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Ecological connectivity is a key attribute of landscapes and indicates how
landscapes facilitate or impede movement. It is an essential criterion to
consider in the design of green infrastructures (GIs) when landscape planners
and managers deal with population viability, which in part depends on the
movement capacities of organisms. Our goal is to inform about the
conservation value of land parcels to maintain or enhance connectivity. For
this, we developed a red deer functional connectivity model at a regional
scale. We focused our study on this large mammal species inhabiting the
Greater Geneva agglomeration between Switzerland and France. Our study site
is dominated by forestedmountains and lowlands, which are highly fragmented by
human infrastructures and agricultural lands. We used GPS location data from
15 red deer to parameterize the habitat resistances with a multivariate analysis. To
predict connectivity at the regional scale, we used local expert knowledge to
design a graph-based landscape. Then, we used electric circuit theory with
Circuitscape software to detect pinch points and map corridors, using the set
of resistances parameterized with experimental data and the putative core areas
and links identified with the help of expert knowledge. We obtained a map that
highlights suitable regional habitat patches and corridors or connectivity pinch
points potentially used by red deer between the mountains and the lowlands,
ratifying the importance of the transfrontier collaboration while implementing the
GI. The obtained results are used to assist landscape managers and planners in
their effort to include functional connectivity in the prioritization of the GI across
the region.
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1 Introduction

Habitat destruction and resulting fragmentation, as well as landscape homogenization,
are the main causes affecting biodiversity at a global level (Tscharntke et al., 2012). While
habitat destruction has a greater deleterious impact than habitat fragmentation, the latter
process can exacerbate the risk of species extinction (Fahrig, 2003; Haddad et al., 2015;
Hadley and Betts, 2016). Scientists and managers have long recognized ecological
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connectivity as a biodiversity conservation criterion to reverse the
negative effect of these changes in landscape.

Connectivity is a crucial characteristic of landscapes and
indicates how landscapes facilitate or impede the movement of
organisms (Taylor et al., 1993). The term “connectivity”
traditionally includes two complementary elements: 1) structural
connectivity that is determined by the spatial arrangement of
landscape elements and 2) functional connectivity that reflects
the behavioral response of organisms to landscape structures
(Tischendorf and Fahrig, 2000). The response of animals to
landscape structure is studied for target species, as connectivity is
species-specific (Tischendorf and Fahrig, 2000; Betts et al., 2014).
When a multi-species connectivity model is evaluated, it is
commonly studied first for a single species separately and then
for a combination of species, ecologically similar and sensitive in an
analogous way to landscape structure disturbances (Brodie et al.,
2015; Mimet et al., 2016).

The study of functional connectivity then involves the
quantification of the movement of organisms and the use of
robust statistical approaches to obtain reliable model parameters.
The empirical estimation of population connectivity by measuring
the movement of individuals uses techniques such as VHF radio
tracking and GPS telemetry (Tischendorf and Fahrig, 2000; Kool
et al., 2013). In addition, molecular techniques such as genetic
markers help to estimate the level of genetic connectivity between
populations and the relationship between landscape characteristics
and evolutionary processes such as gene flow and local adaptation
(Ray, 2005; Manel and Holderegger, 2013; Holderegger et al., 2020).

The most used approaches to model functional connectivity from
empirical data on movement are the least cost path method, circuit
theory, and graph theory. The first two methods have been used to
simulate corridors (usually in terms of energy expenditure or visibility
to predators) taken by individuals between habitat patches. These
methods use costs of movement of different landscape elements,
reflecting their permeability to movement for a particular organism
(Adriaensen et al., 2003; Spear et al., 2010). Models based on circuit
theory use concepts related to current flowing through an electrical
circuit of resistances (McRae et al., 2008). The estimated electric density
current is associated with the observed movement of individuals
traversing the matrix between habitat patches (McRae et al., 2008).
This approach can be viewed as an extension of the least cost path
method, with the notable difference that circuit theory identifies
multiple routes between habitat patches instead single ones, as in
the case of the least cost path method (Braaker et al., 2014). The
graph theory is complementary and helps to represent suitable habitat
patches as nodes and corridors as links to elaborate a landscape model
(Urban andKeitt, 2001; Urban et al., 2009).Multiple graphmetrics have
been developed to identify key elements in the landscape networks
(Saura and Rubio, 2010; Kool et al., 2013).

