
   

 

 

 

Master Thesis 

13.10.17 

 

 

Landscape connectivity for three amphibian  
species in Switzerland 

 

 

 

By: 

Michaela Amherd (09-926-403) 

Master in Environmental Sciences ETH 

 

 

Supervisor / Referee: Dr. Janine Bolliger 

Co-Supervisor and Co-Referee: Dr. Robert Pazur 

Co-Referee: Dr. Benedikt Schmidt 

 

 

 

WSL Landscape Dynamics – Landscape Ecology Research Group 

 



   

Abstract 
 
Amphibians in Switzerland are facing many challenges. Getting an idea about the connectivity 

within the landscape might be important to improve the chances of species survival. Different 

methods exist to assess the structural, potential or functional connectivity of a species. In recent 

years, methods based on circuit theory have become increasingly popular, notably since the 

development of programs that assess the connectivity in a user-friendly way (introduction of 

Circuitscape in the year 2008). The open-source software Gflow is similar to Circuitscape, but 

allows the modelling of connectivity on larger scales and with less memory requirements. Both 

programs rely on resistance maps as input, depicting the resistance that different landscape 

elements pose to the dispersal of individuals. The landscape resistance maps for the 

connectivity analysis of three amphibians, namely the European tree frog (Hyla arborea), the 

common midwife toad (Alytes obstetricans) and the natterjack toad (Bufo calamita), were 

generated using the results of a survey that was sent to swiss amphibian experts. Due to time 

and resource constraints, different resistance scenarios were developed on a smaller region, 

with the goal of finding the scenario that best explained the variation in Fst (fixation index) values 

around genetically analyzed populations from other studies. The Fst-value relates the amount of 

genetic variation among populations to the total genetic variation over all populations. Fst = 0 

represents well-mixed populations, while increasing Fst-values lead to larger differentiation up to 

fixation. It was assumed that larger landscape resistances between populations would be 

correlated with larger Fst-values. A total of six potential connectivity maps for the three 

amphibian species were generated and combined to nationwide multispecies connectivity maps 

for Switzerland. Three regions of high connectivity for all three species were highlighted and 

potentially dangerous areas, where high connectivity cells occurred close to strong barriers were 

identified. This study can be seen as a first in the circuit theory-based analysis of potential 

connectivity at national scale for amphibians in Switzerland and may lead to species 

management and conservation in the future. 
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1 Introduction 
 
Habitat destruction and habitat loss as well as changing landscapes lead to higher levels of 

fragmentation and can affect the maintenance of biodiversity and ecosystem functioning 

(Thompson, Rayfield, & Gonzalez, 2017). Fragmentation can subsequently lower the 

connectivity between populations due to a reduction in patch sizes and resulting increased patch 

isolation, which will affect the dispersal costs due to larger distances separating resource 

patches and potentially also poorer quality of the matrix (Carr & Fahrig, 2001; Cushman, 2006). 

Local extinctions can follow and seem to be common in fragmented populations (Fahrig & 

Merriam, 1994). Furthermore, time to reestablishment will likely increase with isolation (Fahrig & 

Merriam, 1985) or recolonization will completely be prevented (Semlitsch & Bodie, 1998). 

Connectivity also has an influence on gene flow. Gene flow can help to introduce new genetic 

material into populations and allow them to adapt more easily to changes in their immediate 

proximity, as well as to climate change for example. However, locally beneficial genes might also 

get swamped and populations increasingly more maladapted (Sexton, Hangartner, & Hoffmann, 

2014). The simplified assumption is often made that a higher resistance between two locations 

due to landscape elements that impede movement leads to lower gene flow and therefore 

affects differentiation between populations. Connectivity has been added as a third important 

measure of landscape structure, besides landscape physiognomy and composition, and was 

defined as „the degree to which a landscape facilitates the movement of organisms between 

resource patches“ (Taylor, Fahrig, Henein, & Merriam, 1993).  A distinction between structural, 

potential and functional connectivity has further been proposed: Structural connectivity is solely 

based on the physical aspects of landscape elements, whereas potential connectivity tries to 

include information of the dispersal ability of a species. Actual or functional connectivity 

describes the realized connectivity, which is based on biological information gained through the 

actual observation of individuals dispersing in the field (Calabrese & Fagan, 2004). Functional 

connectivity therefore incorporates knowledge about the distribution of a species, its dispersal 

abilities and behavioural responses to landscape elements (Tischendorf & Fahrig, 2000). 

Assessments thereof are generally desirable. However, the analysis becomes considerably 

more complicated and more data-intensive the more realism is striven for (Calabrese & Fagan, 

2004).  

Many different methods to assess connectivity have been proposed in the last couple of years. 

For example, different graph-theoretic connectivity modelling methods are currently prevalent, 

some of which are based on least cost path analysis, others on circuit theory. Both methods 

usually use a resistance or friction map as an input, which depicts the different costs landscape 

elements will impose on dispersing individuals (Baguette, Blanchet, Legrand, Stevens, & Turlure, 

2013). Least cost path modelling usually assumes complete knowledge of the landscape on part 

of the dispersing individual (Baguette et al., 2013). Circuit theory simulates the movement of 

individuals along a resistance surface, analogue to electrons moving through a circuit (McRae, 

Dickson, Keitt, & Shah, 2008). It is closely linked to random walk theory (Doyle & Snell, 1984). 

The main benefit of circuit theory compared to least cost path analysis is that multiple paths can 

be considered instead of just the one that entails the least amount of costs for the species 

(McRae & Beier, 2007) .  

 



Introduction 2 

 
 

The worldwide decline of amphibian populations has many causes, like habitat loss and 

fragmentation (Beebee & Griffiths, 2005; Cushman, 2006). Assessing the current large-scale 

connectivity status of amphibians seems critical (Rothermel, 2004), since amphibians appear to 

be especially vulnerable due to their relatively limited mobilities (Ulrich Sinsch, 1990), the 

susceptibility to road kill (Carr & Fahrig, 2001), narrow habitat tolerances as well as high 

vulnerability to external factors such as the chytrid fungus Batrachochytrium dendrobatidis or 

climate change (Beebee & Griffiths, 2005; Cushman, 2006; Fisher, Garner, & Walker, 2009). 

Amphibian dispersal has been described as the oftentimes rare movement from natal sites to 

another breeding site, which is inter-populational and unidirectional (Semlitsch, 2007). The 

maximal dispersal distance and preferred habitat during dispersal largely depends on the 

species but also on other factors, since dispersal is a multi-causal process and contrasting 

dispersal strategies exist (Baguette et al., 2013). Many connectivity analyses are based on a 

single species. In this thesis, the scope of the inference was broadened by evaluating multiple 

species, since the importance of a multispecies approach for conservation issues has been 

underlined in other studies (Koen, Bowman, Sadowski, & Walpole, 2014; Richardson, 2012). 

Three amphibian species, all of which mainly inhabit the lowlands of Switzerland, were chosen 

for the multispecies-connectivity-analysis; the common midwife toad (Alytes obstetricans), the 

natterjack toad (Epidalea calamita) and the European tree frog (Hyla arborea). All three species 

are listed as least concern in the International Union for Conservation of Nature (IUCN) Red List 

of Threatened Species (“IUCN,” 2017) but are considered endangered in Switzerland, meaning 

that a very high risk exists that the species will go extinct in the near future (Schmidt & Zumbach, 

2005). During their evaluation of the effects of habitat destruction, Schmidt & Zumbach found the 

highest habitat destruction values of all the evaluated amphibian species for the natterjack toad 

(21%). Furthermore, they stress the importance of increasing the pond density and thereby the 

connectivity between different amphibian populations. A higher connectivity would likely help the 

amphibians to better cope with other stress factors. The goal of this thesis was to find a method 

to analyse the connectivity of three amphibian species on a nationwide scale and to get a first 

picture of the potential connectivity situation. 

 
The three research questions were formulated as follows: 

 

1. What are the resistance values of different landscape elements for three selected 

amphibian species and what are the estimated species-specific maximal dispersal 

distances?  

2. How might the potential connectivity for each of three species look like in Switzerland? 

3. Where are amphibian multispecies hotspots in Switzerland? 
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2 Material and Methods  

2.1 Study area 

Switzerland is a landlocked European country covering an area of 41’285 km2 (SFSO 2017), of 

which 7.5% are considered settlement and urban, 35.9% agricultural, 31.3% wooded (forest and 

woods) and 25.3% unproductive areas, primarily located in Alpine regions (BfS, 2013). 

Biogeographical regions in Switzerland are the Jura, the Central Plain, the North and South 

Flank of the Alps and the Eastern and Western Central Alps (BfS, 2013). An expansion of forest 

and wooded areas in the Alpine regions could be observed in the assessment period of the 

Swiss land use statistics from 1985 to 2009, whereas settlement and urban areas have 

increased at the expense of agricultural areas, a trend that was especially pronounced on the 

low-elevation Central Plain (BfS, 2013). Fragmentation of the landscape in Switzerland has been 

documented: Jaeger et al. (2007) stated that the size of the remaining meshes between the 

traffic routes and settlements (effective mesh size) decreased by 70% and the number of 

meshes per 1000 km2 (effective mesh density) increased by 230% since 1885. The 

fragmentation reached the largest extent on the Central Plain and in the Jura region (Jaeger, 

Bertiller, & Schwick, 2007). Many amphibian habitats have been affected (Schmidt & Zumbach, 

2005). To counteract this trend, the Amphibian Spawning Areas Ordinance 

(Amphibienlaichgebiete-Verordnung, AlgV) was declared and the federal inventory of amphibian 

spawning sites of national importance (Bundesinventar der Amphibienlaichgebiete von 

nationaler Bedeutung, IANB) initiated in the year 2001 (Ryser, Borgula, Fallot, Kohli, & Zumbach, 

2002). The inventory has the goal to protect approximately 10% of the most important amphibian 

spawning sites (Borgula, Ryser, & Fallot, 2010; Ryser et al., 2002). 

