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Abstract

The concept of blue-green infrastructure has been put forward as a tool to
preserve biodiversity and ecosystem services from detrimental human activ-
ities and allow cohabitation. Among the di erent factors determining the

e ciency of those infrastructures, their connectivity has been found to be

of major importance. Many models have been created to assess the capac-
ity of the landscape to favor or hinder movement of species. Among those,
Circuitscape has been widely used in ecology and other elds. However,
the resistance surfaces used as input by the software have sometimes been
criticised because of the partly subjective knowledge included in estimating
them. By applying an existing resistance modelling method to a network
representing the landscape, | could explore numerous resistance models for
various variables and investigate the role they played for connectivity. Five
Swiss amphibian species were used as case study species. | found that the
determinant variable underlying landscape connectivity were speci ¢ to each
species. | could nonetheless identify the shortest distance to water and the
slope to be dominant factors, closely followed by the tra c. The land-cover
appeared to be a poor predictor of landscape connectivity due to a loss of
information when transposing the data to the network. These results illus-
trate the crucial importance of carefully modelling resistance when carrying
out a connectivity analysis and show how much can be learned about the
role of the di erent variables for connectivity in the process. Overall, this
study makes a strong case for the opportunities of the method for connec-
tivity modelling in a blue-green infrastructure context.






Chapter 1

Introduction

Biodiversity has been put under immense pressure by the development of human
activities in the last decades. In a world where the surface of untouched land decreases
everyday, the concept of blue-green infrastructure emerged to acknowledge the importance
of maintaining environments where ecological processes can thrive for their own good and
for the good of humanity (Reid et al. 2005). It postulates that in order for those processes
to cohabit with human activities, suitable areas combining both terrestrial and aquatic
environments need to be preserved especially in human dominated landscapes such as
cities. It has become increasingly clear that not only do those areas need to be of suitable
size and quality, they need to be ecologically interconnected as well for those processes to
be maintained at all scales in the long term (eg. Rosenberg et al. 1997; Cushman 2006).

A broad range of methods is available to quantify ecological connectivity across land-
scapes (eg. Bar-David et al. 2007; Schulte et al. 2007; Ray eld, Fortin, et al. 2010; Lugman
et al. 2018). Among those the combination of electrical circuit theory and random walk
theory proposed by Brad H. McRae et al. (2008) hypothesizes that the movement of in-
dividuals or species across the landscape at di erent scales can be approximated by the
distribution of the current in a circuit of resistances representing that speci ¢ landscape.
The software Circuitscape has been extensively used to produce connectivity maps in
order to inform conservation decisions to maintain these blue-green infrastructures (eg.
Rae et al. 2007; Ray eld, Pelletier, et al. 2016). Assuming that individual environmental
variables represent either corridors or barriers, Circuitscape relies on resistance surfaces
to represent the permeability of the landscape. However, de ning the resistances to the
movement of animals induced by those di erent environmental variables is challenging
(eg. Janin, Léna, Deblois, et al. 2012; Trochet et al. 2019). Therefore, many studies rely
on expert opinion to set their resistance values before using them in the software (eg.
Shirk et al. 2010; Churko et al. 2020).

To compensate for the lack of empirical background, one strategy is to then carry
out a sensitivity analysis by testing di erent models where the relationship between the
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environmental variable and the resistance it causes varies from linear to sigmoidal or
logarithmic for example (eg. Ray eld, Fortin, et al. 2010; Churko et al. 2020). While
this is useful to understand the in uence of this relationship on the connectivity of the
landscape and to assess the robustness of the model, it does not inform on which model is
closer to reality. Another weakness of this approach is that it does not allow to combine
di erent environmental variables that might in uence each other.