When movement data are absent or only available for small areas,
and management decisions must be made, expert knowledge can be
considered to parameterize models at large scales (Cook et al., 2010;
Martin et al., 2012; Drescher and Edwards, 2019). This kind of data can
be used to estimate resistance to movement, but the results are less
reliable than the results obtained with empirical data (LaPoint et al.,
2013; Zeller et al., 2018). Alternatively, studies that have shown the
utility of expert knowledge have concluded that the opinions from local
experts (Doswald et al., 2007) or a combination of expert opinions with

literature review of empirical studies (Keeley et al., 2016) offer an
opportunity to obtain model parameters about habitat suitability.

In Switzerland, the Swiss Plateau and the Jura Mountains are
considered the most fragmented bioregions in the country (Jaeger
et al., 2008). Efforts have been made to restore the national wildlife
corridor system (Jaeger, 2012) through the identification of
continuum of areas that are favorable to animal movement
(Holzgang et al., 2001; Berthoud et al., 2004). More recently,
the Swiss Biodiversity Strategy has set the goal of establishing a
green infrastructure (GI) of protected areas and ecological
networks by 2040 (Federal Office for the Environment, 2017).
In this context, the Canton of Geneva has lined up its biodiversity
strategy and action plan to define and model its green
infrastructure (GI) by integrating species diversity, ecological
connectivity, and ecosystem services, in a spatial conservation
prioritization scheme (Honeck et al., 2020a). Indeed, the
development of functional connectivity models was proposed as
a tool to elaborate an additional spatial layer to inform landscape
managers and planners about the conservation value of lands to
connect wildlife habitats (Honeck et al., 2020b).

Our aim was to create a regional map of functional connectivity
for red deer (Cervus elaphus) in the Greater Geneva region to assist
landscape planners and managers in their effort to include
functional connectivity in the definition of the GI. In our case,
building landscape functional connectivity models to inform
decision making required the use of both movement data and
expert knowledge. This policy need provided us with an
opportunity to fill the gap between an analytical and scientific
framework using quantitative analysis and expert opinions.
Scientists and conservation practitioners can mutually benefit
from this process to better help planners in the allocation of
resources for conservation action (Lehtomäki and Moilanen,
2013; Honeck et al., 2020a; Kareksela et al., 2020). In this study,
we followed a data-driven approach to parameterize a habitat
resistance model and then an expert-based approach to predict
functional connectivity at a regional scale. We applied our
framework to a human-dominated landscape using GPS tracking
data on red deer available for a small area in the Geneva region of
Switzerland. Moreover, we benefited from the knowledge of local
experts on habitat requirements and movement behaviors because
this species is well known by biologists and gamekeepers in the
region.

2 Materials and methods

We applied the following four general steps to develop a
functional connectivity map at regional scale by combining
expert knowledge and data on red deer movement (Figure 1): 1)
habitat mapping, 2) habitat resistance parameterization from
experimental data, 3) data collection from expert knowledge, and
4) functional connectivity modeling at the regional scale).

2.1 Study area and habitat mapping

Our study area corresponds to the Greater Geneva
agglomeration that is formed by 222 communes of two French
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departments (Ain and Haute–Savoie) and two Swiss cantons
(Geneva and Vaud). The Canton of Geneva is located in the
bioregion of the Plateau and is bordered by a series of forested
mountains that are located in France and in the Swiss Canton of
Vaud (Figure 1). At this scale, the landscape structure of the Plateau
corresponds to a mosaic of urban areas, croplands, and fragmented
forest patches (Fattebert et al., 2017). Specifically, the Canton of
Geneva consists approximately of 12.3% forested areas and 37.7%
agricultural areas, with the rest being urbanized (Federal Office of
Statistics, 2021).

The land cover map of this study site was obtained from the
territorial information system of Geneva (SITG) (GE21, 2022)
and transformed into a habitat map by aggregating existing
classes into categories of relevant habitats for the red deer
(Figure 2). We constructed the habitat map in ArcMap 10.8.1
(ESRI, 2019) at 5 m resolution, which allows better delineation of
transport infrastructures affecting animal movement in the
region. The total area size of the analyzed region was almost
6000 km2 which represented over 240 million cells at 5 m pixel
resolution.