2.2 Species description and data  

We decided to focus on three species for the multispecies analysis: the European tree frog (Hyla 

arborea), the natterjack toad (Bufo calamita) and the common midwife toad (Alytes obstetricans). 

The three species differ in their dispersal behaviour. The European tree frog is highly mobile with 

an estimated maximal dispersal distance of over 12 km (Le Lay, Angelone, Holderegger, Flory, 

& Bolliger, 2015). Whereas adult common midwife toads seem to disperse only over relatively 

short distances of about 700 m, adult natterjack toads show a value between those of the other 

two species with an observed maximal dispersal distance of 5 km (Jehle & Sinsch, 2007). All 

three species depend on the presence of appropriate water bodies, amongst other reasons for 

reproduction, but suitable terrestrial habitat is also required (Braunisch, Segelbacher, & Hirzel, 

2010). Data on the species distributions were obtained from a national amphibian monitoring 

program for all three Amphibian species, with values recorded as early as 1920. In total, we 

obtained 507 different locations of the common midwife toad, 278 of the natterjack toad and 277 

of the European tree frog. Observations of the tree frog and the natterjack toad were located in 

the Swiss lowlands, whereas the midwife toad also extended into the northern fringe of the Alps 

(Figure 1). The steepest slope at which the common midwife toad was registered was 21.5 

degrees, higher than for the other two species (European tree frog (HYAR): 15.9 degrees, 

common natterjack toad (BUCA): 17.5 degrees). 
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2.3 Spatial landscape data 

The initial landscape map was produced by overlaying several single land-use (LU) and 

landcover (LC) rasters on a resolution of 10 m whilst always keeping the highest raster values. 

This initial map was then resampled to get the subsequently used 20 m resolution raster. These 

first two rasters with different resolutions consisted of 16 landscape categories and an additional 

category containing a few cells that were not included into any of the other ones. In these rasters, 

gravel pits, rocks and mountains/glaciers were all part of the same category. However, it 

became clear that a further distinction was necessary. The category gravel pits was therefore 

assigned to cells at slopes smaller than 20 degrees and the category rock to those at slopes 

greater than 20 degrees and smaller than 55 degrees. The highest population location, out of all 

populations from the three amphibian species registered in the karch database since 1920, was 

estimated to be 2000 meters based on a digital height model (DHM200; Swisstopo, Switzerland). 

Considering that movement might still occur in an elevation above these population locations, 

everything above 2200 m or with a slope greater than 55 degrees was classified as 

mountain/glacier or steep rock. To eliminate edge effects, we then added a 5 km buffer around 

the Swiss border based on a raster that was produced by selecting one of the 18 land-use 

categories randomly for each raster cell (see Figure 1). The minimum convex polygon, enclosing 

all the populations, was extended with a 5 km buffer all around and defined as the region used 

for the final nationwide calculations. The region at a distance greater than 5 km from the 

minimum convex polygon was excluded and all respective cells were assigned NA-values. The 

reclassifications and extractions were done in ArcGIS (ESRI, Redlands, CA, USA). The final set 

of LU/LC categories is illustrated in Figure 1. 

 

 

Figure 1: Map of Switzerland showing the distribution of Hyla arborea, Bufo calamita and Alytes obstetricans. The 
landscape model is based on 18 different landscape categories. A 5km random raster was added to the Swiss border. Data 
sources and copyright: Swisstopo, karch (Koordinationsstelle für Amphibien- und Reptilienschutz in der Schweiz, 
www.karch.ch), CSCF and InfoSpecies.  
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2.4 Quantifying connectivity 

The connectivity analysis software package Circuitscape was developed to complement least-

cost path approaches (Shah & McRae, 2008). Many studies have since been published which 

use this program to analyse the connectivity for different plant and animal species (e.g. Castilho 

et al. 2011, Moore et al. 2011, Richardson 2012, Walpole et al. 2012, Roever et al. 2013, 

Marrotte et al. 2014, Nowakowski et al. 2015, Crawford et al. 2016, Olah et al. 2016). The small-

scale preliminary analysis for this thesis was conducted using Circuitscape. The inputs needed 

were the different resistance rasters, the coordinates of the species locations, as well as a table 

identifying the pairwise comparisons of the species. In the pairwise mode, the current between 

each pair of populations in the pairwise table is calculated separately. All the single current 

rasters per scenario are then combined into a final cumulative current map. The Circuitscape 

output for each scenario is therefore a current map depicting the expected net movement 

probabilities for individuals dispersing in a random walk between the populations, as well as a 

file containing resistance distances that represent the difficulty of dispersal between the 

locations for an individual (McRae et al., 2008). Circuitscape was only used for a local-scale 

analysis in order to find out which of several different resistance scenarios would explain genetic 

data the best. For this purpose, pairwise Fst values from three studies were available: For two 

natterjack toad populations at different locations (BUCA_M and BUCA_R) and for one European 

tree frog population (HYAR). For the analysis on the larger area, a shift from Circuitscape to 

Gflow was necessary. GFlow is a relatively new program that allows the user to conduct circuit 

theory-based connectivity analyses on larger scales (Leonard et al., 2017). It allows modelling of 

connectivity to larger extents and with higher resolutions because of a massive parallelization of 

circuit theory-based connectivity computations, which leads to a considerable speed-up and a 

reduction in memory requirements (Leonard et al., 2017). The input file formats are similar to 

those used for Circuitscape, except for the location coordinates, which must be relative to the 

input raster. GFlow only works on computers with Mac OS X or Linux operating systems 

(Leonard et al., 2017). In the context of this study it was run on an HPC-Cluster using Linux. 

2.5 Calibrating resistance surfaces 

Both, the maximal dispersal distance as well as the resistance surface on which the connectivity 

analysis with Circuitscape or with Gflow is based, have a considerable effect on the final current 

map. They were determined using knowledge gained through an expert survey. A short overview 

of the procedure resulting in the final resistance rasters for the nationwide analysis is illustrated 

in Figure 2. First, the resistance values for different landscape elements estimated by amphibian 

experts were grouped into broader categories according to the median, through a clustering 

method and by including expert knowledge from another source. Following this, they were 

transformed linearly or exponentially. The different scenarios were then run at a local scale to 

determine the pairwise resistance distances between the populations, which were compared to 

genetic data. After an analysis ranking the different outcomes against each other, a few 

scenarios were chosen for the final nationwide connectivity analysis. The method is described in 

more detail below. 
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Figure 2: Procedure description – analysis of the expert results to produce resistance rasters that were used for the local 
scale scenario selection. Goal: find the best scenario which will later be used in the nationwide connectivity analysis with 
Gflow as well as the maximal dispersal distance that best explains the data. 

2.5.1 Expert survey 

An expert survey was conducted to get an estimate of the species-specific maximal dispersal 

distance as well as the potential resistance effect of different landscape elements on the three 

amphibian species. We asked 31 Swiss amphibian experts to assign values from 1 (corridor) to 

10 (complete barrier) to 18 different landscape elements for each species. The 18 LU/LC 

categories are illustrated in Figure 1. The survey was made online and the link sent to the 

different experts by mail, which also shortly explained the goal of the study and the purpose of 

the survey. 17 experts (partially) filled out the survey. Some of them additionally gave their 

expert opinion on matters that were not covered by the questionnaire and others mentioned the 

difficulty of estimating resistance values or indicated the sheer impossibility to capture the 

complexity of the landscape in such a way. 

Classification into tiers 

As a next step, the expert results had to be translated into resistance surfaces. The results of the 

experts’ estimated resistances for the landscape elements were grouped into four broader tiers 

as suggested by Churko (2016). The first categorization was initially performed considering the 

median of the different expert responses for each landscape element (0-2.5: corridor, 2.5-5: 

permeable matrix, 5-7.5: less permeable matrix, 7.5-10: barrier). In cases where the value was 

in between two categories, the mean of the survey results was also factored in. The categories 

pasture and meadow from the expert survey were merged into the category open land in the 

landscape model and an additional division between small and large rivers was made and called 

river medium. Due to the large variation in the expert responses, another classification based on 

the Partitioning Around Medoids (pam) clustering method in the R-package ‘cluster’ was 

performed (Maechler et al. 2017). A statistical analysis was not possible due to the small number 

of responses. A further categorization tried to optimize the median scenario by additionally 

incorporating expert knowledge from another source, especially for landscape elements close to 



Material and Methods 7 

 
 

the transition from one category to another (Churko, 2016). Many different scenarios should 

have been tested, since all combinations of resistance value assignments to the landscape 

elements and subsequent transformations are theoretically possible. The selection described 

above only covers a small section of the resistance parameter space. 

Transformation 

As the relative increase in resistance from one tier to another is not really known, the resistance 

values were transposed once exponentially and once linearly (Table 1). In addition, a Mask was 

added which converts the landscape categories motorway and settlement into complete barriers 

by assigning them the category number -1, representing a NA value. The Mask was combined 

with most of the scenarios. These mask scenarios were introduced to further reduce the number 

of cells that had to be calculated and to account for the fact that motorways, glaciers and houses 

will most likely greatly impair the movement of amphibians. 

 
Table 1: The resistance values for the two transformations (exponential and linear) for each landscape resistance tier 
adapted from Churko (2016). Additionally, the category „Complete Barrier“ was introduced for mask-scenarios. Corridors 
and barriers were always valued at 1 and 1000, respectively.  

Resistance Tier Category Exponential Linear 

Corridor 1 1 1 

Permeable Matrix 2 10 333 

Less Permeable Matrix 3 100 666 

Barrier 4 1000 1000 

Complete Barrier -1 -9999 -9999 

2.5.2 Evaluating potential connectivity with genetic data at the local scale 

Based on those transformed category rasters, we then produced cumulative current maps for 

the smaller regions with Circuitscape (Figure 3).  For the evaluation of the scenarios with genetic 

data however, only the resistance distances for pairwise comparisons were needed. 