Another strategy, so far rarely chosen by scientists, is to use the expert opinion as a
starting point to create resistance surfaces and then confront the output of Circuitscape to
empirical data such as genetic distance or animal activity to identify the model that best
ts them (Shirk et al. 2010; Finch et al. 2020). This can then be done for several environ-
mental variables separately or combined. This strategy relies on the assumption that the
measured data (genetic distance, animal activity, etc.) correlates with the connectivity of
the landscape for the species of interest. However, the studies that explored this frame-
work only validated the model without exploring much of the role of each environmental
variable for the overall landscape resistance and resulting connectivity.

In both strategies, the number of models tested is limited by the computation time
of Circuitscape. By transferring the environmental information to a regular grid network
overlaying the study area, the computational time can be greatly reduced allowing for
more testing. Such a grid network also o ers the opportunity to model the connectivity
of the landscape for multiple species and compare them with each other to generalize
results found for individual species.

Because amphibians have a biphasic life-cycle and complex movement ecologies (Pittman
et al. 2014), they have been heavily impacted by human transformation of the landscape
(Cayuela et al. 2020). More than any other organism, they rely on this combination of
blue and green infrastructures to thrive. Moreover, their low vagility compared to other
organisms of their size and their population dynamics make them particularly sensible to
landscape fragmentation (Catenazzi 2015). Altogether, this makes amphibians the perfect
study species to assess the importance of various environmental variables for connectivity.

The main goal of this study was to model the connectivity of the landscape for am-
phibians and in the process identify its sensitivity to various resistance models for indi-
vidual environmental variables known to drive the movement pattern of amphibians. The
multi-species assessment relied on a network representation of the landscape to reduce
computational time. The following research questions were answered:

1. What are the relationships between environmental variables and the resistance they
cause for amphibian movement in human dominated landscapes? Can we identify
and explain di erences between species?
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2. What is the relative importance of each of these variable as barriers or corridors
for amphibian movement and how does this relative importance compare between
species?

Firstly, | systematically explored a range of resistance models for individual and com-
bined environmental variables important to amphibian movement. | then selected the best
resistance model by identifying the resulting connectivity model that statistically best t-
ted empirical data. Secondly, | assessed the relative individual and combined importance
of the variable's barrier or corridor e ect by comparing the resistance they induce for am-
phibian movement. Thirdly, the relative importance of each environmental variable for
amphibian landscape connectivity was assessed and compared between species. Finally, |
compared my results with existing literature.



Chapter 2

Material and Methods

2.1 Modelling connectivity

Circuitscape (CS) is a software developed by Brad H. McRae et al. (2008) to model
landscape connectivity by combining electrical circuit theory and random walk theory. It
relies on the isolation by resistance model introduced by Brad H. McRae (2006). This
model consistently outperformed until then traditionally used isolation by distance and
least cost path models when predicting genetic di erentiation (Brad H. McRae and Beier
2007).

The principle of this software is such: in a network of nodes and edges representing
the landscape, a source of current is applied to a node A and a node B is connected
to ground allowing the current to ow through the network. When each edge between
two nodes represents the resistance of the landscape, the current will spread out in the
network between node A and B following Ohm's lawt = V=R It states that the amount
of current I moving between two nodes is proportional to the voltag® and inversely
proportional to the resistanceR between the two nodes. In the electrical circuit that the
network represents, the con guration of the resistances/edges in parallel or in series will
also in uence the distribution of the current in the network (Brad H. McRae et al. 2008).

Conversely, the random walk theory assumes that: an animal having only a proximal
knowledge of the landscape, moving through a network representing that landscape from
a node A to a node B, will make direction decision at each intersection based on the
relative resistance of the di erent possibilities ahead of him. When repeating this trip
form A to B numerous times with di erent animals, the probability of passage through
each edge is proportional to its resistance (Doyle et al. 2000; Brad H. McRae et al. 2008).

Combining those two theories, the amount of current going through each node or edge
Is relative to the probability of a random walker going through that node/edge when
moving from node A to node B (Chandra et al. 1996; Brad H. McRae et al. 2008). When
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considering multiple node pairs, the current resulting from all the node pairs is summed
for each node/edge of the network. The cumulative current measured at any location
of the network is, therefore, a representation of the facilitating (corridor) or inhibiting
(barrier) character of the landscape (Brad H. McRae et al. 2008).

