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Summary

Summary
All around the globe, species biodiversity is threatened by landscape fragmentation and habitat
loss. The consequences of these two processes are manifold and they can result in loss of
ecosystem functions and extinction of species or populations due to a lack of connectivity and
genetic exchange. Especially in human-dominated landscapes, intact functional connectivity
between populations is necessary to decrease impacts of habitat fragmentation and to maintain
dispersal movements and gene flow ensuring viable species. To mitigate the effects of
fragmentation, wildlife conservation often relies on corridor models to increase the permeability
of landscapes.
However, knowledge about the environmental impacts on gene flow and connectivity of species
is often lacking on a large scale, and data used to estimate corridor models often do not capture
effective dispersal because they rely on expert knowledge, movement data, or habitat models.
Taking effective dispersal into account, landscape genetic analyses combine genetic data,
information on landscape heterogeneity, and spatial statistics to reveal the effects of landscape
elements on gene flow. In addition, models derived from landscape genetic analyses can be used
to estimate informed corridor networks.

This thesis investigates the effects of environmental variables on gene flow and migration of two
contrasting species across Germany. Using red deer (Cervus elaphus) and European wildcat (Felis
silvestris silvestris) as study species, the impeding effects of human infrastructure and current
species management are demonstrated. Comparing genetically derived corridor models with
already existing corridor models for both species, similarities and differences are presented.

After a general introduction into the research context, Chapter 1 examines the effect of several
environmental variables on the genetic diversity of European wildcat in its German core
distribution area using high-resolution genetic data and multiple regression on distance matrices
in combination with commonality analysis. The results document the importance of a combination
of landscape variables for large-scale wildcat connectivity and highlight the large negative effects
of anthropogenic infrastructure on wildcat connectivity, and in particular of state road densities,
but also the positive effects of forest and agricultural land.

Chapter 2 presents an overview of the genetic variability of red deer populations in Germany and
deals with the impacts of environmental variables on historic and recent gene flow among this
highly managed herbivore using uni- and multivariate optimization procedures. The results
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confirm the results of the first chapter and emphasize the negative effects of roads and
settlements, but also reflect the negative impact of current management practices regulating red
deer occurrence on gene flow and genetic structure.

The study described in Chapter 3 evaluates the proposed current flow for European wildcat and
red deer within available conservation corridor networks and compares corridors created using
circuit theory and least-cost paths to the already available Wildcat Routing Map and the Corridor
Network for Forest-Inhabiting Larger Mammals. While the results indicate that available corridors
for wildcat favor its recolonization, corridors seem unavailable to red deer in managed populations.
In addition, the chapter highlights the large overlap between available and landscape genetic
corridors and provides recommendations for their improvement to support functional
connectivity.

The general discussion summarizes the findings of the chapters and discusses them in light of
current research. The results of this thesis can help to understand connectivity in fragmented
landscapes and, thus, contribute to the conservation of two valuable species threatened by
anthropogenic land-use and fragmentation.
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Zusammenfassung
Weltweit ist die Artenvielfalt durch die Fragmentierung der Landschaft und den Verlust von
Lebensräumen bedroht. Die Folgen dieser beiden Prozesse sind vielfältig und können durch
mangelnde

Konnektivität

und

fehlenden

genetischen

Austausch

zum

Verlust

von

Ökosystemfunktionen und zum Aussterben von Arten oder Populationen führen. Besonders in
menschlich geprägten Landschaften ist eine intakte funktionale Konnektivität zwischen
Populationen notwendig, um die Auswirkungen der Lebensraumfragmentierung zu verringern.
Gleichzeitig müssen Ausbreitungsbewegungen und der Genfluss aufrechterhalten werden, damit
die Arterhaltung gewährleistet werden kann. Um die Auswirkungen der Fragmentierung
abzumildern, nutzt der Naturschutz häufig Korridormodelle, die die Erhöhung der Durchlässigkeit
von Landschaften als Ziel haben.
Das Wissen über die Umweltauswirkungen auf den Genfluss und die Konnektivität von Arten ist
jedoch oft nicht groß genug, und die Daten, die zur Schätzung von Korridormodellen verwendet
werden, erfassen häufig die effektive Abwanderung nicht, da sie auf Expertenwissen,
Bewegungsdaten oder Habitatmodellen beruhen. Landschaftsgenetische Analysen können die
effektive Abwanderung berücksichtigen, da sie genetische Daten, Informationen über die
Heterogenität der Landschaft und räumliche Statistiken kombinieren, um die Auswirkungen von
Landschaftselementen

auf

den

Genfluss

zu

ermitteln.

Darüber

hinaus

können

aus

landschaftsgenetischen Analysen abgeleitete Modelle verwendet werden, um Korridornetzwerke
abzuschätzen.

In dieser Arbeit werden die Auswirkungen von Landschaftsvariablen auf den Genfluss von zwei
sehr unterschiedlichen Arten in Deutschland untersucht. Anhand des Rothirsches (Cervus elaphus)
und der Europäischen Wildkatze (Felis silvestris silvestris) werden die negativen Auswirkungen der
menschlichen Infrastruktur und des derzeitigen Artmanagements auf den Genfluss gezeigt. Im
Vergleich von genetisch abgeleiteten Korridormodellen beider Arten mit bereits existierenden
Korridormodellen werden die Gemeinsamkeiten und Unterschiede dargestellt.

Nach einer allgemeinen Einführung in den Forschungskontext wird in Kapitel 1 der Einfluss
verschiedener Landschaftsvariablen auf die genetische Vielfalt der Europäischen Wildkatze in
ihrem deutschen Kernverbreitungsgebiet anhand hochauflösender genetischer Daten und
multipler Regression auf Distanzmatrizen bzw. einer Kommonalitätsanalyse untersucht. Die
Ergebnisse weisen auf die Relevanz verschiedener Landschaftsvariablen für die großräumige
Vernetzung der Wildkatze hin und zeigen die positiven Auswirkungen von Wald und
landwirtschaftlichen Flächen, betonen aber speziell die starken negativen Auswirkungen der
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anthropogenen Infrastruktur, insbesondere der Dichte von Landesstraßen, auf die Vernetzung der
Wildkatze in ihrem deutschen Verbreitungsgebiet.

Kapitel 2 gibt einen Überblick über die genetische Variabilität von Rotwildpopulationen in
Deutschland und befasst sich mittels uni- und multivariater Optimierungsverfahren mit den
Auswirkungen von Landschaftselementen auf den historischen und rezenten Genfluss bei diesem
stark gemanagten Herbivoren. Die Ergebnisse bestätigen die Ergebnisse des ersten Kapitels und
betonen die negativen Auswirkungen von Straßen und Siedlungen, spiegeln aber auch die
negativen Auswirkungen der aktuellen Managementpraktiken durch Rotwildgebiete zur
Regulierung des Rotwildvorkommens auf den Genfluss und die genetische Struktur wider.

Die in Kapitel 3 beschriebene Studie bewertet den vorhergesagten Stromfluss innerhalb von
Korridoren existierender Netzwerke für die Europäische Wildkatze und den Rothirsch und
vergleicht den Verlauf der Korridore des Wildkatzenwegeplans und des Korridornetzwerks für
Wald-gebundene größere Säuger mit Korridoren, die anhand von landschaftsgenetischen Daten
berechnet wurden. Während die Ergebnisse darauf hindeuten, dass der Wildkatzenwegplan die
Wiederbesiedlung Deutschlands durch die Wildkatze begünstigen, scheinen die Korridore für
Rotwild in isolierten Populationen und in Rotwildgebieten nicht verfügbar zu sein. Das Kapitel zeigt
zusätzlich die große Überschneidung zwischen den verfügbaren und den landschaftsgenetischen
Korridoren und gibt Empfehlungen zur weiteren Verbesserung dieser Korridore, um die
funktionale Vernetzung zu unterstützen.

In der allgemeinen Diskussion werden die Ergebnisse der einzelnen Kapitel zusammengefasst und
im Zusammenhang mit der aktuellen Forschung diskutiert. Die Ergebnisse dieser Arbeit können
zum Verständnis der Konnektivität in fragmentierten Landschaften beitragen und einen Beitrag
zum Schutz zweier naturschutzfachlich wertvoller Arten leisten, die durch anthropogene
Landnutzung und Fragmentierung beeinflusst werden.
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General Introduction

1

General Introduction

Landscape fragmentation
The worldwide protection of biodiversity is the main goal of the United Nations Convention on
Biological Diversity (United Nations Environment Programme 1992) signed by 168 countries,
including Germany and the European Union. However, habitat loss and fragmentation primarily
driven by human influences are ongoing and are major threats to biodiversity worldwide
(Fischer & Lindenmayer 2007; Keyghobadi 2007; Seto et al. 2012; Haddad et al. 2015; Hanski 2015;
de Oliveira et al. 2021). Habitat fragmentation is a process on landscape-scale that divides habitat
into smaller and isolated patches, whereas habitat loss is the overall loss of habitats (Fahrig 2003a).
Both processes often act synergistically and effects on wildlife were reported for a variety of taxa,
often exacerbated by climate change (Andrén 1994; Thomas et al. 2004; Moilanen et al. 2005;
Cushman 2006; Blair et al. 2015; Bartlett et al. 2016).
The impacts of habitat fragmentation and loss are manifold: they alter habitat configuration,
abundance, and distribution of species, and were identified to affect species behavior
(Keyghobadi 2007; Portanier et al. 2018). Further, they have been found to impact several critical
life-history events such as effective dispersal, i.e., the physical immigration of individuals from one
habitat patch to another (Greenwood 1980), which can impact processes such as genetic exchange.
Reduced gene flow can reduce the overall genetic diversity of populations or increase the potential
of inbreeding between related individuals which can lead to inbreeding depression
(Schlaepfer et al. 2018).
Since suitable habitat patches become unavailable for individuals of a species and landscape
fragmentation often separates populations or isolates habitats geographically and genetically
(Hanski & Ovaskainen 2003; Balkenhol & Waits 2009), dispersal and, hence, gene flow are
hampered, leading to population declines or extinctions in the worst case (Bohonak 1999;
Spielman et al. 2004; Frankham 2005; Crooks et al. 2017).

Landscape connectivity
For nature conservation aiming to successfully mitigate effects of fragmentation, understanding
landscape connectivity has become crucial. Landscape connectivity has often been recommended
as a way to minimize the impacts of habitat fragmentation. The degree of landscape connectivity
can refer to two different concepts: functional and structural connectivity. Structural connectivity
(Figure 1, top) is the physical connectivity of suitable habitats (Kindlmann & Burel 2008;
Taylor et al. 2010) is relatively easy to assess using digital habitat maps derived from expert
knowledge or information on presence or movements of the focal species. In contrast, functional
connectivity (Figure 1, bottom) is a species-specific response to the composition and configuration
of the landscape. It is defined as the relative ease or difficulty of a particular species, individual, or
genes to move through different parts of the landscape (Taylor et al. 1993, 2010). However,
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structural connectivity does not necessarily imply functional connectivity since habitats defined as
suitable might still not be functionally connected, and vice versa (Tischendorf & Fahrig 2000).
It is comparatively easier to assess structural connectivity because of the availability of abundant
remote sensing data, but more difficult to cumulate data needed to assess functional connectivity.
Estimating functional connectivity requires data on actual movement or genetic exchange across
a landscape (Taylor et al. 1993; Baguette et al. 2013). From a conservation standpoint, genetic data
are particularly important. While taking the behavior of a limited number of individuals into
account, movement data often do not capture true dispersal movements and may lead to
ineffective

corridor

results,

underestimating

genetic

functional

connectivity

(Mateo-Sánchez et al. 2015; Abrahms et al. 2017; Scharf et al. 2018). In contrast, it is often more
feasible to sample many individuals of multiple species genetically (e.g. retrieved from noninvasive sampling or legally hunted animals), and genetic data implicate the process of successful
dispersal and reproduction of individuals. Hence, it can be used to measure gene flow between
populations, giving insight into functional connectivity.

One way to ensure landscape connectivity and mitigate effects of fragmentation is to connect
habitats or populations through corridors (Figure 1) in an otherwise impermeable landscape
(Crooks & Sanjayan 2006; Wang 2013; Hilty et al. 2020). There is a variety of methods available to
establish such corridors, including resource selection models derived from telemetry, habitat
models, expert knowledge, and least-cost modeling (Chetkiewicz et al. 2006; Beier et al. 2008;
Cushman et al. 2013).

Figure 1. Structural connectivity (top) and functional connectivity (bottom) illustrate the permeability of the landscape using
two different concepts. Green areas stand for occupied or suitable habitats, brown areas indicate corridors connecting
them. The black arrow depicts gene flow. While the habitat patches in the landscape are structurally connected (top), the
bottom figure shows that (a) even in the absence of structural connectivity, functional connectivity, i.e., gene flow can be
maintained and that, on the other hand, (b) even in the presence of structural connectivity (corridor present), functional
connectivity does not necessarily exist (see Fattebert et al. 2015).
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The importance of landscape genetics
Successful genetic exchange (i.e., gene flow) only occurs when animals disperse from one
subpopulation to another and reproduce successfully. Especially among small or isolated
populations with few individuals, insufficient functional connectivity can lead to local inbreeding
and population collapses in the long term (Shaffer 1981). Combining the two fields of landscape
ecology and population genetics with spatial analyses (Balkenhol et al. 2016), landscape genetic
studies use genetic data and intersect it with species-specific information on landscape
heterogeneity using spatial statistical methods (Manel et al. 2003; Storfer et al. 2007;
Balkenhol et al. 2016). Landscape genetic analyses aim to infer ecological processes that are
particularly relevant for genetic exchange between populations and, thus, provide an excellent tool
for practical conservation, for example, to assess functional connectivity, to detect barriers for gene
flow, or to find optimal routes for corridors and determine priority areas for conservation
(Epps et al. 2007; Storfer et al. 2010). These tools have been successfully used to quantify the
effects of human land-use, for example the decreased permeability across roads and developed
areas (Laurance et al. 2009; LaPoint et al. 2015; Kozakiewicz et al. 2019; Fraser et al. 2019), and
increased permeability of more natural landscape elements like forests (Coulon et al. 2004). In
addition, landscape genetic analyses can be used to study the consequences of fragmentation, to
investigate the development of ongoing disease spread (Blanchong et al. 2008; Deter et al. 2008),
or to compare historic and recent gene flow (Spear & Storfer 2008).
The first analytical step in landscape genetic studies is to evaluate population- or individual-based
genetic variation (Wright 1931; Bowcock et al. 1994; Pritchard et al. 2000; Corander et al. 2008;
Jost 2008; Storfer et al. 2010). Then, landscape heterogeneity is quantified to create resistance
surfaces (i.e., layers that represent the cost of moving through different parts of the landscape;
Figure 2A, B; Zeller, McGarigal & Whiteley, 2012) using a variety of methods available, all of which
have their advantages and disadvantages (see Cushman et al. 2006, 2013). However, resistance
surfaces based on expert opinion or occurrence data were outperformed by those based on
genetic data and movement (Mateo-Sánchez et al. 2015b; Zeller et al. 2018).
Next, effective distances between sampled individuals or populations are calculated based on the
resistance surfaces (Figure 2C), for example using circuit-theory or least-cost approaches
(Adriaensen et al. 2003; McRae et al. 2008). In the final step, the derived genetic and landscape
estimates are statistically linked (Balkenhol et al. 2009; Wagner & Fortin 2013). Three concepts can
be taken into consideration that aim to estimate the spatial distance between entities
(Cushman & Landguth 2010): isolation-by-distance (IBD) is often used as a null model in landscape
genetic studies and describes the negative relationship between geographic distances between
sampled entities and genetic exchange once the maximum dispersal distance of a species is
exceeded (Wright 1943; van Strien et al. 2015); isolation-by-barrier (IBB) aims to investigate the
effects of supposed barriers on genetic distances between populations or individuals from
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different sides of the potential barrier (Epps et al. 2005; Frantz et al. 2012); and isolation-byresistance (IBR) accounts for the heterogeneity of a landscape using resistance surfaces which
describe movement costs depending on landscape composition (McRae 2006; Spear et al. 2010).
However, the variety of methods available for this step is also manifold and the debate about
appropriate tests is ongoing (Crabot et al. 2019; Peterman & Pope 2021).

Figure 2. Exemplary workflow of a landscape genetic analysis. A: heterogeneous landscape; B: Formula to convert landscape
data into resistance values (figure modified from Balkenhol, 2009); C: Final resistance surface (red = high resistance,
green = low resistance) with effective distance (solid line) between two individuals or populations (black circles) as a
function of landscape resistance, and geographic distance (dashed line).

Fragmentation and connectivity in Germany
The Natura 2000 network is one approach of the European Union to preserve threatened and
valuable habitats, flora, and fauna by connecting about 27,000 protected areas (Sundseth 2008),
including Germany. Due to the large amount of traffic, a road network of about 890,000 km
(i.e. 2.5 km per km²), and a dense population (233 inhabitants/km²; Federal Statistical Office of
Germany (Destatis), 2019, 2021), Germany belongs to the most fragmented countries worldwide
and, thus, landscape fragmentation represents an important issue for conservation in Germany
(Federal Ministry of Transport and Digital Infrastructure (BMVI) 2019). Nature conservation and
landscape fragmentation are addressed in different programs aiming to protect biodiversity and
increase connectivity between various landscape elements (Herrmann et al. 2007; Federal Ministry
for the Environment, Nature Conservation, and Nuclear Safety (BMUB) 2012; Aßmann et al. 2017),
but up to now, a large-scale genetic evaluation of functional connectivity and the effects of
different landscape elements on gene flow is lacking.
In this thesis, I performed landscape genetic studies on European wildcat (Felis silvestris silvestris)
and red deer (Cervus elaphus) across Germany. The European wildcat is a continuously distributed
flagship species for habitat sensitivity with a successful ongoing recolonization supported by
conservation projects and reintroduction attempts (Vogel et al. 2009; Mueller et al. 2020). The
second study species, the red deer, represents a large herbivore with economic interests due to
hunting. It is intensively managed by the use of designated red deer zones in many states, and
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current research revealed signs of low genetic exchange (Zachos et al. 2007; Kinser et al. 2010;
Edelhoff et al. 2020).

Aim of the thesis
The overall aim of this thesis is to evaluate and improve our understanding of large-scale genetic
connectivity for two very contrasting mammal species: the red deer, a large and intensively
managed herbivore with extensive space requirements, and the European wildcat, a small, highly
protected carnivore with complex habitat demands. I focus on the effects of different landscape
elements on gene flow between individuals and populations, combining high-resolution genetic
data and estimates of landscape resistance. The most suitable landscape models are then used to
derive large-scale corridor networks and to compare them to already existing corridor models.
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Structure of the thesis
The thesis consists of three chapters investigating environmental effects on genetic connectivity
and comparing two ways of estimating mitigation through corridors, and an overall discussion
chapter.

Chapter 1 investigates the effects of landscape elements on genetic connectivity of the European
wildcat in its core distribution within Germany. The results highlight the strong negative influence
of road density on genetic connectivity on the species. My analyses show that state roads have the
strongest negative effects and that large forest complexes, as well as agricultural areas, are less
resistant to wildcat dispersal than previously thought.

Chapter 2 documents the large genetic variability of red deer in Germany and reflects the negative
effects of anthropogenic infrastructures on historic and recent gene flow. It further illustrates the
decrease of recent gene flow due to the intensive anthropogenic management using red deer
zones in Germany. The results emphasize the importance of large-scale studies when estimating
connectivity among a highly managed habitat specialist using population and landscape genetic
analyses.

Chapter 3 uses landscape-genetic results from the first two chapters and extrapolates them to an
even larger extent including Germany and areas of adjacent countries to compare corridors
derived from landscape genetic analyses with already existing corridor models. The findings
indicate that wildcat recolonization is supported by existing corridor networks, whereas gene flow
among red deer is distorted by anthropogenic management and existing corridors are unavailable
for the species.