FIGURE 1
Workflow for obtaining landscape functional connectivity maps by combining experimental data with expert knowledge.
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2.2 Focal species

Red deer is one of the most abundant ungulate species in Europe.
It has been influenced by human disturbances over centuries (Hartl
et al., 2003). The principal threat on red deer gene pools is habitat
fragmentation in human landscapes, which causes a reduction of
genetic variability in the isolated populations throughout Europe
(Zachos and Hartl, 2011). In Switzerland, this species was
considered early as a focal species for the definition of the
national level ecological network because red deer is a long-
distance migrant animal and the corridors used during these
movements are relatively well known in the country (Holzgang
et al., 2001; Berthoud et al., 2004). Moreover, in our study area, the
regularity and magnitude of these movements make this species
sensitive to landscape fragmentation (Fischer and Ranzoni, 2017).

In the Greater Geneva agglomeration, red deer are present in the
Jura and in the Voirons mountains (Figure 2). Seasonal migrations
are observed for males during the end of winter and during the
breeding season only between the Jura Mountains and some
fragmented forest patches located in the lowlands of the regions
of Versoix and L’Etournel 2 (Morisot et al., 2016). According to
Martin et al. (2018), the Jura population is a partial mixed migrant

population and its altitudinal range is near to 1000 m. Annual home
ranges for females and males inhabiting the Jura Mountains are
similar (1758 ha and 1773 ha, respectively), but they are larger than
home ranges of females inhabiting the Versoix lowlands (902 ha)
(Morisot et al., 2016; Fischer and Ranzoni, 2017).

Forested habitats used by red deer in the Greater Geneva region
are favorable not only for the red deer but also to a number of other
species such as roe deer (Capreolus capreolus), wild boar (Sus scrofa),
and the European hedgehog (Erinaceus europaeus) (Fischer and
Ranzoni, 2017). Corridors used by the red deer are also likely to be
favorable for the Eurasian lynx (Lynx lynx). Indeed, the conservation
andmanagement of the Eurasian lynx in Switzerland depends on the
promotion of the connectivity from the Jura Mountains with
adjacent mountain ranges in France and Germany (Breitenmoser
et al., 2007; Gimenez et al., 2019).

2.3 Movement data

We used GPS data from 15 red deer (eight females, seven males)
inhabiting in the Versoix region, in the northeast part of the Greater
Geneva agglomeration (Figure 2). Animals were captured with a

FIGURE 2
Study area and habitat map.
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hypodermic gun and fitted with GPS–GSM collars and ear tags
(Fischer and Ranzoni, 2017). GPS locations were recorded every half
hour during the night and every 6 h during the day. A total of
85′621 fixes of 15 individuals were obtained between 2009 and 2016.

The red deer GPS locations were divided into two datasets: one
for the habitat resistance parameterization and one for model
selection. The parameterization dataset was used to estimate an
index of habitat suitability during animal movement. Because
animals are principally active during the night, only GPS
locations between sunset and sunrise were subsequently used for
habitat selection analysis. For the parameterization dataset, we used
the data of 13 tracked individuals, totaling 57′686 fixes during night
time. For the model selection dataset, we used the nighttime fixes of
the two remaining individuals that were the most mobile female and
male deer, accounting for 7′757 fixes. We controlled that all GPS
fixes had a GPS dilution of precision (DOP) of less than 5 m.

2.4 Habitat resistance parameterization

As is showed in Figure 1, habitat resistance parameterization
consisted in the estimation of habitat resistance from GPS data.
Typically, resistance is estimated from an inverse function of habitat
suitability, assuming that areas of high suitability have the ability to
offer low resistance to movement (Keeley et al., 2016; Zeller et al.,
2018). Different options of transformation are used to transform
habitat suitability into resistances with the aim of obtaining a set of
resistances that better highlight corridors (Beier et al., 2008). The
methodological approach proposed by Braaker et al. (2014) was used
as a reference to parameterize a habitat resistance model, i.e., to
assign a resistance value to each habitat type. This method
minimizes the subjectivity of connectivity assessment by using
empirical data in the analysis of habitat suitability and various
mathematical functions to transform habitat suitability into
resistance.