2.2 Circuitscape set-up

| used CS in pairwise mode and a range of environmental variables as input for resis-
tance models and tted the results to abundance data of amphibian species to identify
the best model of connectivity. The next three subchapters describe in more details the
modelling choices driven by CS requirements.

2.2.1 Study area

Computation time has been optimized in CS but remains a limiting factor. Therefore,
a case study area was selected in order to reduce the computation time for each resistance
model tested. | limited the study to a 13 km circle radius located North-East of the city
of Aarau in the canton of Aargau in the center of Switzerland (Figure 2.1). The circle
shape was selected to minimize border e ects in CS due to the low perimeter to area ratio
of this geometry, the size was chosen empirically. The study area covers densely populated
clusters mixed with agricultural elds in the valley bottoms. The North-West of the study
area covers the foothills of the Jura mountains less densely populated. Three main rivers,
the Aare, the Reuss and the Limmat cross the area before meeting at a con uence in
the North-East. Two major highways (Highway 1 and 3) converge near the middle of
the circle and a number of railway tracks of various importance also cross the area. To
further reduce the border e ect bias, the results used for calibration were limited to an
inner circle of 8km radius later called calibration area, in pink in Figure 2.1. This bu er
Is superior to the distance Koen, Bowman, Sadowski, et al. (2014) suggested as minimal
to avoid border e ects in connectivity modelling.

2.2.2 Choice of network

Computation time was further reduced by the use of networks instead of rasters as
input for CS. By simplifying the representation of the landscape, networks reduce the
processing time in CS. Networks have been widely used in ecology to model connectivity
at the landscape level (Rae et al. 2007; Ray eld, Fortin, et al. 2010; Godet et al. 2020).
Whereas most studies create their networks based on the ecology of their species of interest
with the node representing known populations or favorable patches of habitat and the
edges the habitat matrix or corridors for example (eg. Decout et al. 2012), | opted for a
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Figure 2.1: Study and calibration area

regular grid network covering the study area. This was done in order to have a relatively
high current resolution while being able to run a high number of resistance models in CS
in a lesser time. It also enabled me to use the same network for all species.

The network was based on a cover of hexagons over the study area where the centroids
of each hexagon de ned a node. All centroids were then connected to those of the neigh-
bouring hexagons to create the edges of the network. Hexagons were chosen because they
are the geometry closest to a circle allowing a regular tiling which results in a triangular
planar grid where all nodes are connected to six edges of 519.62 m (Figure 2.2 (e)). The
hexagons were clipped to the study area which caused the network to be slightly irregular
on its outskirt. The whole network was composed of 6805 edges and 2337 nodes, the
calibration area contained 835 nodes. All the species and environmental data used in this
study then had to be transposed to this network. The di erent data sets and how they
were transposed are described in the chapters 2.3 and 2.4.
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2.2.3 Choice of focal nodes

The focal nodes are the nodes of the network where the current will be applied in
CS. To force the current to move through the whole study area | selected node pairs in
a circle around the calibration area similarly to what Koen, Bowman, Sadowski, et al.
(2014) experimented (Figure 2.2 (e)). They were set to be approximately at & dngle
from each other and at around 11000 m from the center of the study area. It was estimated
that this distance was enough to minimize any current bias from the focal nodes in the
calibration area (Koen, Bowman, Sadowski, et al. 2014). In the runs of CS each node
was connected only to the node directly on the opposite side of the circle in a pairwise
manner. In total, each run of CS compiled the current of 45 pairs of nodes. This is more
than what Koen, Bowman, Sadowski, et al. (2014) used for their landscape composed of
10 000 pixels (equivalent to the nodes of the network). Following this study's conclusions,
it was estimated that no sensitivity analysis on the number of nodes was needed because
they could not observe a penalty in including to many nodes.

