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AIMS & SCOPE

“A journey of a thousand miles begins with a single step. Dissertations 
begin with a single word.”  

 ALESHIA TAYLOR HAYES AS MODIFIED FROM LAOZI 



2

 



3

 

Aims & Scope 

Climate change and the intensification of human landuse are generally accepted as 

leading factors for global biodiversity loss (BELLARD et al. 2012; DEVICTOR et al. 2012). 

However, considering both factors in synergy, the effect of species loss could be even 

higher (TRAVIS 2003; HOF et al. 2011) and go way beyond what we expected from 

climate change alone (PARMESAN & YOHE 2003; THOMAS et al. 2004).  

Habitat loss and fragmentation can hamper the exchange among populations or 

even prevent it. This can lead to negative demographic and genetic effects for the 

affected populations (TEMPLETON et al. 1990; KEYGHOBADI 2007). These effects, 

imprinted in genes, range from a decrease of genetic diversity (e.g., HABEL & SCHMITT 

2012) and inbreeding (ANDERSEN et al. 2004; ZACHOS et al. 2007), up to the 

extinction of affected populations (PETTERSON 1985). 

To counteract these effects, and to develop more efficient conservation efforts, 

knowledge on population connectivity is mandatory. This thesis aims to contribute to 

this knowledge by linking tools from different disciplines for their application in 

conservation planning and spatial ecology. Known as potential connectivity models 

(PCMs), they will cover two main parts of the thesis: 

 

Part A: Generating additional information about fine scale and spatially explicit

exchanges in matrix sensitive species for conservation management and environmental

planning.

Part B: Quantifying landscape elements responsible for the genetic exchange among

populations across spatial scales using contemporary genetic information.

 

The methodological concept behind PCMs is identical for both parts, but makes 

additional use of genetic information for the quantification of connectivity in Part B.  

A central part of PCMs are predictive niche models (also known as species 

distribution models—SDMs—or environmental niche models—ENMs). Thanks to the 

increasing availability of digital spatial data, SDMs became a central tool in the 

analysis of species distributions over the past decade (FRANKLIN 2009). SDMs were 
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used in a lot of ecological and evolutionary disciplines, covering a broad range of 

spatial and temporal scales and have been central to a lot of conservation-related 

aspects such as reserve design and species action plans (GUISAN et al. 2013). 

Aside from all the opportunities that SDMs can offer to the scientific community, 

there are a lot of conceptual and methodological challenges to face. Methodological 

and technical errors can result in poor models and their predictions could lead to 

wrong implications e.g. for conservation management. Based on this, potential error 

sources such as the choice of environmental predictors, the most suitable algorithm, 

or the impact of gaps in species occurrence information, are part of an ongoing 

discussion in the scientific community (e.g., GUISAN & ZIMMERMANN 2000; 

HERNANDEZ et al. 2006; WISZ et al. 2008; VAN GILS et al. 2014). One core problem is 

that the available methods to estimate model fit are dependent on the contrast 

between the environmental conditions at the occurrence location by those from a 

chosen background area (or true absence records). This way of evaluation, however, 

is prone to systematic errors due to over-parameterization when using predictors that 

are too heterogeneous, or too many predictors at all (e.g., GUISAN & ZIMMERMAN 

2000; DORMANN et al. 2007). Detected contrasts are then no longer biological signals, 

but statistical artifacts. From this, a general question is derived: how much biological 

relevance is covered in a statistically good SDM? What can such a model tell us about 

the biological requirements for a species to persist within its populations and 

successfully exchange among them? An independent measure of high biological 

relevance could shed light into these issues. In this regard, the third part of this thesis 

is: 

 

Part C: How can contemporary genetic information inform SDMs to generate better

predictions for current and future ranges in a changing world?

 

In this section, the framework from Part A & B is not used to gain ecological 

insight about the functional connectivity of a species. Instead, ecological principles 

(e.g., functional connectivity) that can be assessed using genetic information (e.g., 

gene-flow) are used here to inform SDMs and evaluate their fit from a biological 

perspective.  
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The three thesis sections are covered by a number of single chapters from which 

some have been published, are submitted to, or in preparation for international 

journals:   

Chapter Published, submitted, or in prep. status 
 
3 ENGLER JO, CORD AF, DIECKER P, WÄGELE WJ, RÖDDER D 

2014: Accounting for the ‘network’ in the Natura 2000 
network: A response to Hochkirch et al. 2013. 
arXiv:1408.7076. 
 

 
Published 
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Published 
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Submitted 
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2014: Comparative landscape genetics of three closely 
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CHAPTER 1

General Introduction 

“When we try to pick out anything by itself, we find it hitched to everything 
else in the Universe.”  

 JOHN MUIR 
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What is connectivity? 

Ever since the term connectivity spread within the field of biology and applied 

biological conservation, questions arose about what it is exactly and how one can 

characterize or quantify it. In a very broad sense, connectivity is the degree of 

exchange of organisms or processes (CROOKS & SANJAYAN 2006)—the more exchange, 

the more connectivity. 

Up to this point, the idea of connectivity is rather reasonable. The problem starts if 

we want to narrow down the definition with further detail. It then becomes obvious 

that connectivity depends on the spatial and temporal scale, the study system, and 

even the scientific background of the researcher. When it comes to applications, a 

universal definition of connectivity is therefore impossible.  

Depending on the landscape and the focal study organism, there are two broad 

types of connectivity: (1) structural connectivity, which focuses on the spatial 

arrangement of landscape elements no matter the demands of the species or its 

mobility; and (2) functional connectivity, which focuses on the realized use of the 

landscape matrix by a species. In contrast to structural connectivity, a functional 

perspective always needs information about the species’ specific habitat use (BENNETT 

1999; TISCHENDORF & FAHRIG 2000; TAYLOR et al. 2006). 

The differences between structural and functional connectivity can be rather large 

or very similar (Fig. 1.1). If, for instance, a species is strongly dependent on certain 

landscape elements and its movement decisions are defined by the landscape (e.g., 

lizards), then we call it a matrix-sensitive species (IMS 1995). In this case, the 

structural connectivity is identical to the functional connectivity—or at least rather 

similar. In contrast, mobile species (e.g., birds) are able to cross areas that are 

uninhabitable for them. For these species, the differences between structural and 

functional connectivity can be large.  
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Figure 1.1: Illustration of the differences between structural connectivity (landscape matrix) and 
functional connectivity (here quantified by gene-flow) for mobile species (A) and matrix-sensitive 
species (B; modified from SPEAR et al. 2010).  

In addition to this broad distinction, functional connectivity can be distinguished 

in two further categories, depending on the available mobility information. These are 

potential and realized connectivity (FAGAN & CALABRESE 2006). Potential connectivity 

can be calculated if indirect information about the dispersal capacity of the species is 

available. Realized connectivity uses, in addition to this capacity, active tracking 

information, which can be obtained from GPS devices, for example.  

Even if the structural connectivity is easy to estimate, a more detailed sub-division 

of functional connectivity shows that, depending on the available data sources, the 

functional aspect of connectivity is far from unification. Connectivity is highly 

species-specific and structurally well-connected landscapes could be functionally 

important for some species but not for others. Some species might even suffer from 

structurally well-connected landscapes, which can serve as pathways for pathogens, 

predators or competitors. However, to achieve some degree of comparability, it is 

important to provide methods that are easy to handle and tools that are freely 
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available so that their use is not restricted to just a few experts, but open to 

stakeholders and managers, as well.  

Connectivity in Conservation and Environmental 
Planning

In 1992, the European Union set its first directive for nature conservation. The 

goal of the habitat directive (92/43/EEC) was to stop biodiversity loss within its 

communal borders. The directive was the legal basis for the EU-wide reserve 

network, Natura 2000, and obliges member states to conserve species and habitats 

listed in Annexes II, IV and V. In addition, Art. 10 of the habitat directive calls for the 

need to achieve ‘ecological coherence’ (i.e. connectivity conservation) among Natura 

2000 sites (KETTUNEN et al. 2007).  

In Germany, the Federal Nature Conservation Act (BNatSchG) is responsible for 

the national implementation of the habitat directive. Here, Art. 21 of the BNatSchG 

regulates the presets from the Art. 10 habitat directive, setting the scene for a legal, 

country-wide network of habitats. Since its revision in 2006, the BNatSchG became 

more restrictive, making Art 44(1) especially central here. In the following, Art. 44(1) 

is printed in its original (translated) form (from 

http://www.bmub.bund.de/fileadmin/Daten_BMU/Download_PDF/Naturschutz/b

natschg_en_bf.pdf, accessed at 18/08/2015): 

 

Article 44 Provisions for specially protected fauna and flora species and other certain

fauna and flora species

(1) It is prohibited:

1. to pursue, capture, injure or kill wild animals of specially protected species, or to take

from the wild, damage or destroy their developmental stages,

2. to significantly disturb wild animals of strictly protected species and of European bird

species during their breeding, rearing, molting, hibernation and migration periods; a

disturbance shall be deemed significant if it causes the conservation status of the local

population of a species to worsen,
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3. to take from the wild, damage or destroy breeding or resting sites of wild animals,

4. to take from the wild, wild plants of specially protected species, or their

developmental stages, or to damage or destroy them or their sites.

 

From this, it is clearly visible that the legal conditions for conducting 

environmental impact assessments, which are the formal procedure in environmental 

planning, focus mainly on the protection of source populations. In other words, even 

if the habitat quality of an area is good for a focal species, it does not mean that such a 

site would also be protected under Art. 44(1), unless it were known that the species is 

actually present there (i.e., records on the species’ presence in that area are 

available). Further, by following this law strictly, habitats that are important for 

connectivity (i.e., areas of small metapopulations, through which individuals may 

pass but not necessarily remain) are more likely to disappear than areas used for 

reproduction (i.e., source populations with a higher density of individuals); Art. 44(1) 

finds no conflict here, and thus there is no legal barrier to stop development in such 

habitats. 

One major problem is defining a local population, which is by no means an easy 

task (see WEMDZIO 2011 and references therein). Habitats of poor quality for 

reproduction in matrix-sensitive species could especially be mandatory to maintain 

connectivity in neighboring populations where habitat quality is better, thereby 

building up a local population. The most often flawed distinction of a local population 

in environmental planning can therefore lead to a stronger fragmentation of 

populations of species with a special protection status. This is a dilemma, because in 

such a situation, Art. 44(1) is not immediately conflicted. However, it could cause a 

time-lagged decline of the species of interest due to a loss of connectivity. This will 

indeed stand in conflict with Art. 44(1), but only well after a development has been 

realized. Therefore, it is mandatory to quantify potential connectivity in these species 

in an objective way as an additional source of information to characterize local 

populations.  
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Connectivity in Landscape Genetics 

To quantify effective exchanges among populations, genetic information is very 

useful, as this kind of information also considers successful reproduction via the 

heredity of the immigrant’s genetic material. This is a big advantage over the sole 

analysis of movement, which normally lacks information about reproduction. The 

degree to which genetic differentiation among populations draws inferences about 

the mobility, or, rate of exchange, of a species reaches from very high (no 

differentiation, or, panmictic; i.e., random mating) to sedentary (high differentiation, 

or, isolation). The area in between these extremes is characterized by a dependency of 

increasing genetic differentiation to increasing geographic distance among 

populations. This positive relationship has been described by Sewall WRIGHT in 1943 

and is known as isolation by distance (IBD; WRIGHT 1943). Since then, tests of IBD 

have become a standard analysis in population genetic studies.  

With growing computer power and the increasing availability of digital geographic 

information, new tools have arisen. One of the first ones were least cost path (LCP) 

analyses (SINGLETON et al. 2002; ADRIAENSEN et al. 2003). An LCP is a vector that 

follows the path of least landscape resistance to connect to sites in the landscape. The 

main advantage of LCP over classical IBD is the better estimate of effective distances 

to gene-flow and has been used to quantify movement rates and dispersal pathways 

(SUTCLIFFE et al. 2003; WANG et al. 2009). However, except from linear habitat 

structures such as river systems, LCPs are limited in their biological interpretation as 

one major assumption, which is that there is just one best route and that this route is 

a priori known by the organism. In particular, this drawback becomes prominent if 

distances among sampled populations are so long that they cannot be connected by 

direct exchange (e.g., DRIEZEN et al. 2007). In addition, there are also problems with 

the definition of costs, which could have a high impact on the position of LCPs; this 

could lead to wrong implications for conservation management (SAWYER et al. 2011). 

Based on these disadvantages, model frameworks that incorporate the whole study 

area in the analysis are better suited to quantify the connectivity of species across 

landscapes (MCRAE & BEIER 2007). 

For more than ten years now, this field has developed rapidly, which led to its own 

discipline, called landscape genetics (MANEL et al. 2003; MANEL & HOLDEREGGER 

2013). Landscape genetics is located at the intersection of population genetics, 
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landscape ecology and spatial statistics (STORFER et al. 2007), although some authors 

argue that this field has yet to fulfill the requirements for being called 

interdisciplinary (DYER 2015a). The central goal of landscape genetics is to 

understand which landscape elements are responsible for gene-flow or its restriction. 

For this, analyses need to go beyond IBD and LCPs. One core concept in this regard is 

the quantification of genetic differentiation by estimating spatial resistances. Adapted 

from IBD-theory, genetic differentiation increases with increasing spatial resistances. 

In its simplest form, this spatial resistance is IBD, but it can also be restricted by 

functional barriers of certain landscape elements. This concept was introduced as 

isolation-by-resistance (IBR; MCRAE 2006), and plenty of different methods use it to 

calculate species-specific resistance surfaces and correlate these in a separate step 

with genetic differentiation (e.g., MCRAE & BEIER 2007; BRAUNISCH et al. 2010; SHIRK 

et al. 2010; VAN ETTEN 2011). 

The parameterization of resistance surfaces is crucial for investigating IBR, but it 

is far from being standardized yet. SPEAR et al. (2010) highlighted several challenges 

to be faced in the coming years to reach a comparable and standardized framework 

for resistance surface parameterization. Three major points are (1) the type of 

parameterization, (2) the range of resistance values of the surface and (3) the 

objectivity of parameterization that should turn from expert knowledge to directly 

inferred biological information (SPEAR et al. 2010). Most often, resistance surfaces 

are modified depending on expert opinion to improve the functional relationship 

between genetic and environmental information. Ideally, future methods should use 

the available biological information on genetic structure and species-environment 

relationships, process them objectively and optimize parameters without the need of 

using subjective expert opinion.  

SDMs could be a possible way to meet these challenges as they objectively process 

ecologically-relevant information about the distribution of a species into a probability 

surface of potential occurrence. The inverse probability surface could then be used as 

a resistance surface for landscape genetic studies. Several studies followed this logic 

and used SDMs to parameterize resistance surfaces (e.g., WANG et al. 2008; ROW et 

al. 2010). 

Because of their high potential, SDMs are the core of the PCM framework, as 

shown in this thesis. In the following chapter, I will to provide detailed information 
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on the methodological background of the conceptual framework of PCMs, the role of 

the implemented SDMs, and the data needed for analysis.     
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CHAPTER 2

Conception of Potential Connectivity Models 

“Ecology is the art of proving the obvious with increasingly sophisticated 
statistics.”  

 KEVIN RICE 
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The PCM presented here is a combination of two existing pieces of software: one 

that models the potential species distribution (the SDM) and one that estimates 

effective distances over the whole study area’s extent, using resistance surfaces 

delivered by the SDM. To model this it is mandatory to have access to species 

occurrence records and digital environmental information. In the following, I will 

focus on the single components that build a PCM (Fig. 2.1). 

 

 

Figure 2.1: The potential connectivity model (PCM) framework—from the data input until the 
resulting end products. 

 

Environmental Information 

Data on environmental conditions of the geographic area of interest are essential 

for SDMs (Fig. 2.1), and are available as digital layers. Thanks to the massive research 

efforts to understand climate change, as well as the expanded earth observations 

from space, more and more data sources become digitally available. For PCMs, the 
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spatial resolution of these data sources depends on the study question, the spatial 

scale of interest, the study extent and, of course, the data availability. Most SDM 

applications that focus on the macro-scale to work on biogeographic research 

questions use interpolated climate information that are globally available in different 

spatial resolutions ranging from 10 arc minutes down to 30 arc seconds (HIJMANS et 

al. 2005). These climate data are available as monthly averages over the past 50 

years, which can be used to calculate biologically relevant (i.e., bioclimatic) variables. 

They also cover possible future (following IPCC climate change scenarios) and past 

scenarios, covering for instance the mid-Holocene climate optimum, the last glacial 

maximum and the last interglacial period.  

Next to climatic information, there are datasets available that globally cover 

topography and land use. Topographic information is available in resolutions as fine 

as 30 meters (SRTM Shuttle Mission), while processed data on land cover classes are 

available at 300 meter resolution (PFEIFER et al. 2012). Some studies show that the 

use of landscape parameters derived from remote sensing can improve SDM 

predictions, as opposed to using bioclimatic information alone (CORD & RÖDDER 

2011).  

In the past few years, more and more fine-scale remote sensing data become 

available for large parts of the world. This would even allow for the spatially explicit 

modeling of habitat suitability for locally restricted areas. The resolution here is at 30 

meters or below and can be as fine as one meter for some data products. This allows 

for the analysis of entirely new study questions, such as the characterization of 

potential distribution or habitat suitability, or the assessment of demographic 

processes like abundance (VANDERWAL 2009) or reproductive success (BRAMBILLA & 

FICETOLA 2012)—all especially useful in the environmental management sector. My 

own preliminary study revealed that the prediction of butterfly abundance is 

impossible to make by using coarse-scaled climatic information alone (FILZ et al. 

2013b); fine-scale environmental information is therefore mandatory to allow for the 

inference and prediction of such processes. 

Depending on the question of interest, I use very different spatial layers for PCMs 

in my thesis. While applications for environmental planning need fine-scaled 

environmental information, it is more practical to use coarse-scaled environmental 

predictors in landscape genetic studies that cover large extents. 
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Occurrence Informaton 

For the computation of an SDM, occurrence records from the focal species are 

needed (Fig. 2.1). The spatial scale (or, resolution) of these occurrence records 

(defined as grain; FRANKLIN 2009), would need to at least be as fine as the respective 

environmental layer. If, for instance, occurrences recorded at a large grain (e.g., 

records resulting from a 100 m wide transect) were modeled against environmental 

layers of a finer resolution (e.g. grids of 25 m), then they could be falsely linked to a 

neighboring grid cell with different environmental conditions (MEYER & THUILLER 

2006; GUISAN et al. 2007). Consequently, these inaccurate occurrences could yield an 

erroneous model output, as the forecasted habitat suitability would get blurred by 

wrongly assigned environmental conditions that are actually unsuitable for the 

species. This effect, however, decreases with decreasing resolution of the 

environmental layers and is less important for coarse-scaled environmental layers 

(THOMAS et al. 2002; GUISAN et al. 2007). 

 

The SDM

Species distribution models, habitat suitability models or environmental niche 

models all follow the same principle: they link spatially explicit information about the 

presence (or, absence) of a species to the environmental conditions in geographic 

space with a predictive model (FRANKLIN 2009). The value ranges of these 

environmental predictors (or, variables) at the presence locations are compared with 

the environmental conditions found at absence locations or a defined set of random 

locations (i.e., the background or pseudo-absences). Depending on the algorithm, the 

model will be calculated and projected to a defined geographic area, together with an 

estimate of variable importance.  

In the last couple of years, this framework has become widely applied in different 

fields of ecology and evolution (FRANKLIN 2009; PETERSON et al. 2011), such as in 

conservation biology (e.g., ARAÚJO et al. 2004; GUISAN & THUILLER 2005; KREMEN et 

al. 2006; RÖDDER et al. 2010), invasion biology (e.g., PETERSON & VIEGLAIS 2001; 

FICETOLA et al. 2007; STIELS et al. 2011) climate change biology (e.g., IHLOW et al. 

2012), evolutionary biology (e.g., KOZAK et al. 2008; KOZAK & WIENS 2007, SMITH & 

DONOGHUE 2010; ENGLER et al. 2013), biodiversity research (e.g., CARNAVAL & MORITZ 



22

 

2008; SCHIDELKO et al. 2011) and as an additional tool in phylogenetic reconstruction 

(e.g., KOZAK & WIENS 2007; CHAN ET AL. 2011; RÖDDER et al. 2013). The number of 

algorithms is as diverse as their fields of application. In this thesis, I focus on the 

software MAXENT (PHILLIPS et al. 2004; PHILLIPS et al. 2006; PHILLIPS & DUDÍK 2008). 

MAXENT is a machine-learning algorithm derived from the field of artificial 

intelligence and follows the principle of maximum entropy (JAYNES 1957; ELITH et al. 

2011). Among the many competing methods, MAXENT always ranked among the top 

performing approaches (e.g., ELITH et al. 2006; HEIKKINNEN 2006; HERNANDEZ et al. 

2006; POULOS et al. 2012)—even under limited species occurrence information (e.g. 

WISZ et al. 2008)—and is known to be tolerant against multicollinearity, as long as 

model results are not projected (e.g., PHILLIPS et al. 2006; BRAUNISCH et al. 2013). 

Detailed model specifications follow in the respective chapters. MAXENT’s resulting 

map highlights the occurrence probability of the study area, which can be used to 

identify regions that are potentially suitable or unsuitable. These probability values 

are logistically distributed and cover a range between 0 (no predicted occurrence) 

and 1 (highest probability for occurrence). 

Thresholds applied to this distribution of values can cut off low values that can be 

seen as noise and do not contribute to potential distribution. These thresholds should 

be dynamic and not fixed (LIU et al. 2005). This is because the data settings are 

different for each model and depend on the number and position of occurrence 

records, the extent and position of the study area, and the number of environmental 

predictors used for modeling. Since thresholds follow fixed deterministic rules, they 

remain comparable in their validity. A conservative threshold, for instance, would be 

based on the lowest estimated occurrence probability measured at a given set of 

occurrences used for model training (i.e., minimum training presence). In contrast, a 

more sensitive threshold would set this limit higher by omitting the lowest 10% of the 

occurrence probability measured at the respective set of presence records (i.e., 10th 

percentile training presence).  

For the PCM, these thresholds can optionally be used as fragmentation thresholds 

(ANDRÉN 1994; METZGER & DÉCAMPS 1997) that highlight absolute barriers to 

structural connectivity. From this, the modeled map of potential suitability will turn 

into a resistance surface of the study area, which can be fragmented when such 

thresholds are applied.  
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The Connectivity Model 

The prepared resistance surface can now be used in a connectivity model to 

estimate effective distances among sample sites (Fig. 2.1). Here, I use the software 

CIRCUITSCAPE, which is based on electric circuit theory and follows the principles of 

Ohm’s law (MCRAE & BEIER, 2007; MCRAE et al. 2008). CIRCUITSCAPE allows the 

assessment of multiple connections in the study area, and thus is not restricted to the 

limits of the least cost path framework and as consequence outcompetes LCP models 

(MCRAE & BEIER 2007). The estimated effective distances can be used either for 

comparisons with genetic distances (see below) estimated from individuals sampled 

at the same locations, or for visualizing the potential connectivity among the 

considered locations across the study area for management purposes. 

 

Linking genetic information with PCMs 

Information about the genetic differentiation (i.e. the genetic distance) of a focal 

species in a study area can be correlated to the estimated effective distances 

measured by the PCM (Fig. 2.1). Genetic distances can be measured with different 

metrics, such as FST (WRIGHT 1965) or Dest (JOST 2009). To understand the relative 

importance of certain landscape elements, multiple resistance surfaces can be 

modeled and subsequently compared to genetic distances. For the correlation of 

genetic distances with effective distances, many different methods exist (BALKENHOL 

et al. 2009). Here, I used a multi-model inference approach, based on linear 

regressions, which compares effective distances from competing resistance surfaces 

and finds the set of landscape elements with the highest information content. Model 

importance is not tested here by using classic null hypothesis significance testing, but 

instead through maximum likelihood methods based on information theory, the 

Akaike information criterion (AIC; BURNHAM & ANDERSON 2002; JOHNSON & OMLAND 

2004). AIC evaluates different models given their explained information content and 

ranks them according to their importance. Differences between AIC values among the 

models inform about their importance. A general rule is that a model is considered 

best if the difference between the AIC in the highest ranked model and the next 

largest AIC value (delta or ) is >2. If there are one or more models of  < 2, then 

they need to be considered together with the highest ranked model (BURNHAM & 



24

 

ANDERSON 2002). The main advantage of this method is that the non-independent 

data structure of pairwise comparisons—a classical error in statistics—is the same for 

each model. Hence, the non-independence error cannot influence the relative ranking 

of the candidate set of models used in the comparison.  

Taken together different tools and information into a single framework as outlined 

above, offers new opportunities to quantify connectivity for environmental planning, 

to find limiting environmental conditions for genetic exchange, and to widen our 

understanding of species distribution as a whole. In the following chapters I will 

discuss the need for such a holistic perspective and exemplify how PCMs can 

contribute to different aspects, when fed with real data. 
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PART A
PCM’S IN CONSERVATION &

ENVIRONMENTAL PLANNING
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CHAPTER 3

Accounting for the ‘network’ in the Natura 2000 network: A 

response to Hochkirch et al. 2013 

“The more “connected” we become, non-human life with which we share 
this planet becomes increasingly disconnected.”  

 KEVIN R. CROOKS & M SANJAYAN 
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31

 

Commentary

Worldwide, we are experiencing an unprecedented, accelerated loss of biodiversity 

triggered by a bundle of anthropogenic threats such as habitat destruction, 

environmental pollution and climate change (BUTCHART et al. 2010). Despite all 

efforts of the European biodiversity conservation policy – initiated 20 years ago by 

the Habitats Directive (EU 1992) that provided the legal basis for establishing the 

Natura 2000 network – the goal to halt the decline of biodiversity in Europe by 2010 

has been missed (EEA 2010). HOCHKIRCH et al. (2013) identified four major 

shortcomings of the current implementation of the directive concerning prioritization 

of the annexes, conservation plans, survey systems and financial resources. They 

hence proposed respective adaption strategies for a new Natura 2020 network to 

reach the Aichi Biodiversity Targets.  

Despite the significance of these four aspects, HOCHKIRCH et al. (2013) did not 

account for the intended ‘network’ character of the Natura 2000 sites, an aspect of 

highest relevance. Per definition, a network requires connective elements (i.e. 

corridors) between its nodes. From an ecological perspective, the Natura 2000 

network must guarantee that the species of concern are able to exchange between 

habitat patches (above all for maintaining/fostering gene flow; e.g., STORFER et al. 

2007). Several studies have shown that reserves fail to protect the species they were 

designed for due to their isolated character in an anthropogenically degraded 

landscape matrix (e.g., SEIFERLING et al. 2012), even though they are well managed 

(FILZ et al. 2013a). In turn, habitat connectivity greatly enhances the movement of 

species within fragmented landscapes (GILBERT-NORTON et al. 2010). Both Habitats 

(Art. 10) and Birds Directive (Art. 3) explicitly mention the importance of elements 

providing functional connectivity (‘ecological coherence’) outside the designated 

Special Areas of Conservation (SACs) for species of Community interest. However, 

since the member states are responsible for the designation of SACs, their selection 

often represents a consensus of various political, economic and ecological 

considerations. This weakness is well acknowledged in a guidance document from the 

Institute for European Environmental Policy (KETTUNEN et al. 2007). The authors 

formulated a framework for assessing, planning and implementing ecological 

connectivity measures in a way that is legally binding and standardized across 

borders. Additionally, they presented measures increasing habitat connectivity and 
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future research needed on this topic. Besides the strategies proposed by HOCHKIRCH 

et al. (2013), there is hence an urgent need to investigate the inter-reserve 

connectivity in the Natura 2000 network as a whole and specifically for the priority 

species for which SACs have been designated. Recent software developments and the 

increasing availability of high-resolution environmental data in combination with 

extensive fieldwork will help to meet these research requirements. Finally, the results 

derived from such research must be implemented into a binding EU-legislation as 

well as a standardized planning policy across national borders to reach scientific 

consensus on corridor design, which often lacked in the past (BENNETT et al. 2006). 

This might ultimately ensure an ecological coherence between SACs, which is the 

prerequisite, over any other strategies, ensuring a Natura 2020 network being worth 

its name. 
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CHAPTER 4

Missing the target? A critical view on butterfly conservation 

efforts on calcareous grasslands in south-western Germany 

“Like the resource it seeks to protect, wildlife conservation must be 
dynamic, changing as conditions change, seeking always to become more 
effective.”  

 RACHEL CARSON 
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Introduction

Europe is undergoing a continuous period of invertebrate decline (VAN SWAAY et al. 

2011). In particular, the loss of typical habitats like semi-natural grasslands due to 

intensive agriculture and urban development has been particularly dramatic for 

butterfly species (BOURN & THOMAS 2002; VAN SWAAY 2002; WENZEL et al. 2006). In 

this aspect, calcareous grasslands of south-western Europe are considered to be one 

of the most important habitat types for insect conservation (VAN SWAAY 2002; 

WALLISDEVRIES et al. 2002). These habitats contain a renowned biological diversity 

including a variety of species listed under the habitat directive of the Bern Convention 

(VAN HELSDINGEN et al. 1996). 274 (i.e., 48%) of the 576 butterfly species reported as 

native in Europe occur on calcareous grasslands. Moreover, from the 71 species 

considered threatened in the same area, 37 (i.e., 52%) can be found in theses habitats 

(VAN SWAAY 2002). Consequently, many calcareous grasslands are protected as 

nature reserves and are integrated in the Natura 2000 program of the European 

Union (VAN SWAAY et al. 2011). However, even such legally protected sites continue to 

be lost or are still losing species despite protection. As a result, many specialized and 

rare species are now threatened or already extinct (WARREN 1997; WENZEL et al. 

2006). 

Many European countries are experiencing similar population declines. The 

Netherlands have lost over 24% of its butterfly fauna (WYNHOFF & VAN SWAAY 1995) 

and 30% of the indigenous species became extinct in Flanders during the 20th 

century (MAES & VAN DYCK 2001). In Britain, nearly nine percent of the resident 

butterfly species have gone extinct (WARREN 1997) and in Moravia (Czech Republic) 

BENES & KURAS (1998) recorded a 60% loss of butterflies during the same time 

period. The decline of butterflies has caused an increasing concern in Western 

Europe and the subsequent implementation of conservation activities for Lepidoptera 

and other wildlife (THOMAS 1995; VAN SWAAY & WARREN 2006; VAN SWAAY et al. 