The general discussion summarizes and discusses the results of Chapters 1 – 3 and provides an
outlook on potential consequences for connectivity conservation regarding both study species.
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impediment to gene flow in a flagship species inhabiting a severely
fragmented anthropogenic landscape
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Abstract
Aim: Connectivity conservation is ideally based on empirical information on how landscape
heterogeneity influences species-specific movement and gene flow. Here, we present the first
large-scale evaluation of landscape impacts on genetic connectivity in the European wildcat (Felis
silvestris), a flagship and umbrella species for connectivity conservation across Europe.
Location: The study was carried out in the core area of the distributional range of wildcats in
Germany, covering about 186,000 km² of a densely populated and highly fragmented landscape.
Methods: We used data of 975 wildcats genotyped at 14 microsatellites and an individual-based
landscape genetic framework to assess the importance of twelve landscape variables for explaining
observed genetic connectivity. For this, we optimized landscape resistance surfaces for all variables
and compared their relative impacts using multiple regression on distance matrices and
commonality analysis.
Results: Genetic connectivity was best explained by a synergistic combination of six landscape
variables and isolation-by-distance. Of these variables, road density had by far the strongest
individual impact followed by synergistic effects of agricultural lands, and settlements. Subsequent
analyses involving different road types revealed that the strong effect of road density was largely
due to state roads, while highways and federal roads had a much smaller, and county roads only
a negligible impact.
Main conclusions: Our results highlight that landscape-wide genetic connectivity in wildcats
across Germany is strongly shaped by the density of roads and in particular state roads, with higher
densities providing larger resistance to successful dispersal. These findings have important
implications for conservation planning, as measures to mitigate fragmentation effects of roads
(e.g., over- or underpasses) often focus on large, federally managed transportation infrastructures.
While these major roads exert local barrier effects, other road types can be more influential on
overall connectivity, as they are more abundant and more widespread across the landscape.

Keywords
Barrier, circuit theory, commonality analysis, connectivity, European wildcat, fragmentation, gene
flow, landscape genetics, resistance
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1 Introduction
Landscape fragmentation and habitat loss continue to threaten biodiversity around the globe
(Tscharntke et al. 2012; Haddad et al. 2015; Crooks et al. 2017). Numerous studies have
documented negative consequences on distribution and abundance, as well as on genetic
variation and physiological processes (Fahrig 2003; Frankham 2005; Fischer & Lindenmayer 2007;
Schlaepfer et al. 2018; Lino et al. 2019). To prevent the further loss of species, their genetic diversity
and ecosystem functions, conservation efforts increasingly aim to maintain or improve landscape
connectivity (Hilty et al. 2019; Keeley et al. 2019). Sufficient connectivity of a landscape allows for
dispersal movements and genetic exchange among remaining populations, thereby increasing
individual fitness, population viability, and species persistence.

Approaches for assessing landscape effects on connectivity often use the concept of landscape
resistance, which represents the willingness or ability of an organism to move through a particular
environment (Zeller et al. 2012). Estimating landscape resistance is typically achieved by
parameterizing the relative cost of environmental variables to movement and gene flow from
empirical data, with lower resistance values indicating a higher probability of successfully moving
through an area (e.g., Balkenhol et al. 2020; Zeller et al. 2017). Thus, connectivity planning based
on landscape resistance should use actual data on gene flow or movement and such data should
ideally be available for multiple, conservation relevant or umbrella species (Diniz et al. 2018;
Meurant et al. 2018).

Habitat fragmentation can have particularly negative effects in densely populated regions with
abundant traffic infrastructures. Germany, for instance, is among the most fragmented countries
in Europe and characterized by a dense human population (233 inhabitants/km²), large areas used
for settlements and traffic infrastructures (ca. 51,000 km² or ca. 14 % of the total land area) and an
extensive road network (2.5 km/km²) with heavy vehicle traffic (Federal Statistical Office of
Germany (Destatis) 2019; Federal Ministry of Transport and Digital Infrastructure (BMVI) 2020). The
German federal government is committed to improve landscape connectivity across the country
and environmental agencies collaborate with various local and national non-governmental
organizations on different connectivity initiatives (Herrmann et al. 2007; Federal Ministry for the
Environment, Nature Conservation, and Nuclear Safety (BMUB) 2012; Mölich & Vogel 2018).
As it is typical for many conservation programs, efforts in Germany often focus on charismatic
flagship species to generate enough public interest, political support and financial contributions
to make conservation happen on the ground (Caro 2010). One such species is the European wildcat
(Felis silvestris), which serves as a highly protected flagship and umbrella species for nature
conservation and land-use planning in many European countries (e.g., Gil-Sanchez et al. 2020;
Mattucci et al. 2016; Say et al. 2012). Its habitat use and requirements are well studied
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(e.g., Götz, et al. 2018; Jerosch et al. 2018; Klar et al. 2008) and several studies already highlighted
the importance of functionally connected habitats for the wildcat (e.g., Hupe & Simon, 2007;
Klar et al. 2012; Mattucci et al. 2016).

In Germany, various local and nationwide conservation projects focus on connecting suitable
habitat patches for the wildcat via stepping-stones and corridors (Herrmann et al. 2007;
Vogel et al. 2009; Klar et al. 2012; Mölich & Vogel 2018). These projects are based on empirical
data, usually derived from local habitat selection studies involving radio-collared individuals (e.g.,
Klar et al. 2008). While such telemetry data are ideal to determine habitat influences on fine-scale
movement patterns, genetic data are more suitable to detect whether movement also results in
actual gene flow across large spatial extents. This is why genetic approaches are increasingly used
to estimate species-specific landscape resistances (e.g., Spear, Cushman & McRae, 2016;
Zeller et al. 2012). Hence, we chose to complement existing knowledge about habitat impacts on
European wildcat movement behavior with the first large-scale assessment of landscape effects on
genetic connectivity in the species across Germany. We used genetic data from 975 wildcat
individuals distributed across the core range in Germany and employed a multivariate landscape
genetics framework to quantify resistance to gene flow provided by different landscape variables,
and to compare their relative importance for explaining genetic connectivity.

Our results show that genetic structure across our study region is influenced by a variety of
landscape variables, including topographic slope, Continuous Low Traffic Areas, human
settlements, forest, agricultural land, and roads. However, road density was by far the most
influential variable, with state road densities having the most negative effect on genetic
connectivity. These findings improve our understanding of functional landscape connectivity in
wildcats and can have important implications for connectivity conservation in Germany and other
countries as it moves the focus from large federal roads to the much more abundant state roads
with landscape-wide, rather than just local impacts on gene flow.

2 Methods
2.1 Study area and species
Our study took place in the core range of the European wildcat in Germany (Figure 3), covering an
area of ca. 186,000 km². The climate is temperate and the elevation in the study area ranged from
0 to 1,141 m. The wildcat population in Germany is currently estimated between 6,000 and 15,000
individuals (Federal Agency for Nature Conservation (BfN) 2019) and the European wildcat serves
as an umbrella species due to its diverse habitat demands. Often described as a forest-depending
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species, it requires a diverse habitat of structurally complex forest and meadows. In addition to
forest, open land and near-natural stream courses, it also uses agricultural fields with stashing
crops or copses for foraging (Piechocki & Möller 1983; Wittmer 2001; Klar et al. 2008;
Streif et al. 2016; Jerosch et al. 2017; Götz et al. 2018). Natural mortality of offspring is high and
the most frequently detected cause of death is road traffic (Simon & Raimer 2005; PottDörfer & Raimer 2007; Steyer et al. 2016; Echle et al. 2018). The European wildcat and the domestic
cat can successfully breed with each other (Driscoll et al. 2007). While such hybridization is a major
problem in some countries (e.g., Pierpaoli et al. 2003), hybridization of wild and domestic cats is
rare in Germany (Tiesmeyer et al. 2018; Steyer et al. 2018). The species is strictly protected by the
German Federal Nature Conservation Act and included in the Federal Biodiversity Program as a
species under special responsibility. It is also listed in Appendix II of the 1979 Bern Convention and
in Appendix IV of the Habitats Directive of the European Union.

Figure 3. Distribution of wildcat in Germany and position of 975 genetic samples used for this study (a; beige = wildcat
data from Balzer et al. (2018), black = genetic samples). Final, multivariate resistance to gene flow within the study area, as
inferred from our analyses (b). We weighted each of the resistance surfaces of the selected landscape variables (i.e., road
density within a 35 km radius, proportion of forest within a 35 km radius, proportion of forest within a 35 km radius, distance
to settlements, distance to Continuous Low Traffic Areas, topographic slope, and straight- line distance) by its beta weights
from commonality analyses and then summed up the resulting layers. The gradient runs from red (high resistance) to blue
(low resistance).
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2.2 Genetic data set
We used a subsample of genetic data collected in the frame of long-term genetic wildcat
monitoring in Germany (Steyer et al. 2016; Tiesmeyer et al. 2018). Data were largely based on noninvasively sampled hair, but also included tissue, saliva, faeces and blood samples from different
studies. In total, these studies detected 1979 pure-bred wildcat individuals. Genotyping of all
samples was based on 14 microsatellite markers (Menotti-Raymond et al. 1999; FCA8, FCA88,
FCA124, FCA132, FCA149, FCA170, FCA171, FCA232, FCA275, FCA347, FCA364, FCA567, FCA571,
FCA576) and one sex marker (Pilgrim et al. 2005; zinc finger marker). Details of sampling and
laboratory protocols can be found in Hartmann et al. (2013) and Steyer et al. (2013). Error rates for
allelic drop-out and false alleles were calculated as described in Steyer et al. (2016). Since we
wanted to focus on the core area of the German wildcat distribution without redundant sampling
in our landscape genetic study, we subsampled available data by considering the most recent
sample and highest quality genotype per individual in case of multiple detections, and selecting
no more than four individuals per EU grid cell (10 x 10 km each) in case multiple individuals were
detected in the same cell. We also removed samples without a coordinate and samples with an
allelic dropout of > 0.5, an amplification success of < 0.5, and a sampling date before January 2009.
This led to our final data set consisting of 975 recent high quality wildcat genotypes
(578 males, 350 females, 47 of undetermined sex) that are continuously distributed across the core
area (186,000 km², see Figure 3).
We reran basic population genetic analyses conducted by Steyer et al. (2016) and
Tiesmeyer et al. (2018) with our reduced data set to ensure that our data set was representative of
the complete data set available for Germany. Results show that both genetic diversity and structure
of the subsampled data are highly similar to the full data set (see Appendix 1, Table S1).

2.3 Landscape genetic analyses
We quantified genetic connectivity across our study area through the proportion of shared alleles
(PSA, Bowcock et al. 1994) an individual-based genetic distance calculated with adegenet
(Jombart 2008). We tested for correlation between pairwise genetic distances and effective
distances among individuals, which we estimated using circuit-theory (McRae et al. 2008).
Specifically, we constructed different resistance surfaces for landscape variables potentially
influencing gene flow in wildcats, selected the optimal resistance representation for each variable,
and compared variable importance using multivariate commonality analysis. Further, we
conducted a post-hoc analysis of road type effects on gene flow.

2.3.1 Transformation of landscape variables and creation of resistance surfaces
We used digital layers of different landscape variables with a resolution of 100 m in our analyses
(Table 1). Transforming raw values of these layers into resistance surfaces required continuous data
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and, hence, we processed linear features and most landscape variables in two different ways as a
first step: we calculated the distance of each cell in the study area to the closest cell with that
landscape variable (e.g., the distance to the nearest forest or nearest road) and we estimated the
proportion of landscape variables or the density of linear features, respectively, in radii of 5, 10 or
35 km around each cell. These radii were chosen to reflect the home range sizes reported for
wildcats in Germany (Dietz et al. 2016), the largest distances crossed by radio-tracked wildcats
between habitat patches (Klar et al. 2012), and the furthest distance between two genetic samples
of the same individual.
Habitat suitability and topographic slope were already continuous variables and received no
further transformation. Habitat suitability values were derived from a previously published habitat
selection model based on radio-tracking data of wildcats in south-western Germany
(Klar et al. 2008). For the landscape variables agricultural land, forest, grassland and roads, we used
both transformation variants, distance and proportions/densities, to calculate resistance surfaces.
For the continuous Global Urban Footprint (Esch et al. 2012, 2013), we calculated resistance
surfaces based on the three radii mentioned above. To account for potential effects of forest
fragmentation, we also calculated proportions of forest edge and forest interior within a radius of
1 km after classifying forest cover into different structural elements following the approach of
Riitters et al. (2000) as implemented in the extension r.forestfrag for GRASS GIS 7.4
(Neteler et al. 2012). We used both fragmentation measures, because wildcats are considered a
forest dependent species, so that a high proportion of forest interior could provide low resistance
to dispersal movements. On the other hand, wildcats also use edge habitat as hunting ground
(Klar et al. 2008), so that forest edges could serve as conduits during dispersal.
For some landscape variables of low densities, we used the distance to the next occupied cell to
transform it into resistance surfaces: railroads, rivers, and Continuous Low Traffic Areas (Federal
Agency for Nature Conservation (BfN) 2010). Continuous Low Traffic Areas are identified as areas
of at least 100 km² that are not dissected by roads with more than 1,000 vehicles per day, railroads,
large canals or settlements. We used distance to human settlements as resistance surface, because
density of human settlements is already covered by Global Urban Footprint.

In a second step, we rescaled layers so that their cell values ranged from zero to one in a way that
reflected our resistance hypotheses (Table 1, 3rd column). For example, since we hypothesized
higher road density to provide higher resistance to wildcat gene flow, cells with highest road
density received a value of one, and cells with lowest road density a value of zero. Similarly, we
assumed that steeper slopes would present higher resistance for wildcat movement and gene flow,
as animals should try to follow paths of low physiological cost (e.g., Dunford et al. 2020). For forest
and agricultural land, it was the opposite, as we hypothesized that areas with more forest or
agriculture would provide less resistance to gene flow. The rescaled layers, all with a resolution of
100 m, were then transformed into resistance surfaces with values ranging between 100 (lowest
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resistance; this is simply the cell size) and 10,000 (highest resistance; 100 times the cell size) using
the formula 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑐𝑒𝑙𝑙𝑠𝑖𝑧𝑒 ∗ 1001−relative landscape value (Mateo-Sánchez et al. 2015a;
Balkenhol et al. 2020). In sum, we based our study on 28 resistance surfaces (Table S2).

Table 1. Landscape data used to create resistance surfaces. In the third column, a positive sign indicates a hypothesized
positive effect of this variable on gene flow in wildcats (i.e., higher values of the variable lead to lower resistance), while a
negative sign indicates that the variable was hypothesized to impede gene flow (i.e., higher values of the variable lead to
higher resistance).

Landscape variable
Continuous Low Traffic Areas
Agricultural land
Forest

Source

Federal Agency for Nature Conservation (BfN) 2010
OpenStreetMap 2018 (landuse = farmland)
Forest type, European Union, Copernicus Land
Monitoring Service 2015
Forest fragmentation index, Forest type, European Union, Copernicus Land
proportion of forest edge
Monitoring Service 2015
Forest fragmentation index, Forest type, European Union, Copernicus Land
proportion of forest interior
Monitoring Service 2015
Grassland
OpenStreetMap 2018 (landuse = grass, greenfield,
meadow)
Habitat suitability model
Klar et al. 2008
Global Urban Footprint
German Aerospace Center 2016
Railways
OpenStreetMap 2018 (landuse = railway)
River
OpenStreetMap 2018 (waterway = river, canal)
Road
ESRI Germany, Federal Agency for Cartography and
Geodesy; Open Data Portal 2015
Settlement
OpenStreetMap 2018 (landuse = residential,
industrial, retail)
Topographic slope
Digital elevation model, European Union, Copernicus
Land Monitoring Service 2012

Hypothesized
relationship with
gene flow
+
+
+
+
+
+
+
-

2.3.2 Calculation of inter-individual effective distances and selection of relevant landscape variables
Based on each of the resistance surfaces described above, we estimated effective distances among
all 474,825 pairs of individuals using a high performance computing cluster and the software
GFLOW (Leonard et al. 2017). We initially conducted analyses separately for each sex, but as the
results were similar for males and females, we pooled sexes for final analyses. GFLOW is a faster
version of the commonly used software Circuitscape (Shah & McRae 2008) and estimates pairwise
measures of effective distances based on circuit theory (McRae et al. 2008). We then used a multistep selection procedure to identify the effective distances and underlying landscape variables that
best explained genetic distances. Specifically, we used simple Mantel tests (Mantel 1967) to assess
whether effective distances were significantly correlated with genetic distances and partial Mantel
tests (Smouse et al. 1986) to test for significance after accounting for the effects of isolation by
distance (IBD), i.e., after partialling out the effects of geographic (i.e., straight-line) distances.
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Mantel tests were calculated in R package ecodist (Goslee & Urban 2007) with 999 permutations
to assess significance.

For each representation of each landscape variable, we only retained the transformation (e.g., the
proportion of the landscape variable within 35 km radius; see Table 2) with largest significant
partial Mantel r. Among the remaining effective distances, we selected the ones with a minimum
significant partial Mantel r of 0.1 for further analyses.

Table 2. Results of simple and partial Mantel tests of effective distances based on best transformation of each landscape
variable and used for commonality analyses. For further selection of landscape variables see text, for full results Table S2.

Landscape variable
Agricultural land, 35 km
Continuous Low Traffic Areas, distance
Forest, 35 km
Roads, 35 km
Settlement, distance
Slope

Mantel r
0.144
0.264
0.048
0.342
0.315
0.296

p
0.001
0.001
0.022
0.001
0.001
0.001

partial Mantel r
0.254
0.176
0.200
0.269
0.145
0.104

p
0.001
0.001
0.001
0.001
0.001
0.001

2.3.3 Multivariate statistical analysis
We used the final set of effective distances, as well as straight-line distance, for a commonality
analysis (Newton & Spurrell 1967) based on multiple regression on distance matrices (MRDM;
Lichstein, 2007; Wang, 2013). Commonality analysis separates effects of variables into different
components and is a particularly useful multivariate approach for landscape genetics, because
other methods for analyzing pairwise distances often lead to spurious correlations, thus making it
difficult to accurately evaluate the relative importance of explanatory variables (Prunier et al. 2015).
Furthermore, commonality analysis can help to disentangle whether variables act independently
of each other, or have synergistic effects. In essence, commonality analysis indicates the amount
of variance in the dependent variable that is explained by an individual explanatory variable, or a
set of multiple explanatory variables. Specifically, impacts of the explanatory variables (i.e., the
effective distances) on the dependent variable (i.e., the genetic distances) are divided into unique
(U, the part of the explained variation attributable to an individual explanatory variable), common
effects (C, the part of the explained variation attributable to at least two explanatory variables
together), and total effects (T, the sum of common and individual effects). The sum of the
contribution to the overall model R² (% total) can be lower than 100 %, indicating suppression, or
greater than 100 %, pointing to synergistic interactions between variables (Nimon 2010;
Prunier et al. 2017). Detailed information on interpreting commonalities are provided in
Prunier et al. 2015 and 2017.
Before applying the MRDM and commonality analysis, we checked for multicollinearity among the
final set of explanatory distances as recommended by Dormann et al. (2013). We conducted

22

Chapter 1

commonality analysis based on MRDM using the R code provided by Prunier et al. (2015), with
999 permutations to assess significance and 10,000 bootstraps to obtain confidence intervals of
parameter estimates.

2.3.4 Post-hoc analysis of road type effects on genetic connectivity
Results of the commonality analysis showed that road density plays a major role in determining
the genetic structure of wildcats in Germany (see 3.2 Relative effects of landscape variables on
genetic connectivity). To evaluate this effect in more detail, we conducted a post-hoc analysis
involving three different road types according to administrative responsibility (Figure 4): (1) federal
highways and federal autobahn (‘federal’), (2) rural roads under administration of the states
(‘state’), and (3) district and municipal roads (‘county’). Road type data stem from a digital road
layer provided by the Federal Agency for Cartography and Geodesy (2015). We calculated road
density for each of these road types separately within a radius of 35 km and then followed the
same analytical procedure described above, i.e., we transformed density layers into resistance
surfaces, estimated effective distances among individuals, used Mantel- and partial Mantel tests
to find the best representation for each road type, checked for multicollinearity and used
commonality analysis based on MRDM for final inferences.

Figure 4. Road network in our study area separated by administrative responsibility (a = federal roads, b = state roads,
c = county roads).

3 Results
3.1 Selection of effective distances of landscape variables
Simple Mantel tests were insignificant for the proportion of forest edge in a 1 km radius as well as
for forest proportion within a radius of 5 km and 10 km (Table S2). Furthermore, partial Mantel
tests were insignificant for effective distances of distance to railroads, grassland proportion within
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a 5, 10 and 35 km radius, proportion of Global Urban Footprint within a 5 km radius and proportion
of forest interior within a 1 km radius (Table S2). Hence, we did not consider these variables for
further analyses.

