclimate regulation to reduce the urban heat island effect (Gunawardena,
Wells, and Kershaw 2017), improve the air quality (Hewitt, Ashworth, and MacKenzie 2020)
as well as human well-being (Vélker and Kistemann 2013), and provide habitats for a sur-
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prisingly high diversity of species (McKinney 2008). Through strategical management of
forests and agriculture, BGI can be combined with existing protected areas or landscape
inventories, to enhance structural connectivity across the landscape and improve the pro-
vision of ecosystem services like pollination and carbon retention (Hermoso et al. 2020).
Maes et al. (2015) underlines that substantial investments in the development of BGI are
needed to offset land losses resulting from increasing human population, whereof both
ecosystems and society might bene t. Due to their need for semiaquatic habitats, amphib-
ians are one of the vertebrate groups that can pro t from the establishment of BGI (Hamer
and McDonnell (2008), Holzer (2014)). This is why | investigated how amphibian distribu-
tions might be affected by future land-use changes to identify regions with an increased
need for BGI. Five future land-use scenarios developed by Price et al. (2015) for Switzerland
were included for this purpose. These scenarios are based on forecasts of socio-economic
developments expected until the year 2035. One of the aims of Price et al. (2015) was to
identify regions with a high risk of urbanization, which provides a promising opportunity to
investigate the in uence on future biodiversity. The Canton of Aargau, located in the Swiss
Central Plateau, was taken as a case study as it belongs to the most populated and frag-
mented regions of Switzerland (Jaeger, Bertiller, and Schwick 2007), but has at the same
time a high responsibility for the national conservation of amphibians. Mainly the low, cli-
matically mild locations along the rivers Aare, Reuss, Limmat, and Rhine are part of the
distribution area of endangered species (Floéss 2009). Flory (1999) describes that primary
habitats along the rivers were lost due to human land-use change to a large extent, which
resulted in the displacement of species to secondary habitats.

Possible future distributions of 10 amphibian species differing in habitat preferences in the
Canton of Aargau were modelled. Species distribution models (SDMs) allowed investigating
the in uence of ve future land-use scenarios. This aimed to identify suitable starting points
for the development of BGI to support the diversity of amphibian species by addressing the
following research questions:

1. How do different land-use scenarios in uence amphibian biodiversity hotspot areas in
the Canton of Aargau? Which land-use categories are the most important drivers of
the change? Based on the ndings of Becker et al. (2007) and Hamer and McDonnell
(2008), | expect scenarios with higher growth in economy and population (leading to
more urban sprawl) and less support for environmental concerns (leading to more in-
tensive agriculture and abandonment of pasture agriculture) to show higher losses in
biodiversity. Urbanization was reported as a decisive driver of amphibian decline (Bail-
lie, Hilton-Taylor, and Stuart (2004), Scheffers and Paszkowski (2012)). Therefore, | laid
a special focus on urbanizing areas with the question How does modelled biodiversity
change on future urban areas?

2. Hamer and McDonnell (2008) see the utility in combining both species-speci ¢ and
community diversity approaches for amphibian conservation. This is addressed in the
following questions: Which species occur in current biodiversity hotspots and what
are likely changes in the future given changing land use? Which species show most
extreme changes given future land-use scenarios and why?

3. If existing landscape inventories are considered as starting point for a network of
blue-green infrastructure (BGI): where are modelled amphibian biodiversity hotspots
already covered and which regions require additional protection? This question is
based on the work of Hermoso et al. (2020), who designed a network of BGI across the
European Union with protected areas as a starting point.

Deepening the understanding of how different land-use scenarios in uence amphibian bio-
diversity, as well as individual species, could contribute to plan and implement BGI that
supports amphibian conservation. This ultimately aims at supporting biodiversity and en-
suring attached ecosystem services for future generations, which is in accordance with the
Federal Council's Swiss Biodiversity Strategy (BAFU 2017a).

ETH Zirich - Master's thesis 2
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2. Material and Methods

2.1. Study Area

The study area consisted of the Canton of Aargau (1'404 km ) located in the North of the
Central Plateau in Switzerland. With elevations ranging from 261 to 903 m a.s.l., Aargau
belongs to the least mountainous regions of Switzerland. Important national traf ¢ routes

and densely populated areas fragment the landscapes (Jaeger, Bertiller, and Schwick 2007).
According to the areal statistics of 2004/09 computed by the Swiss Federal Statistical Of ce

(SFSO 2013), the dominant land uses and land covers include agricultural land (44 %),
forests (36 %) and settlement areas (17 %, see Figure 1a).