2011).  

The prevalent conservation strategy has been to designate threatened habitat types 

as nature reserves. The habitat types most deserving protection have been identified 

by the conservation value of the habitat itself and/or by the presence of a great 

number of rare and endangered species. Until today, such biodiversity assessments 

have been the major tool in conservation planning and implementation. However, 
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this strategy has had the negative effect of frequently creating small habitat patches 

isolated by unsuitable, unprotected landscape, which prevents the inter-patch 

exchange of species. Moreover, small habitat patches may lack the possibility to 

buffer large-and meso-scale environmental effects (for a discussion see HOF et al. 

2011). Habitats are lost due to diverse land-use changes, which do not necessarily 

stop at the margin of protected areas, but also changes subtly the characteristics of 

semi-natural grasslands (DOVER & SETTELE 2009). The negative impacts of nutrient 

and pesticide loads as well as climatic changes influence the habitat structure as well 

as microclimatic conditions (PARMESAN 2006; BARTHOLMESS et al. 2011). Frequently, 

a loss of plant diversity and changes in plant communities is followed by butterfly 

declines, and especially species with high specialization on particular food plants 

might be affected (e.g., WARREN et al. 2001; POLUS et al. 2007).  

Besides the impacts of agricultural improvements on adjacent patches, 

abandonment is considered to be one major threat to semi-natural habitats (VAN 

SWAAY 2002). As many butterfly species depend on the preservation of habitats 

created by extensive human land-use activities, habitat management is considered to 

play a crucial role for the practical conservation of threatened species (WARREN 

1993a,b). Many species are restricted in their local distribution to these often small 

and fragmented remnants making them susceptible for any change in habitat quality 

(DOVER & SETTELE 2009). As a consequence, today species conservation is more than 

ever a question of protecting habitats in a changing environment, but also to retain 

species diversity within small and fragmented habitats.  

However, the lack of habitat quality and habitat connectivity have led to decreasing 

numbers of butterfly species not only in legally protected semi-natural habitats, but 

even more severely in unprotected agricultural areas (DOVER & SETTELE 2009). In the 

latter, remnants of pre-industrial human land-use (e.g. as fallow grounds) are today 

considered to belong to the most species rich habitats in these areas (SCHMITT & 

RÁKOSY 2007). These fallows act as retreats as well as stepping stones for many 

specialized taxa, consequently turning into habitats with high conservation value 

(WEIBULL 2000; SCHMITT & RÁKOSY 2007; SCHMITT et al. 2008; LIZÉE et al. 2011). 

Agricultural areas adjacent to fallow grounds affect population dynamics and 

community structures within these habitats. Additionally, the ongoing loss of 

stepping stones reduces overall habitat area and landscape connectivity. Hence, patch 

size and isolation, as well as missing management activities often favor the 
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vulnerability of this habitat type to environmental effects. Consequently, the decline 

of butterfly species should proceed even faster in cultivated landscapes than in 

protected areas. 

In this study, we aim to identify the mechanisms responsible for the vulnerability 

of butterfly species and their habitats using the examples of calcareous grasslands 

and fallow grounds. We intensively re-investigated butterfly communities after a 40-

year time period within a defined region of south-western Germany in both managed 

and legally protected as well as unmanaged grasslands. Regarding the location, 

geographical integration and management activities of the different grasslands, we 

evaluate the connectivity of specific habitat types in the landscape and discuss the 

possible impacts of recent land-use changes and local global warming on the stability 

of functional trait diversity in butterfly communities. In particular, we assess whether 

and how butterfly species richness and community composition in managed versus 

unmanaged grasslands have changed over the last decades and discuss the 

appropriateness of conservation strategies for nature reserves. 

 

Material and methods 

Study sites 

Our study area is located at the south-western boarder of Germany (Fig. 4.1a). The 

vicinity of Trier is characterized by a long tradition of human settlement. 

Anthropogenic land-use created a manifold mosaic of habitat types ranging from 

vineyards, agricultural fields, fallows, flower rich meadows, woodlands, rivers and 

floodplains to several semi-natural habitats like calcareous grasslands. Today, 

traditional farming systems and semi-natural habitats, which ensured the survival of 

a diversity of species for thousands of years, are replaced by intensive cultivated 

agricultural areas. Since the middle of the 20th century, land-use changes have 

caused serious consequences for the conservation of these traditional habitats as their 

quality and quantity have declined. Habitats are being lost due to, intensive 

agricultural usage, anthropogenic loads of nutrients and the failure of extensive 

management, which lead to advanced succession and final loss of these habitats 

(BURGGRAAFF & KLEEFELD 1998).  
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Calcareous grasslands 

For our study, we selected six calcareous grasslands. During the last 40 years, the 

patches remained as grassland and five of them are preserved as nature reserves. 

Calcareous grasslands rank among the most species-rich habitats in Europe (VAN 

SWAAY 2002) and are classified as highly endangered in the Red List of endangered 

habitat types in Rhineland-Palatinate. A strong decline of these habitats has already 

been observed during the last decades in our study area (BIELEFELD 1985; WENZEL et 

al. 2006; M. WEITZEL own observations.) and even legally protected sites continue to 

decline (WENZEL et al. 2006).  

The phytocoenosis of the study sites can be described as Mesobromion errecti 

dominated by flowering herbs and grasses (e.g., Bromus errectus, many 

Orchidaceae), interspersed with single stands of shrubs (e.g., Crataegus monogyna, 

Prunus spinosa) or small trees. Vegetation varied in height throughout the year, but 

in general was corresponding to the dominating plant species less than 30 cm high. 

In four reserves, structural characteristics were preserved by tending strategies 

(mowing and clearing). Like most semi-natural habitats, the patches were highly 

fragmented and under external pressure from agricultural intensification and 

changing land-use. The degree of isolation, calculated using the formula of POWER 

(1972), varied between 78.8% (Echternacherbrück) and 99.9% (Kelsen). The isolation 

of the investigated habitats can be explained by natural limiting factors like the 

geological condition, microclimatic factors or by anthropogenic fragmentation. 

In total the study sites extended over 136 ha, which represent a considerable 

proportion of the 752 ha of calcareous grasslands known in Rhineland-Palatinate 

(KLEIN et al. 2001). The minimum geographic distance between patches was 3 km 

between Igel and Wasserliesch. In the other cases, distances exceeded 10 km. Spatial 

autocorrelation among sites could be excluded.  

Patch size varies considerably from 1.5 ha (Kelsen) to 68 ha (Echternacherbrück). 

Depending on the total size of the reserve, one to four transects per patch (transect 

length 40-385 m) were established in 1972. All transects were re-established and re-

investigated in 2011 in cooperation with the initial observer (M. WEITZEL).  

 

Vineyard Fallows 
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Eight xerothermic vineyard fallows were selected for field surveys. Theses patches 

were structurally young fallows in 1973 and have been abandoned from agricultural 

use for at least fifty years. Old fallows are considered to hold a significantly higher 

species richness and heterogeneity and host more Red List species than earlier stages 

(BALMER & ERHARDT 2000). Vegetation height varied throughout the year, but on 

average did not exceed 80 cm. The vegetation was dominated by perennial bunch 

grasses, a variety of thermophilic flowering herbs as Onobrychis vicifolia, Daucus 

carota, Centaurea ssp., Medicago ssp., Vicia spp, Rumex ssp. and few interspersed 

hedge structures composed of Rosa ssp., Rubus ssp., Cytisus scoparius and 

Crataegus monogyna. Geological conditions and microclimatic factors prevent the 

vegetation of converting into secondary forests. Moreover, structural characteristics 

have been maintained by occasional extensive sheep pasturing. All patches suffer 

from a high degree of fragmentation as well as external pressure from adjacent 

intensively cultivated farmland (mostly vineyards), hay meadows and housing areas. 

Minimum distance between patches was 200 m (Brettenbach I; Brettenbach II). In 

the other cases, geographic distances were on average 1.6 km. A spatial 

autocorrelation among patches could be excluded. Patch size varied between 2.7 ha 

(Kernscheid) and 5.8 ha (Brettenbach I). In total, the studied vineyard fallows 

extended over 34.5 ha. In 1973, one transect of varying length (432-1430 m) was 

established per patch. The transects were re-established and re-investigated in 2010 

in cooperation with the initial observer (M. WEITZEL).  

 

Field sampling design 

In both grassland types, data were taken from standardized transect counts along 

fixed transects. The structure of this monitoring was similar to that described by 

POLLARD & YATES (1993). Each butterfly seen within an observation radius of 5 m 

ahead and 2.5 m on each side of the observer was counted. Individuals were either 

identified and counted by sight or captured with a butterfly net for closer 

determination to species level. If possible, each transect was visited every ten days 

from April to October for a time period appropriate to their length. The observations 

were conducted randomly between 10:00 am and 5:00 pm if weather conditions 

permitted (POLLARD & YATES 1993; SETTELE et al. 1999), i.e., temperature above 17°C, 

wind less than six Beaufort and no rain (VAN SWAAY et al. 2008). Variations due to 
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weather and time of day were counterbalanced by randomizing the visits. Records 

were kept along with descriptions of weather conditions and recent management 

activities. In total, 105 transect walks were performed in 2011 and a similar amount in 

1972 on calcareous grasslands. 136 transect walks were conducted in 1973 and 109 in 

2010 on vineyard fallows. To obtain unbiased data, observations were conducted 

throughout the same time period each year using identical transects as well as field 

methods.  

 

Classification of butterfly species 

We categorized all butterfly species regarding their national conservation status 

and classified them into functional groups defined by habitat requirements, dispersal 

behaviour, larval food plant specialisation and global distribution.  

We used the classification of BINK (1992) for the analysis of dispersal abilities. For 

increasing the statistical power, the nine dispersal classes were condensed to three: 

sedentary species (class 1-3), mobile species (class 4-6) and migrants (class 7-9). We 

used the classification of REINHARDT & THUST (1988) for general habitat requirements 

to distinguish between ubiquitous, mesophilic, hygrophilic and xerothermophilic 

species. Caterpillars were classified, respective to their food plant use, as 

monophagous, oligophagous and polyphagous (EBERT & RENNWALD 1991). Global 

distribution data were obtained from KUDRNA (2002). We classified butterfly species 

as Mediterranean if their distribution area includes southern Iberia, southern Italy or 

Greece, i.e. ensuring their survival in Mediterranean glacial refugia during the LGM. 

The distribution areas of continental species usually exclude these regions and do not 

reach the lowland areas along the coast of the Atlantic or the British Isles. These 

species usually survived in the last glacial period in extra-Mediterranean and/ or 

more eastern refugia. Species were classified as a Mediterranean-continental species 

if their distribution area includes at least one of the areas typical for the 

Mediterranean species, but also extends to the continental parts of Eurasia. The 

classification of each species is given in Table 4.1. 
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Table 4.1: Presence-absence data of all butterfly species recorded on six calcareous grasslands and on 
eight vineyard fallows with the number of study sites with the species being present in 1972/73 and 
2010/11 including their species specific functional traits (D1: sedentary, D2: medium, D3: migrant; P1: 
monophagous, P2: oligophagous, P3: polyphagous; H1: xerothermophilic, H2: mesophilic, H3: 
hygrophilic, H4: ubiquitous; A1: Mediterranean, A2: continental, A3: continental-Mediterranean, A4: 
migrant)  

 Calcareous grasslands Vineyard fallows  

 1972 2011 1973 2010 Traits 

Hesperidae      
Erynnis tages (L., 1758) 6 4 7 0 D1 P2 H1 A1 
Carcharodus alceae (Esp., 1780) 1 0 7 0 D2 P2 H1 A1 
Spialia sertorius (Hoff., 1804) 6 3 6 0 D1 P1 H1 A1 
Pyrgus malvae (L., 1758) 6 5 8 5 D1 P2 H2 A1 
Pyrgus serratulae (Ram., 1839) 1 0 0 0 D1 P1 H1 A3 
Carterocephalus palaemon (Pal., 
1771) 

4 0 3 0 D1 P2 H2 A2 

Thymelicus lineola (O., 1808) 6 6 8 6 D2 P2 H2 A2 
Thymelicus sylvestris (Poda, 
1761) 

6 6 5 6 D1 P2 H2 A1 

Thymelicus acteon (Rott., 1775) 3 0 0 0 D1 P2 H1 A1 
Hesperia comma (L., 1758) 1 1 0 0 D1 P2 H2 A3 
Ochlodes sylvanus (Esp., 1778) 6 3 8 4 D2 P3 H4 A1 
      
Papilionidae      
Papilio machaon (L., 1758) 6 5 8 6 D2 P3 H2 A1 
      
Pieridae      
Leptidea sinapis (L., 1758)/ reali 
(Reiss, 1989) 

6 6 8 8 D2 P2 H2 A1 

Anthocharis cardamines (L., 
1758)

6 5 8 8 D2 P2 H2 A3 

Aporia crataegi (L., 1758) 5 3 6 5 D2 P2 H2 A1 
Pieris brassicae (L., 1758) 6 6 8 3 D3 P3 H4 A1 
Pieris rapae (L., 1758) 6 6 8 8 D2 P3 H4 A1 
Pieris napi (L., 1758) 6 6 8 6 D2 P3 H4 A1 
Pontia daplidice (L., 1758) 1 0 0 0 D2 P3 H1 A1 
Colias croceus (Fourc, 1785) 3 0 2 0 D3 P2 H4 A4 
Colias hyale (L., 1758) 6 4 8 6 D2 P2 H2 A2 
Colias alfacariensis (Rib., 1905) 5 1 0 0 D2 P2 H1 A1 
Gonepteryx rhamni (L., 1758) 6 6 8 7 D2 P2 H2 A1 
      
Lycaenidae      
Hamearis lucina (L., 1758) 5 0 5 0 D1 P1 H2 A2 
Lycaena phlaeas (L., 1761) 6 4 8 6 D2 P1 H2 A1 
Lycaena dispar (Haw., 1803) 0 0 0 1 D2 P1 H3 A2 
Lycaena tityrus (Poda, 1761) 6 2 8 3 D1 P1 H2 A3 
Lycaena hippothoe (L., 1761) 0 0 1 0 D1 P1 H3 A2 
Thecla betulae (L., 1758) 6 2 8 1 D1 P1 H2 A2 
Neozephyrus quercus (L., 1758) 4 0 3 0 D1 P1 H1 A3 
Satyrium ilicis (Esp., 1779) 4 0 0 0 D1 P1 H1 A3 
Callophrys rubi (L., 1758) 6 6 8 5 D2 P3 H2 A1 
Satyrium w-album (Knoch, 1782) 0 0 3 0 D1 P1 H2 A2 
Satyrium pruni (L., 1758) 6 3 8 0 D1 P1 H1 A2 
Satyrium acaciae (Fab., 1787) 3 0 0 0 D1 P1 H1 A3 
Cupido minimus (Fues., 1775) 6 6 4 0 D1 P1 H1 A3 
Cupido argiades (Pallas, 1771) 0 0 0 2 D2 P2 H1 A2 
Celastrina argiolus (L., 1758) 6 3 8 1 D2 P3 H2 A3 
Maculinea arion (L., 1758) 3 0 0 0 D1 P2 H1 A3 
Aricia agestis (Den.&Schiff., 
1775) 

6 6 0 7 D2 P3 H1 A1 

Polyommatus semiargus (Rott., 
1775) 

6 6 7 7 D2 P1 H2 A1 

Polyommatus icarus (Rott., 1775) 6 6 8 7 D2 P2 H4 A1 
Polyommatus coridon (Poda, 
1761) 

6 5 4 0 D2 P1 H1 A1 
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Polyommatus bellargus (Rott., 
1775) 

1 0 0 0 D1 P2 H1 A1 

      
Nymphalidae      
Argynnis paphia (L., 1758) 6 4 8 1 D2 P1 H2 A3 
Argynnis aglaja (L., 1758) 6 5 7 3 D1 P1 H2 A1 
Issoria lathonia (L., 1758) 6 5 4 6 D2 P1 H2 A1 
Brentis ino (Rott., 1775) 0 0 2 0 D1 P2 H3 A2 
Boloria selene (Den.&Schiff., 
1775) 

6 1 8 0 D1 P1 H3 A2 

Boloria euphrosyne (L., 1758) 4 0 0 0 D1 P1 H2 A3 
Boloria dia (L., 1767) 0 4 0 0 D2 P1 H1 A2 
Vanessa atalanta (L., 1758) 6 3 8 5 D3 P1 H4 A4 
Vanessa cardui (L., 1758) 6 1 8 0 D3 P3 H4 A4 
Inachis io (L., 1758) 6 4 8 8 D2 P3 H4 A3 
Aglais urticae (L., 1758) 6 6 8 7 D2 P1 H4 A1 
Polygonia c-album (L., 1758) 6 3 8 4 D2 P3 H2 A1 
Araschnia levana (L., 1758) 6 3 8 5 D2 P1 H2 A2 
Nymphalis polychloros (L., 1758) 4 0 3 0 D2 P3 H2 A3 
Euphydryas aurinia (Rott., 1775) 0 1 0 0 D1 P2 H3 A3 
Melitea cinxia (L., 1758) 6 0 3 1 D1 P1 H2 A3 
Melitea diamina (Lang, 1789) 2 0 6 0 D1 P1 H3 A2 
Melitea athalia (Rott., 1775) 6 3 7 2 D1 P3 H2 A3 
Melitea aurelia (Nick., 1850) 2 1 0 0 D1 P3 H1 A2 
Limentis populi (L., 1758) 1 0 2 0 D1 P1 H2 A2 
Limentis camilla (L., 1764) 5 0 6 0 D1 P1 H2 A2 
Apatura iris (L., 1764) 5 1 1 0 D1 P1 H2 A2 
Pararge aegeria (L., 1758) 6 4 8 1 D2 P2 H2 A1 
Lasiommata megera (L., 1767) 6 5 7 3 D2 P2 H2 A1 
Lasiommata maera (L., 1758) 1 1 0 0 D1 P2 H1 A3 
Coenonympha arcania (L., 1761) 4 6 8 5 D1 P3 H2 A3 
Coenonympha pamphilus (L., 
1758) 

6 6 8 7 D1 P3 H2 A1 

Pyronia tithonus (L., 1771) 6 6 8 8 D1 P2 H1 A3 
Aphantopus hyperantus (L., 
1758) 

6 6 8 7 D1 P3 H2 A2 

Maniola jurtina (L., 1758) 6 6 8 8 D2 P3 H4 A1 
Erebia medusa (Den.&Schiff., 
1775) 

4 0 7 0 D1 P3 H2 A2 

Hipparchia semele (L., 1758) 2 0 0 0 D2 P3 H1 A1 
Melanargia galathea (L., 1758) 6 6 8 8 D1 P2 H2 A1 
      
      
Species number 70 52 59 41  
      

 

The categorisation of endangerment was taken from the respective Red Data Book 

for Rhineland-Palatinate (SCHMIDT 2010) and the national law of wildlife 

conservation (BArtSchV §1). Due to taxonomic revisions within the investigated time 

period, Leptidea sinapis and L. reali were treated as a sibling species complex in this 

study. The nomenclature of butterflies follows GAEDIKE & HEINICKE (1999). 
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Statistical analysis 

For each study patch, we constructed a data matrix containing the presence-

absence data of all recorded butterflies. Species estimate accuracy was calculated 

computing expected species accumulation curves (sample-based rarefaction curves) 

and incidence-based richness estimators (Chao1, Chao2, ICE, first-order jackknife, 

Michaelis-Menten) using ESTIMATES WIN 8.00.  

Differences in species composition between the study years were evaluated for 

each study patch. Tests among study sites and observation years were done by 

Wilcoxon tests, Cochran Q tests and 2 tests for heterogeneity in SPSS 15.0. We also 

performed separate statistical calculations for each functional group using Cochran-

Q-tests to analyse community shifts between the observation years.  

Turn-over rates were estimated for both grassland types to identify the changes of 

the faunas between the two observation years in MICROSOFT EXCEL 2003. It was 

calculated as the number of species recorded in only one of the observation years 

divided by the total number of species observed during both observation years. 

Comparisons of the similarity of the community structures were made using the 

Sørensen similarity index. It was calculated on the basis of presence/absence data as 

the number of shared species divided by the number of species in the two samples, 

respectively.  

Independently from changes in absolute species composition, we evaluated 

changes in relative functional trait diversity by using PCA in combination with linear 

discriminant analysis (LDA) in SPSS. We calculated relative proportions for the 

functional trait classes separately for each site and time slice. In consequence, each 

trait (Dispersal: 3 classes; Foodplant use: 3 classes; Habitat: 4 classes, Distribution 4 

classes) was summed to 1 on each side. This information was thereafter transformed 

via PCA into a multivariate scenopoetic trait space by taking principal components 

that exceeds the value of one after conducting a varimax rotation. Group 

discrimination (i.e. taking year as grouping variable) was tested thereafter using 

cross-validated LDA.  

To test for differences in parallelism of the community shifts between calcareous 

grasslands and the vineyard fallows, we performed a circular ANOVA using the 

circular package in R (JAMMALAMADAKA & SENGUPTA 2001; R DEVELOPMENT CORE 
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TEAM 2010), where the directions of each vector connecting the two observation years 

in the PCA-space were used as dependent factor.  

 

Resistance surface modeling 

To infer patterns of habitat fragmentation in both habitat types, we combine an 

environmental niche model with a habitat connectivity model using fine-scale 

environmental GIS-layers as predictors for model building. The environmental layers 

comprise four different vegetation indices based on multispectral ASTER (Advanced 

Space Borne Thermal Emission and Reflection Radiometer)  data in 30 m resolution 

(NDVI, NDWI, soil-brightness, vegetation-greenness) as well as topography 

information derived from the ASTER global digital elevation map of the same 

resolution (altitude, slope, aspect). Further, we used categorical CORINE landcover 

data of 2006 (available through: eea.europe.com) with a resolution of 100 m. The 

Normalized Different Vegetation Index (NDVI), developed by ROUSE et al. (1974), is a 

simple vegetation index for remotely sensed data that quantifies the density of plant 

growth on earth, and so provides information about vegetation biomass (JENSEN 

2007). The calculation of the Normalized Difference Water Index (NDWI), 

introduced by GAO (1996), provides information about the vegetation water content 

and allows assessments to be made of changes in plant biomass and water stress of 

vegetation. 

Suitable satellite data for the purpose of a study like this need to have a sufficient 

spectral resolution to ensure a spectral discrimination of different land cover types. 

Furthermore, a high spatial resolution is required to accurately depict small 

landscape structures. The ASTER multispectral imager onboard NASA’s Terra 

satellite is largely compliant with these requirements. ASTER has three separate 

imaging subsystems which cover the visible and near infrared (VNIR), the shortwave 

infrared (SWIR) and the thermal infrared (TIR) spectral ranges with 3, 6 and 5 

spectral bands with spatial resolutions of 15 m, 30 m and 90 m (YAMAGUCHI et al. 

1999; ABRAMS 2000). In this study, one ASTER scene (acquisition date: June 26, 

2001), covering the northern and central parts of Rhineland-Palatinate was selected 

for analysis.  
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ASTER spectral bands 1-4, primarily designed for assessing vegetation properties, 

were selected. From the especially narrow band in the 2-2.5 μm range, conceptualized 

mainly for the purpose of surface soil and mineral mapping (YAMAGUSHI et al. 1998), 

a single broad bandwidth channel centered at 2.2 μm was synthesized by averaging 

channel 5-7, thereby prioritizing improved signal-to-noise ratio versus spectral 

resolution considered less important for the study purpose. No Thermal bands were 

used in this study. 

Since remote sensing data with medium spatial resolution has only been of limited 

use for the identification of species compositions (WULDER 1998), the reduced spatial 

resolution of the ASTER channels in the SWIR Range (i.e. 4 and the synthesized 

channel 5) has been adjusted to match the 15-m pixel size of the visible and near-

infrared bands (1-3). The data fusion was performed with a local correlation approach 

that preserves the spectral characteristics of the low resolution input and transfers 

the textural properties of the high resolution reference to the ASTER-SWIR channels 

(HILL et al. 1999). 

The ASTER-scene was calibrated by converting the original digital numbers to 

absolute reflectance values for each pixel based on ASTER calibration functions 

(YAMAGUCHI et al. 1999; ARAI & TONOOKA 2005) and full radiative transfer modeling 

(ATCPRO©; HILL & STURM 1991; HILL & MEHL 2003) based on the 5S Code by TANRÉ 

et al. (1990). As the terrain of the study area is very mountainous, the removal of 

topographic effects is important prior to the analysis of landscape structures. On 

basis of the ATCPRO© model, terms describing illumination can be approximated by 

the integration of a digital elevation model and finally compensated for each raster 

cell of the dataset. In addition to the radiometric correction, the data preprocessing 

comprised a precise georectification. The resulting ortho-projected datasets were 

referenced to the national Gauss-Krüger coordinate system with sub-pixel accuracy 

and later projected onto the classical WGS reference system using ARCGIS 9.3, 

thereby fulfilling all requirements for an efficient integration of external geodata. 

The Tasseled Cap Transformation (KAUTH & THOMAS 1976) could be described as a 

guided and scaled linear transformation, which transforms the input satellite data 

into three (or four) bands of known characteristics. A Tasseled Cap Transformation 

was applied to the ASTER scene, and three thematic bands representing: soil-

brightness, vegetation-greenness and soil- and vegetation-wetness were derived. 



48

 

Within the study extend (Fig. 4.1a), georeferenced locations of the respective habitat 

type were set by visual inspection of aerophotos (using Google Earth) and during 

several field surveys resulting in 12 and 34 locations for either habitat type, 

respectively.  

Environmental niche models were computed using MAXENT 3.3.3k, a machine 

learning algorithm based on the principles of maximum entropy (PHILLIPS et al. 

2006; PHILLIPS et al. 2008; ELITH et al. 2011). MAXENT has frequently outperformed 

other approaches, especially when the number of georeferenced locations is scarce 

(e.g. HERNANDEZ et al. 2006; ELITH et al. 2006; WISZ et al. 2008). Thus, this 

algorithm became the method of choice. We used the standard settings, randomly 

splitting the dataset into a 70% training and a 30% testing subset and using a 

bootstrap approach between 100 different replicate runs to average model output. 

Variable importance was assessed by jackknifing the training datasets. The output 

was scaled in a logistic format. Despite recent criticisms (LOBO et al. 2008; JIMÉNEZ-

VALVERDE 2011), but in lack of other alternatives (e.g. BALDWIN 2009), AUC statistics 

(SWETS 1988; FIELDING & BELL 1997) were used, as implemented in MAXENT, to 

validate model performance. As threshold for identifying areas of low suitability 

probability, we used the non-fixed equal training sensitivity and specificity threshold 

as previously recommended (LIU et al. 2005). Connectivity between study sites in 

either habitat was assessed depending on habitat specific suitability maps within a 

connectivity model.  

Here, we used the program CIRCUITSCAPE V. 3.4.1 (MCRAE & BEIER 2007; MCRAE et 

al. 2008), which calculates pairwise resistance values between a defined set of 

locations (here: habitat specific study sites). CIRCUITSCAPE is based on circuit theory 

recently adapted from electrical engineering for the solution of landscape ecological 

problems (MCRAE et al. 2008). By incorporating multiple pathways, CIRCUITSCAPE 

reproduces connectivity between sites more accurate and with higher biological 

relevance than more classical approaches like isolation-by-distance models or least 

cost path models (MCRAE & BEIER 2007).  

Prior to analysis, habitat suitability maps as derived from MAXENT models were 

retransformed by multiplication of each probability by 10000 and again saved as 

integer value, to reduce calculation time derived from long decimals, but without loss 

of information (B. MCRAE pers. comm.). Further, values below the previously defined 
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absence threshold were set to the defined positive minimum integer value (i.e., 

setting to a value of 1) indicating highest resistance in those areas. Generally, the 

habitat suitability map acts as conductance surface for the connectivity model. This 

means that the higher the resistance, the lower the value is. Circuitscape was run in 

four-node mode to safe computing time. For comparison of resistance values, we 

used the site location used to build the resistance surfaces because they cover the 

entire study extent. Depending on the difference of absolute location numbers, we get 

561 pairwise comparisons for fallow grounds and 66 pairwise comparisons for 

calcareous grasslands.  

To obviate misleading conclusions by comparing an unbalanced study design (i.e., 

561 vs. 66 records), we resample the higher number of fallow ground comparisons in 

a bootstrap approach with 1000 iterations. For each iteration, we selected just as 

many records randomly as records were available for the smaller group (i.e., 66 

records). Using this subset of fallow ground records, we subtracted the resistances of 

the fallow grounds by those from the calcareous grasslands. Repeating this procedure 

for each iteration, we get a distribution of the mean difference between both groups. 

According to NAKAGAWA & CUTHILL (2007), this effect size is superior for comparing 

groups outside of a classical null-hypothesis-significance-testing approach. A 

significant difference is unlikely, if the 95% confidence interval of the distribution of 

this effect size includes zero.  

 

Results

Species decline 

During the field surveys in the 1970s and 2010/11, significantly different numbers 

of species (Cochran-Q-Test, all p<0.001) were observed on calcareous grasslands as 

well as on vineyard fallows. In both habitat types, a remarkable loss of species and 

changes in community structures were detected. However, neither the absolute 

number nor the proportion of species loss was considerably different between 

managed and semi-natural grasslands. After 40 years, 18 species have disappeared in 

vineyard fallows, i.e., 31%. Similarly, 17 species, i.e., 25%, were not redetected on 

calcareous grasslands after the same time period. 53% of the species lost were 

identical in both grassland types. Turnover rates were high on all study patches 
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indicating a shift in community composition over time. No major difference in the 

average species turnover rates was detected between semi-natural grasslands (i.e., 

26%) and fallow grounds (i.e., 35%). Moreover, Sørensen similarity index 

demonstrates community composition changes over time, on averaging 74% on 

calcareous grasslands and 63% on vineyard fallows. The proportion of species 

recorded newly was low and no major differences in the absolute number or 

proportion of such species were detected between the two grassland types. In all 

cases, the amount of newly appearing species did not balance the recorded species 

losses. The number of observed species for each transect in 2010/11 ranged from 80% 

to 97% of the species numbers predicted by species richness estimators. Presence-

absence data for all species are given in Table 4.1. 