The resistance distance represents the isolation between pairs of nodes similar to the effective 

distance but with the benefit that besides the minimum movement distance the availability of 

pathways is also taken into account (McRae et al., 2008). The fixation index Fst relates the 

amount of genetic variation among populations to the total genetic variation over all populations 

(Meirmans & Hedrick, 2011). When Fst = 0, the populations are completely mixed and a steady 

exchange between populations likely occurs. With increasing Fst and differentiation, the mixing 

between populations and subsequently the genetic variability decreases. The resistance 

distances for each scenario were compared to the pairwise Fst values. The goal was to find the 

scenario which best explains the observed genetic variability.  

The analysis produced meaningful results only for the natterjack population cluster (BUCA_M) in 

the upper Suhre valley in the Central Plateau, which will be presented below Figure 3. The 

location and a short description of the other species populations can be found in the Appendix 

(Figure A-2). The region for the populations in the upper Suhre valley is divided by the river 

Suhre and contains three main roads but no motorway. No genetically isolated breeding sites 

were found by the authors providing the genetic data for BUCA_M (Frei et al., 2016). 
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Due to uncertainty regarding the dispersal behavior of the species, a buffer of two times the 

maximal estimated dispersal distance of the natterjack toads, summing up to 10 km, was added 

to the minimal convex polygon around the populations. The rectangle in the map below  

(Figure 3) shows the final extent of the rasters used in the evaluation. We analyzed the 

connectivity on this smaller scale for the different input resistance rasters at two resolutions  

(10 m and 20 m). The categories rock and glacier/mountain were not included during the 

evaluation process and were only added for the nationwide analysis afterwards. Only few cells 

would have been affected, since the genetically analyzed populations were all found in the 

lowlands of Switzerland. The cells were defined as gravel pits and constituted little resistance to 

movement in all scenarios.  

 

Figure 3: Study area for the evaluation with the distribution of the genetically analyzed populations of Bufo calamita 
(green dots) in the Suhre valley. Data sources and copyright: Swisstopo and Frei (2016). 
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Different resistance scenarios   

The resistance surface that is used as an input for Circuitscape has a big effect on how the 

current flows through the landscape. It will thereby also largely influence the location of potential 

corridors and barriers and in turn the dispersal of individuals. Different scenarios were tested at 

the local scale to assess the effect of the resistance value distribution on the resistance 

distances produced by Circuitscape. Table 2 shows the categorization of the landscape 

elements for a selection of the considered scenarios.  

First, we calculated some scenarios independent of expert opinions: A null scenario with a raster 

consisting of only entries of „1“, meaning that there was no resistance to movement at all 

(isolation by distance), as well as a settlement scenario (set_barr) in which motorways and 

settlements were classified as complete and large rivers and lakes as strong barriers. The Null 

and the set_barr scenarios were used to get basic reference points for the other scenarios. Then 

the median, pam and optim scenarios based on the expert survey were computed (med_buca, 

pam_buca and optim_buca) to see the effect of different categorization into tiers for the 

landscape elements. The last line indicates which transformations were run for the different 

scenarios. Most of the scenarios based on expert opinion were also run in combination with the 

mask scenario. A table with all the different scenarios can be found in the Appendix (Table A-1). 

 
Table 2: Scenarios that were run in Circuitscape during the evaluation with genetic data for BUCA_M. The expert-based 
scenarios were transposed exponentially and linearily. Null: isolation by distance, set_barr: settlement scenario, med: 
median, pam: pam-clustering scenario, mask: in combination with the other scenarios to add complete barriers 
(settlement, motorway) 

  
Null set_barr med_buca pam_buca optim_buca mask  

1 open land 1 1 1 1 1 1  

2 forest 1 1 3 2 3 1  

3 shrubbery forest 1 1 2 2 2 1  

4 hedge 1 1 1 1 1 1  

5 river small 1 1 2 1 2 1  

6 gravel pit 1 1 1 1 1 1  

7 wetland 1 1 1 1 2 1  

8 standing water 1 1 1 1 1 1  

9 railway 1 1 2 1 2 1  

10 river medium 1 1 2 1 3 1  

11 lake 1 4 4 3 4 1  

12 settlement 1 -1 3 3 4 -1  

13 river large 1 4 4 3 4 1  

14 roads small 1 1 2 4 1 1  

15 roads large 1 1 3 4 4 1  

16 motorway 1 -1 4 4 4 -1  

transformations: 
 

exp lin & exp lin & exp exp   
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Resistance distance vs. Pairwise Fst 

One output of Circuitscape is a file containing pairwise resistance distances, representing the 

difficulty of dispersal between locations for an individual (McRae et al., 2008). An increased 

number and a lower resistance or higher conductance of paths reduces the resistance distance 

(McRae et al., 2008). Excluded population comparisons receive a resistance distance value of -1. 

These resistance distances were compared to the adjusted pairwise Fst values (D = Fst / (1-

Fst)) from the other studies. The comparisons were done through mantel tests and distance 

based redundancy analysis (dbRDA) with the R-package ‘vegan’ (Oksanen, 2011). Furthermore, 

the explained variance was calculated with the random forests method using the R package 

‘randomForest’ (Liaw & Wiener, 2002). Different approaches were chosen due to frequent 

criticism of the mantel test, which should be used especially carefully in the suspected presence 

of autocorrelation (Guillot & Rousset, 2013). The scenario selection was conducted with the 

package ‘bestglm’ (McLeod & Xu, 2010). The best fit was found using the Akaike information 

criterion (AIC).  

It has been mentioned by experts in the field of connectivity modelling that the decision process 

leading to the resistance values is oftentimes subjective and only covers a small section of all 

the possible resistance value combinations (Graves et al. 2014). ‘ResistanceGA’ is a R-package 

that tries to overcome this drawback by improving resistance rasters with genetic algorithms 

independent of expert opinion and by covering a larger portion of all possible combinations of 

resistance values for the different categories (Peterman 2014, Peterman 2017). It is based on 

Circuitscape and optimizes the rasters using linear mixed models and information criteria 

(Burnham and Anderson 2012). Several scenarios were run in ‘ResistanceGA’ to see if the 

results would resemble those of the manual stepwise evaluation. The input raster for this was 

the general categorization into 4 tiers based on the median. Running a ‘ResistanceGA’ 

optimization took a long time because Circuitscape had to produce cumulative current maps for 

each of the many resistance score combinations. Due to time constraints, the ‘ResistanceGA’ 

optimization was therefore only run for BUCA_M and on an even smaller raster, which was 

produced by cutting the outer 5 km from the initial raster used in the manual evaluation 

described above. The final resistance distances after the optimization process with 

‘ResistanceGA’ were compared to the genetic data in the same way as for the manual analysis. 

Nationwide connectivity analysis 

Only 2 of the scenarios from the local scale analysis were selected for BUCA_M and then used 

as an input for the nationwide connectivity analysis with Gflow. Those were solely exponentially 

transformed, a decision that rested on the evaluation process but also the study of Churko 

(2016). For the nationwide 20m-mask-scenarios, a reclassification of a few cell values was 

necessary because population locations fell on cells classified as settlements or motorways, 

which were considered complete barriers in the scenarios. A value of 1, corresponding to a 

corridor, was assigned to these few cells because the populations at these locations would 

otherwise not have been included in the calculation. Since the calculation time and resource 

necessity was considerably larger for the 10 m resolution maps, no current raster was calculated 

for this resolution. The calculations of the 6 single-species maps were conducted using Gflow in 

pairwise mode. The single-species maps were then combined to multi-species maps. 
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3 Results 

3.1 Expert survey 

The results of the expert survey were used to answer research question 1: What are the 

resistance values of different landscape elements for three selected amphibian species and 

what are the estimated species-specific maximal dispersal distances? The analysis of the survey 

results highlights the uncertainty regarding the resistance values: The estimated resistances for 

the categories generally spanned over a large range, some of them even received values over 

the entire possible range. Figure 4, Figure 5 and Figure 6 show the results of the expert survey 

for each species, ordered by the mean and coloured according to the median scenario that was 

later used in GFlow. See Table 3 for an explanation of the land-use abbreviations. The 

comparison between the species shows higher resistances for forest and shrubbery forest for 

Bufo calamita compared to the other two species and a lower one for arable land. Generally, the 

broad categorization of the different landscape elements was similar for all three species.  

The comparison between the species shows higher resistances for forest and shrubbery forest 

for Bufo calamita compared to the other two species and a lower one for arable land. Generally, 

the broad categorization of the different landscape elements was similar for all three species 

(Figure 7). Figure 8 displays the expert responses concerning the estimation of the maximal 

dispersal distance for each of the three amphibian species. The overal maximal estimated 

dispersal distances were 2 km for the common midwife toad, 5 km for the natterjack toad and 10 

km for the European tree frog. 

 
Table 3: Abbreviations used for the different land-use and landcover categories 

Abbreviation LU/LC category Remarks 

arab_l Arable land combined to category 
open land meadow Meadow 

f Forest  
shrub_f Shrubbery forest  

hedge Hedge  

river_s River small river_m: median of both 

river_l River large 
wetland Wetland  

stand_w Standing water such as ponds 

lake Lake  

gravel_p Gravel pit Slope < 20 degrees 

rock Rock slope 20-55 degrees 

glacier Glacier/mountain Slope > 55 degrees 
settlm Settlement  

railway Railway  

road_s Roads small <5m 

road_l Roads large <15m 

MW Motorway  
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Figure 4: Results of the expert survey for alytes obstetricans (ALOB_MEDIAN_MASK). The categorization is based on the 
median, but also takes into account the mean of the estimated resistance values for scores at the transition between to 
tiers. The expert responses for the other two species were considered if only a small difference between resistance scores 
resulted in a different tier assignment for two species. Settlement, motorway and glacier/mountain were classified as 
complete barriers (mask-scenarios). N: number of expert responses. See Table 3 for an explanation of the abbreviations. 