The habitat selection analysis was used to estimate habitat
suitability and was performed with an eigenvalue analysis of
habitat selection ratios (ESR) of Manly (2002) (Calenge and
Dufour, 2006), using the AdehabitatHS R-package (Calenge,
2006). Available and used habitats were then determined from
the home range of each individual (third-order level of Johnson
(1980)). Home ranges were estimated with the AdehabitatHR
R-package by constructing the 95% minimum convex polygon
(MCP) (Mohr, 1947). In a second step, a measure of the habitat
selection for the whole population was performed using the method
proposed by Braaker et al. (2014). We estimate then an index of
habitat suitability for movement between 0 (low) and 1 (high) that
was transformed into habitat resistance using a transformation
function (Keeley et al., 2016, Eq. 3). Finally, eight transformation
equations were tested by varying the shape of the curves as in the
work of Keeley et al. (2016), which resulted in eight habitat
resistance sets (see Supplementary Table S2).

To select the best habitat resistance set among the eight
estimated ones, it was assumed that the best habitat resistance
model should allow us to obtain the highest current density
values at the nightly locations of the two individuals used for
model selection. We extracted the current density values at the
nightly locations from the eight current density maps, which were

elaborated from each of the eight resistance maps produced. We
modeled the current density with the help of Circuitscape 5
(Anantharaman et al., 2020), in the area encompassing all home
ranges plus a 20% buffer zone. We then estimated the current
density between core areas used in the Plateau, defined as the 50%
fixed kernel polygon around the daily locations of the 15 individuals
because red deer mainly rest during daytime in this population
(Supplementary Material S2; Supplementary Figure S5). We used
the kernel density tool of ArcMap 10.8.1 (Silverman, 1986; ESRI,
2019). In the case of the Jura Mountains, core areas were not
identified by the kernel density tool as red deer can move across
all this extended forested area without hindrance. Because in this
area seasonal migrations are observed between the Jura Mountains
and some fragmented forest patches located in the Plateau (Fischer
and Ranzoni, 2017), we also placed one focal node in the forested
slope of the JuraMountains and one in the neighboringMontMussy
(Supplementary Material S2; Supplementary Figure S5). Current
density maps were then inferred using all possible pairs between core
areas (on the Plateau) and nodes (in the extended forests of the
mountains). We then tested our hypothesis by comparing the
medians of the density current values using the Kruskal–Wallis
test with the post hoc Dunn test for multiple comparisons and
conducting this analysis in R software (R Core Team, 2022). The
habitat resistance model that gives the highest current densities
around the median was then selected.

2.5 Data collected from expert knowledge

As telemetry data were only available for the north-eastern part
of the Greater Geneva area, data collected from expert knowledge
were used to identify putative core areas at the regional scale and the
potential links between them.We contacted eight experts of red deer
ecology to get information about habitat requirements and
movements capacities. These data were collected with an online
survey that was elaborated with the help of the LimeSurvey tool
(LimeSurvey GmbH, 2012) and available online for 2 months.
Experts were asked to select which one was to be considered
essential for the species ecology from a list of relevant habitats,
as well as their minimal patch size as a measure of habitat quality.
They also provided the estimate of the distance traveled by a red deer
for three different types of movement: foraging, seasonal migration,
and dispersion. The composition of the areas was estimated
according to the frequency of votes for the habitats identified as
essential for this species. The minimal patch sizes of suitable habitats
and the dispersal movement distances between core areas were
obtained from the median of values provided by experts.

2.6 Functional connectivity modeling at the
regional scale

Weobtained a functional connectivitymodel highlighting corridors
or connectivity pinch points in the Greater Geneva agglomeration. For
this, we combined the graph method and electrical circuit theory. We
first constructed a planar graph using the software Graphab 2.8 (Foltête
et al., 2021) using the map of putative core areas and the dispersal
distance inferred from expert knowledge. Thanks to this procedure, it
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was possible to reduce the number of pairs of core areas to be connected
and, consequently, the calculation time. Then, the localization of
corridors was estimated with the help of Circuitscape 5
(Anantharaman et al., 2020) between graph nodes (centroids of core
areas) and links and using the selected habitat resistance. The total area
size of the analyzed region at the landscape level was almost 6,000 km2

which represented over 240 million cells at 5 m pixel resolution.