 

Degradation of functional groups 

Analyses of changes in community composition regarding the observed functional 

groups produced comparable results for vineyard fallows and semi-natural 

grasslands. In both habitat types, all functional groups were re-detected in 2010/11, 

with the exception of hygrophilic species. The latter had disappeared from a similar 

amount of semi-natural grasslands and fallows in 2010/11. Moreover, species 

declines accompanied by significant changes within the composition of each 

functional group were recorded in both habitat types (Cochran-Q-test, p<0.01). 

Losses of species numbers with similar traits were also comparable. In this aspect, 

butterfly species with high functional specialization showed the strongest negative 

impacts. In 2010/11, community composition exhibited a significantly higher 

proportion of generalist species in both habitat types (Cochran-Q-test, p<0.01).  

Regarding specific species traits, the strongest decline was apparent in sedentary 

species, independently from the habitat type. Butterflies with poor dispersal abilities 

showed a highly significant decline of 60% (Cochran-Q-test, p<0.01) in vineyard 

fallows and 37% (Cochran-Q-test, p<0.01) on calcareous grasslands, respectively. 

Medium and good dispersers declined considerably less. Besides, monophagous 

species showed a significant decline in both habitat types (Cochran-Q-test, p<0.05) 

exceeding those of oligo- and polyphagous species. Xerothermophilic and mesophilic 

species exhibited high decrease rates. In combination, both groups had a comparable 

amount of decline on both grassland types. However, considerably different species 
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decrease rates were calculated for each single trait: xerothermophilic species 

decreased slightly more on fallows, whereas mesophilic taxa decreased remarkably 

more on calcareous grasslands. In a similar way, species declines were documented 

for all distribution categories, with highest decrease rates of Mediterranean species 

on calcareous grasslands and of continental species on vineyard fallows.  

Concerning the conservation state of the observed butterfly species, following the 

German national law of wildlife conservation (Bundesartenschutzverordnung §1), 

species listed as "highly protected" declined significantly and species listed as "strictly 

protected" were lost completely on calcareous grasslands. Only slightly higher losses 

were recorded for the protected species in vineyard fallows. Taking into account the 

categories of the Red Data Book of Rhineland-Palatinate, especially those categories, 

indicating the highest conservation demand, shrank significantly by 70 to 75% on 

calcareous grasslands (Cochran-Q-test, p<0.01). On vineyard fallows, the number of 

species also declined in all categories of the Red Data Book, but less severe compared 

to the declines on calcareous grasslands. However, the overall number of endangered 

and/or protected species was lower on vineyard fallows than on calcareous grasslands 

in the early 1970s.  

 

Changes in relative trait diversity 

The first three principal components of the PCA explained 86.2% of the entire 

variance (Table 4.2). The obtained factor loadings strongly support the above 

described rearrangements of the assignments to the different species traits. The first 

two components, separated in a calcareous grassland and the vineyard fallow part in 

Figure 4.2, support a stronger shift and a more stochastic change of community 

compositions on the vineyard fallows. However, this result could not be assured 

statistically as between group differences in the circular ANOVA becomes non-

significant (F = 0.038, df = 1, p = 0.8487). LDA using the time frame as grouping 

variable leads into a complete differentiation between the groups.  
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Table 4.2: Factor loadings as well as Eigenvalues and cumulative explained variance (in %) for each 
of the three Principal components (PC) extracted. Bold values indicate most significant correlations for 
a single PC. Underlined values highlight highest loadings without a clear significant contribution to a 
single PC (D1: sedentary, D2: medium, D3: migrant; P1: monophagous, P2: oligophagous, P3: 
polyphagous; H1: xerothermophilic, H2: mesophilic, H3: hygrophilic, H4: ubiquitous; A1: 
mediterranean, A2: continental, A3: continental-mediterranean, A4: migrant). 

 PC1 PC2 PC3 

D1 0.85 0.31 -0.24 

D2 -0.75 -0.53 0.26 

D3 -0.06 0.93 -0.17 

P1 0.70 0.62 -0.15 

P2 -0.28 -0.87 0.21 

P3 -0.88 -0.11 0.03 

H1 0.57 -0.21 -0.77
H2 0.02 -0.17 0.86 
H3 0.57 0.57 0.33 

H4 -0.96 0.13 0.07 

A1 -0.54 -0.79 0.06 

A2 0.72 0.50 0.27 

A3 0.02 0.58 -0.62 

A4 0.15 0.93 0.05 

    

Eigenvalue 5.03 4.90 2.13 

Cum % 35.93 70.94 86.16 

 

 

Connectivity modelling 

Environmental niche models provide good to excellent results depending on AUC 

inference (AUC: 0.893 +- 0.037 on calcareous grasslands, Fig. 4.1b; 0.977 +- 0.006 

on vineyard fallows, Fig. 4.1c). CORINE Landcover information was by far the most 

delimiting factor for model construction for both habitat types followed by 

topographical and multispectral information (Table 4.3). The threshold that cuts 

areas with low habitat suitability was 0.3969 for calcareous grasslands and 0.185 for 

vineyard fallows. Consequently, mean connectivity (Fig. 4.1d/e) differs significantly 

between both habitat types indicating a generally better connectivity between 

vineyard fallows than between calcareous grasslands (mean difference: -0.172, 95% 

CI = -0.319 - -0.034, p = 0.004). 
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Figure 4.1: Location of the study area near Trier in south-western Germany (a) as well as habitat 
suitability and potential connectivity maps from the same region. Blank circles indicate locations of 
selected calcareous grasslands and grey circles represent vineyard fallows used for connectivity 
modelling respectively. Habitat suitability maps based on the locations of both habitat types were 
generated (b: calcareous grasslands; c: vineyard fallows) and used for connectivity models (d: 
calcareous grasslands; e: vineyard fallows). 

Discussion

Butterflies have declined remarkably in the region of Trier, both on unmanaged 

vineyard fallows, but also on managed calcareous grasslands. However, the latter 

showed considerably higher numbers of species (including rare species) than the 

vineyard fallows in the 1970s. Nevertheless, the observed species decline was stronger 

on the fallows than on the calcareous grasslands, and also the turn-over rates were 

higher on the former. Furthermore, the evolution of the butterfly communities was 
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much more at random than at the calcareous grasslands, which showed more 

directed changes of their communities.  

These results underline that the applied management strategies on the observed 

calcareous grasslands (mowing, sheep pasturing, cutting of shrubs and little trees) 

had, at least some, success in preserving the previously existing diverse butterfly 

communities as well as rare and habitat specific species (cf., BALMER & ERHARDT 

2000). This goes in line with results obtained from Carinthia (Austria), 

demonstrating the direct positive effects of calcareous grassland management 

measures on the population development of several habitat specific butterfly species 

(RÁKOSY & SCHMITT 2011).  

 

Figure 4.2: Trait space spanned by the first two principal components for either vineyard fallows 
(upper panel) and calcareous grasslands (lower panel), respectively. Grey circles represent sites from 
the first surveys in the 1970s, black circles from the second surveys in 2010/11. Arrows indicate mean 
change within trait space.  
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Nevertheless, the conservation success is not as high as desired: A considerable 

number of target species (e.g. Glaucopsyche alexis, Maculinea arion, Hipparchia 

semele) disappeared from all study sites, and the rate of species loss at calcareous 

grasslands was, in general, only gradually lower than at the unmanaged vineyard 

fallows. Thus, the applied management strategies were not able to preserve the status 

quo of the 1970s on the calcareous grasslands, but simply prevented natural 

succession in a mostly similar way. Therefore, these measures only archived that 

community shifts on these sites were somewhat less severe and more in parallel than 

on vineyard fallows, which showed much more arbitrary and stochastic community 

shifts. Consequently, the management concepts applied at these calcareous 

grasslands were not able to outweigh the complex external impacts affecting these 

habitats (e.g. influences from adjacent areas, nutrient loads, changing climate), but 

had the capability to buffer these negative influences to some extent.  

In contrast, the community shifts at the studied vineyard fallows were much more 

dynamic, reflecting habitat characteristics and the unbuffered effects resulting from 

large and meso-scale environmental changes over the last few decades. Turn-over 

rates were considerably higher at the vineyard fallows fostering their stochasticity in 

community evolution. The higher habitat connectivity of the vineyard fallows 

compared to the highly isolated calcareous grasslands might reinforce these turn-over 

dynamics. Consequently, the missing connectivity among calcareous grassland makes 

that arbitrary losses of species cannot be compensated by immigration within short 

time. Furthermore, gene flow among these isolated populations will be strongly 

hampered or even completely blocked so that populations might also disappear due 

to the degradation of their gene pools (cf. HABEL & SCHMITT 2012).  

In spite of the notable differences between the managed calcareous grasslands and 

the unmanaged vineyard fallows, both habitat types show remarkable colinearities in 

the ecological traits of the species being lost (Fig. 4.2). These colinearities are unlikely 

to be influenced by the differences in management and connectivity, but apparently 

are triggered by large-scale environmental factor complexes provoking destructive 

impacts on butterfly communities in general, independently from habitat type. As a 

result, these impacts cause a similar evolutionary trend towards species poor and 

generalist-dominated communities, and thus represent a more holistic problem for 

the conservation of biodiversity (e.g., MCKINNEY & LOCKWOOD 1999; WARREN et al. 

2001; POLUS et al. 2007).  
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Table 4.3: Percentage of the importance of predictor variables used for constructing environmental 
niche models of calcareous grasslands and vineyard fallows respectively. The higher the value, the 
larger is the importance of the respective environmental variable for the model construction. 

 

calcareous 
grasslands 

vineyard 
fallows 

   

altitude 2.0 1.6 

aspect 9.7 17.2 

brightness 9.9 1.3 

landuse 72.2 40.3 

greenness 1.1 2.3 

NDVI 2.5 6.4 

NDWI 0.2 5.2 

slope 2.4 25.7 

 

Interpreting the observed functional rearrangements of the community structures 

reflected by strong modifications in the proportional assignments to the different 

species traits analyzed, two major fields of impacts might have predominant 

influence on the observed calcareous grasslands and vineyard fallows. Eutrophication 

and monotonization of the landscape might mostly explain the strong decline of 

monophagous, sedentary and xerothermophilic species whereas climate change 

might mostly impact hygrophilic, mesophilic and continental species. However, the 

combined influence of both factors might enhance their single effects.  

While it is obvious that rising global temperatures should harm hygrophilic, 

mesophilic and continental species not adapted to such a warmer environment, they 

also should, on the other hand, favour heat-loving species. However, eutrophication 

of habitats is strongly enhancing growth capacities of plants, hereby remarkably 

deteriorating the microclimatic conditions close to the ground. This microclimatic 

cooling still is not compensated by the global increase of temperatures and is 

particularly affecting the successful development of pre-imaginal stages of 

xerothermophilic species. These climatic changes are even aggravated by the missing 

connectivity of the landscape not allowing species to shift their habitats for 

compensating negative climatic effects (cf. HOF et al. 2011). All these aspects together 

foster communities dominated by common generalist species and the successive and 

unrecoverable loss of specialists (cf. BOURN & THOMAS 2002; WENZEL et al. 2006). 

Therefore, island-like nature reserves have shown to be able to preserve habitat 

structures, but they have not been capable to conserve the functional characteristics 

of an interconnected system of habitats necessary to preserve their complex biological 
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diversity. Without adjustments in nature conservation strategies and considerably 

enhanced efforts in enlarging and connecting high quality habitats, the future 

perspectives cannot be seen more optimistic.  
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CHAPTER 5

Coupling satellite data with species distribution and 

connectivity models as a tool for environmental management 

and planning in matrix-sensitive species 

“We cannot solve our problems with the same thinking we used when we 
created them.”  

 ALBERT EINSTEIN 
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Introduction

Climate change and continuing habitat loss through human land-use are currently 

considered as major threats for global biodiversity (BELLARD et al. 2012; DEVICTOR et 

al. 2012). Although not fully understood, some authors (e.g., HOF et al. 2011) assume 

synergistic effects between both processes could lead to an even more dramatic loss 

of biodiversity than predicted by studies, focusing on the effects of climate change 

alone (PARMESAN & YOHE 2003; THOMAS et al. 2004). Habitat loss and fragmentation 

might have serious consequences on demographic dynamics (FAHRING 2003), 

metapopulation structure (HANSKI 1998) and the genetic setup of populations 

(TEMPLETON et al. 1990; KEYGHOBADI 2007) by hampering the exchange of individuals 

between populations. This may lead to a loss of genetic variation (e.g., HABEL & 

SCHMITT 2012), potentially resulting in an increase of inbreeding depression (e.g., 

ANDERSEN et al. 2004; ZACHOS et al. 2007) and can ultimately threaten isolated 

populations with extinction (e.g., PETTERSON 1985). Therefore, detailed information 

on how populations are connected in the landscape is pivotal in guiding more 

effective and sustainable conservation measures. 

Even though the importance of habitat connectivity has been recognized by both, 

researchers and nature conservationists (HALE et al. 2001; GILBERT-NORTON et al. 

2010), habitat loss is still accelerating as a consequence of human activities across 

different spatial scales and is a major threat for biodiversity (FISCHER & LINDENMAYER 

2007). Paying special attention to habitat connectivity during the planning process 

can help safeguard the ecological coherence (sensu Habitat Directive; COUNCIL OF THE 

EUROPEAN COMMISSION 1992) of an entire region and assist to avoid negative 

cumulative effects that might derive from different planning efforts in the same 

region (MANDELIK et al. 2005; THERIVEL & ROSS 2007; CANTER & ROSS 2010; DUINKER 

et al. 2013). Even though Environmental Impact Assessments (EIAs) aim to assess 

such negative environmental effects from infrastructure and other developments, an 

evaluation of connective elements is often neglected (GENELETTI 2006). While high 

standards regarding the legal basis for EIAs are already realized in many countries, 

their application and implementation pose significant challenges. These are due to 

time and financial constraints during EIA preparation, which are often accompanied 

by controversial political and public debates (CALDWELL 1991; DICKERSON & 

MONTGOMERY 1993; DE SMEDT 2010). As a consequence, it is hardly ever possible to 
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provide enough resources for surveys that sufficiently expand the target region 

beyond the finite area implemented in an EIA, which allows for an assessment of 

potential connectivity between populations of species of special conservation 

concern. In most cases, planned developments might affect smaller fragments of a 

previously larger, interconnected population (hereafter called the local population) or 

even just connective elements between permanently colonized habitat patches. For 

planning offices who normally conduct EIAs for specific developments, identifying or 

bounding the local population during the evaluation process of the affected habitat 

fragments therefore remains a great challenge.  

Over the past decades, we have witnessed a tremendous increase in tools and 

environmental datasets that can support EIA procedures. These include geographic 

information systems (GIS) which have become increasingly important as a useful tool 

in environmental and urban planning for more than three decades now (SCHALLER 

1990; MAGUIRE 1991; BURROUGH & MCDONNELL 1998; MORRIS & THERIVEL 2001). 

Today, GIS techniques have become crucial to visualize mapping results of EIAs and 

the underlying structural measures and allows for the integration of metapopulation 

theory (HANSKI 1994; 1998) into applications useful for conservation and 

environmental planning (NICHOLSON & OVASKAINEN 2009). A further consequence to 

the spread of GIS techniques is that the decision-making process for many more 

aspects in conservation is becoming more and more spatially explicit, such as the 

design of reserve networks (WILSON et al. 2009) or species-specific conservation 

management (e.g., RHODES et al. 2006; RÖDDER et al. 2010). Species distribution 

models (SDMs) have emerged as one of these new spatially explicit tools. Originally 

developed to work on biogeography-related questions on a macro-ecological scale, 

they have since been applied in a wide range of ecological disciplines (FRANKLIN 

2009; PETERSON et al. 2011). Despite this frequent use in many disciplines, including 

conservation biology, there are few academic studies that give special emphasis to the 

conservation decision process (GUISAN et al. 2013) and for EIAs in particular 

(GONTIER 2006). Due to this lack of scientific guidance on how novel GIS-based 

techniques (including SDMs) could contribute to applied biological conservation, 

while considering their limits and methodological challenges (POSSINGHAM et al. 

2001; ADDISON et al. 2013; GUISAN et al. 2013), confident use by non-experts is hard 

to realize (ADDISON et al. 2013, but see GUILLERA-ARROITA et al. 2015). Taking this 

into account, we aim here to provide guidance for the use of SDM techniques, in 
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combination with fine-grained remote sensing data and connectivity models, to 

assess the potential connectivity of habitat fragments in highly specialized species 

with a strong dependence on habitat structure. 

Connectivity models are another set of tools that have emerged from, or with the 

help of, GIS applications and benefit from the same developments in theory, data 

availability, and computer power over the past decades (e.g., HANSKI 1994; MOILANEN 

& NIEMINEN 2002; MCRAE 2008; VOGT et al. 2009; LAITA et al. 2011; MIMET et al. 

2013). Connectivity is generally seen as species-specific as it depends on the behavior, 

habitat preference, and dispersal propensity of the focal species (JOHNSON & GAINES 

1985). A useful metric of connectivity for manager guidance thus needs to make a 

very accurate estimation of the species-environment relationships under 

consideration of the afore mentioned species traits (FAGAN & CALABRESE 2006). 

Connectivity can be hereby broadly categorized into two main categories: structural 

and functional connectivity (CROOKS & SANJAYAN 2006). The former strictly focus on 

the spatial arrangement of landscape elements in the landscape matrix, while the 

latter incorporates some additional information on the species' movement either in 

direct (actual connectivity) or indirect (potential connectivity) form (FAGAN & 

CALABRESE 2006). It is really important to make these distinctions as data 

requirements differ and by this, the informational content a connectivity model can 

provide to a manager as well.  

The combination of species distribution models, connectivity models and the 

underlying fine-scaled environmental datasets into a single framework has several 

advantages in the spatially-explicit assessment of population connectivity in matrix-

sensitive species (i.e., species’ movement responses functionally depend on the 

structure of the habitat matrix, cf. IMS 1995). Aside from a high applicability of the 

single approaches due to already available and easy to handle programs, the main 

advantage is that species-specific information on landscape-related habitat suitability 

can be combined with an objective parameterization of resistance values—two key 

aspects that typically lack in the construction of resistance surfaces (i.e. a GIS-raster 

of a hypothesized relationship of certain landscape parameters to species-specific 

connectivity; see SPEAR et al. 2010 for a discussion). Therefore, we recommend the 

use of SDMs as the first step of a two-step framework together with connectivity 

models and refer to this framework in the following as a potential connectivity model 

(Fig. 5.1; PCM). The PCM framework offers the possibility to quantify potential 
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dispersal corridors in matrix-sensitive species, where structural connectivity is highly 

similar to its respective functional (potential) connectivity (CROOKS & SANJAYAN 

2006). Such a framework provides a valuable tool for environmental and planning 

agencies, as well as for non-governmental planning offices. To our knowledge, there 

is no hands-on guidance available on how to use the different approaches and data 

together in a PCM that allows us to quantify the importance of a specific site as 

connectivity habitat for a species of interest using remote sensing data (for a 

discussion on habitat models in EIAs in general, see GONTIER et al. 2010). 

Figure 5.1: Two-step conceptual framework for performing potential connectivity models (PCM). The 
resistance surface generated within the SDM part of the PCM (Step 1) can also be used as a map of 
potential occurrence of the focal taxon for future assessments. Finally, within the connectivity model 
part of the PCM (Step 2), the resistance surface (transformed by the fragmentation threshold) is used 
to generate maps of structural connectivity for the focal taxon within a specific region. The use of 
different fragmentation thresholds is recommended to assess the reliability of potential corridors and 
the strength of barriers of isolated populations 

 

In this study, we illustrate the application of fine-scale PCMs as a possible 

environmental planning tool using the sand lizard (Lacerta agilis Linnaeus, 1758), 

which is of high conservation concern, as a case study. The sand lizard is a rather 

common species in central Europe (AGASYAN et al. 2010) but suffers from population 

decline—particularly caused by increased habitat loss and fragmentation (BERGLIND 
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2000; ELLWANGER 2004). Consequently, it has become recognized as a threatened 

species and is protected under the EU Habitats Directive (92/43/EEC; ELLWANGER 

2004), being listed in Annex IV as a species of community interest. Sand lizards are 

sensitive to fine-scale habitat features and often occupy ecotones or secondary 

habitats such as railway or road embankments (GLANDT & BISCHOFF 1988) and can 

often be considered having a classical metapopulation structure comprising 

interlinked habitat patches of different size and quality (BERGLIND 2004). It has been 

highlighted, that railways can act as an ideal corridor between suitable habitat 

patches (BLANKE 1999), whereas highways mirrored by noise walls may act as an 

insurmountable barrier for successful inter-population connectivity in this species 

(BLANKE 2010). These characteristics make the sand lizard a highly matrix-sensitive 

species. Increasing habitat loss of remnant populations—as a result of anthropogenic 

development of the landscape (particularly in rural areas) —make this species an 

ideal candidate organism for connectivity assessments. We evaluate the landscape 

connectivity amongst different sand lizard populations inhabiting a strongly 

urbanized region in Western Germany and are subject to varying fragmentation 

intensities and thus metapopulation dynamics. In particular, we conducted 

standardized surveys and sample high resolution occurrence records to generate a 

map of potential distribution which could be used (1) as prior information for future 

mapping efforts of sand lizard populations, and (2) for the evaluation of potential 

corridors, highlighting the importance of spatially explicit linkages of connective 

habitats between well-known populations. 

Material and methods 

Study area and data sampling 

The study area comprises over 400 km², covering the city of Cologne and 

immediate surroundings, located in Western Germany (50.9°N, 7.0°E). Cologne is 

Germany’s fourth-largest city and is located within the Rhine-Ruhr Metropolitan 

Area. Geographically, the study region can be described as a lowland area, with an 

altitudinal range between 35 and 118 m a.s.l.. The area is surrounded by more 

mountainous areas (Rhenish Uplands in the south, the High Fens and Eifel in the 

west, and the Bergisches Land in the east) while it is connected to other lowland areas 

in the north. The Rhine River divides the study region into a western and eastern 

part. The area has a long tradition of human land use and has been used for 



66

 

settlements and agriculture for several thousands of years. This has led to a patchy 

landscape structure of settlements, arable lands, meadows, shrubs and forests in its 

surroundings, as well as densely populated areas intersected by fallows, parks and 

gardens within the city of Cologne. 

Building on the results of a preliminary survey with the objective of spotting sand 

lizard populations and identifying suitable habitat patches, we selected 30 study sites 

within the area, covering all known local populations within the city of Cologne, and 

further sites of high structural suitability where existence was so far unconfirmed. 

Between May and September 2011, each site was surveyed for 60 minutes on five 

different dates, under favorable weather conditions, along standardized transects 

with a length of approximately 250 m, following the guidelines of ELLWANGER (2004). 

The location of each sand lizard sighting was accurately measured using a GPS device 

(Garmin Etrex Vista HCx), resulting in a total of 1,204 occurrence locations of 22 

populations (no sand lizard populations were detected at eight of the sites). Condition 

status of each population was evaluated following a standardized ABC evaluation 

scheme for monitoring species after Art. 11 and 17 of the Habitat Directive in 

Germany (ELLWANGER 2004; SCHNITTER et al. 2006; LANUV NRW 2010). This allows 

for an easy, transparent and comparable evaluation of the species’ condition status by 

allocating classes A (excellent), B (good) or C (poor) for different aspects, such as 

population status, habitat quality and threats, as well as a summary classification for 

the whole population. For example, an excellent population (class A) is characterized 

by the sighting of > 20 individuals per hour of all ages and sexes found during the 

visits along a 250 m transect (ELLWANGER 2004), a habitat of superior quality with a 

fine-scale structuring and a close connection to neighboring populations within a 500 

m range as well as less risk for threats such as presence of feral cats, no (or few) 

streets or paths as well as > 1,000 m to the next urban areas. In contrast, a poor 

population (class C) is characterized by less than 10 individuals per hour without any 

young or subadult individuals, a habitat of low structural quality without adequate 

places for reproduction, neighboring populations >1 kilometer apart and severe 

threats such as cats, many paths or streets and a close distance to urbanized areas. 

Class B would be located in between A and C in its respective conditions.  

 

Satellite data 
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Fine-scale satellite data was obtained from the NASA Landsat 5-TM satellite 

archive via the USGS Global Visualization Viewer (http://glovis.usgs.gov/; accessed 

on September 10th, 2011). We obtained three nearly cloud-free Landsat 5 scenes 

acquired on August 4th, 2009, June 4th, 2010, and October, 10th 2010, with a grain 

size of 30 m x 30 m. The scenes were selected based to cover several months during 

the main activity stages of the sand lizard, which ranges from April to October 

including the main season of dispersal of the offspring (August – October). This 

allows us to account for phenological changes in vegetation throughout the activity 

season which are important to characterize the sand lizard's habitat (GLANDT & 

BISCHOFF 1988). To minimize possible confounding effects and artifacts of the scenes 

due to past developments, we focus on images that were captured not more than two 

years prior our sampling. The scenes covered the southern part of Northrhine-

Westphalia, including southerly adjacent parts of Rhineland-Palatinate. All datasets 

were radiometrically corrected using the Empirical Line Correction method (ROBERTS 

et al. 1985) as implemented in ENVI version 4.5 (ITT 2008), based on bright (urban) 

and dark (water) reference spectra, extracted from the respective images. Each scene 

comprised of seven raw spectral bands, each representing a special part of the 

electromagnetic spectrum. From the spectral bands 1-5 and 7, we calculated a several 

spectral indices, namely the Normalized Difference Vegetation Index (NDVI) as well 

as greenness, brightness, and moisture according to the Tasseled Cap Transformation 

(CRIST & CICONE 1984). Furthermore, effective at-satellite temperature was obtained 

from spectral radiance values of band 6 using the Landsat 5-TM Thermal Band 

Calibration Constants (NASA, 2002). Since multi-collinearity among the predictors 

hampers the interpretability of species-environment relationships (HEIKKINEN et al. 

2006; DORMANN et al. 2013), we estimated the pairwise cross-correlation among the 

33 remotely-sensed environmental layers (including 6 bands and 5 indices for 3 time 

steps). We retained 18 low intercorrelated (R² < 0.75) predictors entering the SDM, 

which we assumed to be best suited for characterizing the micro habitats of sand 

lizards in terms of vegetation structure, density and water stress, as well as 

temperature (see also GLANDT & BISCHOFF 1988). We thus did not give a priori favor 

to calculated indices over raw bands as raw bands might include important variation 

that might get lost in the tasseled cap transformation. Table 5.1 shows the used bands 

and gives an ecological explanation of their meaning. 

Table 5.1: Details of the spectral bands covered by Landsat and indices calculated based upon them. 
Variables finally included into the SDM after accounting for multi-collinearity are marked with an x. 
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Band Wavelengths Ecological meaning and application Date of scene
Aug 4th 
2009 

Jun 4th 
2010 

Oct 10th 
2010

1 - blue 450-520 nm Characterization of vegetation types and 
water 

x x x 

2 - green 530-610 nm Reflectance of photosynthetic active 
vegetation 

    

3 - red 630-690 nm Characterization of plant species and soil 
types 

    

4 - NIRa 700-1,300 nm Suitable for determining vegetation age 
and health 

x x x 

5 - MIR-1b 1,570-1,780 nm 
Detection of snow, clouds, bare ground 
and vegetation under water stress 

x x x 

7 - MIR-2 2,100-2,350 nm Characterization of geology and water 
bodies 

x x x 

6 - TIRc  10,400-12,500 nm Temperature measurements x x x 

Index calculation         

NDVI (NIR-red)/(NIR+red) Landuse and vegetation density x x x 

greenness Tasseled Cap 
Transformation, involving 
bands 1-5 & 7 

comparable to a principal component 
analysis to transform correlated bands into 
orthogonal axes 

    

brightness     

wetness       

a NIR = Near Infrared; b MIR = Middle Infrared; c TIR = Thermal Infrared  

 

Potential Connectivity Model 

We accomplished the PCM in a two-step procedure, where we first predicted 

potential habitat suitability of sand lizards using an SDM approach. In the second 

step, the habitat suitability layer was transformed by two different fragmentation 

thresholds and used as resistance surfaces afterwards to compute the PCM. The 

conceptual design of this PCM framework is illustrated in Fig. 5.1, including the 

outcome of the analysis used for planning purposes.  

 

Species distribution model 

The basic concept behind the SDM is the prediction of environmental suitability by 

fitting spatially explicit information on species occurrence with the environmental 

conditions of a certain study area by using a predictive model (FRANKLIN 2009). A 

range of methods can be used to fit those models, even if the demands on input data 

and the weighting of environmental predictors differ among the approaches 
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(FRANKLIN 2009; PETERSON et al. 2011). For SDM development, we used the open 

source software, MAXENT 3.3.3e (PHILLIPS et al. 2006; PHILLIPS & DUDÍK 2008; ELITH 

et al. 2011), which has frequently outperformed other approaches, even under 

difficult circumstances (e.g., ELITH et al. 2006; HERNANDEZ et al. 2006; WISZ et al. 

2008). MAXENT is a method focused on presence-only data and contrasts the 

environmental conditions at the presence records to a set of background locations 

where presence is unknown (i.e., background points; a detailed explanation of this 

method relevant for users is given in ELITH et al. 2011 and MEROW et al. 2013). Given 

our highly standardized sampling scheme including a high coverage of the majority of 

populations within the study area we used the entire set of records (n = 1,204) to 

account for different population sizes at the certain patches, which was mentioned to 

be an ideal prerequisite in presence-only models (FITHIAN & HASTIE 2013; MEROW et 

al. 2013). We randomly selected 10,000 background records from a rectangular area 

surrounding the city of Cologne, as the species potentially inhabits the whole region. 

We applied the standard settings of Maxent with a logistic output format, randomly 

splitting the entire set of species records in a bootstrap approach into 70% used for 

SDM training, and 30% for testing. This procedure was repeated 100 times and the 

average prediction per grid cell was used for further processing. The resulting map of 

potential distribution can be used as a resistance surface, were high values along the 

logistic distribution indicate low resistance after accounting for barriers (i.e. applying 

fragmentation thresholds, see Fig. 5.1 and next section), to calculate effective 

resistances between the investigated populations.  