 

Figure 5: As Figure 4 for Bufo calamita (BUCA_MEDIAN_MASK). For those categories where it is not stated explicitly,  
N= 13. 

 

Figure 6: As  Figure 5 for Hyla arborea (HYAR_MEDIAN_MASK).  
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Figure 7: Resistance values per land-use category and species, estimated by experts.  

 
 

 

 
Figure 8: Maximal dispersal distances estimated by the experts for Alytes obstetricans, Bufo calamita and Hyla arborea. N 
represents the number of responses. 
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3.3 Evaluation with genetic data at the local scale 

The pairwise distances between the genetically analyzed natterjack toad populations in the 

Suhre valley ranged from around 600 m up to 8 km. The adjusted pairwise Fst values  

(D = Fst/(1-Fst)) correlated positively with distance. A regression random forest model, with the 

genetic distance as dependent and the geographic distance as independent variable was used 

to see how the variance between the adjusted Fst values depends on the geographic distance 

between populations. For those within close geographic locations, the genetic distance between 

the populations is expected to be smaller. With increasing distance however, the interactions 

between the populations should decrease. The mean of squared residuals for the model D ~ 

(geographic distance) for all the populations included was 0.0018 and 81.77% of the variance 

was explained. The explained genetic variance changed drastically when the distances were 

thresholded (larger distances removed), which likely stems from the fact that the model was only 

fitted and sensitive to parameters.  

However, as the resistance distance is strongly dependent on the geographic distance, it is 

difficult to distinguish their individual effects. Partial plots are used to better understand the 

relations between these two predictors and the genetic distance they are trying to explain. The 

partial dependence plot showed a slowly increasing dependence on distance after 2 km with a 

sudden drop at a distance of 4 km (Figure 9). We therefore assumed that the interaction 

distance was roughly 4 km. The comparison of the resistance distances to the Fst values was 

then conducted twice, once using the whole distance range and once for a separation distance 

up to 4 km. This was done to investigate possible differences between both variants and well as 

to ensure that the thresholded model still explains the genetic variability well. The models were 

run by using the respective resistance distance as independent and the adjusted Fst values as 

dependent variables, without including the geographic distance. 

The exponential transformation seemed to explain a larger part of the variance in the genetic 

data than the linear one, at least when all the pairwise comparisons were included. This might 

indicate that the increase in resistance gets steeper for each resistance tier, meaning that the 

first tiers are more similar in their resistance effect, whereas the landscape elements in the last 

categories pose a much larger resistance to movement.  

The optimized median scenarios (with or without a mask) that were based on a combination of 

the expert survey results and an additional source of expert knowledge fared better in all three 

analysis methods than the null, settlement or median scenarios. The optimized scenarios 

generally ranked in the top three for all the analysis methods (dbRDA, random forest, mantel) 

when all distances were included, but also when only the populations up to 4 km separation 

distance were used (see Table 4 and Table 5). They displayed higher explained variances in the 

random forest analysis, greater explained proportions of the variance in the distance based 

redundancy analysis (dbRDA) and higher r mantel statistics.  

The best fitting scenario, determined by bestglm using the Akaike information criterion (AIC), 

was the mask optimized median scenario that incorporated additional expert knowledge, both for 

all pairwise comparisons and for those up to a distance of 4 km. The optimization with 

ResistanceGA produced interesting results which where however difficult to interpret. The 

general problem was that not all landscape elements were represented on the smaller section 

around the genetically analyzed populations. This greatly affected the allocation of resistance 
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values. For example, motorways received a much smaller resistance value than expected due to 

their absence in the proximity of the study populations. The ResistanceGA results were therefore 

mainly used to see if the optimum scenario of the manual analysis came close to the optimized 

results of ResistanceGA (med_rga scenario in Table 4). A table with the results for all the 

models that were run for the natterjack toads in the Suhre valley can be found in the Appendix 

(Table A-2).  

 

The goal of the comparison between genetic data and the resistance distances was to determine, 

whether the linear or the exponential transformation led to a better accordance with the genetic 

data and to see if a resistance scenario could be calibrated with said data. However, it became 

clear that this goal could not be achieved in the manner intended. Approaches using genetic 

distances to estimate the resistance that landscapes pose to individuals have generally been 

criticized (T. A. Graves, Beier, & Royle, 2013) and many questions seem to be unanswered 

(Jaquiéry et al., 2011). Due to scale-issues it is, amongst other things, questionable whether it 

makes sense to optimize a resistance raster for a larger region based on a smaller subset 

(Galpern, Manseau, & Wilson, 2012). However, it seemed better than no comparison with 

genetic data at all. In this case, it was also the only available option, due to the large study 

region and the lack of genetic data for all the species populations in Switzerland. The results for 

the natterjack toads, for which genetic data at two locations was available, showed clear local 

differences in the best fitting scenarios, thereby further complicating the matter of selecting a 

resistance scenario for the nationwide analysis. No reasonable conclusions were possible for the 

analysis of the European tree frog populations. .  

 
 

 
Figure 9: Plot depicting the partial dependence on distance (adjusted Fst vs distance) for the natterjack toads in the Suhre 
valley. A drop in dependence at 4km is visible. 
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Table 4: Ranking of some of the models for BUCA_M according to the (partial) distance-based redundancy analysis 
(partial dbRDA), random forest (rf) and mantel tests. All pairwise-combinations between populations were included. 
Optim: optimized median scenario with mask, optim_nomask: optim without mask, med_rga: median with ResistanceGA, 
med: median scenario, set_barr: settlement scenario, null: isolation by distance. 

BUCA_M - all distances included 

model rank dbRDA rank dbRDA partial rank rf rank mantel 
optim 1 1 2 1 
optim_nomask 2 2 1 2 
med_rga 4 4 6 4 
optim* 7 7 14 7 
med 17 17 12 17 
set_barr* 31 29 19 31 

set_barr 32 30 30 32 
null 37 37 18 28 

 *  10m resolution 

Table 5: Ranking of some of the models for BUCA_M according to the (partial) distance-based redundancy analysis 
(partial dbRDA), random forest (rf) and mantel tests. Only pairwise-combinations between populations up to a distance of 
4km were included. Optim: optimized median scenario with mask, optim_nomask: optim without mask, med_rga: median 
with ResistanceGA, med: median scenario, set_barr: settlement scenario, null: isolation by distance 

BUCA_M - maximal dispersal distance = 4000 m 

model rank dbRDA rank dbRDA partial rank rf rank mantel 
optim 1 1 2 3 
optim_nomask 2 2 3 2 

med_rga 4 4 12 4 
optim* 5 9 27 16 
med 13 13 19 22 
set_barr* 33 34 22 31 
set_barr 34 35 25 30 
null 37 37 18 28 

 *  10m resolution 
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3.3.2 Final maximal dispersal distance for the nationwide analysis 

The random forest analysis of the natterjack population in the upper Suhre valley (BUCA_M) 

showed a declining effect of distance after 4 km. Since the calculations were time consuming, 

we decided to use 4 km as the maximal possible dispersal distance for the nationwide natterjack 

toad connectivity analysis, instead of the largest maximal dispersal distance of 5 km estimated 

by the experts. Therefore, only populations within 4 km distance are included in the pairwise 

resistance distance calculations. Populations at greater distances are considered unconnected. 

This helped reduce the number of pairwise combinations from 689 to 537. For the European tree 

frog population (HYAR), the maximal dispersal distance estimated by the experts amounted to 

10 km. In the literature however, a maximal value of over 12 km was found (Jehle and Sinsch 

2007). Angelone et al. (2011) used 8 km – 12 km as maximal dispersal distance. A distance of 8 

km lowered the number of comparisons from 2427 (10 km) to 1913 and was chosen as the 

critical dispersal distance, with the assumption and legitimation that only few individuals will 

disperse over a greater distance (Angelone et al., 2011). This decision was made due to the 

resource and time limitations. However, it needs to be considered that researchers suspect a 

frequent underestimation of the maximal dispersal distance (Jehle & Sinsch, 2007). In the case 

of the common midwife toad (BUCA), the maximal dispersal distance estimated by the experts 

was selected, which was 2 km and led to 379 pairwise comparisons. All decisions were made 

with the awareness of the trade-off between feasibility and accuracy, as previously indicated. 

3.3.3 Final classification for the nationwide resistance maps 

Figure 10 shows the final allocation of resistance values for the different landscape categories 

for both scenarios that were run on the nationwide scale. OPTIM represents the median of the 

expert survey results that was optimized through expert knowledge from additional source. 

Although the OPTIM scenario was determined as the best fitting one for the natterjack toads in 

the upper Suhre valley (BUCA_M), the MED scenario, based solely on the median of the expert 

survey results, was taken into account as well. Since it was not possible to identify “best” 

scenarios for the other two species due to missing genetic data for ALOB and the failure to get 

meaningful results for HYAR, the OPTIM and MED scenarios were chosen for them as well. The 

comparison of both scenario helps to cover uncertainties in the tier categorization. Both 

scenarios include the mask, meaning that settlement, motorway and glaciers/mountains were 

classified as complete barriers. The categorization values for the median scenario in the smaller-

scale analysis were reclassified if there was only a small difference between the estimated 

resistance values for a landscape element that was put into different categories for two species. 

For example, large roads for BUCA and large rivers for HYAR were reclassified from less 

permeable matrix to strong barriers.  

The OPTIM scenario showed greater differences in the categorization into tiers between the 

species than the MED one. Furthermore, small roads were considered as more permeable and 

generally fewer landscape elements were put into the corridor category for the OPTIM scenario.  