2.2. Landscape Inventories

There are several landscape inventories for the Canton of Aargau which are designed to
preserve ecosystem services. To identify regions with existing or missing BGlI, | used two
landscape inventories. First, the Federal Inventory of Landscapes and Natural Monuments
(Bundesinventar der Landschaften und Naturdenkmaler (BLN)) aims to preserve the most
typical and valuable landscapes of Switzerland (BAFU 2017d). Among other functions, BLNs
allow formulating legally binding strategies to protect biodiversity. For each BLN of the Can-

ton, goals to preserve local fauna and habitats are formulated. 9 of the 12 BLNs encompass
amphibian breeding sites of national importance (ALG n.d.). Second, | included the national
ecological network (Réseau écologique national (REN)). It represents a vision of connected
habitats on a national scale with no legal bindings (Berthoud, Lebeau, and Righetti 2004).
The total network consists of ve parts that cover different types of habitats and their

associated species. Amphibians were included as indicator species for the "wetland" part.

Figure 1: a) Land use and land cover of the study region (Canton of Aargau, 100 m
resolution, areal statistics of 2004/09, SFSO). b) Occurrences of 10 selected study species
were sampled at 660 locations of the Amphibian Monitoring Program of Canton Aargau.
Source of the elevation map in the background: swisstopo 2001.
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2.3. Study Species

Ten amphibian species with differing characteristics and habitat requirements were selected
as study species (Table 1). The dispersal ability and the ecological type are important char-
acteristics that determine the species ability to colonize new habitats. The maximum mi-
gration distance was regarded as a proxy for dispersal ability based on the work of Dawideit
et al. (2009). A species was regarded as present at a site if it was detected at least once
in the years between 2004 and 2013. This period was chosen to match the land-use data
(section 2.4) while providing a suf cient amount of observations for all focal species. In to-
tal, the data of 660 sampling sites (Figure 1b) of the volunteer-based Amphibian Monitoring
Program of Canton Aargau were included. Since 1999, around 300 from a total of 1'500
breeding sites are monitored every year. Each selected breeding site is visited three times
during the breeding season between April and June. Two visits occur at night and one at
daytime (Hintermann & Weber AG 2019). The individual distributions of the sampling sites
for each species can be found in Figure A.2.

Species richness is a component of biodiversity (Carreon-Lagoc et al. 1994) and was hence
used as an indicator of biodiversity hotspots. Biodiversity hotspot areas were de ned as
areas where more than seven out of the ten species occur. This should ensure that at least
two of the ve endangered species occur, even if all ve less threatened species ("least
concern" or "vulnerable") occurred at the same site.

2.4. Environmental Predictors

The species presences were correlated to seven environmental factors (resolution of 100 x
100 m) that are relevant for the ecology of amphibians (Table 2 and Figure A.3). Four land-
use predictors (Urban and settlement areas, pasture agriculture, intensive agriculture, and
forests) originated from the areal statistics 2004/09 computed by the SFSO. The Swiss land
use and land cover statistics were interpreted from aerial photographs with a periodicity
of 12 years (SFSO 2013). The aerial photographs of Aargau for the statistic of 2004/09
were generated in 2006 and 2007 (SFSO 2004). Price et al. (2015) used six land use and
land cover categories to project future land change for the whole of Switzerland that were
considered to be affected by key land-use change processes in Switzerland: Closed forest,
Open forest, Overgrown areas, Pasture agriculture, Intensive Agriculture, and Settlement
and Urban areas. Unproductive areas like lakes and rivers were assigned as NoData (NA),
as no changes are expected. Low frequencies of a category result in a high sampling error
(SFSO n.d.). This is why | combined two categories with the most similar one: "Overgrown"
with "Pasture agriculture" and "Open forest" with "Closed forest".

While the areal statistics of the SFSO of 2004/09 served to model the reference model, ve
future land-use scenarios (section 2.4.1) derived by Price et al. (2015) were used to com-
pute future projections of species occurrences. | refer to the four land-use predictors as
"dynamic" predictors. In order to include the dynamic predictors in the modelling process,
the percentage of each land use within a moving window of 300 x 300 m was calculated for
each pixel with the  focal function of the raster package in R (Hijmans 2020). This window
size was chosen in order to include the in uence of the surrounding landscape, as amphib-
ians migrate between different types of habitats. According to Semlitsch and Bodie (2003),
the core terrestrial habitats that amphibians need for feeding and hibernation ranged within
160 to 290 m around aquatic sites.

Three predictors remained stable for the reference and the future scenarios: distance to
water, the standard deviation of elevation, and the humidity of the soil. The predictors
were tested for correlation and variance in ation (section A.1.3). Common climatic vari-
ables in SDMs, such as temperature (or elevation) and precipitation, were not included
in these models because of the very restricted area with a homogeneous climate and no
strong elevational gradients. Secondly, land use is argumented to be the more important
small-scale driver of species distributions (Luoto, Virkkala, and Heikkinen 2006) and the
highest available resolution for area-wide climate data of Switzerland is 1 km, which is 10
times higher than the resolution of the other environmental variables.