 

Fragmentation thresholds 

To assess the sensitivity of the PCM, we modified the resistance surface based on 

two different fragmentation thresholds. Values of the resistance surface below the 

specific fragmentation threshold were set as absolute barriers for the connectivity 

model (see next section), whereas the other values remain as they are (i.e., bounded 

between the applied fragmentation threshold and 1). This is a crucial step in 

evaluating the sensitivity of the potential corridors, as a continuous surface without 

absolute barriers will lead to unrealistic potential movement paths in the landscape 

(e.g., the connectivity model might mistakenly connect patches across constructed 

areas or large water surfaces with very low suitability values). By comparing a more 

sensitive threshold against a more conservative one, regions of stable connective 
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predictions could be classified with a higher priority for planning issues, rather than 

regions where connective predictions are fluctuating. In turn, areas of high 

fluctuation in corridor predictability could be used for targeted compensation or 

restoration actions. In the selection of the two fragmentation thresholds we choose 

two different criteria, one focusing on the underlying occurrence records used to 

compute the SDM, and another based on the fitted logistic function of the SDM, to 

tackle different sources of uncertainty. In the former, we assume that 5% of the 

records used to build the SDM were situated at the edge of the species’ source habitat 

(i.e., located close to the edge of the habitat patch, where the environmental 

information of the respective grid cell might be strongly influenced by surrounding 

unsuitable habitat) or even outside of it. This threshold (in the following referred to 

as 5th percentile occurrence threshold) highlights only those regions with strong 

structural connectivity between populations and can be seen rather sensitive. We 

defined the second threshold as the relative probability of habitat suitability at an 

occurrence record that had the next largest resistance value, compared to the one-

sided 95% confidence limit of the logistic distribution (i.e., a value > 0.05 of the 

logistic distribution; in the following referred to as 5% logistic threshold). In our case, 

the latter threshold matches the logistic model output at bridges crossing the Rhine 

River, a major natural barrier in our study area. In consequence, the 5% logistic 

threshold gives a stronger emphasis to areas with a weaker structural connectivity 

and can be seen as conservative in comparison to the 5th percentile occurrence 

threshold. Although habitat suitability might be low, these habitat patches can still 

serve as stepping stones, providing a connection to other potential populations not 

discovered in this assessment.  

 

Connectivity model 

Connectivity models allow the assessment of ecological coherence among locations 

of a given resistance surface by identifying barriers or corridors of functional 

exchange (e.g. in terms of individuals or genotypes). These tools become increasingly 

available and are of high relevance for conservation decision-making and 

environmental planning (CROOKS & SANJAYAN 2006). Approaches that consider 

multiple paths across the whole landscape add great value to our understanding of 

habitat connectivity compared to the more classical approaches such as least-cost 

path models, which focus on a single habitat corridor that minimizes the costs 
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between two sites (DRIEZEN et al. 2007; MCRAE & BEIER 2007; SAWYER et al. 2011). 

Among those approaches, connectivity measures based on electrical circuit theory are 

gaining much attraction in situations where random walk can be assumed (DOYLE & 

SNELL 1984; CHANDRA et al. 1997; MCRAE et al. 2008). This concept has been 

successfully shown to outperform other connectivity measures in a landscape-genetic 

framework (MCRAE & BEIER 2007). A detailed ecological description of connectivity 

measures underlying the circuit theoretic framework can be found in MCRAE et al. 

(2008). Briefly, following Ohm’s law, circuit theory predicts the current flow from a 

set of nodes (i.e., grid cells of a two-dimensional GIS raster) along resistors (i.e., 

functional connections between the nodes that conduct current). The higher the 

resistance at the resistors, the lower the current flow is between the nodes. 

Additionally, both number and spatial configuration of the resistors influence current 

flow. The effective resistance (measured in ohm) can thus be seen as a measure of 

isolation between pairs of cells (for instance the isolation between populations or 

individuals) in a raster grid representing the landscape of interest. From this, this 

concept is similar to the ecological concept of effective distances, but in this case, 

measured by incorporating alternative pathways rather than a single least cost path. 

For this purpose, CIRCUITSCAPE 3.5.4 (MCRAE & BEIER 2007; MCRAE et al. 2008) 

was used. In the Circuitscape analyses, a pairwise connection scheme was applied 

based on focal regions defined by the 22 surveyed sand lizard populations within the 

study area. Focal regions represent a lumped set of nodes where the species was 

found and that is not intersected by the surrounding habitat matrix. Grid cell 

connections were allowed in eight directions (i.e., including adjacent nodes in 

horizontal or vertical directions, as well as diagonal neighbor nodes; Queen’s case). 

These settings were applied to the analysis of both resistance surfaces modified by the 

respective fragmentation thresholds. 
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Results

Estimated condition status of Colognes’ sand lizard populations based 
on field observations 

Following the recommendations of SCHNITTER et al. (2006) for ascertaining the 

condition status of sand lizard populations based on the count frequency of 

individuals observed along a transect, five of the 22 investigated populations were 

considered to be residing in excellent conditions (i.e., > 20 individuals found). 

Furthermore, nine populations were estimated to be in good conditions (i.e., 10 – 20 

individuals found), while the remaining eight populations need to be considered as 

residing in poor or bad conditions (i.e., < 10 individuals found; Table 5.2). Also taking 

into account the general habitat conditions and recent threat factors (LANUV NRW 

2010), the same five investigated lizard populations were assessed as status A 

(excellent preservation status), whereas eleven populations were assigned to status B 

(good preservation status). The remaining six populations were considered to reside 

in status C (poor to bad preservation status; Table 5.2). 

Distribution of potential habitats 

The performance of the SDM was excellent, with mean AUCtest of 0.899 (sd ± 

0.006). Temperature-related variables of the satellite data acquired in August 2009 

and June 2010 had, on average, the highest variable contribution (20.7 % and 18.3 %, 

respectively) followed by the middle-infrared-1 layer of June 2010 (15.0 %; Table 

5.3). These predictors highlighted typically dry and hot sites as key habitats for this 

species, which is known to be of high importance for this species (GLANDT & BISCHOFF 

1988). This finding is further supported by our field data that highlight the amount of 

dead wood, open-land vegetation, railway sidings, as well as diverse materials of 

anthropogenic origin (i.e., garden waste or demolition materials), as typical habitat 

features of adult sand lizards at the study plots. As derived from the SDM, the 

potential distribution of sand lizards in Cologne is increasingly patchy in the more 

central und urbanized parts of the city (Fig. 5.2a). Protected heath- and shrubland, as 

well as industrial wastelands, may therefore serve as the best potential habitats for 

sand lizards in this area. Nevertheless, habitats exposed to a strong anthropogenic 

influence such as the border areas of surface mining regions, railways and their 
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peripheries, as well as the widespread garden plots in suburban zones of Cologne, 

were predicted to provide suitable habitats for sand lizards. According to our 

modeling results, the highly urbanized area on the western side of the Rhine River, 

including the city centre, does not provide any potential habitats. In contrast, the 

eastern parts of the city and the more suburban western parts may provide potential 

habitats of high quality, which was also noted during the field surveys in 2011 

(Nekum pers. obs.). 

Table 5.2: Condition status of the investigated sand lizard populations in Cologne in 2011, following 
SCHNITTER et al. (2006). Site numbers correspond to those highlighted in Fig. 5.2. Classes: A = 
excellent, B = good, C = poor. 

Site   Maximum 
abundance 
per day 

  Quality Class 

    Population Habitat Threats Overall 

1 - Bayer  7  C B B B 

2 - Knobw  21  A A B A 

3 - Horn  9  C C C C 

4 - Duenn  13  B B B B 

5 - Dellh  27  A A B A 

6 - Scha  7  C B B B 

7 - Poho  5  C C C C 

8 - Rad  4  C C C C 

9 - Joli  16  B B B B 

10 - Grem  12  B B B B 

11 - Imlue  2  C C C C 

12 - Leih  11  B B C B 

13 - WH08  29  A A A A 

14 - WH06  17  B A B B 

15 - WH05  11  B B B B 

16 - WH04  21  A A A A 

17 - WH01  28  A A B A 

18 - WH07  15  B A B B 

19 - WH02  12  B B B B 

20 - WH03  13  B A B B 

21 - Boeck  3  C C C C 

22 - S-Aue   2   C B C C 
 

Predicted connectivity between populations 

The fragmentation thresholds of our models were 0.131 for the more sensitive 5th 

percentile occurrence threshold and 0.071 for the more conservative 5% logistic 

threshold. Depending on the fragmentation threshold applied, two notably different 

scenarios of the sand lizards’ inter-population connectivity could be postulated for 
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predicting different proportions of the study area as suitable habitat (Fig. 5.2a). 

Figures 5.2b and 5.2c show the differences between the investigated populations for a 

detailed area located in the northeastern part of the city when applying the two 

different fragmentation thresholds. Direct comparisons highlight: (1) a conservative 

connectivity network between populations one, two and four; (2) a very sensitive 

connectivity network towards populations three and five; and (3) a strong isolation 

under both thresholds for population six. 

Discussion

Today's practice in urban and environmental planning and management often 

lacks quantitative assessments of potential corridors that connect populations of 

species with a high conservation concern. Herein, we introduced a PCM based on 

fine-scale multispectral satellite data to assess the potential connectivity using sand 

lizards as a case study. 

 

Applicability of the approach 

By using different fragmentation thresholds as reliability measures of the potential 

corridors (ANDRÉN 1994; see also METZGER & DÉCAMPS 1997), we were able to 

highlight areas of strong connectivity, persistent isolation or of unstable connective 

networks (Fig. 5.2 b,c) with different implications for planning purposes and 

metapopulation dynamics. In particular, populations one, two and four appear to be 

located within a reasonably stable landscape matrix with structural elements 

connecting the populations into a viable metapopulation network, irrespective of the 

fragmentation threshold used. This conservative connectivity matrix should be 

preserved and considered when planning projects in this area become acute (i.e., by 

safeguarding connective elements). Due to the spatial configuration of available 

habitat patches, along with the (effective) distance among them, stochastic extinction 

events at certain patches can be balanced by migration events within a larger 

interconnected metapopulation (HANSKI 1994; MOILANEN & HANSKI 1998) which 

might be also beneficial under expected climate change (NICHOLSON & OVASKAINEN 

2009). In contrast, population six showed a strong and consistent isolation from all 

other populations in this area for both threshold scenarios. Here, a closer look at the 

viability and genetic setup of the population would be beneficial to finally evaluate its 
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degree of threat. It is likely that, due to the strong isolation, the population might face 

a high extinction risk in the upcoming generations that are not yet apparent, due to 

‘nonequilibrium metapopulation dynamics’ (sensu HANSKI et al. 1996) that reflect a 

situation where past habitat destructions will lead to future population extinctions 

(TILMAN et al. 1994). If necessary, efforts such as translocations from nearby 

populations or the establishment of novel connective elements could enhance the 

viability of this population, or its recolonization after local extinction. Finally, a 

sensitive connective network could be quantified between population three and five, 

with the stable connection network involving populations one, two and four, as 

mentioned earlier. Since the geographic distance exceeds the known dispersal 

distance of the sand lizard by several hundreds of meters, it should be unlikely that a 

direct exchange is realized between those patches. In addition, as the area is well-

known and strongly urbanized, further connective populations that could act as 

stepping stones are very unlikely. Consequently, there is a low risk for further 

fragmentation of those populations when developments become realized in those 

areas. In turn, these potential linkage areas could be used for forced compensatory 

measures to restore habitat quality (e.g., along railway embankments), leading to a 

better ecological coherence through the establishment of new populations, or an 

increase in the size of already existing populations.  

Comparing the findings obtained from the PCM with the estimated condition 

status based on a standardized and transparent mapping scheme for the sand lizard 

illustrates the additional information that can be extracted from PCMs. Based on this, 

it is not necessary that well connected populations are also characterized by the 

highest overall condition status, as seen in population one and four, which are 

embedded in a stable connective network but achieved an overall condition status of 

‘B’. That is because the extent of the sites where individuals were found are rather 

small and consequently their carrying capacities are low. However, the strong 

connections between these sites with site two indicate a local population of a much 

better condition status that can facilitate local extinction events by migration from 

neighboring patches (see above). In turn, the strongly isolated population six also 

showed a condition status of intermediate level ‘B’. As before, the condition status 

mainly focuses on habitat conditions at the site. In combination with the PCM, it 

becomes obvious that the condition status alone is insufficient to describe the 

situation adequately or is even misleading, as the high isolation could be problematic 
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for the persistence of this population in the future. The examples presented here 

highlight the benefits of additional information for a focal species that may 

complement EIAs and other conservation-relevant decision-making, and extend its 

scope to a broader perspective. We therefore strongly recommend the application of 

different fragmentation thresholds for PCMs to achieve a more dynamic perspective 

of structural elements in the landscape.  

Figure 5.2: Potential distribution (a) and connectivity (b & c) of the sand lizard (Lacerta agilis) in the 
city of Cologne. The upper panel shows the predicted habitat suitability, where blue color highlights 
the value range between the two fragmentation thresholds used in this study. Non-colored regions 
were below the conservative 5% logistic threshold. The lower panel shows the structural connectivity 
for a snapshot area among focal populations (plotted as dark grey areas; indexed as in Table 2) in the 
northeast of the city (b) for the conservative 5% logistic threshold (0.071) and (c) for the sensitive 5th 
percentile occurrence threshold (0.131). The use of different fragmentation thresholds helps identify 
either conservative (populations one, two, four) as well as sensitive (populations three, five) corridor 
networks and highlights populations remaining in complete isolation (population six). 

The successful exchange of individuals between populations, however, also 

depends on the existence of additional populations that may be highlighted by the 
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habitat suitability map. Due to the restricted dispersal propensity of our focal species, 

structural connective elements may become irrelevant when existing stepping stones 

(i.e., additional populations) are missing, which would ensure the ecological 

coherence in the metapopulation. Therefore, the first step is to assess the occurrence 

of potential additional populations identified by the habitat suitability map. 

Depending on the large distance among the different populations, we consider the 

potential corridors important for inter-population exchange in the sand lizard 

example. 

Table 5.3: Variable importance as measured with three different procedures in Maxent. For each 
measure, the mean and the respective sd is shown. Values of the most important variables in either 
measure are highlighted in bold. Variable names are coded as follows for month_year_spectral 
band/index as denoted in Table 5.1. 

 
Variable 
contribution 

permutation 
importance Jackknife tests of variable importance 

     AUCtest without ... AUCtest with only ... 

10_10_blue 0.55 0.320 1.05 0.446 0.898 0.006 0.634 0.013 
10_10_MIR-1 5.17 1.264 6.87 1.387 0.897 0.006 0.679 0.013 
10_10_MIR-2 0.77 0.303 3.37 1.179 0.897 0.006 0.611 0.013 
10_10_NDVI 0.96 0.646 0.98 0.637 0.899 0.006 0.688 0.013 
10_10_NIR 2.12 1.035 2.49 0.951 0.899 0.006 0.693 0.012 
10_10_TIR 5.85 0.936 7.15 1.629 0.896 0.006 0.682 0.012 
6_10_blue 1.03 0.520 2.11 0.937 0.899 0.006 0.659 0.012 
6_10_MIR-1 14.98 2.106 17.56 3.634 0.896 0.006 0.696 0.012 
6_10_MIR-2 2.22 1.658 3.66 1.464 0.898 0.006 0.655 0.013 
6_10_NDVI 6.29 2.078 4.18 1.531 0.898 0.006 0.709 0.012 
6_10_NIR 5.88 1.442 6.97 1.821 0.897 0.006 0.699 0.012 
6_10_TIR 18.29 2.945 15.01 2.572 0.893 0.006 0.757 0.011 

8_09_blue 4.60 1.294 5.09 1.287 0.897 0.006 0.685 0.011 
8_09_MIR-1 2.50 0.667 2.58 0.946 0.898 0.006 0.682 0.012 
8_09_MIR-2 2.70 1.099 2.25 0.786 0.898 0.006 0.664 0.011 
8_09_NDVI 3.30 1.561 1.56 0.704 0.899 0.006 0.709 0.012 
8_09_NIR 2.09 0.791 1.71 0.699 0.899 0.006 0.686 0.011 
8_09_TIR 20.70 2.696 15.40 3.460 0.896 0.006 0.761 0.011 

 

A final aspect concerns the vulnerability of the populations due to climate change. 

Temperature is expected to increase by 1.6-3.8°C in Germany by 2080 (ZEBISCH et al. 

2005). As temperature is an inherent factor for sand lizard’s distribution, an increase 

of this magnitude could lead to local extinctions of populations and, consequently, a 

shift of current local distribution patterns. Reachable neighboring populations are 

therefore mandatory for a successful persistence of the metapopulation under climate 
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change. However, this would raise the need for more flexibility in reserve designs and 

conservation planning as shown for other lizard species (RÖDDER & SCHULTE 2010). 

 

Data requirements and limitations for further applications 

The applicability of the approach strongly depends on the species of interest. As 

mentioned throughout the manuscript, matrix-sensitive species are required for this 

approach as in these species functional connectivity closely matches structural 

connectivity and allows a direct link between habitat suitability and landscape 

connectivity. For instance, birds normally strongly diverge between functional und 

structural connectivity due to their high mobility and are therefore not suitable to this 

approach. However, matrix-sensitive species might be ideal surrogates for 

connectivity (so called umbrella or focal species; LAMBECK 1997; ROBERGE & 

ANGELSTAM 2004), as management implications based upon such species should also 

beneficial for other co-occurring species that share similar ecological demands (e.g., 

VOS et al. 2001) or who are functionally less bounded by the habitat structure, so 

further habitat will be preserved. Another approach might be to select different 

suitable species and independently conduct PCMs for each of them and overlay 

output maps of potential connectivity for a cumulative assessment of connectivity for 

an entire community of matrix-sensitive species in a specific region that can be used 

to guide site prioritization for further management. This can be advantageous when 

EIA studies need to assess a wider range of species in the same area that diverge in 

habitat demands.   

Once a species or a set of species for a connectivity assessment has been chosen, 

the next step is the selection of appropriate environmental predictors and the 

compilation of species records. The number and spatial distribution of occurrence 

records is very important, as the SDM algorithms demand a specific minimum 

number of locations for model training. The MAXENT algorithm used here has been 

proven to provide good results, even though the number of occurrence records is low 

(HERNANDEZ et al. 2006; PEARSON et al. 2007; WISZ et al. 2008). However, the 

minimum number of species records also depends on the diversity of occupied 

habitats of the species. SDMs trained with few species records might already provide 

reasonable results if the target species occupies a narrow ecological niche and thus 

has very specific habitat demands. The development of an SDM for a generalist 
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species, however, would require a higher number of species records to cover the full 

variability of its occupied habitat types.  

The selection of suitable predictor variables is a crucial step in SDM development. 

It has been shown that SDMs perform best based on predictors with a high biological 

relevance for the target species (RÖDDER et al. 2009; RÖDDER & LÖTTERS 2010). In the 

sand lizard example, we focused on variables capturing habitat features during the 

summer months, when the species is reproducing and dispersal is most likely. Here, 

temperature variables of the summer months June and August contributed most to 

the model, followed by middle infrared reflectance (MIR-1) in June (Table 5.3), which 

highlights dry areas and bare grounds (Table 5.1). However, the biological 

importance of predictors may vary among different taxa and geographic areas. 

 Our example of the sand lizards in Cologne highlights another issue: the extent 

to which the interpretation of output maps is ecologically meaningful. In this study, 

we focused on the assessment of connectivity among populations that occur on the 

eastern side of the Rhine River, which serves as a natural barrier. As only very few 

occurrences from the western part of the city were recorded in the field and 

information about existing populations is therefore largely lacking, assessments of 

habitat connectivity in this area are highly speculative. PCMs are hence most 

informative in areas where the majority of existing populations is known and thus 

available to train the connectivity model. In addition, connectivity assessments ignore 

populations that are located just outside this area of interest. Consequently, either the 

outer margins of a particular study site have to be excluded from a quantitative 

evaluation or additional populations located outside the area of interest have to be 

included in the analysis. 

Conclusion

Despite some limitations, the application of PCMs for matrix-sensitive species of 

high conservation concern may be a helpful tool to quantify potential connectivity 

areas that can act as an additional source of information for urban and environmental 

planning. Adaptations of this method should be easily attainable, depending on the 

increasing availability of fine-scale environmental data for any matrix-sensitive 

species (e.g., provided by the RapidEye mission and the prospective launch of the 

Sentinel series, which will allow assessments on even finer spatial scales) and could 
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also support metapopulation models (MOILANEN & HANSKI 1998) suitable for 

conservation planning (NICHOLSON & OVASKAINEN 2009) by including the effective 

distances among habitat patches as measured by the PCM instead of Euclidean 

distances (MOILANEN & HANSKI 2006; NICHOLSON & OVASKAINEN 2009). Therefore, 

we strongly recommend the careful use of this tool in conjunction with conservation-

related decision-making procedures such as EIAs. This tool will be a step towards to 

overcome recent shortcomings in the planning process that mainly emphasize the 

value of reproduction sites and attach less importance to inter-population 

connectivity for maintaining healthy and viable local populations. 
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PART B
PCM’S IN LANDSCAPE GENETICS
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CHAPTER 6

Comparative landscape genetics of three closely related 

sympatric Hesperid butterflies with diverging ecological traits  

“Doing science, particularly the synthesis of disparate ideas, is not as 
arcane as it is often made out to be. Discipline and taste play a vital role, 
but the activity is familiar to anyone who has made some effort to be 
creative” 

 JOHN HENRY HOLLAND 
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Introduction

In the theory of island biogeography, MCARTHUR & WILSON (1967) predicted the 

evolution of biodiversity on islands based on two key factors: habitat size and 

isolation. Later, this island based model was adopted to explain population structure 

of organisms in mainland ecosystems consisting of habitat patches surrounded by a 

semi- or non-permeable matrix. This mainland transformation of the theory of island 

biogeography inspired the fundamental paradigm of the metapopulation concept 

(LEVINS 1969; HANSKI 1999) and also of the neutral theory in both macroecology and 

population genetics (HU et al. 2006; LOMOLINO & BROWN 2009). Ultimately, island 

biogeography theory revolutionizes our thinking on habitat fragmentation and 

conservation biology (summarized in LAURANCE 2009). Apart from habitat size and 

isolation, spatial biodiversity patterns are also influenced by additional factors such 

as habitat quality (DENNIS & EALES 1997), intrinsic characteristics of species-specific 

dispersal behaviour (CONRADT et al. 2001; VAN DYCK & BAGUETTE 2005) and 

ecological tolerance (HABEL et al. 2009a) of species. Importantly, population 

responses are highly species-specific, when the quality of the landscape matrix in 

between suitable habitat patches is reduced (GOODWIN 2003). This would also have 

consequences for global biodiversity (FAHRIG 2003; HOF et al. 2011) and large scale 

conservation efforts (SEIFERLING et al. 2012). 

Understanding the effects of the landscape matrix on realized dispersal and 

functional population connectivity is also a major focus of landscape genetics 

(HOLDEREGGER & WAGNER 2008; STORFER et al. 2010; MANEL & HOLDEREGGER 2013). 

Incorporating spatial landscape information with population genetic data goes far 

beyond the classical analysis of isolation-by-distance (IBD; WRIGHT 1943). Species 

respond differently to the landscape, in terms of their dispersal, which ultimately 

affects the rates of gene flow among local populations (GOLDBERG & WAITS 2010; 

RICHARDSON 2012). While the classical isolation-by-distance approach introduced by 

WRIGHT (1943) accounts for the geographic (Euclidean) distance between sampled 

populations only, other approaches such as the recently proposed isolation-by-

resistance (IBR) concept (MCRAE 2006) accounts for these species-specific responses 

to different landscape components that impede or favor gene-flow across a given 

landscape matrix.  
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Many studies assess landscape effects on gene flow in only a single species. 

However, to understand how landscape effects on gene flow differ between species, 

and to take effective conservation actions, it is important to analyze multiple species 

in the same landscape using identical methods (SCHWENK & DONOVAN 2011). 

However, past studies comparing different species mostly focused on species that 

inhabited comparable habitats, but were taxonomically independent (GOLDBERG & 

WAITS 2010; RICHARDSON 2012; POELCHAU & HAMRICK 2012). A different comparative 

approach is to analyze landscape genetic relationships in closely related taxa 

inhabiting the same landscape. Such a focus on taxonomically related sympatric 

species (i.e., congeneric species which have the same or overlapping geographic 

ranges, regardless of whether or not they co-occur at the same locality) allows the 

assessment of traits that gradually change between the congeners independently from 

confounding effects that may arise in relation to different evolutionary histories or 

environments, respectively (STEELE et al. 2009; DAWSON 2012). Next to dispersal 

propensity, niche breadth (i.e. the degree of specialization on specific habitat traits) is 

a very important trait in this respect, as it is directly associated with the available 

habitat within a landscape.  

Generalist species can be found in a broader variety of ecosystems, showing higher 

abundances and broader spatial distributions. In contrast, specialist species 

demanding certain habitat conditions are often geographically restricted to specific 

habitats and usually occur in lower local abundances (HABEL et al. 2013). Apart from 

ecological demands, connectivity among local populations is further influenced by the 

dispersal propensity of species. Typically, sedentary species are mostly characterized 

by rather limited individual exchange compared to species with strong dispersal 

behavior. These ecological and behavioral traits also affect the genetic structure of 

generalist versus specialist species (HABEL et al. 2009a; 2013; HABEL & SCHMITT 

2012). Organisms with specific habitat demands and restricted dispersal behavior 

should generally be characterized by low gene flow resulting in strong genetic 

differentiation. In contrast, species with weaker habitat specificity and higher 

dispersal propensity should show increased levels of gene flow, leading to a lack of 

genetic differentiation. Importantly, landscape influences on gene flow and resulting 

genetic patterns could also differ between generalist and specialist species inhabiting 

the same landscape. 
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In this study, we present a comparative landscape genetic analysis involving three 

closely-related butterfly species, to assess the impact of landscape parameters (i.e., 

land use, topography and climatic conditions) on the genetic structure of sympatric 

species with different ecological traits. We re-analyzed a molecular dataset taken 

from a previous study (LOUY et al. 2007), where landscape effects were previously 

ignored, involving three congeneric, but ecologically divergent skipper species of the 

genus Thymelicus (HUBNER 1890). The three species include the generalist T. lineola, 

which occurs in high abundances and shows strong dispersal propensity; the 

specialist T. acteon which is sedentary and occurs restricted to specific habitats; and 

T. sylvestris, which lies in between these two extremes in terms of habitat specificity 

and dispersal abilities. Using these three species, we (i) investigate the impact of 

ecological traits on species-specific functional landscape connectivity and (ii) 

determine the overall relevance of landscape characteristics for connectivity in each 

species, as well as the individual importance of topography, climatic conditions and 

land-use parameters. We hypothesized that species-specific landscape effects on gene 

flow should follow the cline of specialization in the three Hesperid butterflies, with 

strongest landscape effects on genetic differentiation in the most specialized T. 

acteon and weakest landscape effects in the generalist T. lineola. 

Material and Methods 

Ethics statement 

The research was conducted under permission, to collect butterflies and to work in 

several protected areas, by the local authorities of Saarbrücken (Germany, Saarland), 

Koblenz (Germany, Rhineland-Palatinate), Luxembourg, and Metz (Loraine, France). 

Imagoes of the respective species were stored in liquid nitrogen until genetic analysis. 

Study area and species 

Our study area is located in the south-west of Germany and includes adjacent parts 

of France and Luxembourg (Fig. 6.1, Table 6.S1). The sampling sites covered an area 

of approximately 120 km in north-south direction and 100 km in east-west direction. 

The landscape is characterised by a mosaic of residential areas, agricultural land, 
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meadows, forests and semi-natural calcareous grasslands. Especially grasslands, but 

also some meadows and forest skirts provide suitable habitats for the three selected 

Thymelicus species, acting as valuable retreats and stepping stones (WENZEL et al. 

2006). 

The three selected model species T. sylvestris, T. lineola and T. acteon are closely 

related to each other with T. lineola and T. acteon being most distant related and 

where T. sylvestris clusters to a monophylum with T. acteon (Supporting 

information, Material 6.S1). The three species show different habitat demands, even 

if they are co-occurring at suitable grassland patches: T. lineola occupies a broad 

ecological niche (ASHER et al. 2001) and exhibits strong dispersal behaviour (BINK 

1992). This combination of wide occurrence and strong dispersal behaviour results in 

a wide-spread, spatially continuous distribution. In contrast, T. acteon demands 

specific habitat characteristics like xerothermic climatic conditions and consequently 

occurs only in highly restricted, geographically disjunct calcareous grasslands. The 

third, intermediate species, T. sylvestris stands in-between both extremes, showing a 

broad ecological tolerance (ASHER et al. 2001), similar to the generalist T. lineola, but 

shows a rather restricted dispersal behaviour (Bink 1992).  

Molecular data and genetic cluster analysis 

For our comparisons, we used a population genetic dataset based on 15 

polymorphic allozymes published previously by (LOUY et al. 2007) who did not 

account for landscape effects. Several studies have shown that the implications as 

drawn from allozymes and, where available, microsatellites loci were highly 

congruent in butterflies (MEGLÉCZ et al. 1998; HABEL et al. 2009b; HABEL et al. 2011). 

Here, the use of allozymes instead of other marker systems such as microsatellites 

has two advantages. 1) In Lepidopterans, locus-specific microsatellites are difficult to 

find and suitable polymorphic loci are consequently rare (MEGLÉCZ & SOLINAC 1998; 

MEGLÉCZ et al. 2004; HABEL et al. 2008; FINGER et al. 2008). This is most likely due 

to almost identical flanking regions in the Lepidopteran microsatellite DNA 

(MEGLÉCZ et al. 2004; ZANG 2004). However, specificity of these regions is a crucial 

prerequisite for successful primer annealing (ZANG 2004). 2) From a landscape 

genetic perspective, the use of potentially adaptive marker systems might be 

beneficial in the detection of spatial genetic differentiation in contrast to neutral 
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marker systems, because spatial signals in markers under selection would appear 

more rapidly (LANDGUTH & BALKENHOL 2012).  