This choice of focal nodes results in modelling the structural connectivity of the land-
scape because those nodes do not represent the actual occurrences of the species. The
current at a given node/edge, therefore, only re ects its importance for the connectivity
of the whole network solely based on landscape characteristic. Taking into account the
increased importance of that node/edge for the species because of its location relative
to the surrounding known populations/occurrences would have resulted in modelling the
structural connectivity of the landscape for each species. An attempt at achieving this
using known breeding sites of the species as focal nodes was made but later discarded due
to other shortcomings (for more on this see Appendix B).

2.3 Fitting data

To assess the quality of the connectivity models produced by CS, they were tted to
empirical data collected in the study area. The next two chapter describe these data and
how they were transformed to t the network approach.

2.3.1 Choice of study species

Amphibians were chosen as study organism because their rich movement ecologies
and population dynamics make them sensible to landscape fragmentation (Catenazzi 2015;
Cayuela et al. 2020). Their distribution should therefore be closely related to connectivity
(Decout et al. 2012). Switzerland counts 19 amphibian species, ve were selected for this
study. Including diverse species to re ect the variety of ecological niches and movement
ecologies of amphibians in the Swiss lowlands should allow a good overview of landscape
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connectivity for amphibians (Beier et al. 2008). In addition, | included both urodeles and
anurans as well as mobile and less mobile species. | also tried to include well distributed
alongside rarer species.

1. Bufo bufa a relatively mobile toad species with strong migration pattern (Sztate-
csny et al. 2005). It is found throughout Switzerland and can be considered a
generalist. It roams the breeding sites only for a short time period and does not
rely much on them for the rest of the year (KARCH 2020).

2. Epidalea calamita a toad species that mostly relies on temporary water bodies in
elds or gravel pits. This pioneer species is endangered by the drainage of the elds
and the canalisation of rivers that prevent the formation of the temporary ponds it
depends on (KARCH 2020).

3. Hyla arborea a threatened anuran (Angelone et al. 2009). Adults spend most of
their life up in the vegetation and return to ponds for breeding but do not show site
delity like most other amphibians (KARCH 2020).

4. Ichthyosaura alpestris a very wide spread generalist pioneer and the most mobile
Swiss urodele. It quickly colonizes newly formed ponds (KARCH 2020).

5. Rana temporaria: the most widely spread amphibian species in Switzerland. This
anuran can colonize water bodies of all sizes and is, therefore, considered a generalist
even though it relies more on forested environments (Decout et al. 2012). Similarly
to B. bufo it does not rely much on water bodies outside of the breeding season
(KARCH 2020).

2.3.2 Amphibian data and interpolation to the network

The amphibian data came from a long term citizen science monitoring program con-
ducted for the Canton of Aargau Switzerland (Buhler 2019). The number of monitored
sites increased from around 600 in 1999 to 1500 in 2020. 300 sites are sampled more or less
randomly each year and are visited three times for a duration determined by their size.
From this data set, the cumulative number of adults, juveniles and calls reported for each
visit was used as proxy for the long-term population size. This number was averaged for
each site across visits and over the whole monitoring period using thggregatefunction
from the "stats" R package (step 1.1 in the conceptual model in Figure 2.4) (R Core Team
2019). This average will be referred to as "site average" in the following.

Because population demographics are not necessarily well related to the patterns of
distribution (Cushman 2006; Martensen et al. 2012), a rst attempt at using the site
average to t the connectivity models yielded low correlation. It was therefore decided
to interpolate the data based on a simpli ed inverse distance weighting (IDW) in order

9
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to have a representation of the distribution of the species combined with abundance
information.