2.6.1 Core area delineation
Core area detection consisted in the delimitation of potentially

favorable areas to represent sources and destinations of biological
populations. Between them, organisms would be motivated to cross
the landscape matrix. For a target species, core areas may consist of
different habitat types. In addition, habitat patch size can be used as
an indicator of the patch habitat quality. By combining these two
criteria acquired from experts’ replies, we were able to identify
several areas at the regional scale that might constitute the nodes of
the ecological networks. We followed a two-step sequence of spatial
analyses in order to construct the core area map: 1) delimitation of
suitable patches by the type of habitat and minimal patch size
separately and 2) delimitation of core areas by aggregating
neighboring suitable patches using a priority rule. This rule
consisted of defining a focal habitat from among all the priority
habitats, around which the others were then aggregated. This spatial
analysis was implemented using the Python 3 programming
language and the ArcMap 10.8.1 ModelBuilder tool (ESRI, 2019).

2.6.2 Estimation of links
We estimated links between core areas by constructing a planar

graph between them. We used the dispersal distance of red deer
obtained from the expert knowledge and the core areas map to
parameterize Graphab 2.8 software (Foltête et al., 2021). In this way,
we drew all possible non-crossing links between core areas located at
a distance less than the dispersal distance.

2.6.3 Corridors or connectivity pinch point map
The resistance map of the Greater Geneva agglomeration was

obtained by reclassifying the available habitat map in habitat
resistance values ranging from 1 to 100, according to the
resistance values obtained from the selected model. Highways
and buildings are impassable barriers, and therefore, we gave
them an infinite value of resistance (no data value). These spatial
analyses were conducted using the ModelBuilder tool in Arcmap
10.8.1. (ESRI, 2019).

We parameterized Circuitscape 5 (Anantharaman et al., 2020) to
obtain a map of electrical current density. Three input data in ASCII
format were used to parameterize this software: 1) the resistance
map of the Greater Geneva agglomeration at a pixel size of 5 m; 2) a
node map consisting of the centroid of each core area; and 3) a list of
connections between nodes as indicated by the constructed planar
graph. The electric current density symbolizes the probability of net
movement between two habitat patches (McRae et al., 2008). Thus,
corridors or pinch points of current density correspond to regions
where there is an estimated high probability of movement due to the
scarcity of alternative passages and that these are, thus, very
vulnerable. The classes of the current density image correspond
to the deciles of the result between 0: low current density (first decile)
and 1: high current density (last decile).

3 Results

3.1 Habitat resistance model

3.1.1 Habitat selection
The analysis of the habitat selection shows that about 48.62% and

33.65% of the variability is summarized in the first two main factorial
axes. As shown in Figure 3, the classes that are most selected by the
13 tracked individuals are croplands, coniferous forests, hardwood
forests, and moorlands. Transport infrastructures, buildings, and
other paved surfaces are avoided (Figure 3). Habitat selection among
the different individuals showed three patterns of preferences: 1) six
individuals (five females and one male) preferentially selected
croplands; 2) four individuals (one female and three males)
preferentially selected crops, coniferous forests, and hardwood
forests; and 3) three individuals (one female and two males)
preferentially selected coniferous forests, hardwood forests, and
moorlands (Figure 3). These preferences are confirmed by Manly’s
habitat selection ratios obtained (Supplementary Table S1). The
resultant vector of the average of habitat selection shown in Figure 4
indicates that on average, the maximum value of suitability 1 is given to
croplands and the minimum 0 to highways. Consequently, all other
classes were attributed values between 0 and 1 according to their relative
distance from the most selected class (croplands) (Supplementary
Table S2).

3.1.2 Habitat resistance model choice
Among the eight resistance maps inferred from the habitat

suitability index (Supplementary Figure S2), the highest median
current density value comes from the exponential transformation
equation of coefficient c = 8 (model R6) (Figure 5). The results of the
Kruskal–Wallis test (H = 946.1 df = 7, p < 0.05, η2 [H] = 0.0151) with
the post hoc Dunn test for multiple comparisons of models indicate
significant differences between model R6 and all the other models
except R5 (p-adjust < 0.05 Dunn-adjusted) (Figure 5).