The data set comprised in total 1,063 individuals (417 T. sylvestris, 380 T. 

lineola, 160 T. acteon) sampled at 12 locations which were distributed across the 

same study area. Sample sizes ranged from 17 to 44 individuals per species and 

location. Thymelicus sylvestris and T. lineola were sampled at identical locations, 

while T. acteon was not found at four of the sampled locations and the data set was 

supplemented by one additional location (Fig. 6.1). The 15 enzyme systems provide 

the following 18 loci: MDH (2 loci), G6PDH, ACON, MPI, AAT (2 loci), FUM, PGI, 

ME, HBDH, APK, PGM, 6PGDH, IDH (2 loci), GPDH and PEPPhe-Pro. Most of these 

enzymes showed polymorphisms, except enzyme ME in T. lineola and GPDH in T. 

sylvestris. Details about the analytical procedure and the specific running conditions 

are given in (LOUY et al. 2007). We used the resulting dataset to estimate pairwise FST 

and Dest for each species in programmes ARLEQUIN 3.1 (EXCOFFIER et al. 2005) and 

SMOGD (CRAWFORD 2009), respectively. The use of these two different measures of 

inter-population differentiation was recently recommended (LENG & ZHANG 2011), 

because of the different underlying assumptions of either measure so that their 

combination might provide a more detailed impression into the underlying 

evolutionary processes of differentiation (see LENG & ZHANG 2011 and discussion in 

this study for further details). Tests for Hardy-Weinberg equilibrium and summary 

statistics for genetic diversity and differentiation were also calculated in ARLEQUIN 

3.1. 

Prior to inferring landscape effects on genetic differentiation, the number of 

genetic groups (K) as well as their spatial delineation was evaluated for each species 

separately using the genetic clustering method implemented in the software 

GENELAND (GUILLOT & SANTOS 2009). This was necessary because (i) genetic 

differences can occur without any obvious landscape pattern (e.g. along secondary 

contact zones after postglacial expansion from distinct refugia or through 

anthropogenic introductions from another source population), which in turn would 

lead to (ii) erroneous conclusions on isolation-by-distance IBD/isolation-by-

resistance IBR analyses on spatially independent structured data. GENELAND assigns 

geo-referenced individuals to genetics clusters (K) that maximize Hardy-Weinberg-

and Linkage-Equilibrium. K was treated as unknown to allow GENELAND to vary K 

within a given range between 1 and the maximum number of populations depending 
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on the species (i.e. 7 in T. acteon and 11 in both T. sylvestris and T. lineola). Markov 

Chains were run for 3,000,000 generations and sampled every 1000th generation, 

after an initial burn-in of 300 samples after thinning (10 %). Markov Chains with 

these settings were run 10 times independently and the iteration with the highest log 

posterior probability was chosen for inferring the most likely K and individual 

assignments. 

Figure 6.1: Locations of populations studied for all three Thymelicus species in southwestern 
Germany and adjoining areas in France and Luxemburg.

 

Modelling landscape effects on genetic differentiation 

To test for landscape influences on genetic differentiation in each species, we 

modeled multiple species distribution models (SDM) incorporating topographic, 

bioclimatic and/or land use features. We then used resulting SDMs as resistance 

surfaces to derive inter-population connectivity estimates based on electrical circuit 

theory, and statistically compared these connectivity estimates to actual genetic 
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differentiation. SDMs are increasingly applied for resistance surface parameterization 

in landscape genetic studies (POELCHAU & HAMRICK 2012, ORTEGO et al. 2012) even 

under longer evolutionary time scales (BELL et al. 2009, DEVITT et al. 2013), since 

they avoid the subjective parameterization of resistance surfaces which was criticized 

in the past (SPEAR et al. 2010).  

 

Species records 

To model SDMs for the three Thymelicus species in the study area, presence data 

were taken from personal observations of JCH, D. LOUY and T. SCHMITT (Germany) 

covering the years 2003-2012. Further presence data were added from high 

resolution records downloaded from the GBIF database (www.gbif.org). The final 

datasets comprised 67 records for T. sylvestris, 62 for T. lineola and 28 records for T. 

acteon. Given their specific habitat demands and the sampling effort that was 

performed across the study area for either species (Fig. 6.1), we are confident to have 

compiled a representative sample that covered the realized distribution of the species 

in our study area. 

 

Environmental layers 

For construction of the SDMs, we used freely available GIS based environmental 

layers. Bioclimatic data based on monthly averaged temperature and precipitation 

data with 30 arc seconds spatial resolution was obtained from the Worldclim 

Database (Vers. 1.4; www.worldclim.org; HIJMANS et al. 2005). The comprehensive 

set of 19 bioclimatic variables are thought to be highly relevant for shaping species’ 

Grinnellian (abiotic) niches (BEAUMONT et al. 2005). In order to minimize the degree 

of inter-correlation among the variables (i.e. to keep pair-wise Pearson´s R2< 0.75), 

we selected a subset of variables (bio3, 7, 8, 9, 10, 11, 12, 15, 18, see Table 6.3 / 

Appendix 6.S3 for definitions) which were assumed to be most relevant for the study 

species. Topography-related data were derived from the SRTM Shuttle mission in 90 

meters resolution (available through USGS seamless server; Table 6.S2). Based on 

the altitude layers, we calculated slope and aspect using ARCGIS 9.3 (ESRI Redlands, 

California, USA). Finally, CORINE land use related data was obtained from the 

European Environmental Agency (www.eea.europa.eu). We either used CORINE 

2006 data to assess current habitat availability as well as CORINE 1990 data for 
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assessing recent land use changes. All environmental layers were re-sampled to 

uniform grid resolution of 90 m. 

Calculating the Potential Connectivity Model 

We defined a set of hypotheses based on the available environmental data and 

generated five variable sets for comparing landscape effects on species-specific gene 

flow (therein called scenarios, Table 6.S2). These scenarios represent various habitat 

characteristics (i.e. climate, topography and land use) that were found to be 

important for butterfly distributions at different spatial scales in previous studies 

(WEISS et al. 1988; WARREN et al. 2001; PE’ER et al. 2004; 2006; PIN KOH 2007; 

MARINI et al. 2009; FILZ et al. 2013a). Based on these variable sets and the respective 

species records, we computed species distribution models (SDMs) with the software 

MAXENT 3.3.3e (PHILLIPS et al. 2006) to generate maps displaying habitat suitability 

for each species under a given scenario. As many other presence-pseudoabsence SDM 

algorithms, MAXENT links environmental conditions at presence records of a given 

taxon to those environmental conditions available within a specific geographic area 

(background) to predict spatial patterns of environmental suitability. The SDM 

output represents the likelihood of species potential occurrence across a geographic 

area of interest (projection; for a detailed description see ELITH et al. 2011). We used 

MAXENT instead of other available algorithms because it frequently outperforms other 

approaches (ELITH et al. 2006; HEIKKINEN et al. 2006), even if the number of 

presence locations is rather limited (HERNANDEZ et al. 2006; WISZ et al. 2008). We 

ran MAXENT with the default settings but used a bootstrap approach, which allows 

random selection of 70% of presence locations for model training and the remaining 

30% for model testing. This procedure was repeated for 100 times and an averaged 

map of suitable habitats was generated across all repetitions. As output we selected 

the logistic format which ranges linearly from 0 (not suitable) to 1 (fully suitable). For 

model evaluation, the area under the receiver operating characteristic curve (AUC) 

was used (SWETS 1988). In particular, the AUC as internally computed in MAXENT is a 

measure for the ability of the model to distinguish the given presence records from 

the background data accounting for the proportion of the study area which is 

predicted to be suitable for the target species (PHILLIPS et al. 2006). The AUC ranges 

between 0.5 (random prediction) to 1.0 (perfect discrimination between presence and 

pseudo-absence). 
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For the land use change scenario, we used land use data from CORINE 2006 as a 

categorical environmental layer - just as we had done for the land use scenario. 

However, we subsequently projected the model fit onto the CORINE 1990 layer to 

assess habitat change in terms of a stability surface. The stability surface is the 

average of both CORINE layers, with high values indicating suitable habitat patches 

that remain stable over the 16 years time span, whereas low values represent low 

habitat suitability, a strong habitat change in time, or both. This approach for 

calculating stability surfaces is commonly used to estimate land use change and 

habitat suitability across time (see BELL et al. 2006 and DEVITT et al. 2013 for 

examples). 

The resulting SDMs were used as conductance surfaces (i.e., high values indicate 

good conductivity between two sites, whereas low values indicate poor conductivity; 

MCRAE et al. 2008) in CIRCUITSCAPE v.3.4.1 to calculate resistances to movement and 

gene flow among sampling locations (MCRAE et al. 2008). CIRCUITSCAPE is based on 

electrical circuit theory, which was recently adapted from electrical engineering for 

the assessment of landscape ecological questions (MCRAE et al. 2008). In particular, 

CIRCUITSCAPE defines nodes (grid cells) and associated unit resistors (the resistance 

value) that connecting two nodes and calculates resistance distances between focal 

locations based on a nodal analysis algorithm as described in (MCRAE 2006). As the 

habitat matrix had a very high extent (i.e. ~7.6 Mio. cells), we chose a four-neighbor-

connection scheme in order to meet the available computational capacities. It has 

been previously shown that four and eight-neighbor-connection scheme lead to 

highly similar outcomes (MCRAE & BEIER 2007).    

Comparing connectivity estimates with genetic data 

Resulting resistance values among locations were statistically compared to 

estimates of genetic differentiation (i.e. FST and Dest) using linear regression models 

as well as multiple regressions on distance matrices (MRDM; LICHSTEIN 2007) in R 

v.2.14.1 (R DEVELOPMENT CORE TEAM 2012). For the linear regression models, the 

Akaike Information Criterion corrected for small sample sizes (AICc) was used for 

model comparisons within each species (BURNHAM & ANDERSON 2002). Despite their 

sensitivity for non-independence in pair-wise comparisons, multi-model inference 

based on information theory has been frequently applied in landscape genetic 
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analyses (GOLDBERG & WAITS 2010; RICHARDSON 2012) as the error entering the 

comparison was assumed to be equal for each model, which did not affects model 

ranking and thus still allows for assessing the relative model performance. To 

ascertain results obtained with the AIC model selection, we also estimated 

significance of MRDM models using 1,000 permutations. For MRDMs, the ecodist 

package for R was used (GOSLEE & URBAN 2007). 

 

Results

Genetic structures 

No significant deviation from Hardy-Weinberg equilibrium was detected for any 

population in the respective species. Genetic diversity was comparatively low in T. 

lineola (mean ± SE; AR = 1.78 ± 0.17 HE = 9.6 ± 2.1, HO = 9.2 ± 2.1), while T. acteon 

showed highest genetic diversities (AR = 1.88 ± 0.18, HE = 14.9 ± 2.9, HO = 12.5 ± 

2.6). Thymelicus sylvestris showed an intermediate level of genetic diversity, as 

compared to its congeners (AR = 1.80 ± 0.10, HE = 11.9 ± 1.5, HO = 11.0 ± 1.4). The 

genetic differentiation was low in T. lineola (FST = 0.0081; Dest = 0.0012; p = n.s.), 

while we detected highest genetic differentiation for T. acteon (FST = 0.0718; Dest = 

0.0143; p < 0.0001). Again, Thymelicus sylvestris showed an intermediate level of 

genetic differentiation, with a rather low among-population variance (FST = 0.0179; 

Dest = 0.0039; p < 0.0001) (Table 6.1). 

Table 6.1: Summary statistics for genetic diversity and differentiation for the three Tymelicus
buttlerflies.

     

  T. lineola T. acteon T. sylvestris source 

AR 1.78 ± 0.17 1.88 ± 0.18 1.80 ± 0.10 LOUY et al. 2007 

HE 9.6 ± 2.1 14.9 ± 2.9 11.9 ± 1.5 LOUY et al. 2007 

HO 9.2 ± 2.1 12.5 ± 2.6 11.0 ± 1.4 LOUY et al. 2007 

Ptot 52.0 ± 9.7 66.0 ± 9.1 42.9 ± 7.9 LOUY et al. 2007 

P95 36.4 ± 9.4 49.3 ± 13.4 32.3 ± 4.2 LOUY et al. 2007 

FST 0.0081 0.0755 0.0179 LOUY et al. 2007 

Dest 0.0012 0.0143 0.0039 HABEL et al. 2013 
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Genetic clustering results  

The posterior density and log-likelihood levels of all GENELAND runs stabilized long 

before the end of the Markov Chains, indicating that convergence was reached (Fig. 

6.S1). For each of the species, all 10 replicate MCMC runs converged on K = 1 

panmictic cluster (Fig. 6.S1), indicating no absolute barriers affecting IBD or IBR 

assumptions.

 

Species Distribution Models 

AUC values derived from the SDMs ranged from ‘poor’ (AUC = 0.66, scenarios 

‘land use’ and ‘land use change’ in T. sylvestris, Table 6.2) to ‘good’ (AUC = 0.86, 

scenario ‘all’ in T. lineola, Table 6.2) according to the classification scheme for model 

quality from (ARAÚJO et al. 2005) adapted from (SWETS 1988). Variable contributions 

in multi-factorial SDMs (scenarios ‘climate’, ‘topography’ and ‘all’) differed between 

species (Table 6.3). For the topography scenario, slope contributed most to the SDM 

in all three species, followed by aspect and altitude (Table 6.3). In T. acteon a 

different set of variables had higher explanative power with respect to the climate 

scenario. Here, precipitation of the warmest quarter (bio18) was most important, 

followed by a set of temperature related variables (bio3, 7, 8, 9, 11; Table 6.3). In 

contrast, Thymelicus lineola and T. sylvestris had very similar variable contributions 

as a result of the highly similar distribution of occurrence records. In these species, 

the mean temperature of the coldest quarter followed by the temperature annual 

range contributed to more than half of the total model (Table 6.3). Finally, 

considering the entire predictor set, a combination of slope and land use contributed 

most in all species, but where T. lineola and T. sylvestris had again more similar 

variable contributions rather than T. acteon (Table 6.3). In accordance, T. lineola and 

T. sylvestris showed similar potential distributions containing large continuous areas 

of high suitability, whereas T. acteon shows a highly patchy distribution with large 

unsuitable areas surrounding potential habitat patches (Fig. 6.2). 
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Figure 6.2: SDM output for Thymelicus lineola and T. sylvestris (left panel) as well as T. acteon 
(right panel) respectively. White circles on SDMs are presence locations used for modeling; Warmer 
colors (red) indicate higher suitability depending on the best model as presented in Table 2 (climate 
for T. sylvestris; land use change for T. acteon; note that T. lineola does not have a best model because 
of its panmictic state. Therefore, also climate is represented here). 

 

Landscape effects of genetic differentiation 

Results obtained with the various SDM-based connectivity estimates differed 

strongly among the three model species (Table 6.2). The generalist species T. lineola 

showed neither IBD nor any form of IBR using FST (max AICc = 0.86). Using Dest, 

the IBD scenario produced the best model (AICc = -806.68,  = 0.48) however with a 

weak relationship (R² = 0.045, p = 0.064). Furthermore, MRDM showed no 

landscape related signals for either estimate of genetic differentiation in T. lineola, 

suggesting that gene flow in this species is not affected by any spatial or landscape 

features at this scale. The most specialized species, T. acteon showed no significant 

IBD, but significant IBR for two scenarios (land use & land use change) with both FST 

and Dest under multi-model inference. These signals become also prominent using 

MRDM for inference, even though models were slightly insignificant at p = 0.05 (land 

use change FST: R² = 0.232, p = 0.051 / Dest: R² = 0.190, p = 0.102). The combined 

results from AIC and MRDM suggest that land use and land use change both affect 

genetic differentiation among T. acteon populations. Genetic differentiation in 

Thymelicus sylvestris corresponded most strongly to the connectivity estimates 

derived from the SDM incorporating all variables (AICc = -271.89,  = 0.67) using FST 



99

 

and the information-theoretic approach. The climate related scenario was also within 

the most reliable models under AICc ( AICc = 1.65,  = 0.29). However, MRDM 

suggested that land use and land use change were also important for explaining 

genetic differentiation in this species. The opposite becomes obvious using Dest as 

differentiation metric. Here, the information theoretic approach reveals climate, land 

use and land use change as highly informative, with climate being most important 

(AIC = -723.08,  = 0.45). Surprisingly, the scenario covering the entire variable set 

contributed nearly no information ( AICc = 4.44,  = 0.05). In addition, MRDM 

highlighted only climate as significantly related to genetic differentiation. In 

summary, the combined results of different differentiation metrics and inference 

methods suggest that the climatic conditions across the study site deliver the most 

important and stable relationship for adjusting gene flow in the intermediate species, 

with additional effects of land use. Classical IBD received less support against IBR 

models (Table 6.2, Fig. 6.S2) in all species. Interestingly, topography seems to play no 

role at all for any of the species. 
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Table 6.2: Comparison of the genetic structure in three Thymelicus butterflies with different landscape parameter sets. Genetic differentiation was inferred by 
FST (upper half) and Dest (lower half) respectively. SDM AUC values for each scenario (excepting classical IBD) showing the model quality are given as well as 
parameters for both, linear regression models and multiple regression based on distance matrices (MRDM). Bold values highlight models with highest support 
( AICc < 2 in combination with a significant R² in linear regression models; significant R² in MRDMs). 

      SDM   Linear regression model   MRDM 

Model FST    AUC  AICc AICc  R² p  R² p 

T. lineola           
Fst~distance  -  -321.65  0.21 -0.003 0.359  0.016 0.569 

 Fst~topography  0.76  -321.44 0.21 0.19 -0.007 0.424  0.012 0.603 

 Fst~climate  0.81  -321.41 0.23 0.19 -0.007 0.431  0.012 0.602 

 Fst~all  0.86  -320.87 0.77 0.14 -0.017 0.741  0.002 0.828 

 Fst~landusechange  0.68  -320.84 0.81 0.14 -0.018 0.795  0.001 0.854 

 Fst~landuse  0.67  -320.78 0.86 0.14 -0.019 0.893  0.000 0.926 

             

T. acteon           
Fst~landusechange  0.69  -94.70  0.56 0.202 0.009  0.232 0.051 

 Fst~landuse  0.71  -93.90 0.80 0.37 0.179 0.014  0.209 0.069 

 Fst~distance  -  -88.12 6.58 0.02 -0.009 0.393  0.028 0.433 

 Fst~climate  0.79  -87.87 6.83 0.02 -0.018 0.476  0.020 0.748 

 Fst~topography  0.79  -87.44 7.26 0.01 -0.034 0.737  0.004 0.821 

 Fst~all  0.84  -87.41 7.29 0.01 -0.035 0.771  0.003 0.772 

             

T. sylvestris          
 Fst~all  0.85  -273.53  0.67 0.252 <0.0001  0.266 0.002 
 Fst~climate  0.78  -271.89 1.65 0.29 0.229 <0.0001  0.244 0.010 
 Fst~land use  0.66  -266.28 7.26 0.02 0.147 0.002  0.162 0.024 
 Fst~land use change  0.66  -265.52 8.02 0.01 0.135 0.003  0.151 0.035 
 Fst~distance  -  -263.78 9.75 0.01 0.107 0.009  0.123 0.068 

  Fst~topography   0.78   -262.73 10.81 0.00 0.09 0.015   0.106 0.102 
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Model Dest            
T. lineola            

Dest~distance - -806.68  0.48 0.045 0.064  0.063 0.176 

 Dest~topography  0.76  -803.93 2.75 0.12 -0.004 0.373  0.015 0.559 

 Dest~climate  0.81  -804.10 2.58 0.13 -0.001 0.329  0.018 0.535 

 Dest~landusechange  0.68  -803.59 3.09 0.10 -0.010 0.493  0.009 0.647 

 Dest~all  0.86  -803.31 3.37 0.09 -0.015 0.652  0.004 0.780 

 Dest~landuse  0.67  -803.10 3.58 0.08 -0.019 0.951  0.000 0.968 

             

T. acteon            
Dest~landusechange 0.69 -274.21  0.45 0.159 0.021  0.190 0.102 

 Dest~landuse 0.71 -274.09 0.12 0.42 0.155 0.022  0.186 0.090 

 Dest~climate  0.79  -269.81 4.40 0.05 0.015 0.244  0.052 0.608 

 Dest~distance  -  -268.92 5.29 0.03 -0.016 0.460  0.021 0.614 

 Dest~all  0.84  -268.41 5.79 0.02 -0.035 0.765  0.004 0.784 

 Dest~topography  0.79  -268.36 5.85 0.02 -0.037 0.845  0.001 0.893 

             

T. sylvestris          
 Dest~climate 0.78 -723.08  0.45 0.099 0.011  0.115 0.049 
 Dest~land use 0.66 -721.12 1.96 0.17 0.066 0.033  0.083 0.086 

 Dest~land use change 0.66 -721.18 1.89 0.18 0.067 0.032  0.084 0.085 

 Dest~distance  -  -720.50 2.57 0.12 0.055 0.046  0.073 0.118 

 Dest~all  0.85  -718.64 4.44 0.05 0.023 0.139  0.041 0.259 

  Dest~topography   0.78   -717.61 5.47 0.03 0.004 0.272   0.023 0.410 

             



102

 

Discussion

Studying taxonomically related species inhabiting the same environment makes it 

possible to infer how species-specific ecological traits affect population genetic 

structuring without confounding effects of different landscapes or phylogenetic 

history (STEELE et al. 2009). By conducting a comparative landscape genetic study 

involving ecologically diverging Hesperid butterflies, we found different impacts of 

landscape parameters on the genetic structure of the three study species. 

The obtained results show strong genetic differentiation and high genetic 

diversities in the specialist species T. acteon, and low genetic differentiation with 

accompanying low genetic diversities in the generalist species T. lineola with T. 

sylvestris standing in-between the two congeners. The amount of genetic diversity is 

typical for butterflies in this region (reviewed in HABEL et al. 2013). Our analyses 

indicate that climate has a strong impact on the connectivity of T. sylvestris but that 

other variables (such as land use) might have become more influential in the most 

recent times. Land use as well as changes in land use patterns (i.e. assessed over a 

16yr period) influences the connectivity of T. acteon populations. In contrast, T. 

lineola populations were panmictic, lacking any landscape related effects on genetic 

differentiation at this spatial scale. 

Figure 6.3: Schematic illustration about the gradual effects forcing on the three Thymelicus species. 
Hatched area highlights the hypothesized effect of landscape on gene flow in T. lineola on the macro-
scale which was not testable in the study area. 
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Diverging responses to identical landscape conditions 

Our data illustrate that closely related species representing a gradient of ecological 

traits (i.e. from generalist to specialist / from highly mobile to rather philopatric) also 

show a gradient of changing genetic structures and even more interesting of changing 

landscape genetic associations (Fig. 6.3). This highlights that ecological traits 

determine the species-specific resistance of the landscape matrix, so that its effect on 

population connectivity can differ strongly among closely-related species inhabiting 

the same landscape. 

Table 6.3: Averaged variable contributions for the scenarios ‘topography’, ‘climate’ and ‘all’. Note that 
land use dependent scenarios are not shown herein as they contain one single variable. 

Scenario Variable T. acteon T. lineola T. sylvestris 
Topograpy 

alt 7.1 12.1 10.6 

aspect 21.1 29.7 32.3 

slope 71.8 58.2 57.1 
Climate 

bio3 (isothermality) 12.0 9.7 8.7 

bio7 (temperature annual range) 10.3 23.8 23.5 

bio8 (mean temperature of wettest quarter) 12.0 3.4 4.0 

bio9 (mean temperature of driest quarter) 11.3 10.1 10.0 

bio10 (mean temperature of warmest quarter) 3.6 4.6 5.7 

bio11 (mean temperature of coldest quarter) 16.1 32.0 31.4 

bio12 (annual precipitation) 5.2 10.0 11.3 

bio15 (precipitation seasonality) 5.4 3.3 3.0 

bio18 (precipitation of warmest quarter) 24.3 3.1 2.4 
all 

land use 37.7 24.9 23.2 

alt 1.3 8.1 7.7 

aspect 9.3 12.4 14.4 

slope 31.2 24.0 29.7 

bio3 (isothermality) 2.8 3.3 3.3 

bio7 (temperature annual range) 2.3 10.0 8.0 

bio8 (mean temperature of wettest quarter) 4.2 1.9 2.0 

bio9 (mean temperature of driest quarter) 1.0 0.1 0.3 

bio10 (mean temperature of warmest quarter) 0.1 0.7 0.4 

bio11 (mean temperature of coldest quarter) 2.1 6.5 4.7 

bio12 (annual precipitation) 2.1 5.8 4.6 

bio15 (precipitation seasonality) 1.5 1.1 0.8 

bio18 (precipitation of warmest quarter) 4.5 1.2 0.8 
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The strong genetic differentiation in T. acteon is concordant with its patchy 

occurrence predicted in our SDMs (Fig. 6.2), which were best explained by the land-

use parameters derived from the CORINE dataset. Furthermore, land-use related 

scenarios were the only ones that host an IBR-related signal among all competing 

scenarios in this species (Table 6.2). Here, the two scenarios ‘land-use’ and ‘land-use-

change’ fit equally well, irrespective of the genetic differentiation metric or statistical 

inference method used. Thus, the landscape genetic signal in this specialist species is 

highly consistent among different analyses, leading to high certainty of inferences.  

The slight differences between these two scenarios might be stochastic. However, 

since there is also consistence about the ranking across all approaches (i.e. land use 

change steadily explains slightly more variance under each situation than land use), 

land-use-change might be even more important, when addressing land-use-change 

over an even larger time period than the 16 years used here. Unfortunately, there is 

no information available to assess past land-use-changes covering this large 

geographical extent further into the past. Keeping time-lags between fragmentation 

and genetic responses accompanying these fragmentations in mind (e.g., as reviewed 

in KEYGHOBADI 2007) there is some evidence that 16 years are not adequate to detect 

genetic impacts of altered habitats in this time period in a species with an annual 

generation time. Changes over this period result just in slightly different resistance 

surfaces between the scenarios ‘land-use’ and ‘land-use-change’. Nevertheless, T. 

acteon is becoming increasingly vulnerable in large parts of Europe (VAN SWAAY & 

WARREN 1999) and has likely declined during the past 30 years within the study area 

due to habitat loss (WENZEL et al. 2006). Thus, the slightly stronger signal of the 

land-use-change scenario in comparison to the land-use scenario might become even 

more prominent when extrapolating these changes further decades into the past, 

highlighting habitat loss as serve danger for this species.  

The genetic diversities (such as heterozygosity or mean number of alleles) are 

highest in T. acteon compared to the other two species. This result is somewhat 

surprising, as the consequence of restricted gene flow and strong geographic 

restriction of local populations usually leads to rising genetic differentiation and 

declining genetic diversity, as frequently observed for species demanding specific 

habitat qualities and/or sedentary dispersal behaviour (HABEL et al. 2009a; KASSEN 

2002; PACKER et al. 2005; ZACHOS et al. 2007). However, there are also examples 
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where genetic diversities in rare species exceed those of their common congeners 

(GITZENDANNER & SOLTIS 2000; ELLIS et al. 2006; KADLEC et al. 2010). This 

contrasting pattern to neutral genetic theory might be a result from hybridization 

(RICHARDS & VAN OPPEN 2012; but see ELLIS et al. 2006) or because of time-lags that 

display the past genetic diversity, when connectivity between populations was much 

higher than today (KADLEC et al. 2010, SEVERNS et al. 2011). Indeed, genetic 

differentiation responds to habitat changes quicker than genetic diversity 

(BALKENHOL et al. 2013; KEYGHOBADI et al. 2005) so that the high genetic diversity 

observed for T. aceton may not yet reflect the negative consequences of on-going 

habitat alterations for this species.   

In contrast to the specialist T. acteon, the generalist T. lineola represents opposing 

genetic features: the species shows a broad ecological amplitude and a much higher 

mobility (HABEL et al. 2009b). This combination led to higher abundance pattern in 

combination with increased inter-population migration rates. These species traits 

lead to a rather panmictic genetic structure in our study area that appears to prevent 

landscape genetic relationships or IBD. This coherence between wide ecological 

amplitudes, high rates of individual exchanges (e.g., gene flow) and thus low genetic 

differentiation were frequently observed in other studies (BROUAT et al. 2004; HABEL 

& SCHMITT 2009). However, it needs to be considered that on a larger study extent, 

barriers such as oceans, large lakes, mountain ranges might become important for 

gene flow acting on a macro-scale (LEE-YAW et al. 2009; KEKKONEN et al. 2011). The 

landscape matrix in our study area did not enable the assessment of such macro-scale 

effects, since the landscape matrix is rather continuous at this scale and large barriers 

are lacking, as indicated by the GENELAND results. 

Finally, the species standing in-between these two extremes, T. sylvestris, has an 

abundance like T. lineola but shows a sedentary dispersal behavior comparable to 

that of T. acteon (BINK 1992). The reduced dispersal propensity of this species 

coupled with its wide occurrence makes the colonization of a habitat nearby much 

more likely than of far distant habitats. Consequently, we obtain IBD and IBR signals 

for many sets of variables in this species (Table 6.2). However, when combining the 

information from the different assessment methods (FST vs. Dest/multimodel inference 

vs. MRDM), landscape resistance based on the climate scenario was most important, 

delivering a consistent strong signal across the different inference methods used 



106

 

(Table 6.2, see also below). This contrasts to the IBR of T. acteon, where climate plays 

no role at all. In contrast to land-use, climate acts on a meso-scale at our study area 

(i.e., masking larger areas of the study extent rather than small habitat patches). In T. 

sylvestris the climate related SDM revealed high resistances along river valleys as 

well as on the higher elevations of the low mountain ranges (Fig. 6.2). These potential 

barriers act at a much larger scale and extent compared to the small and patchy 

habitat islands enclosed by more or less unfavourable habitats in T. acteon. 

Consequently, the different landscape features contributing to the IBR signals in 

these two species highlight the importance of scale and shape of the connective 

elements (or their respective barriers) in the landscape matrix where methodological 

shortcomings can be excluded (ENGLER, unpublished). However, the obtained IBR 

models explain only up to 24 % of the variance in our dataset. That in turn indicates 

that the remaining variance of our data can only be explained by additional factors 

such as ecological traits and habitat requirements. These can be even more relevant 

for butterfly species than habitat size and habitat isolation, e.g. as shown for the 

Heath butterfly Coenonympha tullia (DENNIS & EALES 1997). Nevertheless, the extent 

of the relationships in our IBD/IBR comparisons are in concert with other studies 

(GROOT et al. 2011) indicating that gene flow can be interpreted as an important 

component out of a variety of mechanisms influencing population genetic structure.  