The best transformation for each remaining variable is reported in Table 2. We only considered
variables with a partial Mantel r of > 0.1 and correlations of < 0.7 for final analyses (see Table S3).
Correlation between Global Urban Footprint and road density within a 35 km radius was > 0.7 and
due to a larger partial Mantel r, we decided to use road density in further analyses. The measures
of Global Urban Footprint and road density are very similar and areas with large values of Global
Urban Footprint also have high road density, so using just one of these variables is sufficient. For
forests and agricultural land, the resistance representation was based on the proportion of these
landcover types within 35 km radius. Effective distances based on these two variables were highly
correlated (Mantel r = 0.83), but forest and agricultural land are ecologically clearly distinct and,
hence, we kept both variables for further analyses.

This led to our final data set consisting of effective distances calculated from six landscape
variables: (1) road density within a radius of 35 km (negative effect on genetic connectivity, i.e.,
higher road densities lead to higher resistance), (2) proportion of forest within a radius of 35 km
(positive effect, i.e., higher densities of this landcover types decrease resistance), (3) proportion of
agricultural land within a radius of 35 km (positive effect), (4) distance to settlements (positive
effect), (5) distance to Continuous Low Traffic Areas (negative effect), and (6) topographic slope
(negative effect). We included these six final variables in the same MRDM model, together with
straight-line distances to represent IBD. Statistically, including the two highly correlated variables
proportion of forest and proportion of agricultural lands in a regression is not ideal
(Dormann et al. 2013). Hence we also created a new resistance layer by summing up the
proportions of forest and agricultural lands within a 35 km radius and rescaled this layer to a
resistance surface with values between 100 and 10,000, as described in the methods section, again
assuming that both variables support gene flow. We recalculated effective distances based on this
combined layer and included them as forest-agricultural land together with the other variables in
an additional commonality analysis (Appendix 2.2 Merged forest and agricultural land).

3.2 Relative effects of landscape variables on genetic connectivity
The commonality analyses of the MRDM revealed pronounced differences in the relative effects of
landscape variables on genetic connectivity (Table 3, Figure 5A). While all variables had a significant
overall effect T (p ≤ 0.001, Table 3), road density had by far the largest unique effect U and
contributed most strongly to the explained variation (Table 3, Figure 5A). Unique effects of all other
variables were smaller than the unique effect of straight-line distances, indicating that these other
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individual variables are less important than IBD for explaining gene flow in wildcats. However, the
sum of contributions of the individual variables to the overall R² (0.210) summed to > 1 (Table 3),
suggesting synergistic effects of variables on genetic connectivity.

A particularly strong synergistic effect occurred between the proportion of forest and the
proportions of agricultural land. Individually, these two variables are not very important for explain
gene flow, and the unique effect of the proportion of forest was not different from zero (i.e.,
confidence intervals for 1st order effects overlapped zero; Figure 5A). However, in synergy, these
two variables had an effect that exceeded the effect of IBD (see 2nd order effects in Figure S1). This
synergistic effect of forests and agricultural areas was also confirmed by our additional
commonality analysis, where we replaced the individual variables proportion of forest and
proportion of agricultural land by effective distances calculated from the combined resistance
surface. This new variable forest-agricultural land was clearly identified as the second most
influential variable after road density, and had a unique effect larger than the effect of IBD
(see Appendix 2.2 for details). Both commonality analyses also suggested topographic slope to
influence gene flow in wildcats, though the effect of this variable is only apparent in synergy with
straight-line distance, as indicated by the substantial 2nd order effects (Figure S1 and Figure S2).

Road
Landscape variables
types

Table 3. Results of the MRDM (weighted beta β, and p-value p) and commonality analysis (individual U, common C and
total T effect of each variable, and their contribution to the R² of the overall model) for the landscape variables (top) and
post-hoc analysis of road types (bottom). Proportion R² represents the percentage of variance explained by each variable
alone and in combination with other variables.

Parameter
Proportion of agricultural land, 35 km radius
Proportion of forest, 35 km radius
Distance to settlements
Slope
Road density, 35 km radius
Distance to Continuous Low Traffic Areas
Straight-line distance
Federal
State
County

β
0.161
0.022
0.075
0.066
0.179
0.070
0.196
0.085
0.330
0.004

p
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.356

U
0.007
0.000
0.003
0.002
0.021
0.003
0.011
0.004
0.058
0.000

C
0.014
0.002
0.097
0.086
0.096
0.067
0.091
0.087
0.092
0.041

T
Proportion R²
0.021
0.10
0.002
0.01
0.099
0.47
0.088
0.42
0.117
0.56
0.070
0.33
0.102
0.49
0.091
0.59
0.150
0.97
0.041
0.26
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Figure 5. Results of the commonality analysis: coefficients with 95 % confidence intervals and their contribution to the
overall model R² (% total). Coefficients represent the percentage of variance explained by each set of landscape variables
(a; only 1st-order effects; see Figure S1 for all effects) and different road types (b). Forest = proportion of forest in 35 km
radius, farm = proportion of agricultural land within 35 km radius, settlement = distance to settlements, road = road density
within 35 km radius, continuous low traffic = distance to Continuous Low Traffic Areas, geo = straight-line distance.

3.3 Relative effects of different road type densities on genetic connectivity
The densities of federal, state and county roads all had a significant influence on the genetic
structure according to Mantel and partial Mantel tests (p = 0.001, Table S7). Correlations between
these three variables ranged between 0.45 and 0.65 (Table S8), thus we included all of them in the
commonality analysis. The MRDM of the commonality analysis showed that county road density
alone has no significant effect on wildcat genetic structure, and that federal road density does not
affect genetic structure by itself (U = 0.004; Table 3, Figure 5B), but rather in combination with
state roads (combined effect C in Table 3). State road density exhibited by far the largest unique
effect and it had a total contribution of 97 % to the overall model R² (0.154; Table 3).

4 Discussion
Maintaining or improving functional landscape connectivity is particularly important in highly
fragmented landscapes, where sufficient amounts of dispersal and genetic exchange are critical to
prevent species extinction and loss of genetic diversity (Hanski 2011; Haddad et al. 2015). Planning
of connectivity conservation in such landscapes should ideally be based on empirical data on
dispersal movements and gene flow (Epps et al. 2007; Cushman et al. 2013; Zeller et al. 2018). Here,
we objectively evaluated landscape effects on genetic connectivity in the European wildcat, which
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is a prominent species used to plan defragmentation efforts in Germany and other European
countries. Using an individual-based landscape genetics framework and multivariate inferential
statistics, we show that genetic structure in the German core distribution of wildcats is influenced
by IBD and six synergistically interacting landscape variables. In detail, road density, the
proportions of forest and agricultural land, the distances to Continuous Low Traffic Areas and
settlements and topographic slope best explain spatial genetic structure. Of these variables, road
density clearly has the strongest effect on gene flow and this effect was largely explained by the
density of state roads. These results generally corroborate previous findings and assumptions
about landscape effects on wildcat dispersal movements (Klar et al. 2008; Jerosch et al. 2017;
Götz et al. 2018), but also refine our understanding of the species in a way that has great relevance
for practical connectivity conservation.

4.1 Landscape impacts on genetic connectivity in wildcats
Our study shows that several tested variables have effects on wildcat genetic connectivity across
the study region (Figure 3). Given the large extend of the area, it is not surprising that we detected
a significant IBD pattern, as gene flow in this medium-sized mammal can be expected to decrease
across large spatial distances. Previous genetic studies on European wildcats and other felids have
also detected significant IBD (e.g., Balkenhol et al. 2014; Hartmann et al. 2013). Previous studies
have already shown the dependence of wildcats on forested areas for both residency and
movement (Klar et al. 2008; Anile et al. 2019). According to our results, forested areas by
themselves do not appear to facilitate gene flow, but there was a strong synergistic effect with
agricultural land. Recent studies have suggested that wildcats can utilize agricultural fields,
provided that they are structurally diverse and offer sufficient shelter, for example in form of
hedgerows or shrubs (Lozano 2010; Jerosch et al. 2017; Götz et al. 2018). Thus, our results suggest
that it is the mix of forests and agricultural land that is most beneficial for wildcat gene flow.
Unfortunately, while our findings suggest that genetic connectivity increases with increasing
amounts of forest and agricultural land, the spatial resolution of our landscape data prevent us
from quantifying the effects of fine-scale habitat structures within these areas. It is possible that
certain agricultural fields actually provide high resistance to dispersing wildcats, for example when
vegetative cover is completely removed from large fields via harvesting. Thus, future research is
necessary to clarify whether the positive association with gene flow is limited to structurally diverse
agricultural land.

Steep topographic slopes also impeded gene flow in wildcats, though mostly in synergy with
straight-line distances. This could indicate that steep slopes only provide high resistance to
wildcats if they occur across long spatial distances. For example, Monterroso et al. (2009) showed
that radio-tracked wildcats in a National Park in Portugal actually preferred areas with higher

27

Chapter 1

slopes to avoid anthropogenic disturbance in a topographically rugged landscape. As our study
area is much larger and topographically more diverse with higher and steeper mountains but also
flat areas, it seems plausible that steep slopes in our study area provide higher resistance to wildcat
dispersal movements than flat areas.

Various previous studies have shown that wildcats avoid human settlements and proximity to such
settlements (Klar et al. 2008; Birlenbach & Klar 2009; Oliveira et al. 2018). Consequently, our results
show that areas close to human settlements provide a significant resistance to gene flow, even
though it is less influential than IBD. The variable had its greatest effect in synergy with other
variables (Figure S1, Figure S2), which highlights that it is not just proximity to settlements that
provides high resistance in some areas, but also the presence of other landscape variables, such
as high road densities or low amounts of agricultural land or forests. The same was found for the
distance to Continuous Low Traffic Areas: the effect of this variable was only influential in
conjunction with other variables, indicating that proximity to Continuous Low Traffic Areas is
indeed beneficial, but only when other landscape characteristics (e.g., high amounts of forests or
agricultural land) facilitate genetic exchange.

Several other variables we tested led to low correlations with genetic distances, including railways,
rivers, Global Urban Footprint, grasslands and two complementary indices of forest fragmentation.
While the linear features railways and rivers might still have local, rather than landscape-wide
effects, the other variables do not appear to impact wildcat gene flow in our study area. The habitat
suitability model we used had no significant effect on genetic connectivity of wildcat. This shows
that habitat suitability explaining the occurrence of wildcats is not the same as landscape resistance
for dispersal movements. Specifically, various studies have shown that animals may still move
through habitat with low suitability during dispersal, and that predicting movement and gene flow
from habitat suitability models is not always possible (Mateo-Sánchez et al. 2015b;
Abrahms et al. 2017; Keeley et al. 2017).
Overall, the most important landscape variable affecting genetic connectivity in our study was road
density. This variable largely impeded gene flow with by far the largest unique effect and was
always significant when combined with other variables, which is why we added an additional
analysis on effects of different road types.

4.2 Road type impacts on genetic connectivity in wildcats
Our analyses revealed a strong impact of road densities on gene flow in wildcats: while the effect
of county road density is negligible, state road density is most important, followed by federal
roads. Landscape connectivity decreases as a consequence of roads in a variety of species
(Balkenhol & Waits 2009; Holderegger & Di Giulio 2010; Van Der Ree et al. 2015), for example due
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to hindered dispersal and patch reachability (Kramer-Schadt et al. 2004; Klar et al. 2006;
Zimmermann et al. 2007), but also due to direct road mortality (Kramer-Schadt et al. 2004;
Fahrig & Rytwinski 2009). Previous research has also shown that the probability of successfully
crossing roads depends on their width, traffic volumes and vehicle speeds (Yanes et al. 1995;
Clevenger et al. 2003; Alexander et al. 2005; Gagnon et al. 2007; Huijser & McGowen 2010;
Meisingset et al. 2014). Data on these factors are not available for the various roads in our study
area, hence we are not able to explicitly test for the impact of road characteristics on genetic
structure. However, the typical speed limit on federal roads in Germany is higher compared to
state and county roads, and federal roads are usually wider and receive substantially more traffic
than other roads. For example, monitored sections of federal roads in the state of Hesse were used
by ca. 76,307 vehicles in a typical 24-hour period in 2015, while monitored sections of state roads
were used by only ca. 3,161 vehicles per day (Hessen Mobil 2015). Hartmann et al. (2013) showed
that a major, 6 lane highway with >100,000 vehicles per day was a severe impediment to wildcat
gene flow in central-western Germany, illustrating that major federal roads can indeed act as local
barriers for wildcats. So why do our results suggest that state roads have a much stronger impact
on wildcat gene flow than federal roads? We believe that this is explained by the high number and
widespread distribution of state roads in Germany, where state roads are much more abundant
than federal roads (Figure 4A and B). This indicates that state roads could be a more common and
landscape-wide source of mortality for wildcats, even if federal roads exert a higher local barrier
effect on gene flow.
Especially in densely populated countries with large amounts of roads, mortality risk of wildlife can
be high (Meijer et al. 2018), and for European wildcats in Germany, roads are assumed to be the
main source of mortality (Simon & Raimer 2005; Pott-Dörfer & Raimer 2007; Steyer et al. 2016;
Echle et al. 2018). Hence, it seems reasonable that resistance to gene flow increases with higher
state road densities, simply because every crossing of a state road is associated with a certain
mortality risk. In contrast, the even more abundant county roads (Figure 4C) did not have a
significant impact on genetic connectivity in our study system, probably because these roads are
usually narrow infrastructures with lowest traffic volumes and vehicle speeds. Thus, the landscapewide effects of different road types on genetic connectivity appear to be shaped not only by road
characteristics, but also by the relative abundance of different roads. More generally, our findings
suggest that many landscape variables with small or intermediate barrier effect can have a more
pronounced landscape-wide impact on gene flow than few landscape variables with a large barrier
effect.

4.3 Conservation implications
Our findings have important implications for ongoing activities to increase landscape connectivity
for wildcats across Germany. First, connectivity efforts for the wildcat in Germany usually do not
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consider agricultural land as potential low-resistance areas. Agricultural land was not included in
the original habitat selection study that several of the current wildcat conservation projects are
based on (i.e., Klar et al. 2008), most likely because the wildcat has traditionally been considered a
forest-dependent species in Germany. However, more recent studies suggest that the species can
use agricultural land, as long as these areas provide ample structural diversity and associated cover
(Jerosch et al. 2017, 2018; Götz et al. 2018). Our results similarly suggest that genetic connectivity
is high across agricultural lands, indicating that agricultural land might offer an underestimated
potential to support successful wildcat dispersal movements. Thus, we encourage future studies
to investigate the exact impact of different agricultural fields on wildcat dispersal and mating
movements, and to evaluate under which circumstances agricultural land represents a conduit for
gene flow, and when they represent an impediment.

Second, currently used corridor networks for the species in Germany are based on predicted
wildcat movement paths that do not account for the potential effects of road density on realized
connectivity. Klar et al. (2008) showed that radio-collared wildcats significantly avoided close
proximity to roads within their home ranges, and this effect is explicitly considered in a resistance
model used to guide local re-connection efforts for the species (e.g., Klar et al. 2012). However,
distance to roads did not explain range-wide genetic structure in our study, while we clearly
identified state road density as a major determinant of wildcat genetic connectivity in Germany.
Hence, we suggest that including the latter variable is crucial to identify areas within the country
that have particularly high resistance to gene flow, which can help to refine predicted movements
paths across large spatial extents and provide important additional detail for corridor design and
mitigation measures.
More broadly, the fact that state roads were the most important predictor of landscape-wide
genetic connectivity in our study has interesting implications for connectivity conservation in
general. Roads have been confirmed as complete or partial barriers for a variety of species around
the globe (Balkenhol & Waits 2009; Holderegger & Di Giulio 2010), and crossing structures, such
as wildlife over- or underpasses, are often used to mitigate such effects (Smith et al. 2015).
However, in many cases, these structures are constructed across major roads, such as federal
highways, as they presumably present the most severe impediments to animal movements.
While decreasing the local barrier effect of major federal roads is certainly beneficial for affected
wildlife species, our results highlight that also other roads can actually resemble severe
impediments to landscape-wide connectivity, most likely because they are highly abundant and
pervasive. Thus, road mitigation should not solely focus on local effects of the most prominent
transportation infrastructures, but should additionally identify the type of roads that have the
strongest influence on landscape-wide connectivity and then consider crossing structures across
these roads as an important part of connectivity conservation. Moreover, since it is highly unlikely
that mitigation measures will ever provide safe passage for wildlife across all currently problematic

30

Chapter 1

roads, we emphasize that future efforts should try to strengthen local and national public transport
to decrease overall traffic volumes, and to minimize landscape-wide road construction as much as
possible, especially in areas that are already characterized by a dense network of transportation
infrastructures.

4.4 Conclusions and future research needs
Our study demonstrates how a large-scale, multivariate landscape genetic analysis can help to
refine our understanding of functional connectivity in a focal species for conservation. Future
studies should evaluate how the existing corridor network for the wildcat changes when including
agricultural land and (state) road densities as additional variables in the underlying resistance
model. Furthermore, we suggest to validate whether the strong effect of state road density
observed in our study is really due to high road mortality, as we suspect, or also due to a behavioral
avoidance of road crossings. For example, Fletcher et al. (2019) recently introduced a method
based on spatial absorbing Markov chains for distinguishing the relative impacts of behavioral
movement barriers versus mortality on realized connectivity. Within the same context, the role of
traffic volumes, vehicle speed and road width for connectivity and gene flow in wildcats should be
evaluated to develop guidelines on the most promising mitigation measures (e.g., fencing to
reduce mortality versus crossing structures to reduce behavioral avoidance; see Klar et al. 2009;
Spanowicz et al. 2020). Finally, landscape connectivity for the wildcat needs to be compared to
that of other wildlife species in Germany. For example, red deer (Cervus elaphus), Eurasian lynx
(Lynx lynx), Grey wolf (Canis lupus) and Eurasian otter (Lutra lutra) have also been used as focal
species for nationwide connectivity planning in the country (Herrmann et al. 2007). Since available
empirical data on movements and gene flow vary widely across these species, expert opinion is
commonly used to predict most likely movement paths and identify locations for mitigation
measures. We suggest that large-scale landscape genetic studies for these different species could
shed additional light on the factors that facilitate or hinder their successfully dispersal movements,
clarify how redundant or complementary these species are for connectivity planning, and help to
create an objective, evidence-based connectivity plan for multiple species across Germany and
other European countries.
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Appendix
Appendix 1 Population genetics
Table S1. Population genetic parameter for the entire dataset. Number of genotypes (N), number of alleles (NoA), allelic
richness (Ar) expected (He) and observed heterozygosity (Ho).

N
975

NoA
146

Ar
5.62

He
0.64

Ho
0.61

Appendix 2
Appendix 2.1 Landscape genetics
Table S2. Results of simple and partial Mantel tests of effective distances based on all resistance surfaces used. Best
representation of each landscape variable is indicated as underlined partial Mantel r, effective distances of landscape
variables used for commonality analyses are shown in bold. Best representations not used for final commonality analyses
led to partial Mantel r < 0.01. Global Urban Footprint was not used in final analyses due to its’ high correlation with road
density (see Table S3 and main text for details).

Landscape variable
Agricultural land, 5 km
Agricultural land, 10 km
Agricultural land, 35 km
Agricultural land, distance
Continuous Low Traffic Areas, distance
Forest edge, 1 km
Forest interior, 1 km
Forest, 5 km
Forest, 10 km
Forest, 35 km
Forest, distance
Grassland, 5 km
Grassland, 10 km
Grassland, 35 km
Grassland, distance
Global Urban Footprint, 5 km
Global Urban Footprint, 10 km
Global Urban Footprint, 35 km
Habitat suitability model
Isolation by distance
Railroad, distance
River, distance
Roads, 5 km
Roads, 10 km
Roads, 35 km
Roads, distance
Settlement, distance
Slope

Mantel r
-0.074
-0.097
0.144
0.216
0.264
-0.030
0.103
-0.003
-0.032
0.048
0.182
0.234
0.185
0.150
0.175
0.129
0.313
0.246
0.278
0.327
0.202
0.112
0.247
0.354
0.342
0.329
0.315
0.296

p
0.001
0.001
0.001
0.001
0.001
0.138
0.001
0.880
0.108
0.022
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

partial Mantel r
-0.165
-0.193
0.254
-0.014
0.176
-0.174
-0.030
-0.104
-0.182
0.200
-0.091
0.014
0.032
0.037
0.073
0.027
0.146
0.163
0.056
0.036
0.040
0.126
0.249
0.269
0.158
0.145
0.104

p
0.001
0.001
0.001
0.484
0.001
0.001
0.135
0.001
0.001
0.001
0.001
0.476
0.095
0.070
0.001
0.153
0.001
0.001
0.009
0.081
0.038
0.001
0.001
0.001
0.001
0.001
0.001
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Table S3. Correlation between effective distances of selected landscape variables.