3.2 Landscape graph

We identified 172 core areas and 424 links (Figure 6) in the region
of Greater Geneva. According to the experts, core areas are principally
composed by forests of a minimal patch size of 30 ha. Other habitat
patches around suitable forest patches compose these core areas, such as
forest edges (minimal patch size = 4 ha), moorlands (minimal patch size
= 15 ha), shrublands (minimal patch size = 4 ha), grasslands (minimal
patch size = 1 ha), croplands (minimal patch size = 5 ha), and orchards
(minimal patch size = 5 ha). The dispersal distance of red deer used to
construct the minimal graph between putative core areas was equal to
30 km. For details about the responses of experts, check Supplementary
Figures S1–S3.

3.3 Functional connectivity map for red deer
at the regional scale

The regional map of core areas and corridors or pinch points of
connectivity are shown in Figure 7. Priority areas (last decile of
current density) appear principally in the base of the mountains, in
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regions connecting them to core areas located in the French part of
the Plateau. It can also be observed that the principal barriers to
movement are Lake Geneva, the city of Geneva, and highways.

Figure 8A shows the north-eastern part of the Canton of Geneva.
This area is connected by passages of high current density (last
decile) delineated between the Versoix region (core areas 113, 114,
115, 133, and 168) and the Jura Mountains (core areas 162, 169, and
170), as it was proven for animals tracked in this region
(Supplementary Figure S5).

The agricultural area of the southwestern part of the Canton of
Geneva is shown in Figure 8B. In this region, the major corridors or

pinch points of connectivity (last decile of current density) are
located in the area connecting L’Etournel (core areas 35, 37, and 38)
with Chancy (core area 39). It is also possible to observe high values
of current density around the recent two wildlife overpasses located
in this part of the study area (current density = last decile). The
wildlife overpass constructed in the locality of Viry acts as a link
between Mont Salève (core area 157) with the southern Jura
Mountains (core area 162). It facilitates the current flow between
the southern areas connected with Mont Salève (core areas 24, 28,
32, and 34), passing through Chancy and L’Etournel, to finally reach
the Jura Mountains. The other core areas located in the Canton of

FIGURE 3
Habitat selection at night by 13 individuals using the ESR methods. (A) Position of the habitat classes in the first two principal factorial axes. (B)
Position of the individuals in the first two principal axes of the ESR analysis (F: female; M: Male).
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Geneva are not connected with themountains because highways and
urban settlements impede the current flow. In addition, they are
inter-connected by open lands, though these passages exhibit lower
values of current density (eight to nine deciles).

Finally, in Figure 8C, it can be seen that only few passages are
delineated in the east of the Canton of Geneva. The major core areas
in the lowlands are located in the Jussy forest (core areas 108 and
164) and are linked with the Voirons Mountains, principally by a
corridor or pinch point to the north (last decile of current density). It
is also possible to observe the importance of the Allongets wildlife
overpass to connect those large core areas by a southern corridor
(last decile of current density) and passing through smaller core
areas at the same time (core areas 105, 106, and 107).

4 Discussion

Ourmodel is being used to incorporate the conservation value of
lands connecting habitat patches for red deer, a well-known focal
species, into the planning of Geneva’s GI (Honeck et al., 2020a). We
were able to point out the potential corridors that could be used at
the regional level and the principal barriers to movement. The
promotion of connectivity for a species like red deer calls for a
transfrontier collaboration because potential core areas and
corridors are placed on both sides of the frontiers.

Using expert knowledge is less accurate than telemetry data, but
the latter are often not available at larger spatial extents or for small
species. Expert knowledge is then the best alternative to inform
about connectivity and should be used in areas with limited
availability of empirical data (Petsas et al., 2020). To cope with
this issue, we informed in a transparent way about expert choices,
which is essential for a process of spatial conservation prioritization
(Kareksela et al., 2020). In addition, we provided a structured and
parsimonious way to identify putative core areas and dispersal links
to biologists and practitioners. Experts actually have a better insight
of habitat selection than of landscape use during prospecting and
dispersal movements (Keeley et al., 2016). In accordance with this
assumption, we only used a few parameters about habitat structure
to facilitate the construction of graph nodes and links at a regional
scale, on the advice of experts familiarized with the study area and
red deer monitoring. Additionally, our graph-landscape model was
able to identify the main core areas with the observed red deer
population as the Jura and Voirons mountains and the core areas of
the lowlands, in Versoix and in L’Etournel.