The decision for the resistance scenarios was made by trying to include the knowledge gained 

through the evaluation with genetic data, while also being aware of the limitations of the results 

of this decision process. Each of the resistance rasters constitutes a single hypothesis and 

changing one resistance value can potentially greatly affect the outcome of the current between 
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populations. Therefore, caution is advised in interpreting the results and the current maps. Still, 

they might be used as an indication for further scientific enquiries and a basis for conservation 

decisions on the national scale, as long as the limitations and shortcomings of the modelling 

process are kept in mind. 

 

 
Figure 10: Final resistance values for the 18 land-use/landcover categories used in the nationwide connectivity analysis 
and grouped per scenario (MED: classification based on median of survey results, OPTIM: additional expert knowledge 
included) for the three species  Bufo calamita (BUCA), Alytes obstetricans (ALOB) and hyla arborea (HYAR).  
The exponential transformation was chosen for all models. -9999 stands for complete barriers. 

3.4 Results of the nationwide potential connectivity modelling with Gflow 

The second research question was: How might the potential connectivity for each of these three 

species look like in Switzerland? To answer this question, 6 single species current maps were 

produced, 2 per species. For the European tree frog, the median and optimized scenario maps 

are included, for the other two species only the optimized ones (Figure 11 and Figure 12). All the 

maps can be found in the Appendix (Figure A-3). They were normalized to show values from  

0 to 100.  

The optimized scenario seems to be more detailed for all three species, however the general 

trends are similar for the normalized median and optimized scenario. The function ‘Histogram 

Equalize’ in ArcGIS was used to underpin the color contrast of the value range in the figures. 

The map for HYAR shows four large high-current hotspots and two smaller ones (Figure 11). For 

ALOB, a cluster of smaller hotspots mainly located in Central Switzerland seems prevalent, as 

well as some populations closer to the border, with just few connections that might be isolated 

(Figure 12a). Interestingly, the high current regions for BUCA seem to occur mainly in those 

areas where the current for ALOB is lower (Figure 12b). 
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Figure 11: Comparison between the normalized median and the optimized scenario for the European tree frog (HYAR). a) 
median scenario based on the expert survey for HYAR: values normalized from 0 to 100. b) optimized median scenario 
that contains knowledge from additional expert source normalized from 0 to 100.  Five high current regions in red. 
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Figure 12: Normalized current maps based on the optimized median scenario (containing knowledge from additional 
expert source) for the common midwife toad (ALOB) and the natterjack toad (BUCA). a) many small high current regions, 
mostly due to short maximal dispersal distance. b) several high connectivity regions with larger excesses of medium 
connectivity patches. 
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Figure 13: Multispecies maps for the median and optim scenarios (top 20% of raster cells as corridor). The different 
colors depict the number of species that had the highest 20% of cells in the specific region. Yellow: high current for all 
three species. Dark blue: current not in the top 20% for any species. 
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We then produced multi-species maps for the median and the optimized scenario (Figure 13). 

The maps were created by selecting the highest 10% and respectively the highest 20% of the 

cells for each single-species map. These cells were assigned the value 1 and then all added to 

form the multispecies map. The decision to select the highest 10% or 20% of cells was made in 

order to see the effect of a different corridor definition on the map, since the extent of the 

hotspots changes depending on the percentage chosen. The areas of highest connectivity at the 

20% treshhold for all three species are shown in yellow.  

 

In a further step, the multispecies maps for MED and OPTIM were combined to locate high 

current areas that were present in both scenarios. For the generation of barrier maps, the lowest 

30% of cells were selected, analogous to the connectivity maps. The barrier maps were then 

combined with the multi-species map to see which of the barriers were affecting how many of 

the species. Figure 14 shows the resulting map for the 20% corridor scenario. The map for the 

10% corridor scenario is in the Appendix (Figure A-5). Large lakes generally had low current 

values, probably because larger areas of high resistance cells were accumulated compared to 

motorways, which also constituted strong barriers but were usually only a few cells in width. The 

distribution of the lowest but also highest current cells strongly depended on the species 

occupation data. 

 

 

 

 

Figure 14: Map combining the 20%-corridor scenario combined with the 30%-barrier scenario, each combined the 
median and the optimized scenario by adding them together (hence 6 species stands for all three species in both 
scenarios) 
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As a next step, we tried to identifiy amphibian multispecies hotspots in Switzerland (research 

question 3). Three main areas of high connectivity for all three species were visible (Figure 15 

and Figure 16): One is located in Basel, one north of Thun along the Aare towards Bern and one 

between Lake Hallwil and Lake Zurich, more precisely between Muri and Affoltern am Albis 

along the River Reuss, north of Lake Zug, close to the motorway A4.  

The region north of Thun along the Aare seems to constitute an interesting study area for future 

analysis due to the interspersion of a high connectivity area with strong barriers (Figure 17). The 

Aare likely acts as a good corridor with a lot of potential habitats, but the motorway A6 in 

proximity might impede the movement for all three species. Generally, several motorways (A6, 

A10, A1, A12) and large roads run through the high connectivity area, which could lead to many 

road kills, thereby reducing population sizes and movement between patches (Carr & Fahrig, 

2001). The potential danger zones might be compared to road mortality data if available or could 

be suitable for further, more detailed connectivity analyses to assess the effect of the suspected 

barriers on the movement of individuals and on gene flow.  

The situation for the high connectivity region in Basel seems special since it is at the border and 

therefore touches the random raster that was added to eliminiate edge effects. The actual 

connectivity might therefore be different had information about the landscape outside of 

Switzerland been included. Still, the populations in this region appear to be somewhat 

incapsulated by the houses and streets in their proximity. The comparison between the 10%- 

and the 20%-corridor scenario shows that the difference lies mainly in the extent of the 

estimated high-connectivity region (Figure 18). 

The high current region with the largest extent lies in the region north of Zug (Figure 19). Several 

patches are distributed within the region, where all three species display high current in the 

median and the OPTIM scenario. The lakes contain low current cells and therefore likely act as 

barriers in this scenario. The high connectivity region is confined by several motorways that 

likely act as complete barriers. 

High connectivity areas also exist at greater distances to populations.  They were probably 

generated because some linear barriers in the resistance rasters contain gaps, through which 

the entire current will flow. Some of them might be considered artefacts or errors due to a wrong 

classification of cells in the initial landscape raster. The effect on connectivity of structures such 

as underpasses, respectively bridges going over complete barriers, would have to be assessed 

more carefully and in greater detail. The same holds for the effect of roads and other barriers. 
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Figure 15: MED and OPTIM 20% corridor rasters combined with a focus on the three high connectivity regions in yellow 
(high connectivity for all three species in both scenarios). Each color shade darker represents one species less for which 
the region contains the highest 20% of cells in either scenario (a total of 6 color grades). 

 

Figure 16: Adding 30% barrier maps to the combined MED and OPTIM 20% corridor rasters with focus on the three high 
connectivity regions in yellow (high connectivity for all three species in both scenarios). Each color shade darker 
represents one less species for which the region contains the highest 10% of cells in either scenario (a total of 6 color 
grades). Barriers are shown in red tones. Complete barriers are black. 
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Figure 17: High connectivity region between Thun and Bern. The highest 20% cells were selected as corridors (blue-
yellow), the lowest 30% as barriers (in red tones). Complete barriers are in black. 

 

Figure 18: Multispecies current map combined for both scenarios and including combined barrier maps: Comparison 
between the 10%- and the 20%-corridor scenarios for the Basel hotspot. High current cells are shown in yellow. The 
lowest 30% were selected as barriers (in red tones). Complete barriers are in black. 
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Figure 19: Multispecies current maps: Hotspot in the region of Zug. The highest 20% were selected as corridors  
(blue-yellow), the lowest 30% as barriers (in red tones). Complete barriers are in black.Largest extent of a multispecies 
hotspot. Lakes generally constitute barriers.  
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4 Discussion 
 

Interesting results were achieved during the expert survey, conducted to answer the first 

research question regarding the estimated resistances for different landscape elements and the 

maximal dispersal distance of the three amphibian species. It was definitely beneficial for the 

study to interact with several swiss amphibian to get their opinion on the matter. Uncertainty 

regarding the actual resistance effect of the said landscape elements exists. Nonetheless, the 

survey made it possible to at least get a general idea about the experts’ opinions. Future studies 

could use these results and approve upon them or use them to test specific hypotheses.  

The second research question proved the most difficult of the three goals that were set for the 

thesis. Several programs exist to model connectivity. But since we wanted to use a program that 

was based on circuit theory, the choices were more limited. In the last couple of years, 

Circuitscape has largely been used for connectivity analysis based on circuit theory and has 

certainly helped to produce interesting results in various fields. However, limitations concerning 

data requirements and memory issues have restricted its use in large-scale and high-resolution 

settings. Oftentimes, lower resolutions or tiling approaches were necessary, which brought along 

problems regarding scale issues or the appearance of seams (Pelletier et al., 2014). A lower 

resolution can lead to gaps in barriers, which will greatly affect the resulting maps since all the 

current will flow through these regions. Therefore, it was essential to choose a scale detailed 

enough to assure the correct depiction of linear elements. Initially, we intended to use 

Circuitscape for the nationwide analysis as well, but had to change the program after facing 

several of the frequent Circuitscape problems mentioned above. The open source software 

Gflow is relatively new and it seems that only few studies have been conducted with it as of now. 

Consequently, experience regarding this software is limited and the comparison to other studies 

difficult. Nonetheless, the improvement in performance with Gflow compared to Circuitscape was 

considerable. No tiling was needed and the analysis could be conducted in a reasonable amount 

of time. Figure 20 illustrates the speed of pairwise calculations for a Desktop computer and a 

Cluster server taken from the paper of Leonard et al. (2016) about Gflow. We used 

approximately 120 cores for each calculation.  