Forest,
35 km
Agricultural land, 35 km
Forest, 35 km
Global Urban Footprint, 35 km
Settlement, distance
Slope
Roads, 35 km

0.827

Global
Urban Settlement,
Footprint, distance
35 km
-0.023
-0.128
-0.165
-0.295
0.384

Slope
0.054
-0.073
0.125
0.473

Roads,
35 km
0.144
0.066
0.744
0.411
0.188

Continuous
Low Traffic
Areas,
distance
-0.011
-0.201
0.494
0.454
0.214
0.488
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Figure S1. Complete results of the commonality analysis: coefficients with 95 % confidence intervals and their contribution
to the overall model R² (% total). Coefficients represent the percentage of variance explained by each set of landscape
variables (Farm = proportion of agricultural land within 35 km radius, forest = proportion of forest within 35 km radius,
settle = distance to settlements, road = road density within a 35 km radius, clta = distance to Continuous Low Traffic Areas,
geo = straight-line distance).
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Appendix 2.2 Merged forest and agricultural land
Table S4. Results of simple and partial Mantel tests of effective distances based on proportion of forest-agricultural land
within 35 km radius.

Landscape variable
Forest-agricultural land, 35 km

Mantel r
0.257

p
0.001

partial Mantel r
0.169

p
0.001

Table S5. Correlation between effective distances of best landscape variable representation and effective distances of
proportion of forest-agricultural land within 35 km radius.

Landscape variable
Grassland, distance
Global Urban Footprint, 35 km
Habitat suitability model
Settlement, distance
River, distance
Slope
Roads, 35 km
Continuous Low Traffic Areas, distance

Forest-agricultural land, 35 km
0.241
0.177
0.347
0.430
0.056
0.422
0.135
0.442

Table S6. Results of the MRDM (weighted beta β, and p-value p) and commonality analysis (individual U, common C and
total T effect of each variable, and their contribution to the R² of the overall model) for the landscape variables. Proportion
R² represents the percentage of variance explained by each variable alone and in combination with other variables.

Landscape variable
Road density in 35 km radius
Proportion of forest-agricultural land in 35 km
radius
Slope
Straight-line distance
Distance to settlements
Distance to Continuous Low Traffic Areas

β
0.253

p
0.001

U
0.044

C
0.073

T
0.117

Proportion R²
0.60

0.122

0.001

0.010

0.056

0.066

0.34

0.113
0.088
0.040
0.016

0.001
0.001
0.001
0.002

0.006
0.003
0.001
0.000

0.082
0.099
0.099
0.070

0.088
0.102
0.099
0.070

0.45
0.52
0.51
0.36
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Figure S2. Results of the commonality analysis: coefficients with 95 % confidence intervals and their contribution to the
overall model R² (% total). Coefficients represent the percentage of variance explained by each set of landscape variables
(For_ag = proportion of forest-agricultural land within 35 km radius, settle = distance to settlements, road = road density
within a 35 km radius, clta = distance to Continuous Low Traffic Areas, geo = straight-line distance).
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Appendix 2.3 Road Types
Table S7. Results of simple and partial Mantel tests of effective distances based on road types separated by administrative
responsibility.

Road type
Federal
State
County

Mantel r
0.301
0.387
0.201

p
0.001
0.001
0.001

partial Mantel r
0.239
0.323
0.088

p
0.001
0.001
0.001

Table S8. Correlation of effective densities based on road types separated by administrative responsibility.

Federal
State

State
0.649

County
0.447
0.482
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Chapter 2

Large herbivore, little genetic exchange – severely limited gene flow
among Germany’s red deer populations due to human infrastructures
and management

Westekemper, K., Cocchiararo, B., Signer, J. M. and Balkenhol, N., in prep.
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Abstract
Connectivity among species’ populations worldwide is often disrupted by anthropogenic land use
and management. Especially among disturbance-sensitive species like red deer, impacts on
genetic diversity can be severe. Here, we conducted a large-scale landscape genetic study using
1110 individual red deer genetic samples from 34 populations distributed across Germany to (1)
evaluate genetic diversity and genetic structure and (2) to investigate the effects of anthropogenic
and natural landscape elements on long-term (lt.gf) and recent gene flow (c.gf). We used uni- and
multivariate optimization procedures, as well as circuit theory to determine the best fitting
landscape genetic model for each of the two time scales. Our results show considerable variations
among genetic diversity and genetic structure. In our landscape genetic analyses, we reveal that
long-term and especially recent gene flow is heavily affected by infrastructure and red deer
management. Our results expand knowledge from previous studies on regional scales and
highlight the importance of large-scale studies to estimate connectivity among a highly managed
species. We suggest reconsidering the benefits of designated red deer zones and to further expand
mitigation of road effects and anthropogenic land consumption.

Keywords
Barrier, circuit theory, connectivity, fragmentation, gene flow, landscape genetics, resistance, road
density, MLPE

1 Introduction
Connectivity between populations is an essential process for the conservation of genetic diversity
of species and, hence, is indispensable for the maintenance of biodiversity (Taylor et al. 1993;
Allendorf et al. 2012). A lack of connectivity can lead to increased genetic differentiation, decreased
fecundity, population declines, or even extinction of populations and species and often is be
caused by barriers, loss of available habitat, or isolation (Saunders et al. 1991; Slate et al. 2000;
Epps et al. 2005; Broquet et al. 2006; Traill et al. 2010; Crooks et al. 2011; Hanski 2015). Particularly
in highly fragmented landscapes sufficient connectivity is threatened (Keyghobadi 2007;
Haddad et al. 2015).
For a successful genetic exchange between populations, two measures of connectivity are
important: structural, i.e. the physical connection between habitats, and functional connectivity, i.e.
the facilitating processes such as gene flow between populations (Taylor et al. 1993;
Tischendorf & Fahrig

2000;

Chetkiewicz

et

al.

2006;

Crooks

&

Sanjayan

2006;

Manel & Holderegger 2013). Functional connectivity is always species-specific and a landscape
may increase gene flow of a species but provide a barrier to another (Goodwin 2003;
Kindlmann & Burel 2008; Cerdeira et al. 2010; Baguette et al. 2013).
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Particularly among disturbance-sensitive species, investigation of obtaining, enhancing, or
establishing functional connectivity is a challenge. One such species is the red deer, a social
herbivore distributed across Europe with large-scale habitat demands and threatened by habitat
loss and fragmentation (Hartl et al. 2005; Milner et al. 2006; Kamler 2007; Zachos & Hartl 2011;
Reinecke et al. 2014; Zachos et al. 2016). Naturally, a species using open landscapes, it was pushed
back into the forests (Kinser et al. 2010) as secure habitats to rest, ruminate and forage (e.g.,
Charles, McGowan & East, 1977; Godvik et al. 2009; Richter et al. 2020). Since the 1950s, red deer
distribution in Germany is managed using red deer zones, preventing severe damage on forests
of economic value and agricultural areas (Wotschikowsky 2010). Within these zones, red deer are
allowed to roam, live and reproduce, whereas outside these zones they need to be shot by law
(Kleymann 1976). Nowadays, red deer is still managed by law but is allowed to distributed freely
again in the northern states (Kinser et al. 2010; Figure 1) whereas the southern states still adhere
to this management potentially limiting long-distance dispersal and subordinating biodiversity to
economic purposes.

Anthropogenic infrastructure and management are known to act as barriers to gene flow among
red deer: Frantz et al. (2012) documented the barrier effect of a motorway in Wallonia, and
motorways also separated populations in Hesse (Reiner & Willems 2019). In addition, a large
artificial canal prevents gene flow among adjacent red deer populations in Northern Germany, and
management practices affect the genetic diversity and behavior of red deer (Hartl et al. 1991;
Milner et al. 2007; Edelhoff et al. 2020).
Negative

inbreeding

effects

have

already

been

identified

among

two

populations

(Zachos et al. 2007; Reiner & Willems 2019) accompanied by alarmingly low numbers of effective
population sizes indicating the severe situation of red deer and the need for habitat connectivity
(Edelhoff et al. 2020; Reiner et al. 2021). But statements about red deer connectivity in Germany
are not consistent, some studies found a sufficiently high genetic diversity and gene flow between
populations despite potential barriers (e.g., Hochkirch 2012; Kühn et al. 2003), whereas others
found low diversity and significant genetic differentiation, presumably caused by isolation
(Hmwe 2005; Nielsen et al. 2008; Meißner et al. 2009; Frantz & Ludwig 2015; Edelhoff et al. 2020).

Until recently, connectivity studies on red deer in Germany focused on local or regional scales, but
a country-wide analysis was lacking. In our study, we conduct population genetic and particularly
landscape genetic analyses for a highly mobile cervid focusing on an entire country. We compared
a long-term and a recent gene flow model, and investigated the effects of different anthropogenic
and natural landscape elements using genetic data and generated two country-wide resistance
landscapes.
Regarding the population genetic analyses, we (1) expected lower genetic diversity but larger
genetic structure and accordingly low numbers of dispersers in managed or spatially isolated
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populations or sampling areas located in fragmented landscapes due to low gene flow between
populations.
In our landscape genetic models explaining gene flow on two different time scales (i.e., long-term
and recent), we (2) expected that anthropogenic landscape elements (roads, residential areas, and
management) are of larger resistance compared to natural variables (forest, rivers, and slope).
Roads or residential areas are expected to decrease gene flow by their mortality risk and potential
of disturbance (Holderegger & Di Giulio 2010; Westekemper et al. 2021) and thus should restrict
red deer distribution. We predict that forest facilitates gene flow, whereas rivers and steep slopes
might inhibit gene flow as documented in Edelhoff et al. (2020) and Zhang, Liu & Teng (2013).
Regarding the two investigated time-scales, we (3) expect an increase in the resistance of
anthropogenic landscape elements in c.gf compared to lt.gf, because the amount of traffic, land
consumption, and fragmentation in Germany increased tremendously during last decades
(German Institute of Economic Research 1991; Federal Ministry of Transport and Digital
Infrastructure (BMVI) 2019).

Figure 1. Current red deer distribution in Germany (yellow) with states using red deer zones as management tool (hatched)
and states where red deer are allowed to roam freely (grey).
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2 Methods
2.1 Sampling and laboratory procedure
We sampled 37 populations with 1356 individual samples across entire Germany (Table 1) using
samples from collaboration projects (either tissue, DNA, or feces; mostly sampled between
January 2012 and December 2015, see Edelhoff et al. 2020; Fickel et al. 2012; Frantz & Ludwig 2015;
Hochkirch 2012; Willems, Welte, Hecht & Reiner, 2016) and recently collected tissue samples
(sampled between August 2015 and December 2017). When the exact sampling location of a
sample was unknown, coordinates of a random location inside the closest forest were used as a
surrogate. For population-based analyses, we used the center of all individual coordinates per
sampling area as a reference.

Fresh tissue samples were stored in tubes with 96 % non-denatured ethanol. Tissue samples, DNA,
and fecal samples were either deep-frozen or stored in ethanol. We extracted genomic DNA of
tissue samples using the DNeasy Blood & Tissue Kit (Qiagen, Hilden) following manufacturer’s
instructions. Blanks were routinely run along extraction producers to monitor for potential
contaminations.

All

extracts

were

subsequently

quantified

with

the

NanoDrop™

Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), normalized to a concentration
of 5 ng/µl, and stored at 4 °C until use. We combined a set of 19 microsatellite markers (Table S1)
plus one sex determination marker in three multiplex polymerase chain reactions (PCR) and
amplified it in T1-Thermocyclers (Biometra, Analytik Jena). The multiplex PCRs contained 5 µl of 2x
HotstarTaq Mastermix (Qiagen), 0,2 µM - 0,4 µM of each primer, 3 µl DNA and DNA-free water up
to a final volume of 10 µl. The cycling conditions included an initial polymerase activation step for
15 min at 95 °C, 40 cycles with denaturation at 95 °C for 30 sec, annealing at 56 °C for 60 sec and
elongation at 72 °C for 60 sec, followed by a final extension at 72 °C for 10 min. All PCRs were run
along with no-template controls to monitor for potential contamination. We separated PCR
products and detected them on the ABI 3730 Genetic Analyzer (Thermo Fisher Scientific,
Waltham, MA, USA). We determined allele sizes based on the GeneScan™ 600 LIZ size standard
using GeneMarker (version 2.20, SoftGenetics, State College, PA, USA). All automatic scorings were
checked visually and manually corrected if applicable. For genotyping error estimations, we
duplicated 12 % of the samples (n = 94).
For identification of possible systematic genotyping errors, we used MICROCHECKER (version 2.2.3,
Van Oosterhout et al. 2004) and samples with more than three missing loci were excluded from
further analyses. We excluded four microsatellite markers with large numbers of null alleles from
final analyses (Table S1).
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For final analyses, we used information of 15 microsatellite markers gained from 1110 red deer
samples from 34 sampling areas with a sex ratio of 1:1, a mean number of 33 samples per area,
and 0.7 % of missing data (Table 1, Table S1, Figure 4).
Table 1. Overview of recent sampling areas (upper part) and sampling areas covered by a collaborator (lower part). Sampling
areas used as a backup are indicated by R, sampling areas with insufficient sampling sizes for analyses are indicated by *.
State
Bavaria
Brandenburg
Brandenburg
Hesse
Hesse
Hesse
Mecklenburg-Western Pomerania
Mecklenburg-Western Pomerania
Lower Saxony
Lower Saxony
North Rhine-Westphalia
North Rhine-Westphalia
Saxony
Saxony-Anhalt
Saxony-Anhalt
Saxony-Anhalt
Saxony-Anhalt
Saxony-Anhalt
Thuringia
Thuringia
Baden-Wuerttemberg
Bavaria
Bavaria
Hesse
Hesse
Mecklenburg-Western Pomerania
Rhineland-Palatinate
Rhineland-Palatinate
Rhineland-Palatinate
Rhineland-Palatinate
Rhineland-Palatinate
Schleswig-Holstein
Schleswig-Holstein
Schleswig-Holstein
Schleswig-Holstein
Schleswig-Holstein
Schleswig-Holstein

Abbreviation
GW
SH
SW
ME
OW
SP
MU
NH
HZ
LH
DW
SL*
EG
CL
DH
AH
SU
ZF
TW
ZB
NS
BW
SN
KF
TS
JH
AM
MB
OS
PW
VHR
SE
EW
HB
LB
LO
MOR

Sampling area
Military training area Grafenwöhr
Biosphere Reserve Schorfheide-Chorin
Biosphere Reserve Spree Forest
Melsungen
central Odenwald
northern Spessart
Müritz National Park
Nossentiner-Schwinzer Heath
Harz mountains, St. Andreasberg
Lüneburg Heath, Unterlüß
Dämmerwald
northern Sauerland
central Erzgebirge
Colbitz-Letzlinger Heath
Dübener Heath
Glücksburger Heath
southern Harz mountains
Ziegelroda Forest, Saale-Unstrut-Triasland Nature Park
south-eastern Thuringian Forest
Zillbach-Pleß
Northern Black Forest
Bavarian Forest National Park
Kempten Forest
Krofdorf Forest
eastern Taunus
Jägerhof
Ahrweiler-Mayen
Montabaur
Osburg/Saar
middle Palatinate Forest
Front Hunsrück
Bad Segeberg
Elsdorf-Westermühlen
Hasselbusch
Lauenburg (South)
Lauenburg (East)
Mörel

n
35
51
32
35
40
38
40
40
36
33
36
9
36
40
31
30
37
39
60
35
40
35
37
47
35
37
38
34
39
39
40
39
35
32
34
30
32

2.2 Population genetic analyses
2.2.1 Genetic diversity
We calculated the number of alleles (NoA), allelic richness (Ar, with rarefaction to correct for varying
sample sizes), expected (He), and observed (Ho) heterozygosity as well as Hardy-WeinbergEquilibria (HWE) using the R-Package diveRsity (Keenan et al. 2013).
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2.2.2 Genetic structure
To measure genetic differentiation, we calculated the fixation index F ST (Wright 1965) using
diveRsity (Keenan et al. 2013). Inferring the number of genetic populations is particularly difficult
in our study because sampling gaps might lead to erroneous conclusions about the actual
population structure since clusters are often identified as separate populations even though they
are part of a single population formed by Isolation by Distance (IBD; Schwartz & McKelvey, 2009).
Further, red deer are rather consistently distributed in northern and eastern Germany (no
management via red deer zones), whereas distribution in southern and western Germany is more
fragmented and patchy due to red deer zones (see Figure 1). Hence, we used a Bayesian clustering
algorithm that groups individuals into clusters acting as genetically coherent populations. We used
the software BAPS (version 6.0, Corander, Waldmann & Sillanpää, 2003) with values from 1 to 35
for the number of possible populations K and ten independent runs for each K. As STRUCTURE
(Pritchard et al. 2000) is one of the most prominent clustering software, we also applied this
approach and show results in Appendix 1.

2.2.3 Dispersers between sampling areas
We used BAPS (Corander et al. 2013) to detect dispersers between genetic populations.
Additionally, we calculated pairwise migration (i.e., gene flow) rates between sampling areas using
Jost´s D (Jost 2008) calculated by the R-package diveRsity with 999 replications and subsequent
Bonferroni correction (Keenan et al. 2013). Additionally, we illustrate significant relative probability
and directed gene flow between sampling areas based on Jost´s D using divMigrate-online
(https://popgen.shinyapps.io/divMigrate-online;

Marrotte,

Gonzalez

&

Millien,

2017;

Sundqvist et al. 2016).

2.3 Landscape genetic analyses – the relationship between landscape, time scale,
and gene flow
2.3.1 Gene flow models and parameterization
Estimating landscape effects on gene flow, we used two estimates of genetic connectivity that
correspond to two different temporal scales. First, we used Jost´s D (see 3.2.1 Optimal conversion
of landscape elements) as a measure of genetic differentiation between sampling areas for relative
long-term gene flow (lt.gf) analyses (Sundqvist et al. 2016). Second, we estimated recent or recent
gene flow (c.gf) using BayesAss (Version 3.0.4; burn-in 1,000,000, iterations for Markov chain Monte
Carlo analysis 10,000,000, mixing parameter for allele frequencies 0.30, mixing parameter for
inbreeding coefficients 0.30; Wilson & Rannala, 2003). It reflects genetic exchange among
sampling areas within the last one to four generations, corresponding to seven to 28 years in red
deer (Coulson et al. 1998; Howes et al. 2009; Huey et al. 2013). Correlation of these two estimators
was not strong (r = 0.536) and, hence, our results provide complementary insights to gene flow
among red deer.
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2.3.2 Univariate optimization of landscape elements for both time-scales
We used six different landscape elements (Table 2) with a resolution of 100 x 100 m and
determined the optimal resistance surface conversion for each landscape element in a first step
(Figure 2). Therefore, we standardized landscape layers in a way that reflected our hypotheses
about how the landscape variable impacts red deer gene flow: we assume that forests have a
positive relationship with gene flow, while all other variables are expected to have a negative
relationship. Rather than using the raw data values as resistance, we used the concept of weighteddistances and used five different non-linear conversion parameters to convert landscape into
resistance layers with values between 100 (i.e., the cell size) to 1000 (see Keeley et al. 2017 and
Figure 3).
Conversion of red deer zones into resistances was different: we hypothesized that resistance to
gene flow in red deer-free zones was two to ten times higher than in areas where red deer is
allowed to roam freely and assigned states with free red deer distribution to resistances of 100 for
the entire state, just like red deer zones of states managing red deer distribution. Outside these
designated red deer zones, we set resistances to 200, 300, 400, 500, and 1000.