At the same time, we proposed a method to obtain a useful
prediction of potential corridors or pinch points of connectivity by
taking advantage of GPS data for red deer. Our results show that a
non-linear, negative exponential relationship between habitat
suitability and resistance leads to a better resistance model for
the red deer. Consistent with our study, Keeley et al. (2016)

FIGURE 4
Average axis of habitat selection derived from the ESR analysis.
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found that the Canadian red deer (Cervus canadensis) also chose to
move through open areas, avoiding developed areas of medium to
high density during long-distance movements, with a negative
exponential relationship found to be the best choice for
modeling. For purposes of the GI mapping, we chose to use the
resistance set allowing highlighting the major corridors or pinch
points of connectivity used by all individuals tracked. We chose one
of two different yet valid equations to transform the habitat
suitability index into resistance, each of which could lead to a
different value, therefore creating some uncertainty. We observed
an intra-specific variability in habitat selection of the tracked
individuals, but we did not take this into consideration because
our model intended to serve as a baseline for landscape planners and
managers to target field research on the areas of interest. In the
future, more complex models should be elaborated to account for
this variation (Baguette and Van Dyck, 2007). We could, for
instance, consider the elevation habitat use of ungulates driven
by sex-dependent movement behavior, as described by Ruckstuhl
and Neuhaus (2006). It will also probably be necessary to use more
complex methods such as individual-based models (Unnithan
Kumar et al., 2022).

We predicted that at the regional scale, the principal corridors or
pinch points of connectivity are located in areas connecting the
largest forested mountains with the largest and closest forested areas
in the lowlands. The estimated corridor located between the Jura
Mountains and the lowlands of the Versoix region is used by males
during seasonal migration between summer and autumn ranges, as
was noted by previous research in this region (Martin et al., 2012;
Morisot et al., 2016). The former authors also noted that this area is
used by males during the breeding season. According to Jarnemo
(2011), this kind of movement is likely to be linked to intra-sexual
competition in males to improve the opportunities of reproductive
success. This represents an important link between the populations
of the Jura Mountains and the lowlands regarding gene flow. A
combination of least cost models and circuit theory might give better
results in identifying these corridors, as it was established that for
migratory routes of ungulates, least cost path models out-perform
circuit theory (McClure et al., 2016; Dickson et al., 2019). To
perform this kind of analysis, it will be necessary to expand our
understanding of red deer movement behavior by identifying, for
example, long-distance migration steps as proposed by McClure
et al. (2016), with the aim of better informing about corridors used

FIGURE 5
Violin plots of current density obtained from eight different resistance models at the nocturnal location level of the two animals used as control.
Distributions sharing a letter are not significantly different (p-adjust =0.05 Dunn-adjusted).
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during this kind of movement. This additional understanding will
also be useful in determining how smaller forest patches could be
viewed as stepping stones, when they act as daytime cover areas
during seasonal migration. Along with corridors, smaller forest
patches are essential elements to protect regarding their potential
role in connecting the mountains with the largest core areas of the
lowlands, as we noted for the population inhabiting in the Versoix
region.

Additionally, we predicted that corridors or pinch points of
connectivity between scattered core areas in the lowlands are located
principally in the French side. On the other hand, core areas located
in the Canton of Geneva are less connected to population hot-spots
of the largest forest extents of the Jura and Voirons mountains, in
accordance to the high fragmentation level of the Swiss Plateau
(Jaeger et al., 2008). Indeed, we showed how urban areas and
highways impede red deer connectivity between the Swiss Plateau
and the potential of overpasses to reconnect these lowlands with the
largest forest extents of the Jura and Voirons mountains. Animals
using the patchy core areas in the Versoix region followed alternative
paths that were detected by our model, showing the utility of circuit
theory to identify alternative corridors in fragmented landscapes.
This was already shown in previous studies for other species
(Braaker et al., 2014; Rödder et al., 2016; Grafius et al., 2017).