 

Accounting for FST and Dest in landscape genetic studies 

Interestingly, in the case of Thymelicus sylvestris, the prominent signal under FST 

arising from the SDM using all landscape variables becomes completely eliminated 

when using Dest as a differentiation metric. The fact that different metrics can lead to 

different conclusions is also evident in the ongoing debate about the utility of 

different genetic differentiation measures (HELLER & SIEGISMUND 2009; RYMAN & 

LEIMAR 2009; JOST 2009; GERLACH et al. 2010; MEIRMANS & HEDRICK 2011; 

RAEYMAEKERS et al. 2012). For example, traditional FST-like metrics are more sensitive 

to recent demographic changes (which depends e.g. on effective population size) than 

metrics which are independent of effective population size, such as Dest (LENG & 

ZHANG 2011; RYMAN & LEIMAR 2009; MEIRMANS & HEDRICK 2011; RAEYMAEKERS et al. 

2012). This makes FST more sensible to effects of gene flow or drift in comparison to 

Dest. Thus, from a landscape genetic perspective, using different types of 
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differentiation metrics allows to test for the contribution of landscape effects in 

contemporary versus past times. If landscape composition change over time (and 

consequently the amount of gene flow mediated by the landscape), FST would respond 

much quicker to those changes while Dest remains rather stable over time. In the case 

of Thymelicus sylvestris, this means that Dest may highlight the landscape effect (here 

climate) of highest importance for gene flow in this species in former times, whereas 

FST highlights more recent landscape effects on genetic structure that involves also 

other landscape elements beside climate such as land use and topographical 

elements.  

In contrast to the climate-only scenario, connectivity estimates involving all 

variables did not give highest importance to climatic factors. In particular, land use 

and slope contribute almost 54% of the total importance of this scenario, whereas the 

best performing variables from the climate scenario, bio11 (mean temp of coldest 

quarter) and bio7 (temp annual range) that contribute together 54.9%, contributing 

under the full model just 12.7% of the total importance. This might highlight the 

change of landscape factors important to gene flow in this species. As T. sylvestris is 

indeed common but not very mobile, anthropogenic land transformations of the past 

decades might now lead to a stronger fragmentation of populations which ultimately 

lead to changes in the contributions of landscape factors shaping gene flow as shown 

elsewhere (PAVLACKY et al. 2009). Consequently, this might mean that this species is 

just at the tipping point of being of conservation concern (sensu HABEL & SCHMITT 

2012) where population trends swapping from stable to decreasing. Its congeners T. 

acteon and T. lineola showing both consistent results across the different metrics 

underpinning their stable state in terms of their abundance (insentinent and 

widespread vs. sensible and endangered) and specialization (generalist vs. specialist). 

 

Conclusion

Taxonomically close relatives serve as ideal model systems to study interspecific 

characteristics in ecological traits without confounding effects derived from different 

evolutionary histories. Yet, studies investigating the role of landscape on gene flow of 

closely related taxa inhabiting the same environment are still scarce. Our results 

reveal that even between sibling species, gene flow is affected by the landscape in very 
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different ways. Thus, it is challenging to predict landscape genetic relationships in 

one species from a study involving another species, even if the two species are 

taxonomically closely related. Nevertheless, some generalizations are possible for 

specialist versus generalist species. In our study, the genetic structure of the 

generalist species with high dispersal propensities remained unaffected by the 

current landscape matrix, whereas specialist species were highly sensitive to fine 

scale habitat features. Changes of these features might therefore affect specialists 

more readily than generalist species with the negative consequences for their genetic 

setup. Species with an intermediate degree of specialization (here T. sylvestris) also 

interact with the landscape but at coarser scales in comparison to specialist species 

(here T. acteon). However, in light of global change such species might be on the 

highest risk due to negative genetic effects such as inbreeding depression, because 

changes in the habitat matrix can push former meta-population into isolated 

remnants (HABEL & SCHMITT 2012). This becomes also evident in T. sylvestris 

comparing the genetic structure under either FST or Dest. Further studies focusing on 

the degree of habitat specialization in addition to dispersal capabilities are needed, 

ideally conducted with closely related taxa in other areas. Such comparative studies 

will greatly expand our current understanding of landscape genetic relationships and 

ultimately lead to more effective conservation and management of biodiversity. 
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Supplementary material 

Table 6.S1: Geographic coordinates of the sampling locations. ID numbers correspond to those stated 
in Fig. 6.1. 

Location – ID lat  lon T. sylvestris T. lineola T. acteon 

Niedergailbach – 1 49.128 7.220 x x x 

Mimbach/Badstube - 2 49.212 7.296 x x 

Montenach - 3 49.425 6.388 x 

Eiderberg/Freudenburg - 4 49.549 6.537 x x 

Niederanven - 5 49.664 6.252 x x x 

Wasserliesch - 6 49.696 6.527 x x x 

Echternacherbrück - 7 49.819 6.428 x x x 

Ourtal - 8 49.882 6.275 x x x 

Römersköpfchen - 9 49.921 6.446 x x x 

Bettingen - 10 49.942 6.427 x x x 

Schönecken - 11 50.144 6.462 x x 

Weinsheim/Prüm - 12 50.224 6.488 x x 
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Material 6.S1. Evolutionary history of the three Thymelicus 
butterflies. 

To assess the phylogenetic relationships between the three Thymelicus species, we 

compiled a phylogenetic analysis based on a 658 bp fragment of the mitochondrial 

COI gene. We conducted a GenBank query under 

http://www.ncbi.nlm.nih.gov/genbank and selected nucleotide sequences of two 

specimens for each species as well as choosing one specimen (Hesperia comma) as 

outgroup (Material 6.S1 Table 1; HAUSMANN et al. 2011). Sequences were aligned and 

uncorrected genetic distances (p-distance) between and among species were 

calculated using the programme MEGA 5.05 (Material 6.S1 Table 2; KUMAR et al. 

2008; TAMURA et al. 2011).  

For reconstructing the evolutionary history in Thymelicus, a consensus tree based 

on the Neighbor-Joining method (SAITOU & NEI 1987) was computed in MEGA and 

inferred using 1000 bootstrap replicates (FELSENSTEIN 1985). The evolutionary 

distances underlying this consensus tree were computed using the Maximum 

Composite Likelihood method (TAMURA et al. 2004) with transitions, transversions 

and all three codon-positions included in the analysis (Material 6.S1 Fig. 1). 

Material 6.S1 Figure 1: Consensus tree inferred by using the Neighbor-Joining method accounting 
for the 50% majority-rule. Numbers next to the branches correspond to the bootstrap support (1000 
replicates). Hesperia comma was used as outgroup taxon.

The generalist Thymelicus lineola is most distant related to the specialist species 

T. acteon (5.02 % of substitutions). Thymelicus sylvestris, the ecologically 

intermediary species clusters together with T. acteon to a monophylum with a p-

distance of 4.3% of substitutions. Thymelicus lineola thus represents the paraphylum 
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to the other two species because of a slightly higher genetic distance to T. sylvestris 

(4.5%). 

Material 6.S1 Table 1: Species and GenBank accession numbers of the individuals used for 
estimating genetic distance between species. 

Species GenBank accession 
no. 

Thymelicus lineola GU686843 
Thymelicus lineola GU707097 
Thymelicus sylvestris JF415731 
Thymelicus sylvestris HQ005244 
Thymelicus acteon HQ563560 
Thymelicus acteon HM391841 

Hesperia comma GU096945 

Material 6.S1 Table 2: Uncorrected pairwise genetic distance (average %) of the COI sequences 
within (diagonal) and between (below diagonal) species of the genus Thymelicus. 

 T. acteon T. lineola T. sylvestris 

Thymelicus acteon (n = 2) 0.00   

Thymelicus lineola (n = 2) 5.02 0.00  

Thymelicus sylvestris (n = 2) 4.30 4.50 0.15 
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Table 6.S2: Description of the landscape data used for resistance surface building depending on the 
scenario assumed. Note that the scenarios ‘land use’ and ‘land use change’ used the same data source. 
SDM refers to species distribution model. 

Scenario Description Data source 

Distance Classical isolation-by-distance measured as 
straight distance between coordinate pairs. - 

Topography SDM was computed on three topographical 
variables: altitude, aspect & slope. 

SRTM Shuttle mission available through: 
http://earthexplorer.usgs.gov 

Climate 

This SDM incorporates 9 out of 19 bioclimatic 
variables describing the climatic conditions at 
each location with respect to species' demands. 
These are: bio3 (Isothermality), bio7 
(Temperature annual range), bio8 (mean 
temperature of wettest quarter), bio9 (mean 
temperature of driest quarter), bio10 (mean 
temperature of warmest quarter), bio11 (mean 
temperature of coldest quarter), bio12 (annual 
precipitation), bio15 (precipitation seasonality), 
bio18 (precipitation of warmest quarter).  

Available through: http://worldclim.org 

Land use /  
Land use 
change 

Data for these two SDMs derived from the 
CORINE Landcover data based on 2006 (land 
use) and 1990 (projected onto for land use 
change) landcover. 

Available through: http://www.eea.europa.eu 

all 
Combining topography, climate and land use 
datasets to assess the impact of all landscape 
factors in concert. 
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Figure 6.S1: Estimation of the number of panmictic clusters for each species. A) Convergence of the 
MCMC after thinning (see methods for details). Values prior to burn-in (indicated as red dashed line) 
were not considered as chain does not reached convergence. B) Frequency of the estimated number of 
populations along the chain after burn-in. 
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Figure 6.S2: Scatterplots showing the differences of isolation by distance patterns with isolation by 
resistance patterns in the two species that show a spatial genetic structure (Thymelicus sylvestris is 
shown at the upper half, T. acteon at the lower half). Note that just the most prominent isolation by 
resistance pattern is shown (i.e. climate in T. sylvestris and land use change in T. acteon).  
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CHAPTER 7

A statistical learning approach to improve ecological 

inferences in landscape genetics by accounting for spatial 

nonstationarity of genetic differentiation 

“In a variable world, averages mostly are just meaningless, unimportant 
epiphenomena.”  

 JEREMY FOX 
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Introduction

Landscapes are by definition heterogeneous in space (WU 2012), so that certain 

landscape elements can be driving ecological processes in some areas while being 

irrelevant in others. Gene flow is one of these processes, and a central goal of the 

emerging field of landscape genetics is to understand how and why gene flow is 

affected by the landscape (MANEL et al. 2003; MANEL & HOLDEREGGER 2013). 

Therefore, many studies in this field correlate gene flow estimates between sampled 

locations (i.e., genetic distances) with effective distances, as inferred from the 

surrounding landscape matrix. Usually, this relationship is unknown, which is why 

researchers compare genetic distances against a set of different landscape variables to 

find the strongest correlation (Fig. 7.1). This quantifies the strongest average 

landscape effect within the study area, yet it largely ignores the heterogeneous and 

dynamic nature of the landscape itself. In consequence, this approach often leads to a 

high amount of unexplained variance in gene flow – landscape relationships, which 

could be caused, in part, by spatial nonstationarity in gene flow patterns (DUFORET-

FREBOURG & BLUM 2014).  

Spatial nonstationarity refers to the inconsistent relationships of one or many 

predictor variables to a response variable across space (BRUNSDON et al. 1996). In our 

case, if gene flow is affected by spatial nonstationarity, it is because migration rates 

vary across a given study area. For instance, this variation could be masked by 

demographic discontinuities at local populations across a species’ range, or due to 

landscape effects that directly affect migration rates. In the latter case, exploratory 

analyses could link different landscape elements to measures of gene flow to test for 

spatial nonstationarity. One way of doing this is to focus on sampling designs that 

separate the study area into homogenous parts and restrict comparisons only within 

these local subsets. However, this strategy has two major drawbacks: first, it would 

decrease the power of analysis, as comparisons located between these local subsets 

will consequently get lost; second, most landscapes are complex mosaics of 

continuously changing elements affected by many interactions in time and space 

(e.g., disturbance dynamics; TURNER 2010). Therefore, a spatial segregation is hard to 

realize and is largely impractical—especially when the study extent and/or spatial 

scale of interest is large.    
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Here, we propose an alternative approach to assess spatial nonstationarity which is 

based on statistical learning theory. This theory considers learning as the challenge 

of finding the most appropriate function (f) from empirical data (VAPNIK 2013). In 

landscape genetics, this learning is mostly supervised, as for each response 

measurement (i.e., the genetic distance) there are one or more associated predictor 

measurements available (i.e., the effective distances of different landscape elements). 

In a simplified way, this relationship can be expressed as:  

Y = f(X) + , 

 where the genetic distance is the response variable Y, to one or several predictor 

variables X, such as effective environmental distances, which are framed in a function 

f, and supplemented by a random error term . 

In this general relationship, where Y and X are known, two sources of error exist: 

the reducible error and the irreducible error. The reducible error is linked to the 

unknown function f, which represents the systematic information that X provides 

about Y (JAMES et al. 2013). It can be reduced by learning, which is the most 

appropriate statistical method to estimate f (JAMES et al. 2013). In landscape genetics, 

a plethora of statistical methods exist to estimate f, even though there is an ongoing 

debate about which methods are the most appropriate (e.g., BALKENHOL et al. 2009; 

JAQUIÉRY et al. 2011; DYER 2015a). The irreducible error is the amount of error that 

remains after improving f, hence it characterizes variance in Y that cannot be 

explained by X using f, and is expressed by the random error term . This source of 

error has thus far received little attention in landscape genetics, focusing on limits of 

measurements of X or Y (e.g., SPEAR 2010; DYER 2015a) but not on the dynamic 

nature of the landscape itself that could be the cause of spatial nonstationarity 

patterns in migration rates (DUFORET-FREBOURG & BLUM 2014).  

Here, we argue that a large fraction of the irreducible error  is systemic, because 

the way landscape patterns are characterized to correlate X with Y across a study area 

typically ignores the spatial heterogeneity and temporal dynamics of the landscape. 

To account for this systemic error, we present a framework that improves f by 

assembling a single solution for X under any situation where nX > 1. This is achieved 

by choosing the landscape element Xj for a single comparison j with Yj out of a 

number of n available landscape elements Xj1, Xj2, … Xjn that minimize the irreducible 
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error  (Fig. 7.2). In other words, using the information about genetic exchange, we 

compile a new predictor variable called, landscape, from a number of existing 

predictors covering different but complementary information (such as climate, 

topography, or landuse) to address spatial nonstationarity . Each single predictor 

does not account for possible limits of genetic measurements at single comparisons 

that could be driven by one of the remaining predictors. This can lead to higher 

amounts of unexplained variance (Fig. 7.1). We exemplify this framework with two 

empirical datasets of (1) a Central European Hesperid butterfly (LOUY et al. 2007; 

ENGLER et al. 2014), as well as (2) the wolverine (Gulo gulo) across its Nearctic range 

(KYLE & STROBECK 2001; MCRAE & BEIER 2007). We discuss the results and its 

implications for study design and inference in landscape genetics.      

 

Figure 7.1: A fictive study area that comprises seven localities where genetic information from a 
species was obtained but where relationships to landscape elements are unknown (left). The goal is to 
relate the estimated genetic distance (distgen) to a set of effective distances (disteff) estimated for each of 
three landscape elements (yellow, red, and blue). The amount of explained variance increases from the 
yellow to the blue landscape element (right). All comparisons still lead to a high amount of 
unexplained variance. 
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Figure 7.2: Spatial composition of regions where one of the three landscape elements is locally 
driving gene flow in the study region (left panel). If a dashed line is entirely underlined by a single 
color, this landscape element is driving the genetic distance (i.e., it is spatially stationary; low 
unexplained variance ). In the case where two locations are present in different colors, there will be a 
change in the landscape factors responsible for explaining gene flow (some  remains). In example I, 
the genetic distance measured is largely driven by the red landscape element and to a lesser degree by 
the blue landscape element, whereas the yellow landscape element does not play any further role. By 
comparing  across the three landscape elements (middle panel),  is smallest in red and much higher 
for the other two landscape elements. Consequently, the red landscape factor will be seen as the most 
important for this relationship. In example II, only the yellow landscape element is driving gene flow. 
The other two play no role at all, which can again be assessed by looking at , which is zero in yellow 
but non-zero in the other two predictors. In applying this learning rule to all comparisons, an optimal 
solution can be approached after a few iterations. Here, the optimal solution (right panel, bottom) 
explains a high amount variance, which is a large improvement to the models seen in Fig. 7.1.  

Material and methods 

The statistical learning approach 

The statistical learning approach consists of three main steps: rescaling, 

optimizing and weighting. These main steps should be applicable to many methods 

that correlate genetic with effective distances. Here, we exemplify the approach by 

using simple linear regression models.  

Assigning values to resistance surfaces can be a challenging task (SPEAR et al. 

2010). Rescaling effective distances is important to achieve comparability among the 

different resistance surfaces involved in the statistical learning approach. This is 

because strong differences in the range of resistance values assigned to the different 

resistance surfaces lead to very different absolute effective distance values among 

these surfaces. These absolute values, however, do not contain the information 
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needed; it is their relative distance to each other that relates to the genetic distance. 

In rescaling absolute values to percentiles, the important information is kept and 

becomes comparable to effective distances from other resistance surfaces.  

The percentiles of the effective distances (i.e. predictors X1 to Xn) are initially 

compared against a reference model of isolation-by-distance (IBD) based on 

percentiles of geographical distance values. From this model, residuals are predicted 

for each of the predictors. The effective distance with the smallest residual for each 

comparison can now be selected to calculate a new comparison with the genetic 

distance. Using linear regressions in our example, this will lead to a reduction of the 

mean squared error (MSE), hence resulting in a higher r². From that model, the 

residuals for each predictor will be updated and the selection continues for a novel 

iteration. This process is repeated until r² remains constant (i.e.,  is minimized). The 

optimization procedure returns a vector of the predictor most responsible for each 

case, as well as a vector of the residual difference to the next closest residual. The 

latter information can then be used to weight each case in the optimized solution. 

We assume that weighting can improve the effect size of driving landscape 

elements to functional connectivity and thereby the relationship between genetic and 

effective distances. Comparisons, where a single predictor best explains the genetic 

distance, show a high difference in residual distances of this predictor to other 

predictors. In turn, if residual distances are very equal to each other, one predictor 

could be replaced by another one without having a strong effect on the entire 

relationship. The weighting itself is also an optimizing process, as there could be 

instances where weighting does not add to overall model improvement. 

These three steps have been compiled in r-code using the RASTER, SCALES and 

VEGAN packages in R 3.0.2 (WICKHAM 2012; R CORE TEAM 2013; HIJMANS & VAN 

ETTEN 2012; OKSANEN et al. 2014), and can be found in the supplementary material 

together with code for plotting using the SP package (BIVAND et al. 2013). 

 

Empirical examples 

To test the performance of this statistical approach, we used two empirical 

examples from the literature. Both examples have known relationships between 
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genetic and effective distances, but differ in the study extent and the number of 

landscape variables.  

 The first example covers the local distribution of the Hesperid butterfly 

Thymelicus sylvestris in Southwest Germany and adjacent areas in Luxemburg and 

France (LOUY et al. 2007, ENGLER et al. 2014). It has been shown that the species’ 

genetic differentiation is characterized IBD (LOUY et al. 2007) and even stronger 

signals of isolation-by-resistance (IBR) of different landscape elements could be 

found recently (ENGLER et al. 2014). Herein, climate has been identified as the 

landscape element with the highest information content for explaining gene flow of 

this species in this region (ENGLER et al. 2014). The landscape across the study area is 

characterized by a mosaic of different land uses as well as a topographic relief, 

including distinct mountain ridges and two major river valleys, which also affects 

local climate. The effective distances used for this study were calculated among 

eleven sample sites with available genetic information by using three resistance 

surfaces characterizing climatic, topographic, and land-use information. Calculations 

were performed in CIRCUITSCAPE (v 3.4.1; MCRAE et al. 2008), and resistance surfaces 

were parameterized using species distribution models (SDM; see ENGLER et al. 2014 

for details).    

The second example focuses on the Nearctic distribution of the wolverine (Gulo 

gulo). Across that range, twelve populations were genetically characterized (KYLE & 

STROBECK 2001) and later tested for IBR patterns based on the species’ range shape 

(MCRAE & BEIER 2007). For our study, we used the species’ pairwise genetic 

differentiation estimates (FST) from KYLE & STROBECK (2001), range shape 

information from WILSON (1982), and generated an SDM based on climate condition 

and occurrence information across continental North America (Supplementary 

Information). The wolverine strongly depends on the retainment of snow in spring 

(MAGOUN & COPELAND 1998; AUBRY et al. 2007; COPELAND et al. 2010), which makes 

climate an inherent factor of its distribution. We calculated effective distances in the 

pairwise mode of CIRCUITSCAPE by using a focal points table within an eight-neighbor-

connection scheme among the genetically sampled sites for the resistance surfaces 

‘range’ and ‘climate’. 
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Results

Both empirical examples increase the amount of explained variance after applying 

the statistical learning approach, thereby reducing the MSE and thus the irreducible 

error . The r² increased in T. sylvestris from 0.107 under IBD to 0.574 for the 

optimized solution after only four iterations. In the wolverine example, the approach 

also took only four iterations to increase the r² from 0.292 under IBD to 0.771 in the 

optimized solution. The weighted solution further increased the r² values to 0.599 in 

T. sylvestris and to 0.774 in the wolverine, respectively. 

All of the three assessed landscape elements in T. sylvestris showed significant 

IBR (ENGLER et al. 2014), yet r² values varied from 0.09 in topography, to over 0.147 

in land use, and 0.229 when taking climatic conditions into account (Fig. 7.3). The 

weighted and optimized solution shows a high admixture of the three landscape 

elements involved in the compilation with genetic distances. Here, 23 out of 55 

comparisons were assigned to climate, 17 to topography, and 15 to land use. The 

highest weights (i.e., comparisons where one landscape element outcompetes 

another) were found in climate, while weights were generally weaker for the other 

landscape elements (Fig. 7.3). Plotting this information as a network in the study area 

confirms the strong interplay of the different landscape elements as driving factors 

for gene flow, but also highlights two sites with a clustering of comparisons with high 

weights (Fig. 7.4).     

In the wolverine example, the two landscape elements range shape and climate 

had very high r² values of 0.645 and 0.733, respectively (Fig. 7.5). The weighted 

optimized solution shows a two-fold pattern: in the lower distance percentiles, there 

is a high admixture between climate and range shape as driving patterns which are 

characterized by low weights. In contrast, the upper end of genetic as well as effective 

distances is clearly devoted to climate and high weights (Fig. 7.5). When this 

weighted network of driving landscape elements was plotted (Fig. 7.6), it was seen 

that this pattern originated from a single sample site in the southern range of the 

wolverine (Idaho, USA), where climate seems to be a very important explanatory 

variable for gene flow. All other comparisons are highly admixed and rather uniform 

in their weights (Fig. 7.6).   
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Figure 7.3: Linear relationships between genetic distance with effective distances from land use 
(blue), topography (red), and climate (black) together with the optimized solution (right panel) for the 
Hesperid butterfly Thymelicus sylvestris. 

Discussion

The proposed statistical learning approach is intended as a useful supplemental 

tool for the exploratory analysis of landscape effects on gene flow. Especially under 

situations where landscape variables of interest occur together as independent layers, 
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this approach can give insights into where certain variables are more important than 

others for functional connectivity. Also, in cases where different variables can be 

easily merged into one layer, this approach offers more detail in the regional driving 

processes. Focusing on average effects of single predictors underestimates the impact 

landscape has on gene flow, which makes misleading implications more likely. 

 

Figure 7.4: The optimized solution plotted as a network of comparisons across the study area from T. 
sylvestris. Line thickness corresponds to the weight given to each comparison (higher weight indicated 
by thicker lines). Line colors remain the same as in Fig. 7.3. The background correspond to the altitude 
(in meters a.s.l.).  

 

The landscape genetics in the butterfly T. sylvestris turned out to be more complex 

than previously thought. Despite climate has been, on average, the most important 

landscape element in the study area, other landscape elements also led to significant 

but less strong relationships (ENGLER et al. 2014). Our results from using the 

statistical learning approach confirmed that climate is an important landscape 

element, both in the number of comparisons assigned and in the weights given to this 

predictor. However, the appearance of the other two landscape elements, topography 

and land use, which together were assigned to more than 58% of the comparisons, 

show that they also have to be considered. Overall, the result confirms the highly 
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heterogeneous landscape mosaic across the study area, affecting gene flow in this 

butterfly locally and in various ways. 

 

Figure 7.5: Linear relationships between genetic distance with effective distances from range shape 
(green) and climate (black) together the optimized solution (right panel) for the wolverine. 

 

Our second case study on gene flow patterns across the Nearctic distribution of the 

wolverine highlights the benefits of our approach at a large spatial scale. Both, range 

shape and the climatic conditions explain a large amount of the wolverine’s genetic 

differentiation across North America and the effective distances calculated from each 

of both predictors are highly correlated (Pearson’s r = 0.98, p < 0.0001). However, 

the combination of both predictors in the optimization highlights the climatic 

isolation of the Idaho population, where the range shape information alone is a bad 

predictor, as indicated by the high weights assigned to climate in most of the 

comparisons originating in Idaho. Here, the effect of climatic isolation also becomes 

evident with comparisons from as far as Alaska. Across the remaining range, the 
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choice of either climatic conditions or range shape is not of high importance, as 

shown in the low weights assigned and the admixture of both predictors that did not 

yield any further spatial patterns. These local effects are not obvious when merging 

both predictors into a single resistance surface (i.e., by masking the climate layer with 

the range shape information); it will just lead to an increase in explained variation 

compared to the single variable comparisons, but not to more insights regarding the 

local effects where these variables are driving gene flow.  

 

Figure 7.6: The optimized solution plotted as a network of comparisons across the North American 
range of the wolverine. Line thickness corresponds to the weight given to each comparison (higher 
weight indicated by thicker lines). Line colors remain the same as in Fig. 7.3. The background 
corresponds to the wolverine’s potential distribution masked by its range shape.  

 

 Accounting for the spatial heterogeneity of relationships between variables has 

been a long endeavor which has led to the development of different approaches 

(CASETTI 1972; FOSTER & GORR 1986; GOLDSTEIN 1987; AITKEN 1996), among which 

geographically weighted regression (GWR; BRUNSDON et al. 1996; FOTHERINGHAM et 

al. 2002) stand out and became a standard tool for this purpose (PÁEZ et al. 2011; 

CHEN et al. 2012; DINIZ-FILHO & BINI 2012). GWR uses a moving window approach to 

fit local relationships to a larger dataset (FOTHERINGAM et al. 2002). However, sample 

size needs to be large to achieve a good fit of local estimates (PÁEZ et al. 2011; 
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DEVKOTA et al. 2014). In landscape genetics, large sample sizes by means of locations 

sampled (i.e. n  160; PÁEZ et al. 2011) are rarely met, even though attempts had been 

made to use GWR in that way (e.g., SPEAR et al. 2012). As opposed to GWR, our 

statistical learning approach led to outcomes of local driving and varying landscape 

patterns—even under sample sizes that are typical in landscape genetics. Our 

approach therefore allows characterizing the landscape patterns that cause spatial 

nonstationarity in genetic differentiation under situations, where GWR cannot. 

Recently, DUFORET-FREBOURG & BLUM (2014) proposed a method that assesses 

spatial nonstationarity in IBD patterns using Bayesian kriging and highlight its 

extension to landscape genetics. In particular, this approach detects genetic 

discontinuities, where local genetic differentiation is larger (or smaller) than a 

baseline estimate of genetic differentiation over the entire study area (DUFORET-

FREBOURG & BLUM 2014). However, the approach did not correlate these genetic 

discontinuities to certain landscape elements afterwards, and thus relied entirely on 

the available methods in landscape genetics to link these outcomes to landscape 

elements. In consequence, even though spatial nonstationarity of genetic 

differentiation can be detected, it will be correlated again to approaches that focus on 

the average effect of single landscape elements instead of linking them directly to the 

detected discontinuities. Hence, the landscape patterns identified using our 

optimization technique can offer potential explanations to the genetic discontinuities 

detected in Bayesian kriging and serve as an important supplemental tool in this 

regard. 

In conclusion, our new approach highlights where specific landscape elements are 

driving gene flow at a local scale and by this find a solution for each single 

comparison. This contrasts with most efforts in landscape genetics which focus on the 

quantification of average effects only. The approach is of particular interest when 

results are used for management recommendations in conservation and questions the 

projection of results of landscape genetic studies onto different regions and spatial 

scales. By this, we recommend its use as an explanatory tool in landscape genetics 

that can supplement the reliability of average effects and account for spatial 

nonstationarity in migration rates. To this end, we hope that this approach will be 

implemented in a wide range of methods that correlate genetic distances with 

effective distances to fully account for the dynamic nature of the landscape.      
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Supplementary material 

A climate SDM for the wolverine 

Species data 

We compiled wolverine occurrence information in a query at the Global 

Biodiversity Information Facility (GBIF, www.gbif.org, retrieved 08/2014), leading to 

a total of >15,000 records. After removing records without spatial reference, 

duplicates, or records outside the study area, 500 presence locations remained. These 

localities were spatially biased towards Alaska (317 records; 63.4% of all records) and 

Nunavut/Canada (138 records; 27.6% of all records). As spatial sampling bias is well 

known to negatively affect SDM results due to uneven sampling density (e.g., SYFERT 

et al. 2013; KRAMER-SCHADT et al. 2013; FOURCADE et al. 2014), we generated a subset 

of 100 records by using a hierarchical cluster analysis over the geographic space (i.e., 

by using lat/long coordinates as explanatory variables) and randomly selected one 

record for each of the predefined solution of 100 clusters. The cluster analysis was 

performed in SPSS 14.0.  

 

Environmental variables 

We used a subset of the 19 bioclimatic variables obtained from the WorldClim 

database (Vers. 1.4.; HIJMANS et al. 2005) at a spatial resolution of 30 arc seconds. As 

the wolverine’s range is strongly delimited by the retainment of snow in spring 

(MAGOUN & COPELAND 1998; AUBRY et al. 2007; COPELAND et al. 2010) and to avoid 

model overparameterization due to the inclusion of too many predictor variables in 

the species distribution model (HEIKKINEN et al. 2006), we reduced the initial set of 

19 predictors to a subset of six predictors that were assumed to be the most 

biologically relevant to the species (Table 7.S1).  

 

Modeling framework 

For the SDM, we used the program MAXENT (vers. 3.3.3k; PHILLIPS et al. 2006), a 

machine learning algorithm based on the principles of maximum entropy (ELITH et 

al. 2011). MAXENT frequently outperforms other competing methods and has been 

shown to be robust under complex scenarios and low numbers of presence records 
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(HERNANDEZ et al. 2006, ELITH et al. 2006, WISZ et al. 2008). We apply SDMs using 

auto features and the logistic output format after 100 repetitive runs where we 

randomly subsampled 30% of the occurrence data for model testing. The resulting 

suitability maps were reprojected to an equidistant UTM projection at 1km² spatial 

resolution using the RASTER package in R (HIJMANS & VAN ETTEN 2012).  