We then used Circuitscape 5.0 (Shah & McRae 2008) to calculate effective resistances based on
circuit theory paths for all 30 layers (i.e., five conversions per six variables). Specifically, we used
the pairwise modeling mode, connection to eight neighbors, and cg+amg as solver. Afterwards,
we fitted maximum-likelihood population-effects (MLPE) mixed models to determine the best
conversion for each landscape element. Best conversion was chosen according to the lowest
Bayesian Information Criterion value (BIC; Burnham & Anderson, 2004; i.e., the best model had a
deltaBIC of zero) as recommended by Row et al. (2017).
Table 2. Overview about landscape element and best conversion for long-term (lt.gf) and recent gene flow (c.gf). For
categorical red deer zones, we determined resistance values directly (see text).
Landscape
element
Forest
Slope

Residential
Rivers
Roads

Red deer
zones

Details

Source

proportion of forest areas in 1 km
radius
topographic slope of 100 m cell

OpenStreetMap 2018
(landuse = forest)
Digital elevation model, European Union,
Copernicus Land Monitoring Service
2012
OpenStreetMap 2018
(landuse = residential, industrial, retail)
OpenStreetMap 2018
(waterway = river, canal)
ESRI Germany, Federal Agency for
Cartography and Geodesy; Open Data
Portal 2015
German Wildlife Foundation (2018,
unpublished data)

proportion of residential areas in
1 km radius
length of rivers in 1 km radius
length of federal and state roads in
1 km radius
red deer zones (categorical)

Best conversion
lt.gf
c.gf
4
4
16

16

4

2

4

4

8

4

300

200
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Figure 2. Workflow of univariate and multivariate optimization procedures leading to the final MLPE model for long-term
and recent gene flow. Results are written in bold.

Figure 3. Five conversions and their transformations of relative data values into relative expected distances (figure adapted
1−exp(−c∗H)
from Keeley et al. 2017). We used the transformation function R = 100 − 99 ∗ (
), where R is the resistance, H is
the relative value and c determines the shape of the curve.

1−exp(−c)
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2.3.3 Optimal combination of weighted landscape elements and relative variable importance
We conducted a multivariate optimization to find the optimal combination of weighted, i.e.
converted, landscape elements by adding up all possible combinations (Figure 2). Therefore, we
generated MLPE mixed models, as recommended by several recent studies (Row et al. 2017,
Peterman et al. 2019). With our six optimized variables (see 2.3.2 Univariate optimization of
landscape elements for both time-scales), we compared a total of 63 different MLPE mixed models,
plus our null model of IBD (see Table S2). To account for IBD, we always included an effective
distance based on a uniform resistance layer (resistance of 100). As dependent variable, we used
gene flow (i.e. lt.gf and c.gf), and sampling area as random effect. In addition, marginal R² values
quantify the proportion of the variance explained by the fixed effects (i.e., the landscape variables
and our null model). We selected the best model based on the lowest deltaBIC. The MLPEs are
based on the code of the package ResistanceGA (Peterman 2018) as detailed by
Clarke et al. Raybould (2002). Comparing the relative influence of each landscape variable in the
best model, we estimated coefficients and associated 95 % confidence intervals after standardizing
all variables.

3 Results
3.1 Population genetics
3.1.1 Genetic diversity
In our study, we detected on average 104 different alleles per sampling area with
69 individual alleles in DW and 130 alleles in TW (see Figure 4A; Table S2). Allelic richness varied
between 4.35 in DW and 7.96 in ZB (mean 6.42; Figure 4B; Table S2). Both, expected and observed
heterozygosity varied considerably between areas with a mean H e of 0.71 (range 0.63 – 0.77) and
a mean Ho of 0.70 (range 0.60 – 0.79; Figure 4C, D; Table S2). All over, sampling areas located in a
continuous red deer distribution or the central German distribution area mostly had higher values
than the western or south-western sampling areas.
In sum, 14 % of all microsatellites (i.e., 72 out of 510 possible combinations of 15 microsatellites
and 34 sampling areas) deviated significantly from Hardy-Weinberg equilibrium pointing to
evolutionary processes like dispersal or non-random mating, likely explained by our patchy
sampling design.

3.1.2 Genetic structure
Genetic differentiation (FST) was largest in DW, HB, and EW, and lowest in MU, SH, and SU
(mean 0.097, range 0.071 - 0.179; Table 3, Figure S2). All over, the lowest pairwise differentiation
was found between SU and AH (0.0169, Table S3) and the largest between HB and
DW (0.2478, Table S3). Interestingly, these estimates do not reflect the farthest or closest pairwise
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distance (Table S4) and, hence, point to genetic structuring of sampling areas which we
investigated in detail using Bayesian clustering. Mean Jost´s D values showed that genetic
differentiation was largest in spatially isolated DW and HB, despite comparably low Euclidean
distances to other sampling areas (Table 3; Table S4; for full data see Table S5), whereas lowest
differentiation was detected in SH and TW, two sampling areas in states with unrestricted red deer
distribution.

Bayesian clustering divided our 34 sampling areas into 27 different genetic clusters with
22 single-area clusters mainly located in the western states (Figure 5). Clusters comprised of
multiple sampling areas were mostly located in states not managing red deer. Interestingly, HZ
and SU form a cluster across the former inner German border (separated by the Iron Curtain from
1949 until 1989/1990) and the cluster ZB-EG connects geographically distant areas that are not
connected by a continuous red deer distribution and are also located in states that restrict and do
not manage red deer (for states using red deer zones as management tool, see Figure 1).
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Figure 4. Population genetic parameter per sampling area: number of alleles (NoA; A), Allelic richness (A r; B), expected
heterozygosity (He; C), observed heterozygosity (Ho; D). Colors of sampling areas correspond to low (light blue) and high
values (magenta), red deer distribution is shown in grey, states using red deer zones as management tool in light grey.
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Table 3. Mean genetic differentiation (FST) of a sampling area in relation to all other sampling areas and mean Jost´s D of
an area.
Sampling area
AH
AM
BW
CL
DH
DW
EG
EW
GW
HB
HZ
JH
KF
LB
LH
LO
MB

Mean FST
0.076
0.112
0.094
0.078
0.114
0.179
0.072
0.132
0.091
0.155
0.077
0.091
0.097
0.108
0.085
0.092
0.109

mean Jost´s D
0.170
0.264
0.219
0.202
0.245
0.366
0.185
0.280
0.221
0.351
0.184
0.211
0.214
0.242
0.198
0.207
0.227

Sampling area
ME
MU
NH
NS
OS
OW
PW
SE
SE
SH
SN
SP
SU
TS
TW
ZB
ZF

Mean FST
0.099
0.071
0.088
0.116
0.102
0.112
0.086
0.073
0.107
0.071
0.110
0.081
0.071
0.088
0.077
0.072
0.109

mean Jost´s D
0.226
0.171
0.196
0.241
0.247
0.247
0.215
0.245
0.160
0.226
0.197
0.174
0.171
0.190
0.166
0.184
0.252

Figure 5. Results of Bayesian clustering with colors of sampling areas indicating genetic clusters (n = 5) and dark grey
indicating sampling area as stand-alone genetic population (n = 22). Red deer distribution is depicted in grey, states using
red deer zones as management tool in light grey.
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3.1.3 Dispersers between sampling areas
Migration analyses showed twelve of the 27 genetic clusters contained dispersers but that
dispersers, in general, are rare (3,9 %; i.e. 43 out of 1110 individuals). Three quarters stem from
multiple-area clusters and bidirectional dispersers were only detected in multiple-area clusters
(Table 4). The majority of dispersers were detected in the cluster including most sampling
areas (JH-MU-NH-SH) followed by EG-ZB and AH-SW.

Table 4. Bayesian Genetic clusters determined by BAPS, number of dispersers detected in the cluster, and their origin.

Single-area cluster

Multiple-area
cluster

Genetic cluster
JH-MU-NH-SH
EG-ZB
AH-SW
LB-LO
HZ-SU
TW
CL
DH
HB
KF
ME
SP

Number of dispersers
15
8
4
4
2
3
2
1
1
1
1
1

Cluster of origin
AH-SW, BW, CL, DH, EW, LH, LB-LO, OW, SE
AH-SW, BW, NS, SN, SP, TW, ZF
JH-MU-NH-SH, DH, MB
JH-MU-NH-SH, EW
ME, TS
AM, JH-MU-NH-SH, SN
LB-LO, SN
AH-SW
EW
AM
HZ-SU
EG-ZB

Investigating relative pairwise migration rates using divMigrate-online, we demonstrate that all
multiple-area clusters act as sinks for migration, especially the cluster EG-ZB with large relative
immigration values from the surrounding sampling areas (Figure 6). These findings complement
the BAPS analyses of detected dispersers mentioned above. However, it is important to keep in
mind that divMigrate-online uses relative migration values so that an overall low absolute
migration might be transformed to large relative migration values, and that Euclidean distances
between sampling areas are not taken into account (Edelhoff et al. 2020).
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Figure 6. Relative migration network created with divMigrate-online based on Jost´s D with 99 replications and genetic data
grouped by BAPS clusters as input. Note that only migration values of > 0.5 are shown. Direction of arrows explains the
direction of migration.

3.2 Landscape genetic analyses – effects of landscape elements on long-term and
recent gene flow
3.2.1 Optimal conversion of landscape elements
We found equal best conversions for both time scales among the natural variables forest, rivers,
and slope (Table S2, Table S6). Contrary, the resistance of anthropogenic landscape variables roads
and residential increased more strongly in c.gf, indicated by a smaller conversion value c, pointing
to an increased negative effect of these landscape elements. Forest and rivers had lowest deltaBIC
when using a conversion with shape parameter c = 4 and slope with c = 16, indicating that only
steep slopes result in high resistances. All over, both models share four out of the best ten models
with different ranks (mod23, mod42, mod57, mod60; Table 5), and model 42 is the best (lt.gf) and
second-best (c.gf) fitted model.

The best multivariate model for lt.gf included the variables residential, roads, slope, and forest
(Table 5, Figure 7A) with a marginal R² of 0.752. For c.gf, the best model had a marginal R² of 0.549
and also included residential, roads, and slope, but red deer zones instead of forest. Remarkably,
all models involving c.gf had much lower R² values than models involving lt.gf (Table 5, Table S7,
Figure 7B).
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Table 5. Overview of the ten best model results for each gene flow model with model numbers in brackets. See Table S7
for the results of all models.
Long-term gene flow lt.gf
Model
residential + roads + forest + slope (mod42)
residential + roads + forest (mod22)
residential + forest + slope + rivers + red deer zones (mod61)
residential + roads + slope (mod23)
residential + roads + slope + rivers + red deer zones (mod60)
roads + forest + slope + rivers + red deer zones (mod62)
residential + forest + slope (mod26)
roads + forest + slope (mod32)
residential (mod1)
residential + roads + forest + slope + rivers (mod57)

deltaBIC
0.000
19.069
31.350
35.227
42.239
53.547
54.286
62.509
74.191
84.608

R²
0.752
0.743
0.730
0.741
0.727
0.732
0.724
0.710
0.706
0.701

deltaBIC
0.000
6.023
6.641
7.098
8.939
12.122
12.379
13.358
14.410
15.422

R²
0.549
0.544
0.545
0.544
0.541
0.546
0.541
0.538
0.541
0.542

Recent gene flow c.gf
Model
residential + roads + slope + red deer zones (mod46)
residential + roads + forest + slope (mod42)
residential + roads + forest + slope + rivers + red deer zones (mod63)
residential + roads + forest + slope + rivers (mod57)
residential + roads + slope + rivers + red deer zones (mod60)
residential + roads + slope (mod23)
residential + roads + forest + red deer zones (mod44)
residential + roads + slope + rivers (mod45)
residential + roads + forest + slope + red deer zones (mod58)
roads + slope + red deer zones (mod36)

3.2.2 Relative variable importance and final resistance models
While we found a relationship between genetic and geographic distances, this null model of IBD
was not sufficient in explaining gene flow and was not the best-fitted model. This was expected
for a data set covering an entire country. The coefficients of the MLPE models of lt.gf were a
magnitude higher compared to c.gf (Table 6) and residential had the strongest impact followed by
roads, forest, and slope. Contrary, roads had a significantly higher impact on c.gf than the other
variables (order of decreasing variable importance: residential, red deer zones, slope) as indicated
by the confidence intervals.

Illustrated in a direct comparison (Figure 7), the differences between the lt.gf and c.gf become
obvious: according to their low resistance values, forests are easily detectable in lt.gf, e.g. in Harz
mountains in central Germany or the Black Forest in south-western Germany. Since red deer zones
are more important than forests. In terms of c.gf, Harz mountains do not deviate visually from
surrounding areas. Contrary, two red deer zones of low resistance are surrounded by areas of
higher resistance in the Black Forest. This further applies to all designated red deer zones.
Residential areas and roads are of high resistance in both gene flow models (Figure 7).
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Table 6. Overview of model results with coefficients and 95 % confidence intervals (CI).
Long-term gene flow lt.gf
Recent gene flow c.gf
Variable Coefficient lower CI upper CI
Variable
Coefficient lower CI upper CI
residential
-0.832
-0.907
-0.759
residential
-0.070
-0.080
-0.060
roads
-0.775
-0.851
-0.701
roads
-0.131
-0.148
-0.115
forest
-0.747
-0.824
-0.671 red deer zones
-0.058
-0.069
-0.047
slope
-0.743
-0.819
-0.667
slope
-0.045
-0.055
-0.036

Figure 7. Final resistance models for red deer gene flow. (A) Long-term gene flow with residential, roads, forest, and slope
as important landscape variables. (B) Recent gene flow with residential, roads, red deer zones, and slope as important
landscape variables. The color gradient indicates high resistance of the landscape in red and low resistance in blue.

4 Discussion
4.1 Population genetic status of red deer
4.1.1 Genetic diversity and genetic structure
We found large variation among genetic diversity and genetic structure between examined red
deer populations. In six out of 13 states with red deer occurrence, their distribution is restricted by
political management leading to spatial isolation of populations and a lack of genetic exchange as
indicated by our results. Highly managed populations mostly exhibit low values of genetic diversity
and higher estimates of genetic structure, whereas unmanaged populations show opposite values,
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indicating a better adaptation to potential upcoming environmental changes. This is in accordance
with our expectations.
Interestingly, the sampling area Bavarian Forest (BW) exhibited large genetic diversity in Bavaria, a
state using red deer zones. As indicated by a study analyzing samples from the 1990s and a study
about twenty years later, a constant genetic exchange with the adjacent population in Bohemian
forest sufficiently explains these results (Kühn et al. 2003; Fickel et al. 2012). While in SchleswigHolstein red deer distribution is neither restricted nor are sampling areas far apart, values of
genetic diversity in sampled populations are unexpectedly low. Edelhoff et al. (2020) and
Zachos et al. (2007) already researched these populations using a similar set of microsatellites and
reason that anthropogenic land use and management negatively impact population genetic
parameters, which is following our findings.

In general, results of our population genetic analyses are in the documented range across Europe
and other studies concur with our results that genetic diversity varies considerably between
populations (e.g., Dellicour et al, 2011; Hmwe et al. 2006; Radko et al. 2014). Even if a comparison
of results between different laboratories and different genetic markers is not ideal
(Reiner et al. 2019), it is sufficient for comparing trends of results.

4.1.2 Bayesian clustering and dispersers
Bayesian clustering and migration analyses further support our previous findings: since continuous
distribution favors gene flow as indicated by the multi-area genetic clusters and the number of
dispersers, patchy distribution caused by German red deer management or human infrastructure
leads to single-area clusters. Our results further agree with studies in Hesse, Rhineland-Palatinate,
and Schleswig-Holstein where populations were divided into multiple genetic clusters according
to anthropogenic land-use and fragmentation (Hochkirch 2012; Edelhoff et al. 2020;
Reiner et al. 2021).
Two clusters are of special interest in our analyses: the cluster HZ-SU and the Cluster EG-ZB.
Despite the Harz mountains (i.e., cluster HZ-SU) were separated by the inner German border for
41 years, the sampling areas form a genetic cluster 25 years after the reunion of Germany, either
pointing to an uninterrupted exchange of genes, possibly by a leaking fence or to restored gene
flow. The cluster EG-ZB spans over more than 200 km without being connected via a continuous
red deer distribution. Even if long-distance natural dispersal was documented up to 300 km
(Haanes et al. 2011), this is an unlikely explanation, because TW, the sampling area located between
EG and ZB, would be expected to be included, and we would expect additional clusters spanning
large distances. Another reasonable explanation might be that TW received red deer translocations
because translocations and reintroductions of red deer were frequent but rather undocumented
in Germany, for example, to increase trophy quality or to establish new populations (Frevert 1964;
Oloff 1964; Hartl et al. 2003; Ciesla & Suter 2013; Edelhoff et al. 2020).
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4.2 Landscape genetic effects on long-term and recent gene flow
As expected, we revealed the large inhibiting effects of anthropogenic landscape elements among
both gene flow models: the proportion of residential areas was the most important variable for
lt.gf and roads for c.gf, respectively. Moreover, roads and residential were converted into even
larger resistance values in c.gf, highlighting the importance and the recent negative development.
Coefficients of our models show that proportion of roads in c.gf was the only variable significantly
different from all variables evaluated. This is likely due to an increased number of roads (+78 %
between

1990

and

2018;

Federal

Ministry

of

Transport

and

Digital

Infrastructure

(BMVI), 2015, 2019) and an increased traffic amount (+60 % between 1990 and 2018; Federal
Ministry of Transport and Digital Infrastructure (BMVI), 2015, 2019), but also due to an ongoing
space consumption of residential areas of 52 ha per day, i.e. 2,658 soccer fields per year (Federal
Statistical Office of Germany (Destatis) 2019, 2021). The short time between the two gene flow
models of about four generations corresponds well to the increase of anthropogenic landscape
elements.
The barrier effects of roads on cervids are largely documented: for instance among red deer and
roe deer (Capreolus capreolus) roads were found to separate populations and to reduce genetic
exchange (Kühn et al. 2007; Pérez-Espona et al. 2008; Frantz et al. 2012; Edelhoff et al. 2020), and
occurrence of mule deer and caribou (Rangifer tarandus) was negatively related to the presence of
roads (Fraser et al. 2019; Yemshanov et al. 2021). Even Sprĕm et al. (2013) highlight the need for
careful future road planning, although they did not find a significant effect of roads on gene flow
of red deer in Croatia.
But anthropogenic infrastructure is not the only inhibiting factor: red deer zones in the c.gf were
more important than proportion of forest (important in lt.gf), highlighting the relevancy of human
management for recent red deer gene flow. In detail, while red deer free areas inhibit gene flow,
it is facilitated if the forest is declared as red deer zone. Reasoning that red deer is by origin a
species of the open and semi-open landscapes it is paradox that most of the red deer zones are
composed of forest as dominating landscape element (Herzog 2000) implying the risk of damaged
forest due to restricted access to naturally preferred food. Our results are supported by
Reiner et al. (2021), who explained genetic differentiation also by red deer management.
Interestingly, red deer zones were the only element that received lower resistances in the recent
model and we reason that this might be due to management changes since some states (Lower
Saxony, Saarland, Brandenburg, and Saxony-Anhalt) stopped the strict delineation of red deer
distribution post-millennial and allow for unrestricted gene flow.

As expected, the effects of natural and semi-natural landscape elements were lower compared to
anthropogenic landscape elements. Forest was converted to resistance with a small conversion
value of 4 indicating that large proportions of forest provide low resistance. The positive influence
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of forest on gene flow was already documented for roe deer (Coulon et al. 2004), but also a
negative relationship was shown (Pérez-Espona et al. 2008), pointing to a landscape-dependent
effect.
Slope is the variable with the least effects in our final models: steep slopes slightly negatively affect
gene flow, which is similar to results of a landscape genetic study in Scotland, where steep slopes
inhibit gene flow to a low degree (Pérez-Espona et al. 2008), and a study on mule deer (Odocoileus
hemionus) where occurrence probability was negatively related to steepness of slope
(Fraser et al. 2019).
Rivers were of insignificant effect in our study, which was expected due to a low proportion of
rivers in Germany and the ability of red deer to cross rivers. This is in accordance with studies
among tufted deer (Elaphodus cephalophus) and Scottish red deer (Pérez-Espona et al. 2008;
Sun et al. 2016). Nevertheless, large rivers or canals may still act as a significant barrier for
populations, emphasizing the need for both, large-scale and local or regional scale studies
(Edelhoff et al. 2020).