These kinds of short-range movements are likely linked to the
patchy distribution of forested habitats, causing resources to be
scattered in the landscape. In other human-dominated landscapes
within Northern Europe, more extended nighttime displacements
have also been observed during feeding between forested daytime
resting areas for females (Allen et al., 2014). This allows us to
presume that this kind of movement explains the presence of
corridors or pinch points of connectivity in the lowlands of the
Versoix region. Females are also reported to perform long-distance
movements between harems during the rut (Stopher et al., 2011).
Even if this behavior cannot be excluded, we never did observe it in
the females we fitted with GPS-collars in our study area (Fischer and
Ranzoni, 2017).

Maintaining the existing corridors of regional importance
and enhancing them by building wildlife overpasses above
barriers such as highways should allow for the preservation or
increase of connectivity for red deer and other species using
similar habitats. In addition, by estimating current density
corridors or pinch points, the circuit theory allows us to
identify particularly vulnerable corridors or corridor stretches
and can, thus, be used as a prioritization tool for planners to
invest resources in the most critical areas. Assessing connectivity
is a difficult task that demands a significant effort from both

FIGURE 6
Map of the graph-based landscape in the region of Greater Geneva.
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scientists and managers to obtain acceptable ecological models
(Lehtomäki andMoilanen, 2013) based on in-depth knowledge of
the target species’ ecology. For this, theoretical corridors or pinch
points of connectivity obtained with modeling should be
validated in the field or with tracking data. As it is not
possible to validate all theoretical corridors, the resulting
corridors or pinch points of connectivity provided by the
circuit theory allow the prioritization of this field work.
Moreover, to ensure their true functionality, it is necessary to
propose an action plan on the ground, with the aim of
maintaining the long-term viability of animal populations
(Brodie et al., 2016; Daigle et al., 2020). In our study area, for
example, field surveys have shown the presence of fences acting as
barriers to movement. The different kinds of fences increase the
level of fragmentation and are additional barriers to animal
movement (Jakes et al., 2018; Kauffman et al., 2021). As a
consequence, these kinds of landscape features should be

considered in the elaboration of a connectivity plan. It is also
expected that large-scale environmental conditions also drive the
seasonality of movement behaviors of migrants and residents in
this area (Martin et al., 2018). Variables influencing the
altitudinal range shift as plant phenology (Aikens et al., 2020;
Sigrist et al., 2022) should, thus, affect the utilization of predicted
corridors or pinch points of connectivity. On a regional scale, the
use of arable lands by red deer could also be influenced by the
type of crop and their distance to cover, as was observed, for
example, by Månsson et al. (2021), in landscapes with different
mixtures of forest and arable lands in Sweden.

Finally, we plan to expand our work to other focal species
with the goal of identifying habitat networks and corridors that
promote the persistence of several species in a landscape (Wood
et al., 2022). We will be able to propose functional connectivity
maps for other species benefiting from both local expert
knowledge and empirical studies (Parrott et al., 2019; Petsas

FIGURE 7
Map of core areas and corridors or pinch points of connectivity for red deer in the region of Greater Geneva. Current density is represented in deciles
from 1 (low current density or impassable) to 10 (high current density or high probability of passage).

Frontiers in Environmental Science frontiersin.org11

Urbina et al. 10.3389/fenvs.2023.1198168

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1198168


FIGURE 8
Details on principal corridors or pinch points of connectivity connecting the Canton of Geneva with the rest of the Greater Geneva region. (A)
Northern corridors or pinch points connecting the Jura Mountains (core areas 162, 169 and 170) with the lowlands of the Versoix region (core areas 114,
133, and 168). (B) Southwestern corridors or pinch points and the influence of the recent wildlife overpass of Viry and Peron in the promotion of red deer
connectivity. (C) Eastern corridors or pinch points connecting the Voirons Mountains (core area 165) with the Jussy forest in the Plateau (core areas
108 and 164).
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et al., 2020), thanks to the established process of spatial
conservation prioritization driven by the Canton of Geneva
and the Greater Geneva agglomeration.
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