For each node of the network described in chapter 2.2.2 a 500 m radius circular bu er
was considered. The distance of 500m was chosen because it was considered to re ect
the movement abilities of all ve study species (Miaud et al. 2000; Angelone et al. 2009;
Kovar et al. 2009; Le Lay et al. 2015). The sum of the site average divided by the distance
from the site to the node was computed for all the survey locations found in this bu er.
This sum was then attributed to the node considered (step 1.2 in the conceptual model
in Figure 2.4). The distance was computed by thet_distance function from the "sf" R
package and the sum was computed by theggregatefunction from the "stats” R package
(Pebesma 2018; R Core Team 2019). Nodes for which no survey location in the 500 meters
bu er existed were given the value of 0 and are later called absences. The nodes to which
a value could be attributed are called presences.

2.4 Environmental variables important for amphibian
movement

Four environmental variables were selected in order to capture most of the resistance
amphibians encounter when roaming the landscape (Figure 2.2 (a), (b), (c) and (d)).
The next subchapters will present the reason for choosing these variables, how they were
computed and represented in the network.

2.4.1 Shortest distance to water

The amphibian life-cycle is closely related to water as most of them rely on an aquatic
environment during one of their life-stage. Due to their low vagility, it is expected that the
distance to the nearest water body limits their movement and thus induces a resistance
to movement. The shortest distance to water should, therefore, be positively correlated
with resistance (Westgate et al. 2012).

This information was computed by rst retrieving lotic, lentic and reed belt (Gewaesser
stehendes/ iessendes, schilfguertel) polygons from the "Land cover" (Bodenbedeckung)
layer of the cadastral map of the Canton Aargau (Vermessungsamt des Kantons Aargau
2020). These polygons were rst rasterized at a 10 m resolution using thasterize
function from "raster" R package (Hijmans 2020). To optimize the detection of small
water bodies (conservative rasterization), the polygons were rasterized once as polygons
and a second time after being projected as lines using the cast function form the "sf"

R package (Pebesma 2018). These six rasters were then combined and the distance to the
nearest water cell was then computed for the whole canton using tlggstance function

10
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from the " raster" R package (Hijmans 2020). Finally, the mean value of the raster cells in
a 10 m bu er around each edge was used to transpose the data to the network using the
extract function form the R package "raster” (step 2.1 in the conceptual model in Figure
2.4).

2.4.2 Slope

Slope also a ects amphibian movement and is one of the most researched factor of
gene exchange according to Cayuela et al. (2020). But it seems that not all species are
impacted in the same way (Sztatecsny et al. 2005). Nonetheless, it is expected that the
slope is positively correlated with resistance for all species (Lowe, Likens, et al. 2006;
Westgate et al. 2012).

It was derived from the Swiss Topographical Landscape model (swissTLM 3D 2015)
at 2 m resolution (elevation uncertaintyx 0.5m) using theslope function in ArcGIS 9.3
software (ESRI 2008) and subsequently aggregated to a median value using dlggregate
function implemented in the raster R package (Hijmans 2020). Similarly to the shortest
distance to water the mean value of the raster cells in a 10 m bu er around each edge was
used to transpose the slope to the network using thextract function form the "raster"
R package (step 2.1 in the conceptual model in Figure 2.4)(Hijmans 2020).

24.3 Trac

Trac has been used by many studies as proxy for the barrier e ect of roads for
amphibian movement (eg. Joly et al. 2003). Again, the exact role of this environmental
variable for landscape connectivity seems to be species specic but it is expected that
for all of them the resistance should be positively correlated with tra ¢ (Mazerolle et al.
2005).

The data from the "National Tra ¢ Model" (Nationales Personenverkehrsmodells) was
used under the form of an ESRI Shape le where lines representing the roads contained
information on tra c intensity (Justen et al. 2017). The daily number of vehicles passing
at the intersections with the network were summed for each edge and used as proxy for
resistance (step 2.1 in the conceptual model in Figure 2.4). This was achieved using the
st_intersection and aggregatefunctions from the "sf' and "stats" R packages respectively
(Pebesma 2018; R Core Team 2019).

11
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