4.3 Limitations and future research needs
There are some limitations one should keep in mind when interpreting our study results. In general,
the explanatory power of our c.gf MLPE is not ideal: The R² is at a medium value, and coefficients
are a magnitude lower than for lt.gf. Probably, our recent timespan did not cover enough
generations compared to the long-term model, or the explanatory power is caused by long-lasting
low gene flow rates and isolation between the populations.
In addition, we were not able to sample small populations due to their low number of harvested
animals, reasoning that it is still possible that influences of small or unsampled populations remain
undiscovered. As mentioned before, German red deer received a long history of national and
international translocations and our results may be distorted by these often undocumented
translocations. Hence, next studies should sample additional populations and integrate red deer
populations in neighboring countries to refine results and to investigate landscape effects even
more extensively.
Regarding landscape elements, we used the main relevant variables, but there might be an effect
of unused variables like farmland, traffic amount, or fencing status of roads. Further, we conducted
research on a very large scale but emphasize that local or regional research is indispensable
because barrier effects might still influence gene flow on smaller scales.

Overall, our study is a snapshot in time, and we reason that genetic monitoring should become a
routine across the entire German distribution to detect changes in red deer gene flow and enable
an appropriate and fast reaction. Referring to the generation time of red deer, we suggest a
repetition every five to ten years. Future investigations should identify priority areas where
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functional connectivity of red deer is extremely low to induce mitigating conservation actions like
especially protected corridors or over- and underpasses on roads. Here, a comparison to already
existing connectivity models like the Corridor Network for Forest-Inhabiting Larger Mammals of
the Federal Agency for Nature Conservation (BfN; Hänel & Reck, 2011) would be useful.

4.4 Conclusion and recommendation
The genetic diversity of red deer in Germany varies remarkably, the genetic structure especially in
isolated and managed populations is large, and recent gene flow is hindered to a large degree by
anthropogenic land-use and red deer management. In light of the legal obligation to preserve the
diversity of species, we conclude that actions are needed to increase gene flow among red deer in
Germany. Therefore, we suggest that management of a behaviorally complex and social species
by political borders should be reconsidered especially in states where red deer is not allowed to
roam freely. Red deer zones should be abolished, a postulation expressed earlier (e.g., Deutsche
Wildtier Stiftung 2006; Herzog 2000), or their extent should be revalued following natural habitat
demands of red deer, further paying attention to hunting scheme (see Petrak 2014) and
connectivity measurements like corridors or stepping stones to other populations. Especially in
small populations, connectivity is of immense importance and creative ideas for a flexible
innovative population management are needed, maybe by creating temporary corridors
(Auffret et al. 2015). Transregional red deer management as recommended by Edelhoff et al. (2020)
would help to reach these goals.
Additionally, we reason that influences of roads as the most important landscape element should
be further mitigated and additional barrier effects on gene flow should be prevented by planning
additional or at least implementing already planned crossing structures and protected corridors
to (re-)connect populations and to increase gene flow of red deer in Germany.
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Appendix
Table S1. Microsatellite markers used for the genetic survey of red deer samples; microsatellites marked with an asterisk
were not included in final analyses due to high rates of allelic dropout.
Microsatellite
DIK082
NVHRT21*
IDVGA59
NVHRT48*
CSSM66*
BM4208
RT1
ETH225
BM203
CSSM19
CSSM14
CSSM22
BMC1009
BM1818
CER14
Haut14
CSSM16
IDVGA55
INRA35*
KY1/2

Primer sequence (back and forth)
CCCACTCTGTCTCCAGTTTG
TATCCTGAGAAAAGCTGCTAGA
GCAGCGGAGAGGAACAAAAG
GGGGAGGAGCAGGGAAATC
CAGTCCCTCAACCCTCTTTTC
AACCCAAATATCCATCAATAG
CGTGAATCTTAACCAGGTCT
GGTCAGCTTCATTTAGAAAC
AATTTAATGCACTGAGGAGCTTGG
ACACAAATCCTTTCTGCCAGCTTGA
TCAGTACACTGGCCACCATG
CACTGCATGCTTTTCCAAAC
TGCCTTCTTTCATCCAACAA
CATCTTCCCATCCTCTTTAC
ACATGACAGCCAGCTGCTACT
GATCACCTTGCCACTATTTCCT
GGGTGTGACATTTTGTTCCC
CTGCTCGCCACTAGTCCTTC
TTGTCAGCAACTTCTTGTATCTTT
TGTTTTAAGCCACCCAATTATTTG
AAATGACCTCTCAATGGAAGCTTG
GAATTCTGGCACTTAATAGGATTCA
TCTCTCTAATGGAGTTGGTTTTTG
CTTTCTCTTCAATCAATCCTCATC
GCACCAGCAGAGAGGACATT
ACCGGCTATTGTCCATCTTG
AGTGCTTTCAAGGTCCATGC
AGCTGGGAATATAACCAAAGG
TCTCTTGCGTCTCCTGCATTGAC
AATGGCACCCACTCCAGTATTCTTC
CCAGGGAAGATGAAGTGACC
TGACCTTCACTCATGTTATTAA
AGAGCCACTTGTTACACCCCAAAG
GATGCAGTCTCCACTTGATTCAAA
GTGACTGTATTTGTGAACACCTA
TCTAAAACGGAGGCAGAGATG
TTGTGCTTTATGACACTATCCG
ATCCTTTGCAGCCTCCACATTC
GCCCAGCAGCCCTTCCAG
TGGCCAAGCTTCCAGAGGCA

Motif

Multiplex

Publication

(GT)

A

Hirano et al. 1996

(GT)16(GC)4GT

A

Roed & Midthjell 1998

(AC)

A

Mezzelani et al. 1995

(GT)

A

Roed & Midthjell 1998

(GT)

A

Kühn et al. 2003

(GT)

A

Bishop et al. 1994; Talbot
et al. 1996

(GT)

A

Wilson et al. 1997

(GT)

B

Kühn et al. 2003

(GT)

B

Bishop et al. 1994

(GT)

B

Kühn et al. 2003

(GT)

B

Kühn et al. 2003

(GT)

B

Kühn et al. 2003

(GT)

B

Bishop et al. 1994

(GT)

B

Bishop et al. 1994

(GT)

C

Kühn et al. 2003

(GT)

C

Kühn et al. 2003

(GT)

C
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Appendix 1 Population genetics
We used STRUCTURE (Version 2.3, Pritchard et al. 2000) with ancestry model and allele frequencies
correlated, the number of genetic clusters K was set to 1-40 and after a burn-in of 500,000, we ran
1,000,000 iterations. Each run was replicated five times. We used STRUCTURE Harvester (Earl & von
Holdt 2012) to evaluate K, and CLUMPAK (Kopelman et al. 2015) for ancestry values q for each
genotype and used the ∆K method (Evanno et al. 2005) to detect the optimal K. An individual was
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assigned to the cluster with the largest q value. After analyzing the entire data set, we conducted
runs hierarchically with subpopulations (Figure S1).

Figure S1. Results of the hierarchical STRUCTURE analyses with proportion of individuals separated by genetic cluster and
sampling areas ordered from North (left) to South (right).
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Table S2. Overview about population genetic parameter with sample size (n), number of alleles in (NoA), allelic richness
corrected for varying sample sizes using rarefaction (Ar), expected (He), and observed (Ho) heterozygosity, and genetic
differentiation (FST).
Sampling area
AH
AM
BW
CL
DH
DW
EG
EW
GW
HB
HZ
JH
KF
LB
LH
LO
MB
ME
MU
NH
NS
OS
OW
PW
SE
SH
SN
SP
SU
SW
TS
TW
ZB
ZF
Mean

n
28
31
30
40
30
36
35
23
35
26
36
29
40
20
30
28
33
35
30
30
38
29
40
30
30
30
37
37
36
32
23
55
29
39
33

NoA
113
94
115
115
97
69
122
70
102
84
122
108
100
90
107
102
96
105
116
101
93
102
98
114
92
113
96
111
120
113
102
130
126
95
104

Ar
6.99
5.80
7.09
7.03
6.12
4.35
7.50
4.62
6.28
5.35
7.35
6.77
5.94
6.00
6.68
6.48
5.95
6.27
7.29
6.26
5.68
6.42
5.86
7.07
5.71
7.04
5.91
6.70
7.27
7.00
6.60
7.21
7.96
5.94
6.42

He
0.71
0.70
0.72
0.77
0.67
0.63
0.77
0.64
0.72
0.66
0.74
0.70
0.71
0.68
0.72
0.70
0.71
0.68
0.74
0.71
0.65
0.70
0.67
0.75
0.69
0.71
0.68
0.74
0.74
0.75
0.70
0.70
0.76
0.70
0.71

Ho
0.72
0.69
0.74
0.79
0.67
0.60
0.76
0.60
0.72
0.63
0.73
0.71
0.71
0.64
0.73
0.71
0.73
0.70
0.73
0.70
0.65
0.70
0.67
0.75
0.65
0.66
0.66
0.76
0.76
0.73
0.67
0.64
0.74
0.69
0.70

FST
0.076
0.112
0.094
0.078
0.114
0.179
0.072
0.132
0.091
0.155
0.077
0.091
0.097
0.108
0.085
0.092
0.099
0.109
0.071
0.088
0.116
0.102
0.112
0.086
0.107
0.071
0.110
0.081
0.071
0.073
0.088
0.077
0.072
0.109
0.097
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Figure S2. Mean genetic differentiation of sampling areas using FST. Colors of sampling areas correspond to low (light blue)
and high values (magenta), red deer distribution is shown in grey, states using red deer zones as management tool in light
grey.
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Table S3. Genetic differentiation FST between all sampling areas.
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Table S4. Euclidean distance between sampling areas in km.

77

Chapter 2

Table S5. Values of Jost´s D between sampling areas.
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Appendix 2 Landscape genetics
Table S6. Results of MLPE models for all five conversions of all six landscape variables and both gene flow models. The
model with lowest BIC was chosen as best conversion and shown in bold.
Landscape element
Forest

Residential

Rivers

Roads

Slope

Red deer zones

Conversion
0.25
2
4
8
16
0.25
2
4
8
16
0.25
2
4
8
16
0.25
2
4
8
16
0.25
2
4
8
16
1000
500
400
300
200

deltaBIC long-term
273.055
286.020
0.000
252.920
205.107
368.853
335.440
0.000
369.230
369.237
0.491
0.932
0.000
1.634
1.630
323.641
260.414
253.546
0.000
215.894
296.621
295.166
295.165
294.904
0.000
43.889
51.756
72.853
0.000
45.105

deltaBIC recent
37.900
51.624
0.000
42.671
23.175
142.134
0.000
71.853
142.743
144.795
0.125
0.084
0.000
0.158
0.026
204.253
36.424
0.000
111.588
143.752
74.940
74.811
74.932
10.829
0.000
1.248
66.850
100.090
70.147
0.000

79

Chapter 2

Table S7. Overview about MLPE models used for two different gene flow parameter.
Model
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Variables
nullmodel
residential
roads
forest
slope
river
red deer zones
residential + roads
residential + forest
residential + slope
residential + river
residential + red deer zones
roads + forest
roads + slope
roads + rivers
roads + red deer zones
forest + slope
forest + rivers
forest + red deer zones
slope + rivers
slope + red deer zones
rivers + red deer zones
residential + roads + forest
residential + roads + slope
residential + roads + rivers
residential + roads + red deer zones
residential + forest + slope
residential + forest + rivers
residential + forest + red deer zones
residential + slope + rivers
residential + slope + red deer zones
residential + rivers + red deer zones
roads + forest + slope
roads + forest + rivers
roads + forest + red deer zones
roads + slope + rivers
roads + slope + red deer zones
roads + rivers + red deer zones
forest + slope + rivers
forest + slope + red deer zones
forest + rivers + red deer zones
slope + rivers + red deer zones
residential + roads + forest + slope
residential + roads + forest + rivers
residential + roads + forest + red deer zones
residential + roads + slope + rivers
residential + roads + slope + red deer zones
residential + roads + rivers + red deer zones
residential + forest + slope + rivers
residential + forest + slope + red deer zones
residential + forest + rivers + red deer zones
residential + slope + rivers + red deer zones
roads + forest + slope + rivers
roads + forest + slope + red deer zones
roads + forest + rivers + red deer zones
roads + slope + rivers + red deer zones
forest + slope + rivers + red deer zones
residential + roads + forest + slope + rivers
residential + roads + forest + slope + red deer zones
residential + roads + forest + rivers + red deer zones
residential + roads + slope + rivers + red deer zones
residential + forest + slope + rivers + red deer zones
roads + forest + slope + rivers + red deer zones
residential + roads + forest + slope + rivers + red deer zones

Long-term gene flow
deltaBIC
R²
437.164
0.460
74.191
0.706
119.498
0.676
148.696
0.668
146.865
0.661
441.859
0.460
369.691
0.507
107.806
0.698
87.609
0.697
166.535
0.669
289.668
0.571
269.243
0.575
144.970
0.667
183.225
0.649
304.149
0.557
286.380
0.569
173.084
0.642
362.498
0.513
352.697
0.526
306.399
0.552
319.373
0.554
355.414
0.523
19.069
0.743
35.227
0.741
179.635
0.652
215.873
0.606
54.286
0.724
262.894
0.591
260.233
0.589
274.883
0.586
270.279
0.584
273.299
0.577
62.509
0.710
121.638
0.682
198.944
0.644
131.153
0.690
121.388
0.697
319.306
0.533
121.194
0.674
175.149
0.651
304.745
0.548
320.313
0.546
0.000
0.752
219.897
0.614
232.937
0.612
243.872
0.607
131.153
0.690
225.917
0.603
246.049
0.596
206.617
0.633
236.721
0.609
237.342
0.608
231.943
0.613
195.447
0.635
216.416
0.619
197.876
0.629
192.336
0.636
84.608
0.701
180.185
0.648
97.128
0.705
42.239
0.727
31.350
0.730
53.547
0.732
138.900
0.656

Recent gene flow
deltaBIC
R²
386.059
0.132
240.621
0.320
188.129
0.372
335.489
0.200
317.448
0.215
392.230
0.133
292.134
0.258
129.639
0.434
219.567
0.332
203.088
0.352
223.400
0.332
164.807
0.396
177.832
0.382
173.934
0.387
176.781
0.388
167.675
0.393
304.472
0.242
361.119
0.159
287.750
0.270
324.190
0.221
278.929
0.268
241.259
0.323
167.349
0.398
12.122
0.546
158.367
0.402
122.770
0.448
153.296
0.412
146.397
0.420
134.950
0.429
131.564
0.432
99.862
0.467
125.009
0.437
129.476
0.432
239.614
0.324
125.865
0.437
125.613
0.439
15.422
0.542
127.178
0.436
258.742
0.301
248.560
0.309
289.015
0.256
266.963
0.316
6.023
0.544
219.727
0.340
12.379
0.541
13.358
0.538
0.000
0.549
62.616
0.497
163.348
0.407
76.423
0.483
76.313
0.490
62.209
0.497
123.113
0.441
59.164
0.499
127.836
0.445
54.712
0.505
112.547
0.451
7.098
0.544
14.410
0.541
16.291
0.536
8.939
0.541
20.061
0.533
21.202
0.531
6.641
0.545
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Chapter 3

Improving corridor models for European wildcat and red deer across
Germany - comparing proposed corridor networks to dispersal paths
predicted from landscape genetics

Westekemper, K., Dutta, T., Signer, J. M. and Balkenhol N., in prep.
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Abstract
Enabling movement of species across human-shaped landscapes is a common goal of connectivity
conservation. Corridors are widely used to ensure dispersal and connectivity of species, and their
delineation should reflect the requirements of target species to ensure functional connectivity.
Here, we use genetic data to assess potential functional connectivity of corridor concepts derived
for two different study species with very distinct niches in Germany: a large ungulate, the red deer
(Cervus elaphus), and a small carnivore, the European wildcat (Felis silvestris silvestris). While
traditional methods like species distribution models, telemetry, or expert knowledge do not
capture the most important process for population viability, i.e., effective dispersal, genetic data
reflect species-specific gene flow and thus also functional connectivity. Applied to a landscape
genetic framework, genetic data can serve as a means to validate corridor models, e.g. by
comparing corridors estimated using genetic data with existing corridor models. In our study, we
extrapolated genetically derived resistance surfaces from previous research to entire Germany and
were able to show large predicted current flow in existing corridor models where the distribution
of the species is large. In addition, we compared corridors based on these resistances to available
corridor models for both species and found overlaps between the existing and the landscape
genetic corridor models of 15 and 89 % for European wildcat and the Wildcat Routing Map, and
of 21 and 78 % for red deer and the Corridor Network for Forest-Inhibiting Larger Mammals.
Overall, we conclude that ongoing wildcat recolonization is supported by existing corridor models,
whereas corridors seem unavailable for red deer. A combination of existing and landscape genetic
corridor models accompanied by long-term genetic monitoring should reliably support functional
connectivity of these valuable species.

Keywords
Circuit-theory, Circuitscape.jl, corridor, landscape genetics, least-cost path, Linkage Mapper,
wildlife connectivity

1 Introduction
Biodiversity is threatened worldwide and species declines and extinction are frequent (Pimm &
Raven 2000; Sala et al. 2000; Fahrig 2003; Lovejoy & Hannah 2019). Reasoning that biodiversity
depends on functional, e.g. genetic, connectivity of species and connectivity depends on the
successful movement and reproduction of individuals, immense barriers like densely populated
areas or fragmented landscapes often hinder genetic exchange or make suitable habitat patches
unavailable (Coulon et al. 2004; Laurance et al. 2009; Seto et al. 2012; Crooks et al. 2017;
Zeller et al. 2018). Attempting to solve these issues, a conservational focus was drawn on corridors
to enhance wildlife connectivity, to enable exchange of individuals, or (re-)connecting separated
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populations (Cushman et al. 2013; Christie & Knowles 2015). To mitigate the effects of
anthropogenic land use, large-scale connectivity projects were established all over the world, e.g.,
the Yellowstone to Yukon conservation initiative (Gatewood 1999) and Algonquin to Adirondack
corridor (Trombulak 2001; Brown & Harris 2005) in North America, the Mesoamerican Biological
Corridor in Central America (Meyer et al. 2020), the Elephant corridors of India (Menon et al. 2017),
Gondwana Link in Australia (Bradby et al. 2016) and the African Carnivore Connectivity Project
(Creel et al. 2019). In Europe, the Natura 2000 network is one approach of the European Union to
preserve threatened and valuable habitats, flora, and fauna by connecting about 27,000 protected
areas covering about 18 % of Europe (Sundseth 2008), and the largest continuous connectivity
conservation project is the European Green Belt (Terry et al. 2006), following the former border of
the Iron Curtain also including areas in Germany.

In Germany, nature conservation and the duty to keep the landscape permeable for mobile species
is governed by law (BNatSchG, 2009; Federal Ministry for the Environment, Nature Conservation,
and Nuclear Safety (BMUB), 2015), and even countrywide proposed corridor networks aim to
construct networks of ecological corridors with the focus on different habitats and a variety of
classes (Fuchs et al. 2010; Hänel & Reck 2011; Federal Ministry for the Environment, Nature
Conservation, and Nuclear Safety (BMUB) 2012; Heiland et al. 2017). One of these corridor
networks is the Corridor Network for Forest-Inhabiting Larger Mammals (CorForMa), a project
intending to connect large unfragmented forests all over Germany including, among others, a
highly mobile herbivore, the red deer (Cervus elaphus, Hänel, 2007; Hänel & Reck, 2011). Another
large-scale connectivity project focuses on the European wildcat (Felis silvestris silvestris), an
indicator species for undisturbed habitats. The Wildcat Routing Map is based on a habitat
suitability model and aims to connect occupied and suitable forest habitat patches distributed
across Germany (Klar et al. 2008; Vogel et al. 2009).

Still, despite the variety of corridor models and the many approaches used in their delineation,
there are some disadvantages for some methods of corridor estimation. Most corridor models do
not take genetic functional connectivity (i.e., effective dispersal) into account as they are based on
presence data, habitat suitability models, or expert knowledge (Mateo-Sánchez et al. 2015a;
Foltête et al. 2020; Pliscoff et al. 2020). The same holds for corridor models relying on movement
studies, where it is not possible to draw statements about genetic connectivity, even if they take
actual movement behavior into account (Abrahms et al. 2017). But such genetic connectivity is a
particularly important aspect for connectivity conservation because it documents the true genetic
exchange of individuals between populations hence revealing successful reproduction.