Table 7.S1: Predictors used for conducting the SDM for the wolverine. 

Worldclim code Meaning
Bio1 Annual mean temperature 
Bio4 Temperature seasonality 
Bio5 Maximum temperature of warmest month 
Bio8 Mean temperature of wettest quarter 
Bio12 Annual precipitation 
Bio15 Precipitation seasonality 
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PART C
IMPROVING SDMS USING 
CONTEMPORARY GENETIC 

INFORMATION
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CHAPTER 8

Genes to the niche! How contemporary DNA can help to refine 

niche theory for predicting range dynamics in the 

Anthropocene

“The north, south, east, and west boundaries of a species’ range tell us 
very little about what is happening inside…” 

 ROBERT H. MACARTHUR 
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Niche models, theory, and the recent integration of 
genetic information

The technological revolution in the past 25 years now allows the analysis of species 

occurrence information in completely novel ways. Correlative environmental niche 

models (ENM) that link occurrence information to a set of environmental variables 

appeared as a central tool in this regard, with applications covering a wide array of 

disciplines in ecology and evolution (PETERSON & VIEGLAIS 2001; GUISAN & THULLIER 

2005; KOZAK et al. 2008; FRANKLIN 2009; PETERSON et al. 2011). These models are 

based on Hutchinson’s niche concept which assumes that species niches are 

constrained by a combination of environmental tolerances and biotic interactions 

(Box 1; SOBERÓN 2007; 2010; 2014; WARREN 2012; 2013). Use of this concept as a 

basis for ENMs (hereafter referred to as ENM concept), has been criticized (JIMÉNEZ-

VALVERDE et al. 2008; MCINERNY & ETIENNE 2013) and recent studies suggest that it 

should be refined to include more biological detail (e.g., HOLT 2009). To this end, 

researchers have begun to integrate mechanistic (KEARNEY & PORTER 2009; DORMAN 

et al. 2012; CABRAL & KREFT 2012) and genetic information into ENMs.  

 Phylogeographic (CHAN et al. 2011; ALVARADO-SERRANO & KNOWLES 2014), and 

landscape genetic research (MANEL& HOLDEREGGER 2013; ENGLER et al. 2013) 

increasingly use ENMs to explore genetic patterns.  In addition, the potential of 

genetic data for improving ENM predictions has been highlighted (HOLT 2009; 

SCOBLE & LOWE 2010; FORDHAM et al. 2014; GOTELLI & STANTON-GEDDES 2015). 

However, we currently lack a conceptual framework that integrates population 

genetic information into the ENM concept. Here, we explore a conceptual framework 

that demonstrates how genetic information can be used to enhance our 

understanding of range dynamics and refer, where available, to specific examples 

from the scientific literature. In particular, we show how integrating genetic 

information into ENM permits a more holistic view of niche theory and discuss 

limitations associated with how the ENM concept is currently being used.  We assert 

that in order to address the modeling challenges in the era of the Anthropocene, 

where habitat fragmentation, biotic invasions, and climate change are major human-

caused threats to global biodiversity, use of the ENM concept should be refined. In 

addition, we provide recommendations for the design of integrated studies using 
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genetic information that will enhance our understanding of species distributions for 

future range dynamics in a changing world.   

Why do we need to consider genetic information in 
the ENM concept?

Hutchinson’s niche concept, as modified by SOBERÓN (2007), simplifies the 

definition of the realized niche in order to make it suitable for ecological niche 

modeling (Fig. 8.1). In particular, the ENM concept assumes that A  B  M (or Go) 

is the area ‘within reach of dispersing individuals’ that has favorable biotic and 

abiotic conditions (SOBERÓN & NAKAMURA 2009). This means that, in theory, every 

location within Go should have the same probability of being connected with any 

other location within GO (Fig. 8.1a), which would result in weak spatial-genetic 

structure. However, actual exchange among locations is often limited by distance and 

depends on the movement capacity of the individuals and their interactions with the 

landscape (Box 2). For most species this means that range wide connectivity is a 

multi-generational process, which makes time an inherently important aspect in the 

ENM concept (Fig. 8.1b). Therefore, most species have some degree of genetic 

structure caused by limited gene flow in relation to genetic drift, local adaptation, or 

both (Fig. 8.1c). The current ENM concept neither considers differential genetic 

exchange throughout a species range nor adaptive responses to particular 

environmental conditions. Therefore, contemporary genetic information offers 

important insights into how populations are connected, which landscape elements 

are important for maintaining functional connectivity and how local adaptation and 

eco-evolutionary dynamics affect the ENM concept and its applications.  

 

Figure 8.1: The fraction of the BAM plot where species occur (see Box 1 for more information and 
notation). A) The classic ENM concept assumes all individuals can access all of Go, resulting in weak 
population differentiation. B) In most real world systems, movement is spatially restricted and 
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influenced by landscape heterogeneity, which makes the exchange across Go a multi-generational 
process (gn, gn+1, gn+…). In consequence, genetic differentiation becomes likely because of restricted 
gene flow. C) Environmental factors can exert selection pressures that can counteract gene flow, 
leading to spatial genetic structure.     

Integrating genetic information to understand the 
processes behind range dynamic patterns

To highlight how genetic information can refine niche theory, we focus on five 

broad aspects: (i) gene flow, (ii) spatial genetic structure, (iii) density blocking, (iv) 

hybridization, and (v) source-sink dynamics (Fig. 8.B1.1b). While these processes are 

not fully independent from each other, we focus on each one separately, starting with 

those directly acting  at the level of the occupied realized niche Go, followed by 

processes acting during colonization (expansion of Go) and finally source-sink 

dynamics acting in the original or expanded Go. 

 

Gene flow and functional connectivity: Exchange within Go is limited 

Gene flow estimates can be used to quantify functional connectivity of landscapes. 

The ENM concept assumes that all occurrences within Go ‘have been accessible to the 

species since some arbitrary point in time’ (SOBERÓN 2007: 1120). As such, Go is 

treated as a continuous and homogeneous surface which allows exchange among all 

localities within Go with the same probability in the long term (Fig. 8.2a). Following 

this assumption, most EMNs assume that species can disperse to regions where 

environmental conditions are suitable. This assumption is likely violated because 

many landscape genetic studies show that environmental heterogeneity can strongly 

influence dispersal and resulting population connectivity (MANEL & HOLDEREGGER 

2013; DYER 2015b; WAITS et al. 2015). Consequently, ENMs based on climate data 

may not render spatial occurrence patterns needed for identifying the processes 

influencing species distributions. However, identifying the processes affecting 

distributional patterns is needed to mitigate the influence of climate change on 

populations and species (Box 2). For instance, ENGLER et al. (2013) showed that 

ENMs based on climate adequately predicted potential distributions for three 

congeneric butterflies (Genus: Thymelicus). However when related to gene flow, 

climate was identified as an important predictor for functional connectivity in only 

one species, while being a poor predictor for the other two (ENGLER et al. 2013). The 
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current ENM concept does not consider the importance of functional connectivity for 

range dynamics and how this interplay is affected by increasing habitat 

fragmentation (e.g., TRAVIS 2003; HOF et al. 2011). This is of particular concern, since 

habitat loss is assumed to more strongly impact species persistence than climate 

change (STEFFEN et al. 2015 a;b).  

 

Spatial genetic structure: Go is more complex and diverse 

Species can show spatial genetic structure due to limited gene flow and adaptation 

to local environmental conditions (Fig. 8.1c). Local adaptation actively counteracts 

the admixing effect of gene flow and can occur at different spatial scales (RICHARDSON 

et al. 2014). This can lead to the formation of geographically distinct genetic demes, 

which remain largely unconsidered in the ENM concept and the definition of Go (Fig. 

8.1c).  

Recently, studies have begun to incorporate information on spatially separated 

genetic demes into EMNs on coarse spatial scales. The consideration of genetic 

demes yields more accurate predictions of species distributions than the common 

practice of pooling occurrence records at the species level (PETERSON & HOLT 2003; 

PEARMAN et al. 2010; VALLADARES et al. 2014). For instance, GONZALEZ et al. (2011) 

refined their prediction of the potential distribution of old field mice (Peromyscus 

polionotus) after accounting for differences in bioclimatic niche space used by 

different subspecies. Use of genetic information may be particularly important for 

generating future projections if unique genetic demes are considered (ONEY et al. 

2013). VALLADARES et al. (2014) demonstrated that forecasts incorporating intra-

specific variation (due to local adaptations) showed more dramatic declines than 

when occurrences were pooled at the species level. These examples suggest that 

incorporating spatial genetic structure can have profound effects on the niche space 

estimated, potentially reducing the risk of overestimation of Go (Box 2). 

Overestimation of the niche might be particularly problematic if the niche delimiting 

factors are not the same among the genetic demes (e.g., ONEY et al. 2013), or if 

impacts of environmental heterogeneity on functional connectivity vary across the 

geographic range of a species (e.g., SHORT BULL et al. 2011; DUDANIEC et al. 2012; 

LEVY et al. 2013). To accommodate within-species variation in environmental 
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requirements, separate analyses should be conducted with reference to the spatial 

genetic structure found at finer scales.   

Density blocking: Expansion may not be a simple projection of the 
conditions across the entire native range 

Species with spatial genetic structures might behave in very different ways if they 

colonize new regions. Recently, the term density blocking was introduced to 

summarize interdependent priority effects such as gene/allele-surfing, competitive 

exclusion, and leading edge colonization (WATERS et al. 2013). These density driven 

priority effects, imprinted in genetic patterns, are crucial for our understanding of 

colonization events such as range expansions and biological invasions. Including this 

information into niche models will result in better forecasts and allow for clearer 

signals of niche stasis vs. niche evolution (Box 3). 

Given that a species range within Go is often genetically structured and exchange is 

not equal throughout, density blocking should be considered to better understand 

and predict expansions of Go. Natural range expansions normally occur into areas in 

A or B of the BAM diagram that are adjacent to Go and become suitable and are thus 

colonized from source populations along the range edge (i.e., leading edge 

colonization, HEWITT 1996). In biotic invasions however, expansions are expected to 

result mostly in the occupation of Gp due to human mediated crossing of macro-scale 

barriers (i.e., an artificial expansion of M). While these two mechanisms likely 

represent the most common ways in which species expand their range, questions 

remain as to where within Go founders come from and what their genetic 

characteristics are. For instance, leading edge colonization results in density-driven 

priority effects that favor local genotypes over those that arrive later, and more 

sporadically, from more distant locations (WATERS et al. 2013). In addition to pure 

priority effects that dominate leading edge colonization, it is possible that local 

adaptation may favor immigrants from closer populations more compared to those 

from distant parts of the range. Under local adaptation, different genetic demes 

should be detectable in environmental space. In contrast, genetic differentiation due 

to density blocking does not necessarily coincide with a strong separation in 

environmental space (Box 3). This information is crucial for interpreting the degree 

of niche overlap between original ranges and areas of range expansion. If genetic 
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demes are separated in E-space, then comparisons should be made just with the 

genetic demes involved in the expansion because pooling deems at the species level 

will lead to lower estimated niche overlap that do not accurately reflect true niche 

overlap. As a result a false signal of niche evolution could appear where there is a high 

level of niche stasis.  

 

Hybridization: expansion by accessing new niche space 

Hybridization appears above and below the species level and its prevalence often 

increases during accelerating rates of faunal exchange by human activities (THOMAS 

2013). Hybridization between members of different genetic demes can lead to an 

expansion of realized niche space. Realized niches can be complex in species with 

spatial genetic structure (Box 2). If genetic demes come into secondary contact 

(either by natural range expansions or by human-mediated translocations), their 

distinct realized niches in E-space might expand due to hybridization and by this 

enlarge total realized niche space.  

Hybridization can lead to an increased adaptive potential, which in turn, can allow 

the colonization of formerly unsuitable habitat. While hybridization is common in 

natural populations (ARNOLD 1997; SCHWENK et al. 2008) studying its role in niche 

expansion can be difficult because hybridization is often an on-going long term 

process. In contrast, in biological invasions members of different genetic demes are 

brought into secondary contact providing a short-term perspective on how 

hybridization might influence species niches. Compared to native populations, a 

surprisingly high genetic diversity can be found in different populations of invasive 

species in both plants (LAVERGNE & MOLOFSKY 2007) and animals (KOLBE et al. 2004; 

2007; DETWILER & CRISCIONE 2014). Comparative population genetic studies between 

native and invasive ranges are needed to better understand how niches are altered 

during biological invasions which might explain invasion success as well as further 

spread. In particular, such information could contribute to our understanding of 

whether niche evolution, niche stasis, or niche plasticity influences invasion success 

(Box 3).  
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Source-sink dynamics: beyond classical definitions and implications 

Populations are rarely continuous but usually are patchily distributed in 

geographic space, often as part of a metapopulation network (HARRISON 1991; HANSKI 

1999). Depending the landscape heterogeneity, patch size and connectivity, 

populations can range from large and productive source populations to small sink 

populations that need immigration from sources to persist. These source-sink 

dynamics are crucial for landscape ecology and meta-population theory and their 

implications for niche theory and the ENM concept have long been recognized 

(PULLIAM 1988; 2000; SOBERÓN 2007). 

SOBERÓN (2007) applied the source-sink area of distribution as formulated by 

PULLIAM (2000) to the ENM concept as the area delimited by M, where sources were 

located within Go, and sinks within the remaining area of M. However, the 

integration of source-sink dynamics in classical niche modeling approaches suffers 

from three main problems. First, information on the source-sink status is lacking for 

most occurrences. This makes assignment of an occurrence record to either Go or the 

remaining M difficult. Second, the source-sink status at a specific location might 

change over time (JOHNSON 2004). Hence, an occurrence record might be within Go 

in some years but outside in others. Finally, depending on the underlying processes 

behind source-sink dynamics, their impact on model predictions depends on the 

choice and spatial scale of the environmental predictors used for modeling (DIEZ & 

GILADI 2009). Thus, whether a location is within Go depends on the variables 

considered.   

Genetic measures of asymmetrical migration (i.e., gene flow) and effective 

population sizes (Ne) can be used to characterize source populations as those with 

high emigration and Ne , while sink populations should show high immigration and  

low Ne (e.g., HUSEMANN et al. 2015). After this characterization, overlaps in E-space 

can be calculated and compared against locations assigned to as either sources or 

sinks. If sources and sinks are distinct in environmental space, sinks should be 

excluded from ENMs, as they overestimate Go which has been seen as problematic 

(HOLT 2009; PAGEL & SCHURR 2012; SCHURR et al. 2012). If, however, no distinction 

can be made between these two states based on environmental predictors, the 

categorization as made in SOBERÓN (2007) does not affect ENMs, as the niche space 
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representing Go would not overestimate these envelopes. Indeed, even sink 

populations can be within Go, when the demographic processes driving source-sink 

dynamics act at finer spatial scales or along other environmental dimensions as used 

in the ENM. For instance, sink populations could be the result of unfavorable climate 

conditions (e.g., along a range edge), but more likely depend on the availability of 

resources, disturbances, or predator-prey relationships at the local scale, which are 

normally unconsidered in ENMs. Further, patterns of connectivity (i.e., a constriction 

of M) allow the existence of sink populations (FURRER & PASINELLI 2015). In 

particular, sink populations contribute to the persistence of meta-population 

structures by acting as stepping stones for genetic exchange (GAGGIOTTI 1996), which 

makes sinks an important part in maintaining functional connectivity of many 

species and by this Go. 

 

Using genetic data to enhance the ENM concept 

Most current applications of ENMs in ecology and evolution are based on 

information on species occurrence alone. This may be insufficient as local conditions 

change over time, which usually affects genetic exchange and local adaptation. A 

genetic perspective can offer additional insights into species-environment 

relationships with consequences for the current ENM concept. These insights not 

only offer the opportunity for making better predictions of current distributions and 

their future forecasts, but also expand our understanding of inter- and intraspecific 

niche dynamics (Box 2, Box 3). Expanding the conceptional background of ENMs 

with this genetic perspective thus changes how we study the environmental niche: 

from the species’ distribution (top-down) to the occurrence, spread, and persistence 

of individual genotypes (bottom-up, Fig. 8.2), or in other words, from a range-to-the-

niche to a genes-to-the-niche perspective.   
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Figure 8.2: Expanding the ENM concept with genetic information. The classical ENM concept is 
based on a distribution-based perspective using occurrence records to infer the realized niche, as a 
subset of the fundamental niche. The eco-physiological limits of the fundamental niche are assumed to 
change slowly via niche evolution, while the realized niche is more plastic in its ability to change within 
the limits set by the fundamental niche. In contrast the genotype-based perspective uses information 
on standing genetic variation which frames a genotypic niche that is bound by evolutionary edges. 
These edges can change over long timescales when novel mutations expand the currently known 
standing genetic variation and are favored by selection. From this bottom-up perspective, we can 
assess the realized niche using information on spatial genetic structure and functional connectivity.  

 

The genes-to-the-niche perspective replaces the static fundamental niche by a 

more dynamic genotypic niche, which allows for a more detailed view of the realized 

niche and its geographic distribution Go (Fig. 8.2). Overestimation of Go may be 

prevented when taking locally adapted genetic demes and functional connectivity 

within and among these demes into account. This perspective also allows us to 

consider how the fundamental niche might change through time to influence species 

distributions.  Characterization of the fundamental niche using a species’ eco-

physiological limits is one of the cornerstones in the ENM concept (SOBERÓN 2007). 

Following this perspective, niche evolution is considered to act over long time scales 

(NOGUÉS-BRAVO 2009). However, this assumption is not always supported with 

genetic data, indicating that a more dynamic ENM concept may be required to 

predict range dynamics. Since the interplay of intraspecific local adaptation with 

environmental conditions (SAVOLAINEN et al. 2013) affects Go in many ways, the 

fundamental niche could be expanded to consider standing genetic variation 

(HENDRY 2013). Experimental studies indicate that species can adapt rapidly to 
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climatic change, even within a few generations (e.g., SKELLY et al. 2007). These 

adaptations mostly result from standing genetic variation, due to changes of allele 

frequencies, while new genetic variation from novel mutations are less frequent and 

take longer to manifest in phenotypes (HENDRY 2013).  This makes standing genetic 

variation a crucial part of eco-evolutionary dynamics, where environmental changes 

induce evolutionary responses that lead to short-term adaptations. When rapid 

evolution is considered in the ENM concept, the fundamental niche becomes a 

dynamic entity that is able to change over very short time scales. By this, standing 

genetic variation could push the static concept of the fundamental niche towards a 

dynamic “genotypic” niche defined by evolutionary edges that allows some flexibility 

due to rapid adaption to environmental change (Fig. 8.2).  

The dynamic ENM concept we propose here is also important from a conservation 

perspective. Local adaptation leads to spatial heterogeneity of a species’ standing 

genetic variation. This heterogeneity can be the result of different adaptive strategies 

to environmental conditions across a species’ range (BOTERO et al. 2015). Even 

though these strategies can be flexible against environmental change, they can cross 

evolutionary tipping points where one adaptive strategy is replaced by another one 

(BOTERO et al. 2015). Crossing these tipping points can have profound negative 

consequences, driving affected populations to extinction if the adaptive strategy they 

follow is no longer beneficial under the changing conditions (BOTERO et al. 2015). In 

the context of human made environmental change, populations can be forced 

towards those tipping points due to increased speed and magnitude of environmental 

change. In order to facilitate rapid adaptation, not only species but also the genetic 

variation within these species need to be conserved (MORITZ 1994; CRANDALL et al. 

2000; PALSBØLL et al. 2007; SCHWARTZ et al. 2007). Consequently, a dynamic ENM 

concept based on a genotypic niche can be an important step towards better 

conservation in the Anthropocene, as it provides an eco-evolutionary complement to 

the currently prevailing ENM predictions based on eco-physiological limits.    
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Concluding remarks 

Contemporary genetic information can improve niche theory in many ways which 

will allow generation of better ENMs that link to eco-evolutionary dynamics. The 

proposed dynamic perspective on the ENM concept accounts for losses of standing 

genetic variation due to human activities. Applying this ENM concept requires better 

coverage of genetic information across multiple spatial and taxonomic scales. Given 

the increasingly (cost) effective techniques for assessing neutral and adaptive genetic 

variation in non-model organisms, the  genes-to-the-niche perspective in a dynamic 

ENM concept allows to enter new research topics to face the challenges of a rapidly 

changing world.  



150

 

Box 1: Integration of niche theory and genetic 
information

The theoretical basis of ENMs is Hutchinson’s niche concept (HUTCHINSON 1957), 

which was further elaborated for ENM applications by SOBERÓN (2007) in his BAM 

diagram (Fig. 8.B1.1a). The ENM concept characterizes a species fundamental niche 

A, a scenopoetic niche space comprising abiotic conditions where the intrinsic growth 

rate is greater than 1 (i.e. source populations). This fundamental niche is then 

intersected with biotic interactions B, forming the realized niche G (A  B). The 

accessibility M intersects G into two parts. The intersection B  A  M is the 

occupied area of distribution (GASTON 2003), called GO (i.e. the part of G which is 

accessible by the species). The realized niche that is outside of M is referred to as GP

(Fig. 8.B1.1a). Various biologically and ecologically relevant aspects, such as source-

sink dynamics and limited gene flow, that act in different parts of the BAM-plot (Fig. 

8.B1.1b) can be accounted for using genetic information, but are rarely considered in 

current ENMs.  

 

Figure 8.B1.1: a) The BAM diagram (Soberón 2007) as an abstract visualization of the ENM concept 
in geographic space. b) Biological and ecological aspects that can be quantified with genetic 
information can be linked to certain compartments of this concept. 
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Box 2: What can genetic information add to our 
understanding of the realized niche? 

 

Figure 8.B2.1: Integrating information on contemporary gene flow into niche modeling and theory. 
Given that the exchange across a species geographic range is a multi-generational process, functional 
connectivity could be inferred between two locations A and B in geographic (G-)space. The red line 
represents the environmental conditions faced by individuals moving from A to B. Transferring 
information about gene flow into environmental (E-)space could lead to very different outcomes 
depending on the niche delimiting variables considered (right). While the realized niche (G) in the 
fundamental climate niche space (F) might change under future conditions, effects on gene flow could 
remain stable. Alternatively, global change might have more profound effects on the environmental 
niche from the habitat perspective due to increased loss and fragmentation of habitats which are 
independent from climate change. Herein, the available biotope (B) surrounding suitable habitat 
patches (i.e., the realized niche G on the habitat scale) might change drastically in consequence and 
affect functional connectivity between populations A and B (dashed red line outside of B).     



152

 

 

Figure 8.B2.2: Accounting for spatial genetic structure in niche modeling. Environmental selection 
processes can lead to spatial genetic structure that counteracts the admixing effect of gene flow in 
geographic (G-)space (left). Changes in environmental conditions over time (e.g., a displacement of the 
realized niche G through climate change within the species fundamental niche F) can lead to very 
different model predictions, depending on how spatial genetic structure is dealt with in an ENM. In a 
business-as-usual scenario that pools all locations at the species level (middle panel) some locations 
might leave suitable environmental conditions with climate change  However, integrating information 
on spatial genetic structure (SGS), could reveal that some genetically distinct populations (brown and 
blue locations) are affected more severely than others (red locations) by climate change.  
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Box 3: What can genetic information add to our 
understanding of the niche dynamics during 
colonization?

Colonization occurs either naturally when a species expands its realized range or 

by anthropogenic translocations. While in either case colonization can be strongly 

affected by multiple genetic effects, the two main ones are density dependent priority 

effects (density blocking Fig. 8.B3.1) and hybridization (Fig. 8.B3.2). The following 

examples on invasive species demonstrate why it is important to consider spatial 

genetic structure for evaluating invasive niches in the invasive range and comparing 

between the native and invasive range.  

 

Figure 8.B3.1: Two examples of biological invasions where density blocking may play a key role are 
Rubus alceifolius (top) and Ambrosia artemisiifolia (bottom). Shown is the same spatial pattern in 
geographic space in an idealized BAM scheme (left), and the transformation into environmental (E-) 
space using a business-as-usual scenario, where genetic information is ignored in the niche modeling 
process (middle panel, pale circles) and in a scenario where spatial genetic structure is considered 
(right panel, colored circles). F refers to the fundamental niche in environmental niche space and G 
refers to the realized niche (either for native (Gnat, filled circles), or invasive (Ginv, open circles) ranges 
which are shown for the red (Gred), blue (Gblue), and brown (Gbrown) genetic demes. 
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Example 1: Rubus alceifolius 

The giant bramble (Rubus alceifolius) is a native plant to Southeast Asia which is 

invasive in Australia and on several Indian Ocean islands, such as Madagascar and La 

Reunión (AMSELLEM et al. 2000). AMSELLEM et al. (2000) showed that native 

populations had a strong genetic structure, whereas invasive populations were 

genetically very uniform and most probably originated in the Vietnamese region. As 

illustrated in Fig. 8.B3.1, species with strong spatial genetic structure could also be 

separated in environmental space. In the case where the genetic deme responsible for 

the invasion (here Gblue) covers just a small fraction within Gnat, analyses of niche 

overlap indicate a low overlap between Gnat and Ginv  but a high niche overlap 

between Gblue and Ginv. This is because other genetic demes (here Gbrown and Gred) do 

not contribute to the invasion. Including just demes that are directly involved in the 

invasion process in ENMs will result in a reduction or even elimination of over-

prediction derived from business-as-usual studies. 

 

Example 2: Ambrosia artemisiifolia 

The common ragweed (Ambrosia artemisiifolia) is native to large parts of North 

America and is invasive in Europe and East Asia as well as in parts of Australia and 

South America. Genetic studies showed that individuals introduced to Europe 

originated from at least two different native regions (GAUDEUL et al. 2011). As with 

the giant bramble, the identification of genetic demes and comparing these between 

native and invasive sites (here comparing Ginv just with Gred and Gblue) may lead to a 

more accurate representation of the niche space covered during the invasion and may 

help to explain which genetic demes are the most dominant in the invasion process 

and why. 
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Figure 8.B3.2: Invasion success due to increased adaptive potential following hybridization may 
result in different niche dynamics (arrows). For example, imagine that hybridization between two 
locally adapted genetic entities in the brown anole (Anolis sagrei, blue & red) result in hybrids (violet). 
Under niche stasis, no changes in the realized niche (G) of native and invasive ranges (Gnat, Ginv) will be 
observed. Expansion of hybrid genotypes in Ginv beyond the limits of Gnat, could be either due to an 
expansion of the fundamental niche (Fn) or of Ginv within the limits of F. The former case would be 
referred to as niche evolution, the latter as niche plasticity. Genetic information may provide insight 
into which of these niche dynamics is the most likely in invasive species derived from hybridization. 

Example 3: Anolis sagrei 

The brown anole (Anolis sagrei) is a Caribbean lizard that has become invasive 

across large parts of Florida and adjacent areas in the southwestern US (KOLBE et al. 

2004; 2008). KOLBE et al (2004) showed that invasive populations across Florida 

have a higher genetic diversity than expected by typical colonization processes where 

founder events would lead to a reduction in genetic diversity. They found that 

invasive genotypes represented an admixture of native populations originating from 

different Caribbean islands (see also KOLBE et al. 2008). Whether the invasion of the 

brown anole is accompanied by niche evolution (i.e., an expansion of the 

fundamental niche) or by niche plasticity (a shift of the realized niche within the 
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constraints of the fundamental niche) is yet unclear. A study comparing 

environmental niches between native and invasive ranges (ANGETTER et al. 2011) 

identified niche shifts along some climatic predictors, even though possible local 

environmental differences among native populations, that could relate to the genetic 

patterns detected, were not taken into account. Additional genetic and genomic 

studies focusing on adaptive evolution combined with niche models at finer 

taxonomic levels would make this species an ideal system to study niche dynamics 

during invasion. 
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GENERAL DISCUSSION

“We are approaching a new age of synthesis. Knowledge cannot be merely 
a degree or a skill… It demands a broader vision, capabilities in critical 
thinking and logical deduction without which we cannot have constructive 
progress.”  

 LI KA-SHING 
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The general subject of my thesis was to tie together species distribution models 

with connectivity models to potential connectivity models (PCMs) to explore spatial 

exchange among populations in a standardized manner. Without additional genetic 

information, this synergy of methods is able to assess the potential connectivity of 

habitats for matrix-sensitive species at very fine spatial scales. These exploratory 

analyses can be very helpful tools in environmental planning, as they disentangle 

global trends from local effects and generate easily-legible maps to inform 

consultants, managers and stakeholders, alike. Furthermore, when combined with 

genetic information, this approach can fully unfold its potential. Primarily, we can 

learn how the environment affects a species’ functional connectivity to answer 

different ecological questions. In addition, we can functionally evaluate model 

settings and their underlying theory, thus improving our understandings and 

assumptions of species-environment relationships from the conceptual perspective. 

The necessity to include standard connectivity 
assessments in conservation management and policy 

Conservation biology is changing its mindset from establishing static and isolated 

protected areas, to designing dynamic conservation networks. In consequence, 

connectivity conservation is emerging as a mature sub-discipline to explore the 

dynamic ways to protect species under changing climatic conditions and 

anthropogenic pressures (CROOKS & SANJAYAN 2006). Globally, most protected areas 

are isolated within a highly modified landscape matrix by humans, preventing 

exchange among sites and making at-site extinctions a lasting state (SEIFERLING et al. 

2012). Moreover, when conditions change at the macro scale (e.g., climate), 

maintaining connectivity at finer scales becomes more important than ever, affecting 

not only which species to protect, but also the legal status of protected sites (e.g., 

RÖDDER & SCHULTE 2012). However, as shown and discussed in Part A of my thesis, 

despite having an exemplary internationally coordinated legal regime for 

environmental protection, the EU’s habitat directive and its accompanied Natura 

2000 network of protected sites failed to stop biodiversity loss within the EU borders 

(EEA 2010). Next to other improvements (HOCHKIRCH et al. 2013), we require an 

implementation of current knowledge on connectivity conservation to improve the 

existing infrastructure of Natura 2000 sites (Chapter 3). This includes strategies to 

effectively compensate for at-site losses due to changing climatic regimes (Chapter 4), 
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and the development and implementation of methodological frameworks as 

preventive measures in environmental planning (Chapter 5).  