ETH Zirich - Master's thesis 4
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Table 1: Description of the 10 study species. The status of threats correspond to the ab-
breviations of the IUCN (2020): least concern (LC), vulnerable (VU) and endangered (EN).
Based on Dawideit et al. (2009), the maximum migration distance was regarded as an indi-
cator of dispersal distances.

(Sources:  Schmidt and Zumbach 2005, Trochet et al. 2014, Flory 1999, Mermod, Zum-
bach, Borgula, Lischer, et al. 2010, Mermod, Zumbach, Borgula, Krummenacher, et al.
2010, Mermod, Zumbach, Aebischer, et al. 2010, Mermod, Zumbach, Lippuner, et al.

2010, Grossenbacher 2014, Kiry 2003, Scheuber 2014)

ETH Zirich - Master's thesis 5
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Table 2:

Seven environmental predictors were used to model the occurrence of the 10 study species.
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2.4.1. Future land-use scenarios

Price et al. (2015) developed ve different land-use change scenarios which are based on
the same categories as the reference land use (areal statistics of the SFSO for 2004/09). The
study was conducted to identify likely risk areas of urbanization and land abandonment in
Switzerland. The Trend scenario is the linear projection to 2035 of observed land-use trends
between the areal statistics from 1985, 1997, and 2009. Although no explicit time step was
chosen for the modelling of the other four scenarios, 2035 served as a time horizon relevant
to policy and planning and matching cantonal level growth scenarios. The four scenarios
were modelled using the Dyna-CLUE land-use modelling framework (Verburg and Overmars
2009) by incorporating socio-economic and bio-geographical variables. The two main axes
of driving forces were regional vs. global development and more vs. less intervention. This
resulted in different proportions of the land-use categories (Figure 2). As described in Price
et al. (2015), the "A" scenarios are considered as the market-driven scenarios, while the "B"
scenarios are driven by high interventions. The urban and settlement areas increase in all
scenarios due to population growth scenarios developed by the SFSO (2010). The highest
increases in urban areas are predicted for scenario A2, followed by the scenarios Trend and
B2. In line with general trends predicted for Europe (Rounsevell et al. 2005), agricultural
land is expected to decrease between 9 (scenario B1) and 25 % (A2) by 2040, with lower
losses of pasture agriculture than of the category of intensive agriculture. Concerning the
forest areas, it was expected that the current restrictions that allow no net loss (FOEN 2013)
would remain in the future. A1 shows high levels of agricultural land abandonment, which
results in the highest increase of the Overgrown land-use category. Scenario A2 has the
most extreme changes in land-use patterns. B1 has nearly no changes. A slight increase in
the agricultural area is foreseen for the self-suf ciency scenario B2.

A spatial representation of the areas that changed in land use is shown in Figure A.6 for
each scenario. Across all scenarios, urbanization is mainly occurring at the expense of
agricultural areas. The changes in the Trend scenario are spatially more scattered than in
the other scenarios.

ETH Zirich - Master's thesis 7
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Figure 2:  Five land-use scenarios developed by Price et al. (2015) were used to project
future species distributions. a) Four were modelled according to two axes (Figure extracted
with permission by Price et al. (2015)), which resulted in different proportions of the land
uses b). The fth scenario is a linear extrapolation of the changes observed between the
SFSO areal statistics of 1985, 1997, and 2009 (Trend scenario, c)).

2.5. Species Distribution Modelling (SDM)

The species occurrence data and the environmental predictors were combined to model
presence-only SDMs using the BIOMOD2 platform (Thuiller, Georges, et al. (2020), Version
3.4.6) in R (R Core Team (2019a), Version 3.6.1). An overview of the modelling process can
be found in Figure 3.

1. Reference model input: For each species, four sets of randomly selected pseudo-
absences were used for modelling. Barbet-Massin et al. (2012) showed that random
distribution of the pseudo-absences yielded the most reliable predictions of species
distribution for most model types. The pseudo-absence number was set to be three
times higher than the presence frequency (Table 1). This is in line with the recommen-
dation of Liu, Newell, and White (2019) to favor a small over a large multiplication fac-
tor between the numbers of presences and randomly distributed absence points. Ac-
cording to Barbet-Massin et al. (2012), the ideal ratio of presences to pseudo-absences
differs between models. This is however not applicable for the generation of ensem-
ble models (see step 4), as they rely on evaluating predictive power compared to the
same data for each model type.

Both presences and pseudo-absences were set to have a minimum distance of 100 m
between each other to match the predictor resolution and to avoid spatial autocorre-
lation. The predictor data was prepared as described in Table 2.

ETH Zirich - Master's thesis 8
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