To our knowledge, the present study constitutes the first Gflow analysis of the connectivity 

situation of several amphibian species in Switzerland on a nationwide scale. The produced 

single- and multispecies connectivity maps give a first picture about the connectivity situation of 

the three amphibians that were analyzed. The identified hotspots could be of interest for future 

studies or potential conservation efforts. A search in the mapping platform of the Swiss 

Confederation showed that all three high connectivity regions contain amphibian spawning sites 

of national importance (map.geo.admin.ch). Still, even though the maps look nice, many different 

factors have not been considered. The analysis is therefore only a first step along the way of 

depicting the actual connectivity and the modelling process can definitely be optimized. Some of 

the limitations, as well as suggestions for the future, will therefore be mentioned in the following 

paragraphs. 
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Figure 20: Illustration from the paper about Gflow from Leonard et al. (2016) showing the performance of Gflow on the 
Palmetto Cluster supercomputer compared with a desktop computer equipped with eight cores. The authors state that the 
speedup and efficiency are nearly ‘ideal’ on the supercomputer. For this study, roughly 120 cores were used. Source: 
Leonard et al. (2016).  

4.1 Expert survey and the generation of the resistance surfaces 

We encountered many difficulties, some of them were handled, others remain issues that need 

to be addressed in future studies. The first challenge was analysing the results of the expert 

survey and producing the resistance rasters, since the situation was clearly more complex than 

the survey method permitted to depict. Generally, the answers of the experts spanned over a 

large range and putting the different land-use categories into broader resistance tiers was 

difficult. We thought about refraining from binning the different landscape categories, since the 

classes seem to be more fuzzy sets, but decided otherwise for the sake of continuity with the 

master thesis of Churko (2016), which was used as a basis for this thesis. The limited number of 

participants in the study made a statistical analysis difficult and the grouping was therefore only 

based on the medians and means of the responses as well as on a simple clustering method. 

The expert survey was interesting to get a glimpse of the opinions of different experts. For 

further studies however, personal expert interviews might be the better choice of method.  

Furthermore, many experts additionally mentioned the importance of fine-scale landscape 

features that were impossible to include in the 20x20 m or even the 10x10 m raster but could still 

act as strong barriers or corridors and have a great impact. The scale-dependency of landscape 

effects on gene flow has been investigated in a few studies and it is clear that it should generally 

be considered, since it does have a crucial influence on the results (Angelone et al., 2011; 

Cushman, Elliot, Macdonald, & Loveridge, 2016; Galpern et al., 2012). For this study, we had to 

find a compromise between the degree of detail and the feasibility. We chose a 20 m resolution 
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for the nationwide analysis, because it assured that the most important barrier features remained 

intact. The 10 m resolution rasters were only used on the smaller scale region. As pointed out by 

Calabrese & Fagan (2004), the data requirement increases drastically, the more realistically the 

situation is depicted. Gflow has been a huge improvement in this regard.  

Still, the categorization into the different landscape elements was indeed crude, only containing 

18 categories, and could be further optimized. Furthermore, not just the classification into the 

different landscape elements, but also their quality and direction of flow is of great importance. 

For example, roads and rivers might impede the movement in one direction, but facilitate it in 

another. Not just the size of roads but also the amount of traffic would be important in 

determining the barrier effect.  

Additionally, the connectivity analysis was based on a univariate resistance surface for simplicity 

reasons, amongst others due to the uncertainty of how other variables such as slope and 

elevation affect the dispersal of amphibians and how they should be weighted in comparison to 

the resistance of landscape elements. Nevertheless, these and other factors beside the 

landscape category certainly influence dispersing amphibians and might greatly alter the results 

of this study. Environmental factors such as temperature or dryness, as well as micro-gradient 

processes, have not been considered, even though they might have a big impact on the 

dispersal behaviour and success of amphibians (Peterman & Semlitsch, 2013; Watts et al., 

2015).  

Further complicating the situation is the fact that many influences affecting the recruitment of 

amphibians change dynamically and great fluctuations from one year to the next are possible. 

To mention just one example, habitat destruction can occur rapidly and can change the 

connectivity situation for amphibians drastically. The importance of temporal changes for the 

conservation of species in fragmented landscapes has been mentioned (Fahrig & Merriam, 

1994; Kindlmann & Burel, 2008). 

An added incentive is that some of the species, for example the European tree frog and the 

natterjack toad, frequently use ephemeral ponds to spawn (Schmidt & Zumbach, 2005), which 

can be difficult to detect and are likely not or certainly not sufficiently included in the landscape 

model due to their inconsistent nature. Furthermore, the 3-dimensional aspect of the landscape 

is certainly important for amphibians but has been neglected completely.  

Future studies should therefore try to optimize the generation of realistic resistance rasters and 

work on including more species-specific as well as temporal aspects, potentially through 

simulations and subsequent verification with empirical data. A habitat suitability analysis as basis 

for the resistance rasters might be beneficial, amongst others using maximal entropy (Elith et al., 

2011). The inverse of a habitat suitability index could serve as basis for the resistance raster, 

making the process of identifying the landscape elements resistance scores less dependent on 

experts opinion, which have been shown to be suboptimal (Pearce, Cherry, Drielsma, Ferrier, & 

Whish, 2001). The connectivity between current but also future suitable habitats could be 

modelled more easily and potential areas of conservation interest highlighted, if the analysis was 

based on a habitat suitability model. Facilitated incorporation of more variables, potentially also 

seasonally changing ones, seems easily conceivable.  
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4.3 Dispersal between populations 

Defining the kind of movement one tries to model is essential as well, however not an easy task 

to do. For this study, dispersal was defined as the movement from and towards locations where 

amphibian populations from the same species have been found. Many assumptions and 

simplifications were made regarding the identification of the population locations, as well as for 

the dispersal between them. First, it was assumed that the detected amphibians were relatively 

close to their breeding ponds and that they were dispersing symmetrically between them. Each 

location was considered as one population, even though it is possible that a cluster of ponds 

could act as a breeding unit (Ulrich Sinsch, 1997). The analysis of the occupation data showed a 

high degree of stochasticity in population sizes typical for pond-breeding amphibians (Marsh, 

2008). Locations of the occupied sites changed frequently, which might suggest metapopulation 

dynamics (Ovaskainen & Hanski, 2004). Ideally, the actual breeding sites would have been 

identified to model the dispersal to these sites from starting locations and information about 

source-sink dynamics (Furrer & Pasinelli, 2016) or metapopulation dynamics would have been 

incorporated, potentially through a metapopulation viability analysis (Hanski, 1998). The 

importance of population viability at the landscape scale has been highlighted for amphibians 

(Marsh, 2008). Unfortunately, a lot of uncertainty also exists regarding the effective maximal 

dispersal distance, which largely affects the connectivity between populations, thereby 

determining the immigration rate of organisms and consequently the viability of metapopulations 

(Heinz, Wissel, & Frank, 2006). Even though the dispersal of adults from one population location 

to another is quite different to the one of froglets (Semlitsch, 2007) and the role of juvenile 

dispersal in population connectivity seems paramount (Rothermel, 2004; U Sinsch, 1992; Ulrich 

Sinsch, 1997), this distinction between adult and juvenile dispersal has been omitted in the 

analysis. Multi-life stage analysis would be needed to incorporate those differences (Richardson, 

2012). Dispersal is a multi-causal process and many different dispersal strategies can be 

distinguished. For the sake of convenience and simplicity, the dispersal between the sites was 

just modelled as a completely random walk. It is unclear if this depicts the real dispersal of 

amphibians in the wild, since olfactory, magnetic, acoustic and other factors for a more goal 

oriented movement have been suspected or even identified (Anthony Arak, 1983; Jehle & 

Sinsch, 2007; Ulrich Sinsch, 1990). However, the extent of the navigation ability of amphibians is 

unknown and the perceptual ability and the response to distant cues might be limited, at least for 

juveniles (Rothermel, 2004). Nonetheless, a mix between least cost path and random walk 

would probably come closer to reality. Step selection function in combination with tracking data 

could then be used to find the degree between least cost path and random walk that best 

explains the dispersal pattern of amphibians (Panzacchi et al., 2016; Zeller et al., 2016). This 

might be especially important because it has been shown that results based on least-cost or 

resistance distances do indeed differ (Avon & Bergès, 2016).  

The study might generally benefit from an incorporation of more species-specific behavioural 

differences and spread of populations.  However, a considerable lack of information about 

vagilities, amphibian behaviour, dispersal strategies, habitat and road mortality relationships 

seems prevalent (Cushman, 2006). To increase the knowledge about each species, more 

experimental studies are necessary, especially at the landscape-level (Cushman, 2006).  
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Lastly, dispersal is, amongst others, also a component of fitness (Baguette et al., 2013). A 

reduction in fitness for whatever reason will therefore likely decrease the dispersal abilities as 

well. For example, an infection with the chytrid fungi could potentially make affected individuals 

weaker, thereby limiting their dispersal and survival probabilities. Batrachochytrium 

dendrobatidis (Bd), one of the chytrid fungi responsible for chytridiomycosis, was detected in 

populations in Switzerland (Tobler & Schmidt, 2010). This might be problematic, considering that 

declines in amphibian species worldwide, including in the common midwife toad, have been 

attributed to this disease (Fisher et al., 2009).  

4.4 Evaluation with genetic data 

Problems also occurred during the evaluation with genetic data on a smaller scale. First of all, 

the use of Fst-values has been criticized, especially with regard of the dependency on within-

population diversity and due to resulting interpretation difficulties (Meirmans & Hedrick, 2011). It 

was assumed that higher pairwise Fst values would correlate with higher resistance distances 

and the comparison between the genetic and the resistance distance was used to determine the 

quality of the resistance scenario. Since mantel tests have been criticized and their statistical 

performance has been discussed (Graves et al., 2013; Guillot & Rousset, 2011, 2013; Kierepka 

& Latch, 2015), other analysis methods were added and a ranking for all the scenarios and 

methods was performed. Still, many of the issues related to mantel tests also apply for the other 

methods as well and each method has its own flaws (Kierepka & Latch, 2015). The results of the 

evaluation should therefore be regarded with caution.  