The proposed PCM framework can add to our understanding of how connectivity 

affects the observed patterns of changing distributions and can give spatially-explicit 

information and guidance; it will provide insight on where future developments will 

likely affect species. In particular, Chapter 4 has shown that declining trends in 

specialist species appear in protected and unprotected sites, alike. Even though these 

changes in butterfly communities were more controlled at protected sites in contrast 

to more stochastic changes in unmanaged and unprotected fallow grounds, both 

communities changed from being species-rich to being generalist-dominated. 

Detected differences in structural connectivity among protected and unprotected sites 

were not responsible for the observed changes, nor did they lead to contrasting effects 

in the results. Consequently, this means that environmental factors acting at spatial 

scales above where connectivity among patches is important are likely to drive 

species trends at the global to regional level and need to be considered for future 

management, as well. Integrated studies assessing the effects at different spatial 

scales—from range shifts due to climate change, to functional connectivity at the 

habitat level—are therefore mandatory to fully understand and manage declining 

species. To this end, there is an ongoing debate about the roles of these different 

compartments in light of biological conservation, and that a focus on connectivity 

alone cannot solve the problems we currently face (HOGSON et al. 2009; DOERR et al. 

2011; HODGSON et al. 2011). 

However, the reality of environmental planning—at least in Germany—is at the 

opposite end of this argument; it largely overlooks estimating connectivity in 

planning practices, but rather focuses on habitat quality instead. Here, tools such as 

the proposed PCM framework can help to include connectivity as an additional 

source of information in the planning process for matrix-sensitive species. As shown 

in Chapter 5, maps of potential connectivity can be very helpful guides in highlighting 

areas of well-connected local populations, as well as areas where populations are 

isolated and might suffer from a higher extinction risk. This way, stakeholders and 

planners can decide if compensatory measures can be helpful as long-term preventive 

measures for isolated sites, or if these are simply acceptable to lose. To this end, 

simulations based on such maps could be used to find out which populations are of 
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particular importance for maintaining the whole network, and which are not (e.g., 

RUBIO et al. 2015).  Using habitat quality as a cornerstone in the evaluation of 

assessed areas for possible future development contributes—in contrast to its 

settlement areas—very little in explaining the connectivity of a species. Research has 

shown that a species’ demands on habitat used for dispersal are lower than their 

demands on habitat where they settle (HADDAD & TEWKSBURY 2005; DOERR et al. 

2011). Standard assessment protocols used in environmental planning that focus on 

habitat quality and abundance of individuals in species of concern therefore neglect 

the role of connectivity, which increases the danger for more isolated populations in 

the future. Maps highlighting potential connectivity in matrix-sensitive species can 

therefore provide a more holistic assessment on the quality of areas under potential 

future development.  

Benefits and caveats of PCMs in landscape genetics 

Landscape genetics is a steadily advancing and dynamic field which has led to the 

development and application of a wide array of approaches during its first decade of 

existence (MANEL et al. 2003, GUILLOT et al. 2005, MURPHY et al. 2008, BALKENHOL et 

al. 2009, MANEL & HOLDEREGGER 2013). Our expectations for this field, however, are 

manifold and strongly depend on the perspective of interest (BALKENHOL et al. 

2015a). So was the initial definition of landscape genetics by MANEL et al. (2003), 

focusing on “microevolutionary processes,” hence giving a strong emphasis on the 

genetics, but were rather unspecific about the landscape (BALKENHOL et al. 2015b). 

Over time, the definition has been extended (HOLDEREGGER & WAGNER 2006; 

STORFER et al. 2007; BALKENHOL et al. 2015b), up to the point where landscape 

genetics “[…] explicitly quantify the effects of landscape composition, configuration, 

and matrix quality on microevolutionary processes, such as gene flow, drift, and 

selection, using neutral and adaptive genetic data” (BALKENHOL et al. 2015b). While 

the two compartments, “landscape” and “genes,” become equally entitled and refined 

during this process, another issue arose: it heaves the entire field from a descriptive 

to a quantitative discipline that allows the making of predictions on genetic aspects in 

the wake of global change (e.g., JAY et al. 2012; WASSERMANN et al. 2012). 

In my thesis, I devoted two chapters in Part B to questions related to landscape 

genetics using PCMs, which supplements the range of available methods and allows 
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the quantification of the impact of landscape elements to gene flow. Yet, both 

chapters seem to be opposing in their methodological philosophy beyond the use of 

PCMs. While Chapter 6 compares the average effects of different landscape elements 

to gene flow in a set of species, Chapter 7 questions this approach and instead goes 

one step further of what was done in Chapter 6 to improve relationships between 

landscape and genetic estimates. Nevertheless, both chapters are actually 

complementary. Chapter 6 focuses on a general ecological question: do landscape 

effects change with species specialization and mobility? Here, it was most important 

to compare the average effects of the different landscape compartments among the 

three species to draw general conclusions. In contrast, Chapter 7 asks how we can 

incorporate landscape heterogeneity into comparisons between the landscape and 

gene flow. The butterfly, Thymelicus sylvestris, was used in both chapters. Whether 

the landscape - gene flow relationships focus on average effects of single landscape 

elements, or on the combined effects of multiple landscape effects, climate remains as 

the most important landscape variable for the species across the study area. Hence, 

the general message was that the climatic conditions across the study area are 

important for this species’ persistence. The approach used in Chapter 7, however, 

added more details beyond the average effect; it showed where climate is driving this 

correlation the most, and where other landscape elements might be locally more 

important. This additional information could be very important to understand the 

local drivers of gene flow and could help guide conservation efforts in species of 

special concern. It further shows that results made in one area are hardly predictable 

for other areas, which has been shown in a number of applications so far (SHORT BULL 

et al. 2011; DUDANIEC et al. 2012; LEVY et al. 2013). The merit of Chapter 7 over those 

studies is that the presented approach allows for one to visualize the driving factors 

for each comparison, thereby laying the foundation for further research, asking more 

precise questions, and establishing more robust sampling designs.  

The PCM approach contributes to the development of landscape genetics and 

accounts for some of the challenges raised by the community (summarized in 

Balkenhol et al. 2015a), among which the approach as presented in Chapters 6 & 7 

contributes to (1) a stronger emphasis on hypothesis testing (STORFER et al. 2007; 

2010; CUSHMAN & LANDGUTH 2010; SEGELBACHER et al. 2010; MANEL & HOLDEREGGER 

2013); (2) the use and development of predictive models for applications in 

conservation and management (LANDGUTH & CUSHMAN 2010; MANEL et al. 2010; 
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SEGELBACHER et al. 2010; BOLLINGER et al. 2014); (3) the selection and understanding 

of appropriate approaches and their assumptions (BALKENHOL et al. 2009; JAQUIÉRY 

et al. 2011; WAGNER & FORTIN 2013); and (4) the understanding how scale and the 

definition of the landscape influence the correlation of landscape effects on genetic 

variation (CUSHMAN & LANDGUTH 2010; CUSHMAN et al. 2013).  

Despite these contributions, there are limitations devoted to PCMs. The main 

caveat is that the PCM approach does not include dispersal information in the 

parameterization of the resistance surface. In cases where gene flow is estimated in 

mobile species at very fine spatial scales, this predictive framework strongly depends 

on the type and amount of presence records used to model habitat suitability. In the 

case where these records would entirely represent breeding habitats, areas used for 

dispersal gets ignored, but these are crucial for studying connectivity (SPEAR et al. 

2010). This major critique however invalidates when the grain of environmental 

predictors decreases and the spatial extent increases, or if occurrence information is 

also available from dispersal habitats (i.e., from tracked individuals). In the former 

case (when using climate data, for instance), their grain may exceed that of true 

dispersal, so that only macro-effects at large spatial scales get quantified. This may 

prevent a study from drawing implications at finer spatial scales, but it would also 

depend on the study questions that one is asking.  Second, researchers need to keep 

in mind that dispersal and gene flow may mean completely different things. Genetic 

exchange is a multi-generational process, and inferences drawn from dispersal 

studies may not explain genetic variation (SPEAR et al. 2010; BAGUETTE et al. 2014). In 

the latter case, when occurrence information is available from individuals tracked on 

a regular basis (e.g., high frequency GPS tracking), more precise PCMs can be 

parameterized and include the different states of movement, as found in the data. 

However, for this, there are additional analytical steps required to disentangle 

occurrence information representing different states which is a complex task on its 

own (EDELHOFF et al. in prep). But once available, this kind of data could feed into the 

PCM framework and enable applications in landscape genetics at very fine spatial 

scales.  
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From genes to ranges and back: is niche theory ready 
for the Anthropocene? 

One central assumption in niche modeling is that the relevant processes causing 

range dynamics do not change over time (NOGUÉS-BRAVO 2009). Therefore, many 

studies use SDMs following the paradigm of ‘inferring the past to predict the future’ 

(e.g., ANDERSON et al. 2006; COREDELLIER & PFENNINGER 2009; FICETOLA et al. 2010). 

This is a fallacy. As humans have become a driving force in changing climate, habitat 

and global biodiversity, this paradigm no longer stands. The effects are so strong that 

scientists have even begun to refer to this era as the Anthropocene (CORLETT 2014; 

LEWIS & MASLIN 2015; STEFFEN et al. 2015a;b). This leads to a strong dichotomy in 

the underlying processes involved for understanding past and future range patterns, 

with severe consequences to the underlying theories and concepts. Understanding 

past distributions to make predictions for the future is therefore not easily possible 

and coupled with high uncertainty.  

Time becomes a central element in this dichotomy for two main reasons: the 

temporal scale and, coupled with human impacts, the directionality between 

hindcasting and forecasting. The temporal scale usually differs between the hind- and 

forecasting of SDMs by several orders of magnitude (i.e,. from future decades to past 

millennia and beyond) and with this, the importance of underlying species-relevant 

processes also varies. For instance, spatial structure within the realized niche of a 

species might become less apparent as multi-generational effects turn into stochastic 

noise over long time scales such as 10k-100ka. Therefore, the ENM concept may be 

appropriate for a study focused on range dynamics from a historical biogeographic 

perspective. In contrast, when multi-generational effects become much more 

important, such as in studies focusing on current or future range dynamics, where the 

time scale is just in the range of 0.1ka, the classic ENM concept oversimplifies the 

effects necessary to understand these dynamics. This calls for a refinement of the 

niche concept for questions related to current and future global change, where 

climate is no longer the ultimate driving force behind range dynamics. Chapter 8 in 

Part C shows a possible way to enhance the ENM concept underlying SDMs, using 

genetic information is able to characterize several ecological aspects. 
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Including genetic information would also account for the dichotomy regarding the 

direction of time to where ENMs get projected (i.e., hindcasting vs. forecasting) in 

relation to the occurrence information used. In hindcasting approaches, potential 

selective processes (e.g., isolation) have already-influenced populations at their 

respective locations. In contrast, forecasts lead to the inclusion of occurrence 

information from populations with potentially negative selection in the future due to 

human impacts. By this, and outlined in Chapter 8, contemporary genetic 

information can offer important insights into our understanding of how populations 

are connected, which landscape elements are important for maintaining functional 

connectivity, and how local adaptation and eco-evolutionary dynamics affect the 

precision of ENM predictions and projections. This would allow for working on 

questions where their answers might help to understand and change the negative 

impacts the Anthropocene will bring. 

Personal outlook 

During my thesis, I was able to learn about the benefits of using SDMs for 

connectivity modeling and further combine them with genetic data. It not only helped 

me to learn how landscape variations affect the spatial exchange of populations, but I 

also learned about the limitations of data and approaches, and how to bring these 

different sources of information in line to overcome these limitations and push the 

boundary of what is possible with the information and tools we have at hand. The 

next step would be to deepen that knowledge and explore the ideas and questions 

derived from it. First, it would be important to communicate the findings to 

practitioners in environmental planning to make use of the PCM framework for 

matrix-sensitive species such as the sand lizard. Further, more concrete assessments 

on SDM predictions and the genetic structure of the modeled species would be crucial 

to refine modeling practices in cases where modeling deviates from the available 

genetic information. Finally, it would be great to extend this framework to marine 

species, where ocean currents are a major factor driving dispersal and where research 

on this topic is far behind what has been done with terrestrial systems. I hope that I 

was able to contribute with my thesis to that new age of synthesis, as proposed by LI 

KA-SHING and quoted in the beginning of this section, and that I provided a proper 

vision for future work on a dynamic but fragile world.      
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SUMMARIES

“A good dissertation is a done dissertation. A great dissertation is a 
published dissertation. A perfect dissertation is neither.”  

 @ACADEMICSSAY 
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Summary

Climate change and the intensification of human land use are generally accepted as 

leading factors for global biodiversity loss, and their synergistic effects could make 

species loss even worse. In particular, habitat loss and fragmentation can hamper the 

exchange among populations or even prevent it, but exchange is needed to 

counterbalance the effects of range shifting due to climate change. This can lead to 

negative demographic and genetic effects which can be tremendous for the affected 

populations. 

To counteract these effects, and to develop more efficient conservation efforts, 

knowledge on population connectivity is mandatory. This thesis aims to contribute to 

this knowledge by linking tools from different disciplines for their application in 

conservation planning and spatial ecology. Introduced as potential connectivity 

models (PCMs) in Chapters 1 and 2, they will cover two main topics of the thesis: 

environmental planning and landscape genetics. After this, the use of genetic 

information for niche models is highlighted in the final part of the thesis.  

 

Environmental Planning 

Environmental planning is of particular importance for reducing environmental 

impacts due to human developments and maintaining biodiversity due to the 

designation of reserves and their management. However, the legislative roots in the 

European Union, despite being a unique effort to coordinate environmental policy 

across multiple countries, are strongly focusing on the design of protected areas, but 

neglecting their intended network nature. For this reason, Chapter 3 calls for more 

effort to revise the Natura 2000 network by better incorporating connectivity into 

their actions.   

However, connectivity estimates could also contribute in unraveling effects not 

mutually acting at fine scales. Butterflies, for instance, are strongly declining in the 

grassland habitats of Central Europe. Therefore, the success of conservation 

measures on high-quality grassland habitats is controversially discussed. In Chapter 

4, a comparison of changes in butterfly diversity and community structure on 

protected versus unprotected habitats shows strong species diversity losses and 
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remarkable shifts in community composition on both habitat types. Consequently, 

conservation measures on calcareous grasslands only partly archived their goal to 

maintain the high species diversity and functional complexity still observed in the 

1970s. Even though connectivity was higher among vineyard fallows than among 

calcareous grasslands, the results were the same for both managed and unmanaged 

sites. The negative impacts of eutrophication and monotonization of the landscape, as 

well as climate change, are affecting all habitats—independent of management 

concepts. Therefore, management on conservation sites may buffer against these 

effects, but it is not sufficient for a full compensation.  

Despite the large number of reserves and conservation sites that are designated 

and protected by law, potential habitats acting as inter-population connectivity 

corridors are mostly ignored in the common practice of environmental planning. In 

most cases, this is mainly caused by a lack of quantitative measures of functional 

connectivity available for the planning process. The use of fine-scale PCMs, derived 

from multispectral satellite data for the quantification of spatially explicit habitat 

corridors for matrix-sensitive species of conservation concern, can be a very helpful 

instrument for the planning process. The framework is illustrated in Chapter 5 by 

using the sand lizard (Lacerta agilis) in the metropolitan area of Cologne, Germany, 

as a case study. The model proved to be well-suited to identify connected—as well as 

isolated—populations within the study area. Furthermore, due to its fine resolution, 

the PCM was also able to detect small linear structures known to be important for 

inter-population connectivity for the species, such as railroad embankments. Thus, 

implementing PCMs will be helpful to overcome shortcomings in the common 

planning practice in matrix-sensitive species, and may help to counteract other 

aspects of global change. 

 

Landscape Genetics 

To understand how landscape characteristics affect gene flow in species with 

diverging ecological traits, it is important to analyze taxonomically-related sympatric 

species in the same landscape using identical methods. In central Europe, Hesperid 

butterflies of the genus Thymelicus represent such a system. In Chapter 6, PCMs with 

different sets of environmental variables were used, and results indicate that land use 

patterns influence population connectivity in the least mobile specialist, T. acteon. In 
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contrast, populations of the highly mobile generalist, T. lineola, were panmictic, 

lacking any landscape-related effect on the weak genetic differentiation detected. In 

the species with ecological traits in between those of the congeners, T. sylvestris, 

climate had a strong impact on inter-population connectivity. The results show that 

closely related species representing a gradient of ecological traits also show genetic 

structures and landscape genetic relationships that gradually change from a 

geographical macro- to micro-scale. Thus, the type and magnitude of landscape 

effects on gene flow can strongly differ—even among closely-related species 

inhabiting the same landscape—and depend on their relative degree of specialization. 

In addition, the use of different genetic differentiation metrics makes it possible to 

detect recent changes in the relative importance of landscape factors affecting gene 

flow, which likely change as a result of contemporary habitat alterations.  

Beside general patterns it is important to look also at local genetic effects. Because 

landscapes are dynamic entities, where processes are locally affected in manifold 

ways, genetic exchange is also likely to be affected by different locally-acting 

landscape elements, generating spatial nonstationarity in gene flow estimates as a 

result. Accounting for this source of uncertainty will enhance our understanding on 

how the landscape affects genetic exchange and which key landscape elements are 

driving it.  Chapter 7 of this thesis proposes a method based on statistical learning 

theory that optimizes the relationship between genetic distances by combining the 

resistance surfaces of certain landscape elements. Using one of the above-mentioned 

Hesperid butterflies and the wolverine (Gulo gulo) as examples, this approach was 

introduced.  The examples and literature review showed that this method would be 

valuable for landscape genetics, and should be applicable to any method that 

correlates genetic distances to a set of effective distances characterizing the 

landscape. 

 

Genes to the niche! 

The final part of the thesis deals with the implication genetic information can have 

on the conceptional roots of species distribution models (SDMs) also known as 

environmental niche models (ENMs). The technological revolution in the past 25 

years now allows the analysis of species occurrence information in completely novel 

ways. ENMs appeared as a central tool in this regard, and they are frequently used to 
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address questions related to global change. Despite their popularity, ENMs often 

suffer from a lack of biological realism and other methodological challenges. To this 

end, researchers have begun to integrate genetic information into ENMs. However, 

there is currently no conceptual framework that integrates population genetic 

information into the theoretical assumptions made for ENMs. Chapter 8 highlights 

five major reasons why the conceptual integration of genetic information in ENMs 

can improve model predictions and refine underlying theory. Specifically, genetic 

data can elucidate how environmental change alters functional connectivity, spatial 

genetic structure, hybridization, density-dependent priority effects, and source-sink 

dynamics. Thus, linking genetic and distribution data can lead to a better 

understanding why species respond to environmental change in a certain way, and 

improve our ability to forecast these responses. The chapter discusses these points in 

the context of modeling challenges in the era of the Anthropocene, where habitat 

fragmentation, biotic invasions, and climate change are major human-driven threads 

to global biodiversity. That overview shows that integrating different kind of genetic 

information into ENMs permits a more holistic view of niche theory and points to 

shortcomings associated with how niche theory is currently being implemented in 

ENMs. 
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Zusammenfassung

Klimawandel und eine stetig intensivere Landnutzung durch den Menschen sind 

allgemeinhin als treibende Faktoren hinter dem globalen Biodiversitätsverlust 

anerkannt. Betrachtet man beide Faktoren gemeinsam ist anzunehmen, dass sich 

dieser Verlust in Zukunft weiter verstärkt und damit sämtliche Befürchtungen 

übertrifft. Vor allem Habitatverlust und –fragmentierung sind sehr problematisch, da 

hierdurch der Austausch von Individuen zwischen Populationen gebremst oder gar 

komplett unterbunden wird. Dieser Austausch ist jedoch notwendig um die negativen 

Effekte des Klimawandels zu kompensieren, etwa indem sich Artareale verschieben 

könnten. Dies kann ungeheure negative Effekte auf demographische oder genetische 

Eigenschaften von betroffenen Populationen haben. 

Um diesen Effekten entgegenzuwirken, und damit effektivere Schutzbemühungen 

zu entwickeln, ist Wissen zur Konnektivität von Populationen unerlässlich. Diese 

Dissertation soll einen Beitrag zu diesem Wissen leisten, indem Methoden 

verschiedener Fachdisziplinen zusammengeführt werden, um diese für die 

Umweltplanung und der Raumökologie anwendbar zu machen. Dieses in den 

Kapiteln 1 und 2 als „potentitelles Konnektivitätsmodell“ (PKM) eingeführte System 

soll in zwei wesentlichen Themenbereichen Anwendung finden: Umweltplanung und 

Landschaftsgenetik. Darüber hinaus soll in einem abschließenden dritten Teil der 

Nutzen genetischer Informationen für prädiktive Nischenmodelle hervorgehoben 

werden. 

 

Umweltplanung 

Umweltplanung ist von entscheidender Wichtigkeit, um negative Einflüsse von 

Bauvorhaben auf Tiere und Pflanzen sowie auf deren Habitate zu bewerten und 

gegebenenfalls zu kompensieren. Desweiteren soll erreicht werden Biodiversität als 

Ganzes durch die Ausweisung von Schutzgebieten und deren Management zu 

schützen. Die Europäische Union hat mit der FFH und der Vogelschutz-Richtlinie 

(Natura 2000) ein beispielloses staatenübergreifendes rechtliches Rahmenwerk für 

den Naturschutz geschaffen. Allerdings forcieren diese Richtlinien stark auf die 

Ausweisung von Schutzgebieten anstatt auch auf eine entsprechende räumliche 
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Vernetzung dieser Gebiete verbindlich einzugehen. Kapitel 3 stellt diesen Missstand 

in einem Kommentar auf eine entsprechende Facharbeit dar, die eine Vision für ein 

Natura 2020 aufstellt, hierbei jedoch den mangelhaften Bezug zur Konnektivität 

nicht andiskutiert. 

Eine Quantifizierung von Konnektivität ist ebenfalls wichtig um Effekte auf lokaler 

Ebene von solchen auf größeren Skalenebenen zu unterscheiden. Beispielsweise sind 

viele Schmetterlingsarten in Offenlandlebensräumen in Mitteleuropa stark 

rückläufig. Der Erfolg von Schutzbemühungen wird daher kontrovers diskutiert. 

Kapitel 4 vergleicht Änderungen von Tagfalterzönosen in geschützten und 

ungeschützten Offenlandlebensräumen von 1970 bis heute. Wenngleich die 

Konnektivität höher zwischen ungeschützten Lebensräumen war sind die Ergebnisse 

sehr ähnlich bei allen Standorten: Tagfalterzönosen änderten sich von artenreichen 

zu artenärmeren und Generalist-dominierten Gesellschaften. Die negativen Effekte 

von Eutrophierung und Monotonisierung der Landschaft, sowie des Klimawandels 

beeinflussen sämtliche Habitate – ganz gleich wie deren Schutzbemühungen und 

Managementkonzepte aussehen. Daher ist es möglich mit einem Management 

geschützter Flächen (wie etwa einer extensiven Beweidung) großskalige Effekte 

abpuffern, jedoch lassen sich diese damit nicht Kompensieren. 

Trotz der großen Zahl an Schutzgebieten und Bemühungen für deren Ausweisung, 

werden potentielle Vernetzungsstrukturen oftmals ignoriert in der Planungspraxis. 

Meistens ist dies darauf zurückzuführen, dass die Möglichkeiten solche Strukturen 

effektiv im Planungsprozess zu erfassen stark begrenzt sind. Feinskalige PKMs, die 

auf multispektralen Fernerkundungsdaten beruhen können einen hilfreichen Ansatz 

für die Umweltplanung darstellen, indem sie artrelevante Vernetzungsstrukturen 

räumlich explizit für strukturgebundene Arten abbilden können. Dieses Konzept wird 

in Kapitel 5 beispielhaft für die Zauneidechse (Lacerta agilis, L.) im Stadtgebiet von 

Köln vorgestellt. Das Modell zeigt sehr gut räumliche Vernetzungsstrukuren, wie 

beispielsweise Bahndämme an und bildet ebenfalls Habitate ab, in denen sich 

Populationen aufhalten. Diese Populationen können nun klar als gut vernetzt oder 

isoliert angesprochen werden. Durch die Implementierung von PKMs in der 

Planungspraxis lassen sich somit einige Unzulänglichkeiten in der Bewertung von 

strukturgebundenen Arten in Bezug auf  die Vernetzung von Vorkommen sowie der 

Definition von lokalen Populationen beheben. 
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Landschaftsgenetik 

Um zu verstehen, wie Landschaftselemente Genfluss von Arten mit 

unterschiedlichen ökologischen Eigenschaften beeinflussen ist es wichtig nah 

verwandte Arten in den gleichen Studienräumen vergleichend zu untersuchen. In 

Mitteleuropa stellen Dickkopffalter der Gattung Thymelicus ein solches System dar. 

Kapitel 6 untersucht mithilfe von PKMs welche Rolle verschiedene 

Landschaftselemente beim genetischen Austausch bei drei dieser Arten spielen. In 

der am wenigsten mobilen jedoch am stärksten spezialisierten Art T. acteon zeigte 

sich, dass Landnutzung ein wesentlicher Faktor für die genetische Vernetzung 

darstellt. Demgegenüber zeigte sich beim mobilen Generalisten T. lineola eine 

panmiktische genetische Struktur und somit keinerlei Korrelation mit irgendeinem 

der untersuchten Landschaftselemente. Bei der dritten Art, T. sylvestris, welche 

ökologisch zwischen seinen beiden Schwesternarten steht zeigte sich eine 

ausgeprägte zunehmende genetische Isolation mit der geographischen Distanz. Diese 

Korrelation bestand auch bei sämtlichen untersuchten Landschaftselementen. 

Weitaus am stärksten war diese jedoch mit den klimatischen Eigenschaften des 

Untersuchungsgebietes korreliert. Grundlegend deuten die Ergebnisse darauf hin, 

dass Arten mit graduell unterschiedlichen ökologischen Eigenschaften sich ebenfalls 

in ihren genetischen Antworten graduell unterscheiden. So in etwa mit der Skala, auf 

der die unterschiedlichen Landschaftselemente wirken. Während Landnutzung eher 

kleinräumig wirkt sind klimatische Charakteristika eher großräumig wirksam. 

Darüber hinaus beleuchtet das Kapitel die Bedeutung von der Verwendung 

unterschiedlicher genetischer Kennwerte bei solchen vergleichen, da mögliche 

Inkonsistenzen auf sich ändernde ökologische Gleichgewichte infolge menschlicher 

Eingriffe hinweisen können.  

Neben solchen generellen Erkenntnissen ist es wichtig auch auf lokale Effekte zu 

achten. Landschaften sind dynamisch und damit räumlich sehr heterogen. Prozesse 

werden daher lokal in vielfältiger Weise beeinflusst. Genfluss als einer dieser 

Prozesse macht hierbei keine Ausnahme und kann durch lokale 

Landschaftscharakteristika unterschiedlich stark beeinflusst werden, die durch eine 

ganzheitliche Betrachtung, gemittelt über eine Untersuchungsregion, unter 

Umständen an Aussagekraft verlieren könnten. Dies führt letztlich zu räumlicher 
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Nonstationarität wodurch die nicht erklärte Varianz in einer Korrelation zwischen 

genetischer Distanz und der effektiven Distanz einzelner betrachteter Faktoren 

zunimmt. Diese potentielle Fehlerquelle zu berücksichtigen würde unser Verständnis 

darüber erweitern, wie die Landschaft als Ganzes genetischen Austausch beeinflusst 

und welche Landschaftselemente lokal dafür verantwortlich sind. Kapitel 7 der 

Dissertation stellt eine Methode vor die auf den Prinzipien  des statistischen Lernens 

beruht und welche den Zusammenhang zwischen der Landschaft und des Genflusses 

optimiert. Hierdurch werden Werte von Widerstandslandschaften unterschiedlicher 

Landschaftselemente kombiniert und in eine einzige abhängige Variable überführt 

und iterativ optimiert bis die Varianz des Zusammenhangs minimiert wurde. Diese 

Methode wird im Kapitel 7 an zwei Fallbeispielen exemplarisch vorgestellt. Die 

Beispiele und ein Literaturvergleich zeigen, dass die Logik der Methode eine 

Bereicherung  für landschaftsgenetische Untersuchungen hat und einfach für 

verschiedene Verfahren modifiziert werden könnte, welche genetische Distanzen mit 

effektiven Distanzen aus der Landschaft korrelieren. 

 

Gene zu den Nischen! 

Der letzte Teil der Doktorarbeit beschäftigt sich mit den Auswirkungen, die 

genetische Informationen auf die konzeptionellen Grundlagen von prädiktiven 

Nischenmodellen (SDMs & ENMs) haben können. Die technologische Revolution der 

vergangenen 25 Jahre ermöglicht nun völlig neue Wege zur Untersuchung von 

Arealsystemen. SDMs stellen hierbei ein zentrales  Werkzeug dar, da diese häufig 

genutzt werden um Fragen zum Globalen Wandel zu beantworten. Trotz ihrer 

Popularität, fehlt es diesen Modellen, neben anderen methodischen 

Herausforderungen, oft an biologischer Relevanz. Um diesem Problem zu begegnen 

kombinieren Wissenschaftler nun SDMs vereinzelnd mit genetischen Informationen. 

Allerdings existiert bislang kein konzeptionelles Rahmenwerk, welches 

populationsgenetische Aspekte in die theoretischen Grundlagen von SDMs integriert. 

Kapitel 8 zeigt fünf Gründe, wieso eine konzeptionelle Integration von genetischer 

Information in SDMs sinnvoll ist, Modellvorhersagen verbessert und die den 

Modellen zugrundeliegende Theorie erweitert. Im Speziellen könnten genetische 

Daten zeigen, wie Veränderungen in der Umwelt auf funktionale Konnektivität, 

räumliche genetische Struktur, Hybridisierung, dichteabhängige Effekte sowie auf 
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Source-Sink Dynamiken wirken. Somit könnte diese Integration zu einem besseren 

Verständnis beitragen, wieso Arten auf bestimmte Änderungen reagieren wie sie es 

tun und verbessern die Möglichkeiten zur Vorhersage dieser Reaktionen. Dieses 

Kapitel illustriert diese Synthese mit Anthropozänen Beispielen, wo 

Habitatfragmentierung, biologische Invasionen, und der Klimawandel große 

Gefahren für die weltweite Biodiversität darstellen. 
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