In our study, we applied landscape genetic resistance models to derive large-scale connectivity
predictions based on genetic models and enable objective comparison of corridor models of two
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contrasting residents in Germany: European wildcat and red deer. We aimed to compare and
potentially improve existing corridor models with corridors based on landscape genetic analyses.
Therefore, we (1) assessed current flow based on resistance landscapes (see Chapter 1 and
Chapter 2) and compared it to routes of already existing corridor models for both species
(Hänel 2007; Vogel et al. 2009). We expected high current flow in corridors situated in regions of
continuous species distribution, but lower current flow in highly urbanized regions with patchy
distribution. Further, we (2) created connectivity corridors based on our landscape genetic
resistance model using circuit-theory and least-cost paths for both species to be able to (3) provide
a comparison with existing corridor models. We predict that landscape genetic resistance models
will complement existing corridor models and improve the potential functional connectivity of
wildcat and red deer in Germany.

2 Methods
2.1 Study area
The study area included 635,600 km² (Figure 1), centered on Germany, but also including parts of
all nine neighboring countries to prevent erroneous conclusions due to borders. The landscape is
heterogeneous, with densely populated areas fragmented by large amounts of roads, areas with
little human impact or steep slopes, and large amounts of forest and agricultural land.

2.2 Existing corridor models for European wildcat and red deer
Overall, the European wildcat has a successful history of recolonization in Germany: aided by
conservation programs and reintroductions, it recovered from near-extinct and expands
continuously (Balzer et al. 2018; Tiesmeyer et al. 2018). Aiming to connect occupied and potentially
suitable wildcat habitats, the Wildcat Routing Map (see https://wildkatzenwegeplan.de/; Figure 1)
focuses on connecting large forest habitats >500 km² (Vogel et al. 2009). It is based on a habitat
model derived from a local telemetry study and the estimated corridors connect 35 occupied
habitat patches with 52 suitable but still unoccupied habitat patches using least-cost paths
(Vogel et al. 2009). Overall, the corridors included in the Wildcat Routing Map consist of three main
southern-northeastern corridors and a large number of secondary corridors. However, roads and
rails were not considered, and corridors are still in the process of implementation
(Mölich & Vogel 2018).

The Corridor Network for Forest-Inhabiting Larger Mammals (Figure 1) aims to connect all larger
German forests using habitat models and expert knowledge (Reck et al. 2008; Fuchs et al. 2010;
Hänel

&

Reck

2011).

Anthropogenic

infrastructure

(i.e.,

roads

with

a

daily

traffic
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volume > 5,000 vehicles, rails, large canals, and settlements) were taken into account, and the
network considers knowledge about distribution, dispersal, and a nonspecific corridor model with
the focus on lynx (Lynx lynx), wildcat, wolf (Canis lupus), moose (Alces alces), and red deer
(Schadt et al. 2002; Reck et al. 2005). In addition, biotope networks already present on a country
and state scale and connections to networks in neighboring countries were considered
(Herrmann et al. 2007; Strein 2010).

Figure 1. Left: Wildcat Routing Map according to Vogel et al. (2009). Grey areas indicate core habitat areas, black lines
indicate main corridors, green lines secondary corridors. Right: Corridor Network for Forest-Inhabiting Larger Mammals
according to Hänel & Reck (2011). Grey areas indicate core habitat areas, green lines connect selected core habitat areas
with sizes between 100 and 250 km², red lines connect core habitat areas between 250 and 500 km² and blue lines connect
core habitat areas of at least 500 km². Black lines represent additional red deer corridors to adjacent countries (Hänel &
Reck 2011). Grey lines represent borders of states, adjacent countries, and the extent of our study area.

2.3 Modeling connectivity using circuit theory
We ran connectivity analyses separately for wildcat and red deer using Circuitscape.jl
(Anantharaman et al. 2019; Hall et al. 2021), a faster version of Circuitscape (Shah & McRae 2008).
We simulated current between start points (“nodes”) in resistance landscapes based on circuit
theory and generated cumulative current maps, showing estimated current flow between (1)
(potential) wildcat habitats and (2) red deer populations in Germany.

2.3.1 Resistance landscapes
For European wildcat, we used the values of the best fitting gene flow model as described in
Chapter 1 as a basis for our analyses. As landscape elements, we used the same as in Chapter 1,
except that here we used the combined proportion of forest and agricultural land in a 35 km radius
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and additionally included the results of the road type analyses (Table 1, Chapter 1 Appendix 2.2
Merged forest and agricultural land). For further details, see Chapter 1 (2.3.1 Transformation of
landscape variables and creation of resistance surfaces). Continuous Low Traffic Areas (Federal
Agency for Nature Conservation (BfN) 2010) were available for Germany but not for adjacent
countries. Hence, we visually assessed proportions of settlements and road density in adjacent
countries and ranked them in descending order according to their proportions with relative
resistance values between 0.1 and 0.9 (Table S1). These relative resistance values were converted
into absolute resistance values using the formula 𝑥 = 100 ∗ 100𝑦 with x indicating the absolute
resistance value and y representing the relative resistance value. Finally, we weighted parameters
as described in Chapter 1 (2.3.3 Multivariate statistical analysis) to gain the final resistance surface
needed for Circuitscape.jl (Figure 2).

Table 1. Landscape variables, sources, weighted beta β as results of the MRDM and coefficients as result of the commonality
analysis. For hypothesized relationship with gene flow see Chapter 1 Table 1.

Landscape variable

Source

β

Coefficient

Proportion of forestagricultural land in 35 km OpenStreetMap 2018 (landuse = farmland, forest)
radius

0.1220

0.0095

Topographic slope

0.1129

0.0056

0.0397

0.0007

0.0156

0.0001

0.0852

0.0040

0.3295

0.0579

0.0043

0.0000

Road type density in
35 km radius

European Union, Copernicus Land Monitoring Service, 2016
OpenStreetMap 2018 (landuse = residential, industrial,
Distance to settlements
retail)
Distance to Continuous Federal Agency for Nature Conservation (BfN) 2010, own
Low Traffic Areas
calculations
OpenStreetMap 2018 (highway = trunk, motorway, primary,
Federal
motorway_link, trunk_link, primary_link)
State

OpenStreetMap
secondary_link)

2018

(highway

=

secondary,

County

OpenStreetMap 2018 (highway = tertiary, tertiary_link)
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Figure 2. Resistance surface for wildcat used as basis for analyses in this chapter. The resistance color gradient runs from
blue (= low resistance) to red (= high resistance); grey lines represent borders of states in Germany and borders of adjacent
countries. Black dots represent nodes.

For red deer, we used the results of the best fitting recent gene flow model derived via maximumlikelihood population-effects (MLPE) mixed modeling from Chapter 2 (2.3.1 Gene flow models and
parameterization) to extrapolate resistance values to our study extent. The best model included
the landscape elements residential, roads, topographic slope, and red deer zones (Figure 3; Table
S2; for further detail see Chapter 2, Table 2). We used the same procedure as in Chapter 2, except
that we rescaled the slope to the maximum value of the extent in Chapter 2. Further, we
standardized all layers to resistances between 100 and 1,000 and summed them up for our final
resistance surface.
Assuming that settlements, cities, and the ocean form absolute barriers to wildcat and red deer,
we increased the resistance value of cells covering these landscape elements by 50,000. These final
resistance surfaces were used for further analyses in Circuitscape.jl (Hall et al. 2021). Analyses are
very time demanding so we down-scaled resistance surfaces to a resolution of 500 m.
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Figure 3. Resistance surface for red deer used as basis for analyses in this chapter. The resistance color gradient runs from
blue (= low resistance) to red (= high resistance); grey lines represent borders of states in Germany and borders of adjacent
countries.

2.3.2 Nodes
For wildcat, we used the same 87 nodes that were used for calculations of corridors of the Wildcat
Routing Map (Vogel, Mölich & Klar, 2009; Figure 2).
Regarding red deer, we used the mean center of each patch listed in the recent distribution of red
deer across Germany and adjacent countries up to a distance of 20 km to the German border as
nodes (unpublished data obtained from German Wildlife Foundation 2018; for methods see Kinser,
Koop & Münchhausen, 2010). We divided patches with a length of >140 km into sub-patches of
about 70 km length aiming to increase the number of nodes in adjacent countries. Further, we
clipped smaller islands and merged patches defined as “core distribution” in MecklenburgWestern Pomerania with its adjacent patches. In sum, we used 213 nodes (Figure 4).
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Figure 4. Red deer distribution in Germany (blue) and in a 20 km buffer in adjacent countries (green) served as nodes for
connectivity analyses. Black points = center of each patch. Light grey indicates extent of our analyses and states of Germany;
dark grey depicts states managing red deer distribution. Data obtained from German Wildlife Foundation (unpublished
data).

2.4 Current flow within existing corridor models
Assessing current flow within existing corridor models, we first buffered the line-type corridors of
the Wildcat Routing Map with the mean home-range diameter, i.e. 1.808 km for wildcat
(Jerosch et al. 2017) and the corridors of the CorForMa with 4.478 km for red deer
(Reinecke et al. 2014). In a second step, we converted the cumulative current maps generated
under 2.3 Modeling connectivity using circuit theoryinto values between 1 and 100 with the largest
current receiving the largest values. These values were classified into 5 % bins and received values
according to their bin (e.g., values between 1 and 5 received a value of 5). Finally, we merged both
layers and received a layer showing the amounts of current flow in existing corridor models.

2.5 Comparing genetically derived and existing corridor models
2.5.1 Estimating genetically derived corridors
Estimating corridors for wildcat and red deer, we used nodes and raw final resistance surfaces as
described above (2.3 Modeling connectivity using circuit theory) but rescaled them to values
between 1 and 1000 as recommended (McRae & Kavanagh 2014). For that purpose, we used
Linkage Mapper

toolbox

(Version

2.0.0;

McRae

&

Kavanagh,

2014)

in
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ArcMap 10.6.1 (ESRI Inc., Redlands, CA). Linkage Mapper identifies adjacent core areas (i.e., nodes),
calculates pairwise Euclidean as well as cost-weighted distances, and generates pairwise least-cost
paths that are ultimately combined to a map including all least-cost paths (see Dutta et al. 2016;
Greenspan et al. 2021; Thompson & Velilla, 2017). A least-cost path is the connection between two
nodes with the lowest accumulated cost in a resistance landscape (Adriaensen et al. 2003). We
used the ratio of cost-weighted distance to Euclidean distance between pairwise nodes to describe
the difficulty of travel through the landscape: the larger the ratio, the more resistant the landscape.
Our corridor model is supposed to connect all nodes available and, hence, we did not limit costweighted distances or least-cost paths to a maximal distance, but to a minimal inter-node distance
of 1 km for red deer.

2.5.2 Overlap of existing corridor models and genetically derived corridors
We buffered the Wildcat Routing Map and our least-cost paths with a home-range (1.808 km) and
a dispersal buffer (35 km; largest distance between samples of the same individual) to account for
uncertainties in corridor estimations. For red deer, we first clipped the CorForMa (Hänel 2007) to
corridors placed outside current red deer distribution, because we used patch-based Linkage
Mapper analyses, before we used 4.489 km as a home-range buffer and 50 km (traveled distance
of a stag, see Tottewitz et al. 2010) as a dispersal buffer. Then we computed intersections between
the corridors of the two models and our least-cost paths using the Analysis toolbox implemented
in ArcGIS Desktop (Version 10.6.1; ESRI, 2018).

3 Results
3.1 Current flow models
Wildcat cumulative current flow maps as estimated from Circuitscape.jl showed the largest current
flow in the core distribution areas of wildcat (Balzer et al. 2018) in western-southwestern and
central Germany with intermediate current flow connecting them (Figure 5). Further areas of
intermediate current are placed in the Swiss-German Alpine region, in western Czechia and eastern
Germany, and a region covering Lower Saxony, Saxony-Anhalt, and Brandenburg. Current flow was
the lowest in largely fragmented areas and around large cities.

The cumulative current flow for red deer resulted in large values in Mecklenburg-Western
Pomerania and, to a lower degree, Lower Saxony, Brandenburg, and Saxony-Anhalt (Figure 5).
Intermediate current flow levels were found in forested regions, e.g., in the Erzgebirge, Harz
Mountains, Spessart, and the Alps. Similar to wildcat, low current flow was documented in the Ruhr
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region, in Luxemburg, and around large cities. Interestingly, current flow in the Black Forest is low
despite being continuously forested.

Figure 5. The cumulative current flow of wildcat (left) and red deer (right) as indicated by Circuitscape.jl. The resistance color
gradient runs from dark blue (= large current) to brown (= low current) with black circles representing nodes. Grey lines
represent borders of states and the extent of our study area.

3.2 Predicted current flow within existing corridor models
In the core distribution area of wildcat in central and southwestern Germany, but also in a narrow
strip from North-West to East, the amount of current within the Wildcat Routing Map was large
(Figure 6). Interestingly, the wildcat was sparsely resident in these areas when wildcat samples were
taken, but increased its range during the intervening years and now occurs in these areas
(Balzer et al. 2018; Ludwig et al. 2019). In contrast, current within corridors in MecklenburgWestern Pomerania, Brandenburg, and around Munich ranged between 15 and 50 % bins, and in
particular, the corridors around Berlin and parallel to the Austrian border received low degrees of
current. However, these are minor parts of the Wildcat Routing Map.

Within the CorForMa, we found the largest values of current flow among corridor connections to
Poland, Czechia, and Austria, as well as in northeast-eastern Germany, i.e., areas with unrestricted
and nearly continuous red deer distribution (Figure 4), followed by corridors in Hesse, with current
flow falling into bins of 70 to 80 % indicating that gene flow could potentially occur via these
corridors. The lowest current flow within corridors for red deer was found in Bavaria, BadenWürttemberg, and connections to Denmark, France, and Swiss connections.
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Figure 6. Current flow within Wildcat Routing Map (left) and current flow within CorForMa (right). Colors refer to amount
of current flow, e.g. yellow includes values in the bin between 30 and 40 percent. Light grey indicates extent of our study
area, grey depicts Germany, grey lines represent borders of states and adjacent countries.

3.3 Comparison of genetically derived and existing corridor models
3.3.1 Corridors estimated from genetic data
Our estimated least-cost paths for wildcat sum up to a length of 19,822 km and, hence, are shorter
in total than the Wildcat Routing Map with a length of 22,477 km (Figure 7). Least-cost paths
between nodes with lengths up to 70 km (i.e., twice the largest distance between samples of the
same individual) occur mostly between nodes in the core distribution area of wildcat
(see Chapter 1; Figure 3) and in southern Baden-Württemberg. Interestingly, multiple least-cost
paths falling into this length connect nodes in and between the core distribution areas and form
a connection between them. In summary, most least-cost paths have a length of more than 140 km
with links bypassing densely populated areas in northwestern Germany, crossing areas with large
amounts of agricultural land in eastern Germany, or cutting through France or Czechia (Figure 7).
Among most wildcat nodes in our study area, the ratio between Euclidean and cost-weighted
distance was on a low level, indicating relatively low costs of moving through the landscape per
cell (Figure 7; for cost-weighted distance map see Figure S1), particularly in Mecklenburg-Western
Pomerania, where the wildcat is not resident yet (see https://wildkatzenwegeplan.de/; Figure 7). In
contrast, the cost to travel through the landscape increases between nodes of the two core
distribution areas.
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Figure 7. Left: Least-cost paths for wildcat as estimated from Circuitscape separated by length. Purple = least-cost paths
with length up to 70 km, i.e. two times the largest distance between samples of the same individual of 35 km; Yellow =
least-cost paths with lengths between 70 and 105 km; orange = least-cost paths between 105 and 140 km; blue = leastcost paths above a length of 140 km. Black circles = nodes. Right: Links between all pairs of nodes for wildcat (black circles)
with colors indicating the ratio of cost-weighted distance to Euclidean distance. Green indicates high correlation (i.e., lower
values) and red indicates low correlation (i.e., large values).

Least-cost paths estimated for red deer summed up to 18,017 km, equating to nearly half the
length of corridors for forest-inhabiting larger mammals included in CorForMa (i.e., 35,791 km).
Our results show many least-cost paths with lengths up to 100 km (Figure 8), which equates to
two times the largest distance a GPS-collared red deer was documented to travel
(Tottewitz et al. 2010). Some populations between Saxony and Bavaria were connected via Czechia
and least-cost paths with distances between 150 and 200 km. The same holds for a few populations
in North Rhine-Westphalia and Baden-Württemberg (Figure 8).
Focusing on the ratio between Euclidean and cost-weighted distances among red deer, most
pairwise connections in northeastern and eastern Germany have a positive relationship, indicating
that the costs to move through the landscape per cell are low (Figure 8; for cost-weighted distance
map see Figure S1). This is in contrast to nearly all pairwise connections in states using red deer
zones as a management concept - positive relationships in these states were restricted to the Alps
and Eifel (Figure 4; Figure 8).
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Figure 8. Left: Least-cost paths for red deer as estimated from Circuitscape separated by length. Purple = least-cost paths
with length up to 100 km, i.e. two times the largest distance moved document for a GPS-collared stag (Tottewitz et al. 2010);
Yellow = least-cost paths with lengths between 100 and 150 km; orange = least-cost paths between 150 and 200 km;
blue = least-cost paths above a length of 200 km. Grey areas = nodes. Right: Links between all pairs of nodes for red deer
with colors indicating the ratio of cost-weighted distance to Euclidean distance. Green indicates high correlation (i.e., lower
values) and red indicates low correlation (i.e., large values). Black circles = center of nodes.

3.3.2 Overlap between genetically derived corridors and existing corridor models
Our buffered least-cost paths estimated for wildcat covered an area of 31,530 km² when using the
home-range buffer, and 311,000 km² when using the dispersal buffer (Figure 9, Table 2). In
contrast, the Wildcat Routing Map covered a 30 % larger area with the home-range buffer and a
14 % smaller area with the dispersal buffer. The overall area of the corridors models´ overlap was
6,709 km² in the home-range buffer, equating to 15 % of the Wildcat Routing Map and 21 % of
our least-cost paths. For dispersal buffer, these values increased to 89 % for the Wildcat Routing
Map and 78 % for our corridors, i.e. an overlap of 241,200 km² (Table 2). Overall, overlaps in the
home-range buffer cover larger coherent distances in the core distribution of wildcat and the
southern part of the corridor models. Considering either buffer, it is obvious that the Wildcat
Routing Map focuses on Germany, whereas our corridors also include adjacent countries. The
corridors of the Wildcat Routing Map are more frequent in Bavaria and Baden-Württemberg,
whereas our model covered an in Saxony and some peripheral areas (Figure 9).
Table 2. Overview about areas covered by different corridor models and size of their overlap in km² separated by species
and two different buffers. Genetic = our landscape genetic corridor model, Existing = Wildcat Routing Map or CorForMa.

Home-range buffer

Dispersal buffer

Genetic

Existing

Overlap

Genetic

Existing

Overlap

Wildcat (BUND)

31,530

45,270

6,709

311,000

272,459

241,200

Red deer (CorForMa)

50,910

45,010

8,831

372,500

309,900

266,200
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Figure 9. Intersection (yellow) between Wildcat Routing Map (blue) and our corridors (orange) buffered with the radius of
a home range (1.808 km, upper row) and dispersal (35 km, lower row). Grey lines represent borders of states in Germany
and borders of adjacent countries, black circles represent nodes.

For red deer, using the home-range buffer of 4.489 km, our least-cost paths covered an area of
50,910 km², whereas it covered an area of 372,500 km² in the dispersal buffer (Figure 10, Table 2).
The CorForMa covered a 12 % and 20 % smaller area, respectively. Both corridor models
overlapped about 8,831 km² in the home-range buffer (i.e., 17 % of our corridor model and 20 %
of the corridor network) and 266,200 km² in the dispersal buffer (i.e., 71 % and 83 %; Table 2). In
contrast to our model, the CorForMa includes different species and has multiple corridors in
Baden-Württemberg and Bavaria, whereas our model also includes adjacent countries and border
regions. The dispersal buffer was very similar to the home-range buffer with sparse overlaps in the
North and border regions (Figure 10).
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Figure 10. Intersection (yellow) between the CorForMa (blue) and our corridors (orange) buffered with the radius of a home
range (4.489 km, upper row) and dispersal (50 km, lower row). Grey lines represent borders of states in Germany and borders
of adjacent countries, dark grey areas represent nodes.