There seem to be general issues and unanswered questions with using genetic data as 

estimates for the optimization of resistance rasters (Graves et al., 2013; Jaquiéry et al., 2011). 

Genetic data reflects the connectivity situation of the past, but landscape data represent the 

present or the moment of the last assessment of the terrain. Consequently, it might be 

necessary to consider the past landscapes to see how the landscape elements present at that 

time affect the genetic structure of current populations. Lastly, the population sizes for the final 

rasters were not considered in the analysis using Gflow due to the limited amount of time 

available for this thesis, but would certainly affect the amount of gene flow between populations.  

4.5 Potential connectivity modelling for Switzerland 

It was important for our study to model the connectivity in a relatively small scale (20 m), since a 

lower resolution likely had led to the appearance of discontinuities in barriers, such as 

motorways or large rivers. As a consequence, the current would have flown through these 

sections and would have distorted the final connectivity maps. The compromise between 

resolution and data size proved to be challenging. We had many difficulties to get to the first 

potential connectivity map covering roughly the area of half of Switzerland on a relatively fine 

scale. First, we intended to calculate the maps in Circuitscape using the pairwise mode and a 

tiling approach. However, even though results were achieved, it became clear that the 

performance was too slow, even after running everything on the WSL-server using parallel 

computing. After further attempts with the ‘GDistance’ R package and another form of tiling failed 

to produce the results we were looking for in a reasonable amount of time (see Appendix A.4, 

A.5 and A.6 for a short description of the differenct approaches), we were made aware of the 



 32 

 
 

open-source software Gflow. Gflow finally made it possible to generate the nationwide current 

maps for all three species. The maps showed regions with higher current cells. However, it is not 

always clear if a high-current region actually also depicts actual high connectivity patches. High 

currents also occurred far away from species location data. For example, if a strong barrier 

contained a gap, all the current traversed through it. As a consequence, this would have been 

regarded as a high connectivity region had it not been analyzed in more detail. Under certain 

circumstances, making the distinction between actual high connectivity regions and such 

artefacts of the model might be difficult. Additionally, we were only able to assess potential 

connectivity based on circuit theory with the available data. Actual or functional connectivity 

analysis requires more information on movement pathways or location-specific dispersal abilities, 

which would likely be based on work-intensive mark-release-recapture or tracking studies 

(Calabrese & Fagan, 2004).  

A further problematic point of the analysis is the fact that the nationwide maps have not been 

validated yet. One might maybe use them to identify regions where further studies could be 

conducted, but should be mindful of the limitations of the modelling process, especially if the 

maps are intended for corridor design. A basic validation might be achieved through corridor and 

barrier identification in the connectivity maps and comparison to observations in the field. 

Furthermore, the maps could be shown to experts and their opinion and feedback used to 

improve the method and the initial resistance rasters. Lastly, an additional network analysis with 

CONEFOR to include population sizes and assess the relative importance of nodes and links 

might be of interest and would certainly also change the connectivity situation depicted on the 

maps (Saura and Torné 2009, Churko 2016). 

4.6 Multispecies-maps 

The multi-species-maps were generated by selecting 10% or 20% of the highest current cells for 

each amphibian species. This method is highly simplifying the situation and can therefore be 

questioned. The hotspots that were identified were similar in both the 10% and the 20% scenario 

maps. The main difference, however, was their extent. Further research is needed to find a 

better method to identify regions of interest. For example, biotic interactions between the species 

might affect the actual connectivity situation and even the distribution of a species could depend 

on the presence or absence of another one. A dispersal guild approach, in which the amphibians 

of Switzerland are grouped using clustering techniques based on their dispersal behaviour 

(Lechner, Sprod, Carter, & Lefroy, 2016), and the consideration of other non-amphibian species 

and resulting eco-evolutionary dynamics could be relevant in a further step (Fussmann, Loreau, 

& Abrams, 2007). Finally, regions of high connectivity for a single species might not be visible in 

the multi-species maps. Depending on the goal of the conservation action, it might therefore be 

beneficial to also consider the single-species maps, in combination with the multispecies maps, 

to get a more complete idea about the circumstances prevalent in a certain area and for each 

species. 

  



Conclusion 33 

 
 

6 Conclusion 
 

Sadly, amphibians in Switzerland are currently under pressure due to several threads, the 

decrease in connectivity being only one of them. Further connectivity research is therefore 

needed and should be conducted with the knowledge of other factors affecting amphibians in 

mind, to hopefully help mitigate the problems that amphibians are facing and come a step closer 

to population resilience and species protection. Gflow constitutes a huge improvement in 

performance compared to Circuitscape and has therefore the benefit that more time and energy 

can go into applied research questions, with less limitations due to technological factors. The 

nationwide analysis for Switzerland using Gflow was efficient and allowed to clarify the location 

of high current regions for all three species as well as those of multispecies hotspots. There 

might be some misinterpretations on a smaller scale, however, the maps at least indicate where 

more detailed analysis could be beneficial. Even faster and larger-scale analysis will be possible 

in the future, which will allow the depiction of the connectivity situation of any species easier and 

hopefully also more realistically. Consequently, considerable benefits for species conservation 

and management might arise. 
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A.1 Extracts from expert survey in German and French 

 

 

 

Figure A-1: Excerpt of expert survey in German and French. 
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A.2 Evaluation with genetic data 

Genetic data from other studies, namely for one hyla arborea population (HYAR) and bufo 

calamita populations (BUCA) in two locations, was used to compare different resistance rasters 

on a smaller scale at two resolutions (10m and 20m). The European tree frog populations were 

located in the Reuss river valley in a region without a motorway, but two busy main roads (Le 

Lay et al., 2015). Figure 2 shows the 3 locations with the genetically analyzed amphibian 

populations. A buffer of two times the maximal estimated dispersal distance, 10km for the 

natterjack toads (BUCA) and 20km for the European tree frog (HYAR), was added to the 

minimal convex polygon around the populations. The rectangles in the map below show the final 

extension of the rasters used in the evaluation.  

 

 

 
Figure A-2: Study area for the sensitivity analysis with the distribution of the genetically analyzed populations of Bufo 
calamita (green dots) and Hyla arborea (blue dots). Data sources and copyright: Swisstopo and Frei (2016), Angelone and 
Müller. 
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Table A-1: Classification into resistance tiers for the different models. 

 
open l. forest shrubF hedge river s gr. pit wetl st. Wat. raiload river m lake settle. river l road s road l motorw. 

Null 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

median_buca 1 3 2 1 1 1 1 1 2 2 4 3 4 2 3 4 

buca_med_rivs2_rivm3_mask 1 3 2 1 2 1 1 1 2 2 4 3 4 2 3 4 

pam_buca 1 2 2 1 1 1 1 1 1 1 3 3 3 4 4 4 

median_hyla 2 2 1 1 2 1 1 1 2 3 3 3 3 2 4 4 

pam_hyla 2 2 2 1 2 2 1 1 2 3 3 4 3 4 4 4 

set_barr 1 1 1 1 1 1 1 1 1 1 4 -1 4 1 1 -1 

set_barr_rl1000 1 1 1 1 1 1 1 1 1 1 4 -1 4 1 4 -1 

mask 1 1 1 1 1 1 1 1 1 1 1 -1 1 1 1 -1 

ALOB_med 2 2 1 1 1 1 1 1 2 2 4 3 4 3 4 4 

BUCA_mitGreg 1 3 2 1 2 1 1 1 2 2 4 4 4 2 4 4 

BUCA_mitGreg_rivm3 1 3 2 1 2 1 1 1 2 3 4 4 4 2 4 4 

BUCA_mit_GREG_mask 1 3 2 1 2 1 1 1 2 3 4 -1 4 2 4 -1 

BUCA_M_Gregcorr 1 3 2 1 2 1 2 1 2 3 4 4 4 1 4 4 

BUCA_M_Greg 1 3 2 1 2 1 1 1 2 2 4 4 4 2 4 4 

BUCA_M_Gregcorr_rs2 1 3 2 1 2 1 2 1 2 3 4 4 4 2 4 4 

GREG_stw2_hecke2_rds1 1 3 2 2 2 1 2 2 2 3 4 4 4 1 4 4 

GREG_stw2_hecke2_rds2 1 3 2 2 2 1 2 2 2 3 4 4 4 2 4 4 

buca_m_init_rga 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

buca_m_no_clmed_rga 2 6 5 2 3 1 3 2 4 5 8 7 8 5 8 10 

buca_m_med_rga 1 3 2 1 1 1 1 1 2 2 4 3 4 2 3 4 

buca_m_pam_rga 1 2 2 1 1 1 1 1 1 1 3 3 3 4 4 4 
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Table A-2: Comparison genetic data for BUCA_M with the resistance distances produced in Circuitscape for different resistance scenarios.  Table continues on the next page. 