4 Discussion
In this study, we used landscape genetic analyses to investigate the predicted current flow in
existing corridor models (i.e., the Wildcat Routing Map and the Corridor Network for ForestInhabiting Larger Mammals) comprised of habitat suitability, expert knowledge, and occurrence
data of a large herbivore and a secretive felid. We were the first, to our knowledge, who
documented that predicted current flow in existing corridor models is usually high in a continuous
distribution of both species but lower in regions shaped by human infrastructure or in largely
fragmented regions. Further, we examined the overlaps of the two types of corridor models and
highlight similarities and differences between them. Overall, we found a large consensus between
the models and suggest complementing existing corridor networks using some of the least-cost
paths estimated from our genetically informed corridor model.
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4.1 Comparison of the Wildcat Routing Map and genetically derived corridors
Overall, the European wildcat has a successful history of recolonization in Germany: aided by
conservation programs and reintroductions, it recovered from near-extinction and continues to
expand its range (Balzer et al. 2018; Tiesmeyer et al. 2018). The first parts of our analyses show
large current flow in the Wildcat Routing Map corridors situated in the core distribution area of
wildcat which was expected because corridors are frequent here and wildcat spread from these
areas (Steyer et al. 2016). It is also likely that corridors supported wildcat recolonization in these
areas, proving the importance of the corridors. As expected, the current flow within corridors of
the Wildcat Routing Map was low near metropolitan areas and we reason that proposed corridors
might not be as efficient to connect wildcat habitats as desired. Interestingly, the current flow
within corridors in northeastern Germany is not as high as expected from the low resistance in the
landscape (Figure 2). This is likely explained by the choice of nodes of the Wildcat Routing Map
with few nodes in north-eastern regions (Vogel et al. 2009) and different selection criteria, and
more evenly distributed nodes might have caused different results here. As indicated by the low
ratio of cost-weighted to Euclidean distances, we reason that range expansion in northeastern
Germany should barely be restricted. The finding that wildcat recolonized from its core
distribution (von Thaden et al. 2021), where least-cost paths indeed are relatively short but the
costs of moving through the landscape are large, supports our assumption. In addition, recent
research found that the species is also capable to cross densely populated regions with large
resistances while migrating (Mueller et al. 2020), and wildcat also uses agricultural areas
(Jerosch et al. 2017) increasing its suitable habitat immensely which supports our assumption that
wildcat recolonization further should be facilitated.

While comparing least-cost paths and existing corridor models, we recommend using a wider
buffer for large-scale analyses to correct for uncertainties in exact routes of corridors, whereas on
regional scales a narrow buffer might lead to useful results. Despite the large overlap of both
corridor models, we suggest the following improvements to the Wildcat Routing Map: the corridor
bypassing densely populated North-Rhine Westphalia, the corridor traversing Saxony (rarely
considered before, probably due to large amounts of agricultural land), and corridors building a
shortcut through adjacent countries would complement the Wildcat Routing Map further
promoting wildcat gene flow and range expansion.

4.2 Comparison of the Corridor Network for Forest-Inhabiting Larger Mammals
and genetically derived corridors
Our results show that in north-eastern and eastern Germany, current flow in corridors of the
CorForMa is large, which was expected due to the continuous distribution and small distances
between patches. Interestingly, in corridors in central Germany, current flow is on intermediate
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values despite designated red deer zones, which might be justified due to a nearly continuous
distribution and a close distance between the nodes used for circuit analyses. Focusing on leastcost paths, long paths and large ratios between cost-weighted and Euclidean distances in southern
and western states indicate that the costs to travel through the landscape for red deer are high
and, hence, we assume that corridors might be unavailable for red deer. The lack of direct
connections between the central populations in the southern German states – least cost-paths
traverse other populations to connect these nodes (Figure S2) supports this assumption.
However, differences between our least-cost paths and the CorForMa (Hänel & Reck 2011) were
expected, because we do not aim to connect forests but use genetic data and different landscape
elements for calculations of resistance. While large portions of corridors overlap, our model
identifies several options for potential improvement: we suggest including corridors in northern
Germany, in the area including Thuringia and Saxony, and traversing Czech areas to CorForMa. In
addition, we recommend connecting the unconsidered red deer patches to the corridor model,
e.g. Königsforst in North Rhine-Westphalia, Tharandt forest in Saxony, or Isarauen in Bavaria. We
further recommend that most effort should be spent on the conservation of corridors connecting
patchy or isolated red deer populations.

4.3 Limitations
Some limitations must be taken into account when interpreting our results. At first, models relying
on circuit theory (as used in the first part of our analyses) use random walk and assume that
individuals draw decisions without knowing the landscape (McRae et al. 2008). In addition, leastcost paths used in the second part of our analyses assume that individuals have knowledge of the
landscape and choose the easiest routes (Coulon et al. 2015) which might not always be the case
(Fahrig 2007; Cushman et al. 2013), and always result in corridors between nodes independent of
the costs that might lead to an impermeable landscape (Dutta et al. 2016).
Another important point is that estimation of corridors always depends on many assumptions
during the analytical process which might lead to different results, e.g. regarding landscape
elements considered, conversion of these landscape layers, and the choice of nodes or the
underlying data (e.g. movement or genetic data; Greenspan et al. 2021; Keeley et al. 2017;
Zeller et al. 2018).

4.4 Future research needs
In future studies, pinch-points within combined corridor models should be identified and targeted
as these are potential barriers and bottlenecks for gene flow, enabling prioritization of areas where
urgent actions are required. Synergistic effects with planned or realized crossing structures
(Surkus & Tegethof 2004; Herrmann et al. 2007; Hänel & Reck 2011) might help to refine locations
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of mitigation measures or reveal potential for additional ones. Genetic data here provide a useful
means to reveal populations that should have a higher priority in the establishment of corridors
as it is possible to draw inferences based on genetic diversity or inbreeding. Corridors are unlikely
to consist of narrow linear elements, and hence we suggest investigating the detailed
configuration of corridor models according to the landscape they run through, for example using
informed corridor widths and cost-weighted distances.
Further, a cross-evaluation between both species appears useful, especially if accompanied by a
study of species under the umbrella of red deer and wildcat to include as many species as possible
(Lambeck 1997; Roberge & Angelstam 2004). A closer investigation of potential stepping-stone
areas connecting remote habitats should help to increase the connectivity of both species and to
maintain viable populations (Kramer-Schadt et al. 2011). Further bundling of existing large- and
small scale corridor models (e.g. Aßmann et al. 2017; Fňukalová et al. 2021; Simon & Raimer 2005;
Sundseth 2008) could result in well-adapted large-scale conservation corridors.

4.5 Conclusion and management implication
In our study, we assess the amount of current flow in existing corridor models among Germany
for European wildcat and red deer. We documented contrasting results while comparing existing
corridor models. On the one hand, wildcat recolonization in Germany is a triumph likely to endure,
as shown in our results, and existing corridor networks seem to appropriately favor its movement,
but the situation for red deer is more difficult. As indicated by our results, red deer connectivity in
northeastern Germany should be sufficient, but the least-cost paths between red deer populations
in southwestern Germany and associated movement costs are large, likely making existing
corridors unavailable.
Overall, we recommend combining existing corridor models for red deer and wildcat by including
corridors based on landscape genetic analyses. Long-term monitoring using genetic, movement,
and habitat data ensures that corridors are being used and available and allows for flexible
adjustment where necessary. We predict that a trans-national combination of both attempts is
reasonable (Mateo-Sánchez et al. 2015a) improving connectivity of two valuable species.
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Appendix
Table S1. Overview about relative and absolute resistance values used to compensate missing data for Continuous Low
Traffic Areas according to country.

Country
Poland
Austria
Denmark
France
Switzerland
Netherlands
Czechia
Belgium
Luxembourg

Resistance value
Relative Absolute
0.1
158
0.2
251
0.3
398
0.4
631
0.5
1000
0.6
1585
0.7
2512
0.8
3981
0.9
6310

Table S2. Overview of landscape element, source, and best conversion used for red deer resistance surfaces.
Landscape
element
Red deer
zones
Residential
Roads
Slope

Details
Red deer zones (categorical)
Proportion of residential areas in
1 km radius
Length of federal and state
roads in 1 km radius
Topographic slope of 100 m cell

Source
German Wildlife Foundation (2018, unpublished
data)
OpenStreetMap 2018 (landuse = residential,
industrial, retail)
ESRI Germany, Federal Agency for Cartography
and Geodesy; Open Data Portal 2015
Digital elevation model, European Union,
Copernicus Land Monitoring Service 2012

Best
conversion
200
2
4
16

Figure S1. Cost-weighted distances for wildcat (left) and red deer (right) as calculated by Linkage Mapper. The color gradient
runs from dark blue (= low cost-weighted distance) to brown (= large cost-weighted distance) with white circles
representing nodes of wildcat and grey lines sour indicating red deer nodes.
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Figure S2. Least-cost paths between the patch pairs Dämmerwald-Königsforst (West), Western Thuringian forest-MansfeldSüdharz (center), and Odenwald-Oberpfalz (South).
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In this thesis, I developed large-scale landscape genetic models to assess functional connectivity
for two species with highly contrasting life histories. Using state-of-the-art modeling techniques, I
found that drivers of functional connectivity differ between the two species.
For European wildcats, roads and in particular state road density was the most significant
landscape variable. For red deer, current management regimes restricting red deer distribution
and roads were most influential. Finally, I found that already existing corridor models combined
with genetically derived corridors models might counteract negative effects of fragmentation on
both species in Germany.
Even if the behavior and genetics of European wildcat are highly investigated in Germany
(Raimer 1994; Klar et al. 2009; Hartmann et al. 2013; Jerosch et al. 2017; Steyer et al. 2018;
Mueller et al. 2020), information about the environmental influences on functional connectivity
was lacking. The same was hold for red deer: whereas some studies investigated the effects of local
barriers or even of landscape genetics on state scale (Gehle & Herzog 2003; Frantz & Ludwig 2015;
Edelhoff et al. 2020; Reiner et al. 2021), large-scale environmental effects remained uninvestigated
until now.

The relation between landscape and gene flow
Anthropogenic land-use impairs gene flow in a variety of species and leads to a loss of biodiversity
(Pimm et al. 2014; Newbold et al. 2015). Landscape genetic analyses aim to understand the effects
of environmental heterogeneity on genetic parameters and use spatial statistics to investigate
them (Manel et al. 2003; Storfer et al. 2007; Holderegger & Wagner 2008).
Although many studies already examine these species-specific effects, the studies often refer to
specific areas or regions, neglecting large-scale connectivity research (Hartmann et al. 2013;
Fraser et al. 2019; Dellicour et al. 2019). Chapter 1 and Chapter 2 of this thesis focus on the largescale effects of landscape variables on genetic diversity and gene flow of European wildcat and
red deer.
As shown in Chapter 1, wildcat genetic connectivity was explained by a combination of landscape
variables, with large resistances of anthropogenic infrastructures and particularly high influence of
state roads, and lower effects of natural environmental structures but a so-far underestimated
positive effect of agricultural areas.
Bastianelli et al. (2021) recently showed that the density of primary (i.e., federal) but not of
secondary roads (i.e., state and county roads) negatively affects survival probabilities of wildcats in
Europe. These results seem to contrast our findings at first sight, but the study focused on road
density and mortality among the local home ranges of wildcats, whereas our study focused on the
effects on gene flow. However, gene flow is achieved by dispersal processed outside home ranges
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and, hence, is not captured by the analyses of Bastianelli et al. (2021). In addition, the authors
combined state and county roads, whereas in our study, we distinguish between both road types.
This study highlights the immense local barrier effect of roads in home ranges of wildcats and
supports our call to mitigate road effects.
Overall, current conservation projects and corridor models do not account for the positive effect
of agricultural land, and mitigation measures usually focus on highways or federal roads. Therefore,
we suggest that agricultural areas and state roads should be taken more into account by
conservation managers.
In Chapter 2, we show that genetic diversity among red deer populations in Germany is higher in
continuous or unrestricted populations and low in isolated populations or populations in highly
fragmented regions. We found a small number of dispersers and a large number of genetic clusters
suggesting that sufficient gene flow occurs only in the northeast, whereas populations in states
with legally regulated red deer distributions are often genetically isolated. The landscape genetic
analyses demonstrate that, similar to wildcat, roads and settlements lead to low levels of genetic
exchange, in both historic and recent time-frames. In contrast, forest is an important variable in
long-term gene flow (lt.gf) but outcompeted in recent gene flow models (c.gf) by the spatial
management of red deer, with designated red deer zones impairing gene flow.
We provide direct evidence for the relation between gene flow and genetic diversity and highlight
the strong negative effects of human land-use. The low number of dispersers gives evidence of a
small chance for long-distance movements and successful reproduction, despite high levels of
fragmentation and management. Our results agree with studies on two German states: the
fragmented populations of red deer in Schleswig-Holstein show genetic clustering according to
human infrastructure (Edelhoff et al. 2020), and the genetic diversity of populations in Hesse suffers
from adhering to political management practices (Reiner et al. 2021).
In a recent publication, Peterman and Pope (2021) recommend combining relevant landscape
elements to one resistance surface and using effective distances based on this multi-parameter
resistance surface to compare it with genetic data using regression models. In Chapter 2, we
followed this approach, whereas for European wildcat in Chapter 1, we relied on effective distances
based on single landscape resistance surfaces. We agree with the authors that individuals
experience the landscape as whole, and that associations between individual elements exist and
should not be ignored. As we are working on a large extent with a high resolution, and with a
variety of analyses in different conversions, we would expect analyses to run out of memory or at
least extremely slow (see https://github.com/nspope/radish). Using our approach in Chapter 1, we
were able to reduce the amount of variables in a first step, and then conducted commonality
analyses (Prunier et al. 2017) to use unique and common effects of each variable to showed
synergies and suppressions between variables. One advantage of commonality analyses is, that it
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is possible to include layers with high collinearities and still assess the relative importance of
variables (Prunier et al. 2015). Hence, we reason, that our analyses are valuable to draw meaningful
ecological inferences.
In conclusion, the first and second chapters provide new insights on the effects of environmental
elements on gene flow and reveal a more detailed understanding of the respective strengths of
different landscape elements, especially the negative effects of roads and management concepts.
These results, hence, enable more precise and informed connectivity conservation of two valuable
species.

Improving connectivity conservation
Corridors are a frequent tool used in connectivity conservation and are mainly designed to increase
connectivity between habitats, especially in fragmented landscapes, often using resistance surfaces
(Epps et al. 2007; Beier et al. 2008). Many corridor studies are based on habitat suitability models,
expert knowledge, or telemetry (Cushman et al. 2013). Although these variants to estimate
corridors can be a valid measure to increase connectivity (LaPoint et al. 2013), their effectiveness
could potentially be increased by incorporating insights from genetic data, for example using leastcost paths, i.e. the connection with lowest travel costs between two nodes in a resistance surface
(Adriaensen et al. 2003)
Chapter 3 extrapolates results from chapters 1 and 2 and demonstrates that a combination of
both corridor models might increase corridor efficiency to facilitate connectivity: corridor models
based on landscape genetic analyses, reveal the connectivity potential of corridors on a large scale,
and corridors based on expert knowledge or habitat models might reveal barriers or movement
opportunities, especially on a more regional scale, that might remain uncovered from landscape
genetics. Overall, the results of Chapter 3 underline the potential of combining already existing
corridor models with corridor models based on landscape genetic analyses and call for a crossborder corridor network increasing connectivity of red deer and European wildcat.
However, a major weakness of corridors based on least-cost paths analyses is that there is always
drawn a connection between individuals or populations, regardless of how permeable these
corridors are in reality (Adriaensen et al. 2003). Gaining a better understanding of dispersal abilities
and corresponding habitat needs would be a first step to verify the usability of predicted corridors,
for example using expert knowledge, telemetry, camera traps, or non-invasive genetic sampling.
Especially among highly managed and restricted red deer distributions, research about the
availability of corridors might provide valuable information to conservationists and decision
makers.
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Outlook
This thesis focused on the large-scale effects of fragmentation by human land-use and
management on gene flow and dispersal as well as on a comparison of different corridor models.
Landscape genetic studies measure the effect of successful reproduction after the dispersal of
individuals. Hence, the effects of landscape on individuals during the movement phase of dispersal
remain uncovered. In light of the capability of species to cross rather unsuitable habitat or
landscapes of larger resistance during the movement phase, large-scale movement studies would
inform on the actual behavior of species and refine results of landscape genetic analyses
(Graves et al. 2014; Abrahms et al. 2017). Hence, we argue that future research should further
investigate the habitat requirements during dispersal in detail using resource-selection functions
via telemetry or mark-recapture models via non-invasive genetic sampling or camera traps trying
to capture dispersal movements (Prévot & Licoppe 2013; Killeen et al. 2014). In addition, we
suggest reevaluating the dispersal abilities of wildcat including agricultural areas as a means to
facilitate movement across the landscape (Chapter 1). Based on this knowledge, a prediction of
the further recolonization process of wildcat becomes possible.
In future research, we encourage researchers to focus on mitigation measures to prevent further
distorting effects of fragmentation and reducing road mortality or behavioral barrier effects of
traffic infrastructure. In detail, we recommend also considering state roads due to their massive
inhibiting effect (Chapter 1 and 2). Mitigation measures like green bridges or culverts enabling
safe passage of roads or protected corridors in densely populated areas allow successful dispersal
of individuals and genetic exchange among populations for multiple species (Corlatti et al. 2009;
Smith et al. 2015; Sutherland et al. 2015). These measures are an appropriate and important tool
to mitigate local barrier effects, especially among linear structures or rivers. As shown in Chapter 1,
it is not the effect of single roads but the amount of roads in a certain radius that influences gene
flow among wildcat populations, making it impossible to mitigate effects of every road and
requiring rethinking of mitigation concepts.
Therefore, we suggest using the combined corridor models from Chapter 3 and to calculate pinchpoints inside these corridors. The application of pinch-point analyses is necessary to detect
bottlenecks in corridors where conservation measures to increase connectivity are urgently
needed, independent of the landscape element, by adapting the landscape to the requirements of
a given species (Dutta et al. 2016). In these areas, an ad hoc decision of an appropriate mitigation
tool independent of the landscape elements becomes indispensable. Local studies on the
improvement of landscape permeability should support these decisions.
Another approach might be to decrease densities of the network of traffic infrastructure to favor
gene flow. But since this seems a hardly executable idea, future research should focus on
alternative ways to increase gene flow despite a large amount of roads, probably by using temporal
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closures of roads, for example during dispersal seasons of wildlife (Whittington et al. 2019). Further,
it might be useful to evaluate the behavioral and genetic effects of traffic volume to complement
our results and gain even more detail on specific road types that can be used to increase the
permeability of the landscape (Jacobson et al. 2016).
For red deer (Chapter 2), simulating migration and dispersal under different scenarios and
evaluating its consequences on functional connectivity, e.g. the further unchanged use of red deer
zones as management tool, determination of potential stepping stone habitats in states using red
deer zones or among isolated populations, would help to gain a deeper understanding of gene
flow and probably to prevent further loss of genetic diversity and accompanying inbreeding effects
(Kramer-Schadt et al. 2011; La Morgia et al. 2011; Saura et al. 2014). In this context, small
occurrences of red deer should be sampled and considered in simulations since impacts of low
genetic diversity are more likely to occur in low effective population sizes (Frankham 2005). But
even in large populations, genetic diversity strongly depends on the genetic exchange, and a
detailed investigation of effective population sizes for the entire red deer distribution is
recommended (Edelhoff et al. 2020).
Using genomic data in addition to microsatellites, landscape genomic analyses should provide
new insights to capture adaptive patterns and processes in addition to neutral processes
(Stinchcombe & Hoekstra 2008; Balkenhol et al. 2017; von Thaden et al. 2020). In particular, the
comparison of restricted and free red deer populations could help to further disentangle the
influence of anthropogenic management concepts found in this thesis, especially in light of the
physical changes found in some red deer populations in Germany and probably explained by
inbreeding (Zachos et al. 2007; Reiner & Willems 2019).
As shown in Chapter 3, overlaps of existing corridor models with genetically informed models are
frequent and are likely to increase connectivity among populations in Germany and adjacent
countries. As a first step, future research is necessary to examine the availability of corridors.
Especially for red deer delineated corridors might be out of reach due to political restriction of its
distribution. Coupling these analyses with temporal movement data to infer connectivity, for
example by using telemetry or camera traps, would provide a flexible adjustment of corridors
considering a dynamic dimension in connectivity conservation, but probably a basis to find
compromises between conservation managers and stakeholders (Auffret et al. 2015;
Zeller et al. 2020).
Overall, the results of this thesis provide extended knowledge about environmental effects on gene
flow and corridor conservation and will aid large-scale conservation management to maintain and
improve connectivity among largely fragmented habitats.
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