model_dbRDA prop_expl p prop_expl_p 
P 
part 

% Var explained (rf) MSR 
mantel 
r 

P rank dbRDA 
rank dbRDA 
partial 

rank rf rank mantel 

buca_m_greg20exp_mask 0.89 0.001 0.76 0.001 97.008 0 0.8879 0.001 1 1 2 1 

buca_m_greg20_expcorr 0.88 0.001 0.74 0.001 97.061 0 0.8848 0.001 2 2 1 2 

buca_m_greg20exp_rl3 0.88 0.001 0.74 0.001 96.951 0 0.8841 0.001 3 3 3 3 

buca_m_med20_rga 0.87 0.001 0.71 0.001 95.536 0 0.8475 0.001 4 4 6 4 

buca_m_greg10exp_mask 0.84 0.001 0.63 0.001 94.868 0 0.8096 0.001 5 6 17 6 

buca_m_pam20_rga 0.84 0.001 0.68 0.001 95.618 0 0.8194 0.001 6 5 5 5 

buca_m_greg10_expcorr 0.84 0.001 0.62 0.001 95.065 0 0.806 0.001 7 7 14 7 

buca_m_mitgreg10exp_rivm3 0.84 0.001 0.62 0.001 94.732 0.001 0.806 0.001 8 8 18 8 

buca_m_mitgreg10exp_mask_rivm3 0.83 0.001 0.61 0.001 95.4 0 0.7839 0.001 9 10 9 9 

buca_m_mitgreg10exp_mask 0.83 0.001 0.61 0.001 95.407 0 0.7818 0.001 10 11 8 10 

buca_m_mitGreg10_exp 0.82 0.001 0.6 0.001 95.621 0 0.7754 0.001 11 12 4 11 

buca_m_med10_rivs2_rivm3_exp_mask 0.82 0.001 0.62 0.001 94.582 0.001 0.7694 0.001 12 9 20 12 

buca_m_no_cl20med_rga 0.82 0.001 0.59 0.001 94.93 0 0.7602 0.001 13 16 16 13 

buca_m_median_exp_mask 0.8 0.001 0.59 0.001 94.209 0.001 0.7534 0.001 14 13 25 14 

buca_m_greg20exp_rs2_mask 0.78 0.001 0.59 0.001 95.117 0 0.7404 0.001 15 14 11 15 

buca_m_mitgreg20_exp_mask_rivm3 0.78 0.001 0.59 0.001 95.033 0 0.7404 0.001 16 15 15 16 

buca_m_med20_rivs2_rivm3_exp_mask 0.78 0.001 0.58 0.001 95.089 0 0.7378 0.001 17 17 12 17 

buca_m_median_exp 0.78 0.001 0.57 0.001 94.498 0.001 0.7361 0.001 18 19 22 18 

buca_m_mitgreg20_exp_rivm3 0.77 0.001 0.57 0.001 95.084 0 0.7256 0.001 19 18 13 19 

buca_m_mitgreg20exp_mask 0.76 0.001 0.57 0.001 95.277 0 0.7217 0.001 20 20 10 20 

buca_m_med20rivs2_rivm3_exp 0.76 0.001 0.57 0.001 94.47 0.001 0.7166 0.001 21 21 23 21 

buca_m_med20exp_mask 0.75 0.001 0.56 0.001 93.893 0.001 0.7129 0.001 22 22 26 22 

buca_m_mitgreg20_exp 0.75 0.001 0.56 0.001 94.268 0.001 0.7064 0.001 23 23 24 23 

buca_m_med20exp 0.73 0.001 0.54 0.001 88.143 0.001 0.6917 0.001 24 24 29 24 

greg10_stw2_hecke2_rs2_mask_exp 0.72 0.001 0.47 0.001 94.508 0.001 0.6831 0.001 25 31 21 25 

greg20_stw2_hecke2_rs1_mask_exp 0.7 0.001 0.51 0.001 76.48 0.002 0.6758 0.001 26 25 45 26 

greg20_stw2_hecke2_rs2_mask_exp 0.68 0.001 0.49 0.001 89.347 0.001 0.6162 0.001 27 27 28 28 
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model_dbRDA prop_expl p prop_expl_p 
P 
part 

% Var explained (rf) MSR 
mantel 
r 

P rank dbRDA 
rank dbRDA 
partial 

rank rf rank mantel 

buca_m_angepasst20_rl3_exp 0.68 0.001 0.48 0.001 89.812 0.001 0.6121 0.001 28 28 27 29 

greg10_stw2_hecke2_rs1_mask_exp 0.66 0.001 0.41 0.001 84.019 0.002 0.6358 0.001 29 35 31 27 

buca_m_set_barr20rl1000 0.66 0.001 0.5 0.001 95.501 0 0.5919 0.001 30 26 7 30 

buca_m_set_barr 0.64 0.001 0.48 0.001 94.668 0.001 0.5693 0.001 31 29 19 31 

buca_m_set_barr20 0.63 0.001 0.48 0.001 86.865 0.001 0.5554 0.001 32 30 30 32 

buca_m_null 0.54 0.001 0.44 0.001 82.057 0.002 0.4473 0.001 33 32 38 33 

buca_m_null20 0.53 0.001 0.43 0.001 81.999 0.002 0.4415 0.001 34 33 39 34 

logdist 0.5 0.001 0.43 0.001 82.109 0.002 0.4112 0.001 35 34 37 35 

buca_m_set_barr_rl1000 0.35 0.001 0.3 0.001 -9.813 0.011 0.2411 0.001 36 38 47 36 

buca_m_init10_rga 0.32 0.004 0.32 0.002 -29.523 0.013 0.2177 0.002 37 36 49 37 

buca_m_init20_rga 0.28 0.003 0.3 0.004 -10.458 0.011 0.1713 0.013 38 37 48 38 

buca_m_median_lin_mask 0.07 0.114 0.03 0.119 81.19 0.002 0.1198 0.0609 39 39 41 39 

buca_m_median_lin 0.05 0.166 0.03 0.155 80.785 0.002 0.1001 0.0709 40 40 42 40 

buca_m_pam20exp 0.02 0.403 0 0.418 82.43 0.002 -0.058 0.8052 41 43 36 48 

buca_m_pam20exp_mask 0.02 0.419 0 0.432 81.962 0.002 -0.058 0.7932 42 42 40 47 

buca_m_pam20lin 0.02 0.475 0 0.47 82.635 0.002 -0.052 0.7562 43 45 32 46 

buca_m_pam20lin_mask 0.02 0.505 0 0.489 82.566 0.002 -0.052 0.7433 44 46 33 45 

buca_m_pam_exp 0.01 0.529 0 0.525 -33.752 0.013 -0.061 0.8222 45 47 50 50 

buca_m_pam_exp_mask 0.01 0.526 0 0.538 -0.72 0.01 -0.06 0.8202 46 48 46 49 

buca_m_med20lin 0 0.784 0 0.76 82.512 0.002 -0.023 0.5385 47 50 34 44 

buca_m_med20lin_mask 0 0.824 0 0.817 82.506 0.002 -0.02 0.5005 48 49 35 43 

buca_m_pam_lin_mask 0 0.84 0 0.85 78.576 0.002 0.0057 0.3506 49 41 44 41 

buca_m_pam_lin 0 0.922 0 0.919 78.779 0.002 -0.003 0.4086 50 44 43 42 
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Figure A-3: Normalized single-species current maps for Alytes obstetricans, Bufa calamita and Hyla arborea. On the left: 
median scenario; on the right: optimized scenario. 
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Figure A- 4: Multispecies maps for the two scenarios (MED and OPTIM). For the two maps in the left pannel, the highest 10%-cells were chosen as corridors, for the right pannel the 
highest 20%. 
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Figure A- 5: 10% corridor multi-species map combined with the 30% corridor map, for the OPTIM and MED scenario 
combined. 

A.4 Structural connectivity 

The structural connectivity was analyzed using the tiling approach described by Dr. David 

Pelletier (Pelletier et al., 2014). A small R-program was written, which allows the adjustment of 

the tile size and indirectly the number of tiles. A border of 1 cell thickness is added to each tile 

and Circuitscape is run twice in pairwise mode, calculating the current once in North-South 

direction and once in East-West direction with each border region as source, or respectively sink 

of a one Volt current. The chosen tiling sizes were 20000 x 20000 cells with 15000 m overlap. 

Additionally, an option was included to calculate all tiles or only those that contain populations. 

The script was only completely run for the 20 m resolution, but has also been successfully tested 

with a 10 m resolution raster. The analysis is faster than the analysis that is based on the actual 

species occupation data, however, is also missing crucial information about the species 

behaviour and can therefore only marginally be used for the purpose we had in mind. 

A.5 Connectivity analysis with the tiling approach in Circuitscape 

The most basic inputs for Circuitscape are a resistance ASCII-raster and a table containing the 

coordinates of all the populations. A small R tiling-program was written, since the large number 

of cells in the swiss landscape raster made it impossible to calculate a current map for 

Switzerland on a 10 m or 20 m resolution in one. The tiling approach was comparable to the one 

described by Pelletier et al. 2014 for the structural connectivity calculations. The initial resistance 

raster covering the entirety of Switzerland is cut into smaller quadratic or rectangular tiles, each 

tile is overlapping with the next with an amount of one’s own choosing. All the populations that 

fall within a tile are selected, a new coordinates table, a pairwise combinations table, as well as 

an initialization file (INI-file) with the instructions for Circuitscape are then produced. A parallel 
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A.6 Description of the Gdistance approach  

 
 

ix 

computing option from the R package ‚doParallel’ was included (Analytics & Weston, 2015). All 

the pairwise rasters or only the cumulative current raster can be written into a folder. Each single 

raster that shows the current between two populations can be multiplied by the geometric mean 

of the population size estimates of the two populations involved, which are in the initial data file 

that we received from Simon Capt from CSCF and InfoSpecies. After all the rasters have been 

adjusted with the populations sizes, they are added together to get the final current raster for 

each tile. A certain amount of the border (smaller than the overlap) can then be cut off to remove 

edge effects and all the tiles can be combined in ArcGIS with the mosaic option or with an R-file 

which allows to combine rasters at all sites. We tried to limit the occurrence of seems by 

enlarging the area of overlap, however, it has not been possible to eliminate them as of now. 

The script generally works, but is too inefficient for large data sets.  

A.6 Description of the Gdistance approach 

We made use of the R package ‚Gdistance’ (Van Etten, 2017) after it became clear that the use 

of Circuitscape for very large input rasters was problematic. To reduce the number of cells for 

which the connectivity had to be calculated, the region around each population with a radius of 

the length of the species-specific maximal dispersal distance was clipped and the calculations 

were only conducted on these cells. We calculated the dispersal from one population to another 

for all the populations that fell within the same polygon shape with the passage function in 

Gdistance. Even after excluding the regions at greater distance than the maximal estimated 

dispersal distance, the calculation took quite a long time and the result wasn’t ideal due to the 

large region without any information. 

 



   

 


